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Preface

With the population and economic growth, the demand for energy is steadily
increasing. Fossil fuels have been the primary energy source for human kind over a
long time, resulting in large amounts of CO2 emission and environmental pollution.
In order to alleviate the environmental challenges and reduce our dependence on
fossil fuels, we need to explore and develop alternative energy technologies based
on renewable resources, such as solar and wind. However, the renewable energies
are constrained by their intermittency and locations. Rechargeable batteries are one
of the most feasible options for storing electricity garnered from renewable sources,
which can enable a widespread utilization of renewable energies. Lead-acid, nickel-
cadmium, nickel-metal hydride, and lithium-ion (Li-ion) are the most representa-
tive rechargeable batteries. Among them, Li-ion batteries have dominated the high-
energy-demand markets, such as portable electronics and electric vehicles because
of their intrinsic high operating voltages leading to high energy densities. The current
Li-ion battery technology is based on lithium-insertion compounds, such as graphite
anode with a specific capacity of 374 mA h g−1 and transition-metal oxide cath-
odes with specific capacities of <200 mA h g−1. In order to overcome the charge
storage limitation of these insertion-compound electrodes,materials that can undergo
conversion reactions while accommodating more ions and electrons are becoming a
promising choice.

Rechargeable lithium–sulfur (Li–S) batteries consist of a lithium-metal anode
and a sulfur cathode, and it has been investigated vigorously over the past decades.
Lithium is the lightest metal possessing the highest specific capacity of 3,862 mA
h g−1. Lithium-metal stripping and plating are involved in the discharge and charge
processes of a Li–S battery, which usually results in side reactions, low efficiency,
and dendrite growth. Sulfur is one of the most abundant elements in the earth’s crust.
Its theoretical capacity is as high as 1,675 mA h g−1. Each sulfur atom can accept
two electrons and two lithium ions. The high capacity is attributed to the conversion
reaction from sulfur to lithium sulfide (Li2S). However, the process is accompanied
by about 80% volume change. In addition, sulfur and Li2S are both insulators, which
require large amounts of conductive additives, e.g., carbon. Furthermore, the interme-
diate lithium polysulfides formed during cycling could dissolve in the liquid organic
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vi Preface

electrolytes used in Li–S batteries. All of the above issues bring great challenges to
the development of Li–S batteries for practical applications.

Over the past two decades, significant progress has beenmade around the world to
advance theLi–S battery technology. The purpose of this book is to bring together and
portray some of the recent advances. In this book, we first introduce the principles,
history, and technical challenges of Li–S batteries, and then present sulfur-carbon
composite and lithium–sulfide cathodes. The importance of physical and chemical
adsorption of lithium polysulfides is also discussed. The recently proposed catalysis
of polysulfides is presented. Lithium metal and other anodes are summarized, which
are the key to enable theLi–Sbattery technology to advance to the next stage. In recent
years, organosulfides and sulfur-containing polymer materials have attracted signif-
icant attention, which are a class of promising cathode materials. They have shown
unique properties and electrochemical behaviors. Furthermore, advanced character-
ization techniques and a mechanistic understanding of Li–S batteries are discussed.
Finally, computation and simulation of Li–S batteries is covered.

In conclusion, in this book, we describe the recent advances in Li–S batteries and
provide a perspective for the future development of the Li–S battery field. The contri-
butions are made by leading internationally renowned scientists and are based on
substantial recent advances in Li–S batteries. To achieve the goal, the book provides
chapters onbasic principles, electrodematerials, characterization, andunderstanding.
At the same time, the book can also overcome some key education gaps and help to
train a new generation of researchers with potential for innovation.We hope the book
serves as a forward-looking episode and perspective for stimulating further inten-
sive research and development to make Li–S batteries a sustainable energy-storage
technology in the near future.

With this perspective, we are grateful to the authors for their hard work, passion,
dedication, and enthusiasm to drive the assembly of the chapters in this book on Li–S
batteries. We salute the sheer power and momentum of trans-regional collaboration.
You made the difference! Thank you.

Austin, USA
Zhengzhou, China

Arumugam Manthiram
Yongzhu Fu
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Chapter 1
Principles and Challenges
of Lithium–Sulfur Batteries

Abhay Gupta and Arumugam Manthiram

Abstract The invention and adoption of lithium-ion batteries has catalyzed massive
technological and societal progress over the past few decades. While lithium-ion
batteries will continue to show considerable promise for a large range of applications,
there are several critical use-cases that require order-of-magnitude increases in the
battery’s ability to store energy per unit mass. This will necessitate the development
of novel battery chemistries with increased specific energy, such as the lithium–
sulfur (Li–S) batteries. Using sulfur active material in the cathode presents several
desirable properties, such as a low-cost, widespread geological abundance, and a
high specific capacity. However, the Li–S conversion chemistry operates in a highly
distinct manner from traditional insertion electrodes; discharge of elemental sulfur
produces lithiumpolysulfide intermediates that dissolve into the liquid electrolyte and
mediate the charge-transfer process in solution. This phenomenon is accompanied
by the unique challenges presented from the reactive and unstable lithium-metal
anode. In conjunction, this introduces tremendous complexity and opportunity in the
analysis and design of Li–S batteries. In this chapter, the operating principles and
challenges of Li–S batteries are first introduced, and then the historical progress and
future directions are discussed on a component-by-component basis.

Keywords Lithium–sulfur batteries · Operating principles · Lithium-metal anode ·
Electrolyte · Critical metrics

1.1 Introduction

The discovery and introduction of lithium-ion batteries has enabled perhaps the
single greatest technological leap in human history observed to date, comparable to
the advent of the combustion engine during the Industrial Revolution. The ability to
manipulate and store electrical energy in lightweight, energy-dense form factors has
transformed almost every facet of the human experience.We can now instantaneously
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2 A. Gupta and A. Manthiram

access information on handheld smart phone computers, communicatewith others on
the opposite side of the planet, be transported in vehicles fueled solely by the power of
renewable energy, and reliably overcome the intermittency inherent to photovoltaic
solar and wind power. Each of these drastic shifts in human technological capability
is grounded in the invention of the lithium-ion battery.

Lithium-ion batteries operate according to a “rocking chair” principle, where the
working ion (Li+) travels within a liquid electrolyte to neutralize electrochemical
potential gradients induced between the anode and cathode [1]. Meanwhile, an elec-
tron, incapable of traversing the electronically insulating organic electrolyte, navi-
gates an external circuit between the anode and cathode tomaintain charge neutrality,
performing electrical work in the process [2]. The anode and cathode are capable
of hosting Li+ cations within assigned sites in their constituent crystalline materials,
in a process known as intercalation. Li-ion cells are typically assembled in the fully
discharged state with a layered oxide cathode (LixMO2, 0 < x < 1, where M is typi-
cally a combination of Ni3+/4+, Mn3+/4+, and Co3+/4+) and a graphite anode host [3].
During charge, Li+ ions proceed to deintercalate from the octahedral sites of the
O3 layered oxide structure, migrate through the liquid organic carbonate electrolyte,
and insert into the interstitial space between layered graphene sheets of the graphite
electrode [4, 5]. Then, on discharge, the Li+ cations migrate out of the graphite struc-
ture and insert into the lower energy layered oxide octahedral sites, a process that
liberates approximately 4 V for useful work. This is illustrated in Fig. 1.1.

State-of-the-art lithium-ion batteries can yield a cell-level specific energy on the
order of 250 W h kg−1, which has enabled widespread use in applications ranging
from portable electronics to electrified mobility [3, 6]. As human technological
prowess continues to grow over the coming decades, the rise of new applications
will inevitably necessitate new battery chemistries with the ability to store even
more energy per unit mass. This is particularly true for use-caseswithin the aerospace
sector, where the efficient utilization of available payload mass is a key consideration
[7–9]. A variety of other reasons exist for expanding the scope of existing energy
storage technologies. The cost, geologic resource availability, and life cycle emis-
sions of the nickel and cobalt precursors constituting layered oxide cathodes leaves
much room for improvement [10, 11]. In addition, extreme conditions such as subzero
low-temperature environments can present tremendous kinetic hurdles during oper-
ation of lithium-ion batteries, leading to stunted capacities, exacerbated degradation,
and safety issues stemming from lithium-metal (Li-metal) plating upon the graphite
anode [12, 13]. Due in part to all of these distinct factors, nascent battery chemistries,
such as the lithium–sulfur (Li–S) battery have received tremendous research attention
over the past few decades.

The Li–S battery can, in theory, present a path toward overcoming almost every
single one of these challenges. In contrast to lithium-ion batteries, the Li–S redox
couple consists of a Li-metal foil anode and a cathode made up of elemental sulfur
(which predominantly exists natively as a S8 octasulfur allotrope) [14, 15]. A Li–
S cell is typically assembled in the charged state, and upon discharge, Li+ cations
are stripped from the surface of Li-metal, where they traverse an organic ether-
based electrolyte and react with the elemental sulfur housed in the cathode. Rather
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Fig. 1.1 Aschematic illustration of the inner components of a lithium-ion cell undergoing discharge

than operating through an insertion mechanism, the reaction between sulfur and Li+

proceeds through a conversion-type reaction. The internal operating environment of
a Li–S cell is shown in Fig. 1.2.

Li-metal and elemental sulfur possess theoretical charge capacities of, respec-
tively, 3,861 and 1,672 mA h g−1 [14]. At an average discharge potential of 2.1 V, the
Li–Sbattery presents a theoretical electrode-level specific energyof ~2,500Whkg−1,
an order-of-magnitude higher than what is achieved in lithium-ion batteries. In prac-
tice, Li–S batteries are expected to achieve a cell-level specific energy on the order of
500 W h kg−1, taking into account the weight of inactive components like the elec-
trolyte, separator, and conductive filler materials [16]. The high specific energy of the
Li–S battery is uniquely suited for enabling tremendous growth in weight-sensitive
applications like unmanned aerial vehicles and CubeSats, while the use of a low-
freezing point ether-based electrolyte could be compelling for applications requiring
exposure to subzero low-temperature conditions [12]. Furthermore, sulfur is a rela-
tively abundant element within the Earth’s crust. Being a direct waste byproduct of
the petrochemical industry, elemental sulfur presents a low capital material primed
for being massively scaled up for cathode production.
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Fig. 1.2 An illustration of the inner components and operating mechanisms of a Li–S cell
undergoing discharge

The invention of Li–S battery dates back to initial patents from the 1960s
describing the use of lithium and sulfur electrodes in a nonaqueous electrolyte [17,
18]. Since then, there has been a multitude of scientific and engineering effort dedi-
cated toward characterizing, understanding, and further improving the operation of
the battery, with a particular surge of attention and publications seen during the past
decade. However, it is notable that even after 60 years of development, the Li–S
battery has not yet been implemented for widescale use. This is in stark contrast
to the LiCoO2 cathode material introduced by Goodenough in 1981 [19], which
thereafter saw commercial implementation within the subsequent 10–15 years [20].
This speaks to the inherent chemical dynamics introduced in the conversion reaction
between Li+ and sulfur, which presents a variety of challenges and complex behav-
iors during operation. While the Li–S battery introduces considerable opportunity
as a next chapter in the story of human technological progress, it also presents key
hurdles that must be overcome.
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1.2 Operating Principles and Challenges of the Li–S Redox
Couple

During the discharge phase of a Li–S cell, sulfur is not directly converted to the lower
energy Li2S final discharge product, as would generally be the case in an insertion-
type chemistry. Both S8 and Li2S are deeply ionically and electronically insulating,
with resistivities on the order of 1 × 1014 � cm [21]. This insulating nature presents
a sizeable barrier to the bulk solid-state transport of electrons or Li+ cations, which
is necessary for the solid-state reduction and oxidation of sulfur-containing active
material [22, 23]. However, the Li–S redox couple offers the ability to overcome these
kinetically limiting surface-based electrochemical pathways through the generation
of soluble lithium polysulfide (Li2Sx, 2 < x ≤ 8) intermediates upon charge and
discharge. As shown in Fig. 1.3a, rather than directly being converted from one to
another, S8 and Li2S can, respectively, be reduced and oxidized to lithium-capped
catenated chains of sulfur atoms; a range of higher order polysulfides (Li2Sx, 4≤ x ≤
8) are immediately formed upon reduction of S8, corresponding to an upper voltage
plateau with a potential averaging 2.3 V versus Li/Li+. A variety of polysulfide chain
lengths are represented in solution at any single point of discharge, and through a
combination of disproportionation and dissociation reactions, the order of a single
lithium polysulfide unit can chemically and electrochemically modulate during oper-
ation. At the conclusion of the first stage of discharge, Li2S4 is the dominant average
stoichiometry represented within solution [24]. Further reduction converts the liquid
phase polysulfides to insoluble precipitates with a stoichiometry of Li2S, the final
discharge product. As shown in Fig. 1.3b, this phase change is represented through a
second lower voltage plateau taking place at approximately 2.1 V versus Li/Li+ [14].

The final Li2S products at the conclusion of discharge precipitate and nucleate out
of solution onto the cathode electrode scaffold, generally made up of a conductive
sp2 hybridized carbon-containing framework [25]. One problem often encountered
during the precipitation of Li2S is the nonideal buildup of the insulating product

Fig. 1.3 a Illustration of the solution-mediated conversion process from S8 to Li2S8 that takes
place during discharge of a Li–S cell. b The characteristic two-plateau voltage profile in Li–S cell
discharge, with the upper plateau corresponding to the formation of soluble lithium polysulfides
and the lower plateau corresponding to the nucleation and growth of insoluble Li2S
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on the cathode substrate, prematurely passivating the cathode from further electron
transport before all the activematerial within the cell can be fully utilized [21, 26, 27].
For this reason, it is often the case that a sulfur cathode will be electrochemically
utilized to only ~60% of its theoretical capacity before reaching the lower cutoff
voltage. Regardless, through the solution-mediated behavior exhibited by lithium
polysulfides, the Li–S redox chemistry overcomes most of its intrinsic restrictions
towards bulk electron and ion-transport during the majority of discharge, still gener-
ally achieving a moderately high capacity on the order of 1,000 mA h g−1. The
active material dissolution intrinsic to the sulfur cathode material is thus the predom-
inant basis by which active material is electrochemically utilized during operation
[22, 23, 28, 29].

Within the Li–S system, the active material and liquid organic electrolyte are,
therefore, indistinguishable and inextricably linked, a considerable distinction from
themechanisms underlying lithium-ion electrodematerials. This is often represented
and accounted for within the Li–S literature through the reporting of a keymetric, the
electrolyte-to-sulfur (E/S) ratio in mLelectrolyte g−1

sulfur [16, 30]. Given the nature of
active material dissolution, the electrochemical behavior can dynamically vary as a
function of the available electrolyte present to solvate polysulfides, highlighting the
importance of reporting E/S ratio alongside electrochemical data. This concentration
dependence is particularly notable at low E/S conditions, where the high polysulfide
concentrations achieved can drastically boost the viscosity of the electrolyte and
impede solution-mediated charge transfer [30]. This leads to a subsequent loss in
capacity, as shown in Fig. 1.4a. Minimizing the weight of inactive components is
a key priority in the manufacturing of practically relevant Li–S cells, but for this
reason, achieving favorable performance in Li–S batteries is often challenging under
desired lean-electrolyte conditions.

Fig. 1.4 a The variation in the discharge behavior with E/S ratio; at low E/S ratios, the solution-
mediated behavior is kinetically inhibited, leading to poor performance. Reproduced with permis-
sion [30]. Copyright 2017, IOP Publishing. b Li-metal tends to evolve in a high surface area manner
over the course of repeated electrochemical stripping and redeposition. Reproducedwith permission
[34]. Copyright 2020, Wiley–VCH
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Another consequence of the use of non-lithiated elemental sulfur is the require-
ment to use a lithium-containing source like Li-metal as the counter electrode [31].
While this complements the high specific energy capability of sulfur, it also presents
its own array of challenges. During discharge and charge, Li+ cations are cyclically
stripped and plated onto the surface of the foil electrode; the pits and valleys created
on the Li-metal surface throughout this process serve as low energy nucleation sites
for plating to occur on subsequent cycles [32, 33]. Over the course of cycling, this
leads to high surface area mossy and dendritic growths, shown in Fig. 1.4b [34, 35].
This can ultimately provoke unsafe thermal events and rapid cell failure if the Li-
metal pierces the delicate polymeric separator and internally shorts with the cathode.
This is only exacerbated by the reactivity of Li-metal, whose electrochemical poten-
tial lies at a higher energy than the lowest unoccupied molecular orbital (LUMO) of
the liquid electrolyte [36]. Thus, in contact with Li-metal, the electrolyte solvent and
salt molecules are irreversibly reduced, forming a hybrid organic–inorganic mosaic
of decomposition products, known as the solid–electrolyte interphase (SEI), on the
surface of Li-metal [32].

Given the high surface area growths intrinsic to the electrochemical utilization of
Li-metal, a considerable mass of electrolyte can be continually consumed through
the SEI formation process. This presents a key obstacle for a battery system that
is already challenged at lean-electrolyte conditions; subsequent decomposition with
high-surface area lithiummetal can completely consume the limited electrolyte avail-
able within the system initially [16]. The SEI decomposition products can passivate
the Li-metal from further reduction of the surrounding electrolyte, but this is in
no way a panacea. The thick SEI can also surround protruding growths of Li-metal,
cutting off the exchange of electrons from the bulk structure and rendering the isolated
Li-metal electrochemically inaccessible [37]. In combination, these key issues can
lead to both shortened lifetimes and safety concerns during the manufacturing and
operation of Li-metal containing cells.

While the sulfur cathode and Li-metal anode each possess their own intrinsic
challenges, having both present simultaneously in one system introduces yet another
emergent challenge: the “shuttling” of lithium polysulfide intermediates [14]. As
mentioned, the electrolyte paired with a sulfur cathode can be better envisioned
as an in situ formed “catholyte,” with polysulfide active material constituting one
key component of the electrolyte along with the organic solvent and lithium salt
compounds [23, 38–40]. As lithium polysulfides diffuse through the bulk electrolyte
duringoperation, theywill inevitably encounter theLi-metal anode surface. In contact
with Li-metal, the decomposition process that normally takes place also extends to
the dissolved polysulfides, leading to the parasitic loss of cathode active material
and generation of a SEI rich in trapped sulfur active material [41, 42]. Thus, the
polysulfide dissolution intrinsic to the sulfur cathode in many respects acts as a
double-edged sword, both promoting the electrochemical utilization of cathode active
material, but aiding in the deleterious and parasitic losses of the shuttling process [28].

While theLi–Sbattery chemistry provides tremendous opportunity as an advanced
energy storage medium, its intrinsic operating principles facilitate key challenges
during use. The electrochemical utilization of sulfur is uniquely predicated on the
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ability of the electrolyte to solvate and incorporate activematerial.While this can lead
tomoderate capacity attainment, it also introduces the complexdependence onhaving
ample electrolyte available in the cell, which runs counter to the practical desire of
minimizing the weight of inactive cell components. Meanwhile, the use of Li-metal
presents an array of challenges, including high surface areamossy growths, unceasing
consumption of liquid electrolyte, and the loss of isolated, inaccessible pockets of
SEI-laden Li-metal protrusions. Having both of these electrode materials present
in a cell simultaneously gives rise to the polysulfide shuttling phenomenon, where
polysulfide active material traverses to the anode surface and is irreversibly rendered
inaccessible.However, though the challenges are steep, the potential improvements to
society that could be brought through the successful implementation Li–S batteries
loom even larger. This has beckoned countless scientists and engineers over the
decades to work to address these problems. And indeed, through the collective effort
of the Li–S research community, considerable progress has been made.

1.3 Enabling Li–S Batteries: The Collective Scientific
and Engineering Effort

There has been an enormous amount of research attention devoted to understanding
and overcoming the challenges listed above, with tens of thousands of scientific
journal articles on Li–S batteries being published over the past decade alone [43,
44]. These investigations have dynamically ranged from developing highly capable
sulfur cathodes to designingmore stable and resilientLi-metal anodes tometiculously
tailoring liquid electrolytes for Li–S batteries. In this section, the broad strokes and
intents with which Li–S research has been carried out are described on a component-
by-component basis.

1.3.1 Cathode

The sulfur cathode has received the most widespread research attention out of all
the cell components constituting the Li–S battery. Within cathode research, the
underlying research goals can be highly varied and diverse, though cathode studies
generally fall into one of two broad thrust areas: (1) increasing the electrochemical
utilization and capacity attainment of sulfur active material or (2) improving the
cycle life by designing frameworks which physically or chemically trap dissolved
polysulfides. Indeed, the primary intent of a specific research investigation can
often times aim to address both goals at once. Over the past decade of research, the
collective efforts of thousands of scientists have aimed to enable highly engineered
sulfur cathodes with high active material loadings, long cycle lifetimes, and high
capacity attainments, particularly under challenging conditions like low E/S ratios
and high sulfur loadings [15].
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As briefly mentioned earlier, the insulating nature of elemental sulfur and Li2S
necessitates the incorporation of an adequate amount of conductive filler material,
generally conductive carbon, upon which to electrochemically nucleate and precip-
itate the solid phases [45, 46]. However, unlike in transition-metal oxide cathodes,
where this conductive carbon can make up a small percentage of the cathode by
mass, the amount of carbon utilized in sulfur cathodes can range as high as 50%
[43]. This high carbon content can serve to boost both the capacity and cycle life-
times of the cathode; the abundance of carbon sites provides a plentiful array of
open sites for Li2S nucleation, while the tortuous pathways presented by the high
surface area framework can serve to delay the inevitable diffusion and shuttle of
dissolved lithium polysulfides. However, the large usage of inactive conductive filler
can deprecate the attained energy density of the cell. Moreover, given the low density
of carbon, the porosity and surface area within the cathode is drastically heightened,
which requires a larger volume of electrolyte to fully wet electrochemically active
surfaces [16]. This is represented in Fig. 1.5a. Thus, sulfur–carbon composite cath-
odes with large fractions of carbon can deprecate the achieved energy density of
a Li–S cell, and additionally, can tend to perform poorly under desirable low E/S
conditions.

With this context, a key transition made over the past decade has been to move
toward reducing the mass fractions of carbon filler while maintaining a high capacity
and adequate cycle lifetime at low E/S ratios [15]. This transition has been concomi-
tant with increasing both the sulfur content and sulfur loading within the cathode.
Often times, these critical metrics go unreported within journal articles in the sulfur
cathode literature. However, the potential implementation of Li–S batteries is depen-
dent on their ability to outperform Li-ion batteries at the specific energy level. In
order for this to occur, sulfur cathodes need to display an active material loading on
the order of at least 5mg cm−2 and a sulfur content ideally greater than 75% bywhich
to offset the weight of inactive components like the current collector, separator, and
conductive filler materials [16, 44].

Fig. 1.5 a The variation in tap density between porous carbon black, elemental sulfur, and LiCoO2
cathode material. b The ability of lithium polysulfides to be retained within the cathode framework
is compared between carbon black and a polar host material, visualized by the degree of dissolution
of polysulfides in the bulk electrolyte. c The theoretical relationship between specific energy and
the sulfur mass loading in the cathode, as well as how this relationship varies as a function of E/S
ratio. Reproduced with permission [16]. Copyright 2020, Elsevier
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The transition toward achieving desirable performance metrics under practical
conditions has been aided through the incorporation of novel cathode frameworks
andmaterials. Thiswill be explored in detail in later chapters, but briefly, has included
a rich diversity of approaches like novel nanostructured designs which encapsulate
sulfur, highly conductive polymeric binders, and electrocatalytic polar host materials
(shown inFig. 1.5b) that chemically bind and suppress the diffusionof dissolvedpoly-
sulfides [45–52]. Indeed, today’s state-of-the-art sulfur cathode is highly engineered
for optimized performance in both its composition and morphology, bearing little
resemblance to a state-of-the-art sulfur cathode from the prior few decades. While
much progress has been made, much work still remains to achieve high capacities
and long cycle lifetimes under the conditions required for commercial implementa-
tion, including low carbon mass fractions, high sulfur loadings, and low E/S ratios
[16]. A theoretical model relating these critical metrics to attainable specific energy
is shown in Fig. 1.5c.

1.3.2 Anode

Another major focus within the Li–S research literature is the Li-metal anode. As
discussed, Li-metal displays poor stability with the electrolyte solvent, which is only
exacerbated by the presence of lithium polysulfides, high surface area mossy and
dendritic growth, and the continuous growth of the thick, insulating SEI layer [32].
These effects are quite noticeable during the electrochemical cycling of Li–S cells,
as seen through the generally short cycle lifetimes state-of-the-art Li–S cells possess
in comparison to Li-ion cells [33]. In this regard, the Li-metal anode represents the
most formidable obstacle in the pathway to implementation of the Li–S battery.

Just as in the case of the sulfur cathode, the reactive instability inherent to Li-metal
becomes increasingly consequential under the practical cell construction constraints
required for commercial implementation [53]. Under lean electrolyte conditions, for
example, the continual formation of the anode-side SEI can consume and starve the
cell of any remaining liquid electrolyte, leading to rapid cell failure [16]. This is
demonstrated in Fig. 1.6a, b. Another critical cell constraint that exhibits dependen-
cies with cell performance is the negative-to-positive (N/P) capacity ratio. Li–S cells
generally contain an amount of Li-metal (negative electrode) well in excess of the
capacity that would be generally required to stoichiometrically match that of the
sulfur cathode (positive electrode), leading to a very high N/P ratio. This is governed
by the thickness of commercial Li-foil, with a 50µmLi-metal foil exhibiting an areal
capacity on the order of 10 mA h cm−2. In practical cell construction, however, it is
desirable to minimize the N/P ratio to the largest extent possible, as this minimizes
the contributions of inactive mass to the overall cell specific energy [16]. Unfor-
tunately, the degradation of the Li-metal anode itself becomes increasingly more
important as the amount of excess Li-metal is decreased, as excess Li-metal can help
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Fig. 1.6 a A relatively pristine Li-metal foil anode after undergoing 300 cycles in a coin cell with
large excesses of electrolyte solvent. b A severely deprecated Li-metal foil anode after undergoing
only 40 cycles in a pouch cell with lean amounts of electrolyte solvent. c The theoretical relationship
between specific energy and N/P ratio represented within the cell, as well as how this relationship
varies as a function of E/S ratio. Reproduced with permission [16]. Copyright 2020, Elsevier

to offset and mask the losses to Li+ charge carriers occurring over cycling [34, 54].
Thus, under either low E/S or low N/P conditions, the cycle lifetime of Li–S cells
can precipitously decrease.

Therefore, over the past decade, the single largest driving force in Li-metal
research has been to stem its inherent reactivity, often through the use novel inor-
ganic and organic coating layers as well as altogether new anode frameworks to
house and protect Li-metal [33, 55–60]. These improvements have been shown to
shield and often partially passivate the Li-metal from the organic electrolyte, leading
to improved cycle lifetimes. Just as in the case of the sulfur cathode, however, while
significant progress has been shown for Li-metal, there is still plenty of room for
improvement. The implementation of such improvements needs to be conducted
in Li–S cells constructed under the critical metrics necessary for real-world use,
including low E/S ratios and low N/P ratios (whose relation to attainable specific
energy is modeled in Fig. 1.6c) [16].

1.3.3 Electrolyte

The final component receiving sizeable research attention within the Li–S area is the
liquid electrolyte. As described throughout this chapter, the electrolyte is in many
respects the most consequential and distinctive element of the Li–S battery, as the
solution-mediated nature inherently ties and collates the solvent, salt, and polysulfide
active material together in one liquid phase [23, 39, 40]. Furthermore, the electrolyte
is the conduit by which the Li-metal anode and sulfur cathode active material are
linked, and thus it requires a high ionic conductivity, little to no reactivity with
lithium polysulfides, as well as sufficient stability in contact with Li-metal. Finally,
given the deleterious shuttling dynamics introduced by polysulfides interacting with
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Fig. 1.7 A visual outline of the diverse and wide-ranging considerations that must be taken in the
design of Li–S battery electrolytes. Reproduced and adapted with permission [12]. Copyright 2020,
Wiley–VCH

Li-metal, it is desirable that the polysulfide diffusivity within the electrolyte remain
low, without deprecating the solubility of polysulfides or ionic conductivity of Li+.
This wide-ranging array of independent and often conflicting parametric constraints,
which is outlined in Fig. 1.7, considerably reduces the number of solvent and salt
compounds that can be reliably used in Li–S cells [16]. The predominantly used 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) ether-based solvents are among
the few identified compounds that adequately address this myriad of considerations.
There are several degrees of freedom when optimizing an electrolyte formulation,
including the concentration and ratios of additives, salts, and solvents. This has led
to a wide variety of scientific and engineering studies toward improving the Li–S
electrolyte, making use of new salts, solvents, additives, and solvation frameworks
[8, 26, 61–66]. However, the sheer number of performance constraints reliant on
the electrolyte formulation have mostly stifled any major field-wide adoptions to the
Li–S electrolyte over the past decade.

For example, an area for improvement within the DOL:DME electrolyte frame-
work is the inevitable reactivity and decomposition in contact with Li-metal. This
has led to significant research in highly concentrated electrolyte frameworks, which
contain large excess of lithium salt dissolved in solution to stymie the inherent elec-
trolyte consumption by Li-metal [67–69]. However, this can simultaneously present
large losses to both polysulfide solubility and Li+ mobility, often leading to a net loss
in performance at room temperature [23, 65]. The opposite approach has also been
assessed, where solvents with drastically boosted solubility towards lithium polysul-
fides are adopted; this boosts the capacity attainment in the initial cycles but leads to
much worse reactivity with Li-metal and significantly deprecated cycle life [23, 65,
70]. These two examples illustrate the complex and often divergent considerations
that need to be taken when tailoring the liquid electrolyte of the Li–S batteries. An
addition which brings about an improvement to any one property of the Li–S elec-
trolyte needs to be assessed in the context of every other critical attribute, including
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polysulfide solubility, polysulfide diffusivity, polysulfide stability, Li-metal stability,
and ionic conductivity. It may be the case, however, that an altogether new elec-
trolyte will only be implemented after a landmark advance is made in either the
anode or cathode framework, which may obviate the need for adherence to one of
the parametric constraints described here.

There is significant opportunity for improvement of the Li–S battery electrolyte,
if indeed a compound can outperform the current ether-based standard in the factors
described. This is even more critical in the context of the E/S parameter necessary
for practical implementation [16]. While the achievement of low E/S ratios is often
contextualized as being predicated on a highly optimized sulfur cathode, the onus
is just as much on the wetting and solvation properties of the liquid electrolyte,
which are a function of the constraints described here. During the next decade, it
will be exciting to see how the Li–S research community continues to build on the
collective improvements initiated over the past several years, with a renewed focus
on the critical metrics required for success.

1.4 Conclusion: The Next Decade of Li–S Battery Research

The Li–S battery is an intriguing and chemically rich system, with operating princi-
ples that differ considerably from the state-of-the-art Li-ion batteries. The chemical
complexity arising from the solvation of the cathode active material and its subse-
quent dynamic behavior with the Li-metal anode presents an exciting challenge to
researchers across the globe. Beyond just being interesting from a scientific perspec-
tive, however, taming the Li–S battery has the potential to unlock a new chapter in
humanity’s ability to control and harness stored electrical energy. During the past few
decades, the collective will and efforts of electrochemical researchers has advanced
the Li–S battery to its current state, with considerable advances in the sulfur cathode,
Li-metal anode, and electrolyte framework. Aswemove forward into the next decade
of research, it is finally the prime opportunity to transition the Li–S battery from a
lab-scale demonstration to a commercially implementable product.

In order to do this, it is of key importance to prioritize the attainment of crit-
ical metrics, including low carbon content (≤5%) in the cathode, high sulfur load-
ings (≥5 mg cm−2), low N/P ratios (≤5), and low E/S ratios (≤5 µL mg−1) [16].
Equally important is the need to achieve high active material utilizations under such
constraints, which can be expressed through the electrolyte-to-capacity (E/C) ratio,
in µL (mA h)−1. Along with the other mentioned metrics, it will likely be necessary
for the E/C ratio in research-grade Li–S cells to be less than 5 µL (mA h)−1 prior
to commercial adoption. A quick heuristic for recalling the metrics outlined here is
dubbed the “Five 5’s”, shown in Fig. 1.8 [16]. While it is feasible that the attain-
ment of a practically implementable Li–S cell may not achieve every single one of
these constraints, these metrics serve as idealized representations to keep in mind
and strive for during the next decade of research, engineering, and deployment in the
Li–S battery area.
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Fig. 1.8 a The critical metrics and guiding principles to heed during the next decade of research in
Li–S batteries, dubbed the “Five 5s”. b A visual illustration of the properties and metrics dictating
the specific energy attainment of Li–S cells. Reproduced with permission [16]. Copyright 2020,
Elsevier

The quest to conquer the Li–S chemistry has made considerable progress over the
years. We now enter the next phase of Li–S research, where the collective knowledge
and understanding of the underlying chemistry is used as a tool toward effective and
targeted deployment. By truly unlocking the potential of the Li–S battery, we add
yet another exciting chapter to the story of humanity’s technological progress.
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Chapter 2
Sulfur–Carbon Composite Cathodes

Ruopian Fang, Ke Chen, Zhenhua Sun, Da-Wei Wang, and Feng Li

Abstract Carbonmaterialswith various intriguing characteristics have been playing
important roles in addressing the problematic issues during sulfur conversion reac-
tions. Sulfur–carbon composite cathodes have demonstrated significantly improved
electrochemical performances in terms of high sulfur utilization, long cycle life, and
high areal capacities. In this chapter, an overview of the development of sulfur–
carbon composite cathodes is presented. First, fundamentals of the role of carbon
materials in improving the redox accessibility and reversibility of the sulfur cathode
are discussed. A wide variety of sulfur–carbon composite cathodes are introduced,
including the synthetic methods, material design principles, and functional appli-
cations. Finally, the significance of developing sulfur–carbon composite cathodes
aiming for meeting practical requirements is remarked.
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2.1 Introduction

To make the Li–S battery technology viable, various strategies have been explored
to tackle the problematic issues during sulfur conversion reactions that cause low
active material utilization and fast capacity degradation [1]. These issues include
low conductivity of sulfur, polysulfide dissolution and migration, and severe volu-
metric expansion upon lithiation. Basically, incorporation of conducting matrix is
a requisite, aiming to facilitate electron and ion transport for enhanced redox reac-
tion kinetics and impede irreversible loss of active materials from the cathode for
improved cycling stability. In this respect, developing sulfur composite cathodeswith
tailored compositions, structures and properties has been the mainstream in recent
years [2–5].

Carbon materials have intriguing characteristics of high electronic conduc-
tivity, tunable pore structure and surface functionality, good structural stability, and
high versatility and availability, making them appealing for the design of high-
performance sulfur composite cathodes [6–10]. In the past decade, sulfur–carbon
composite cathodes have been playing a pivotal role in the development of Li–
S batteries. Carbon materials with various morphologies and structures, including
porous carbons, graphene, carbon nanotubes, carbon fibers, and carbon hybrids, have
been reported for the construction of sulfur cathodes with high capacity and long
cycle life. Moreover, carbon materials with excellent mechanical properties offer a
good platform for the design of sulfur cathodes used for functional applications, such
as bendable and stretchable devices [11].

In this chapter, we begin with a brief discussion on the fundamentals of the role
of carbon materials in sulfur redox reactions. The development of various sulfur–
carbon composite cathodes is comprehensively introduced, including the synthetic
methods, composite material design principles, and electrode engineering. Recent
advances of applying sulfur–carbon composite cathodes for flexible devices are also
discussed. Finally, the significance of developing sulfur–carbon composite cathodes
with practical reliability is remarked.

2.2 Fundamentals of the Role of Carbon Materials
in Sulfur Redox Reactions

Generally, observed performance improvements of the sulfur composite cathode can
be attributed to the advantages of carbon materials. More importantly, it is essential
to obtain a general and objective understanding of how carbon materials benefit the
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Illustration 2.1 The roles of carbon materials in sulfur redox reactions

sulfur conversion reactions and contribute to improved electrochemical behaviors.
Fundamentally, the role of carbon materials in promoting the redox accessibility and
reversibility of the sulfur cathode can be summarized as follows (Illustration 2.1):

1. Electron conductors. The active material utilization of the sulfur cathode is
known to be limited by the insulating nature of both sulfur and its final discharge
product Li2S. Incorporating electron conductors in the sulfur cathode can
provide sufficient electron transport paths for improved active material utiliza-
tion. Meanwhile, electron conductors belong to inactive components that will
decrease the overall energy density of the Li–S battery. Carbonmaterials feature
high conductivity and light weight, which can effectively improve the conduc-
tivity of the sulfur cathode without compromising the overall capacity of the
cathode.

2. Ion transport facilitators. Besides the electron transport parameters, good
lithium-ion accessibility of the cathode is another determining factor that needs
to be guaranteed for the implementation of sulfur redox reactions. For liquid
electrolyte-based batteries, the liquid electrolyte serves as the ion-conducting
phase, and fast lithium-ion transport behavior requires good penetration of liquid
electrolytes through the cathode. The abundant pore structure and surface func-
tional groups of carbon materials can enable good absorbability of the elec-
trolytes to facilitate fast lithium-ion transport within the cathode for optimized
electrochemical reaction kinetics.
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3. Polysulfide immobilizer. The dissolution and diffusion of polysulfide intermedi-
ates cause severe irreversible loss of activematerial, resulting in low reversibility
and fast capacity decay of the sulfur cathode. Introducing polysulfide immobi-
lization sites in the sulfur cathode is beneficial for improved long-term cycling
stability. This can be realized through either physical confinement effect of
porous structures or chemical adsorption effect enabled by polar surface chem-
istry. Carbon materials with tailored pore structures and surface functional
groups can provide sufficient immobilization sites to enhance the affinity of
polysulfides with the cathode and effectively improve the reversibility and cycle
life of the sulfur cathode.

4. Buffers for volume variation. Owing to the large volume expansion (~80%)
going from sulfur to Li2S, the sulfur cathode undergoes repeated volume varia-
tion during cycling, leading to pulverization of the cathode and loss of electrical
contact of active materials. Carbonmaterials with adjustable pore structures can
provide appropriate void spaces as buffers in the cathode to accommodate the
volume change of active materials, contributing to improved structural stability
of the cathode.

2.3 Synthetic Methods of Sulfur–Carbon Composites

The synthetic method of sulfur–carbon composite generally determines the
dispersibility of sulfur within the carbon conducting matrix, which significantly
influences the electrochemical utilization of sulfur. In early years, sulfur was often
combined with conductive carbons via mechanical mixing methods, which often
renders nonuniform sulfur agglomerates with poor electrical contact with the carbon
matrix, resulting in low sulfur utilization during redox reactions [2]. Moreover, the
dissolved polysulfides that cannot be well encapsulated in the cathode tend to diffuse
to the anode side, leading to fast capacity degradation [12]. With substantial progress
on the optimization of sulfur cathodes in recent years, various syntheticmethods have
been developed to prepare sulfur–carbon composites with improved electrochemical
performance [13].

2.3.1 Melt-Diffusion

Melt diffusion is the most extensively used method to infiltrate sulfur into conduc-
tive carbon matrix with good dispersibility [14]. In this method, elemental sulfur and
carbon first undergo premixing process such as mechanical grinding, followed by
thermal treatment at the temperature where sulfur exists in the molten state with the
lowest viscosity. The melting temperature of the most common cyclic orthorhombic
sulfur (S8) is 115.2 °C, above which the viscosity of sulfur gradually decreases with
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Fig. 2.1 SEM images of a sulfur-porous carbon composite prepared by a mechanical mixing
method and bmelt-diffusion method (reproduced with permission by the Nature Publishing Group
from [14])

the temperature increasing, followed by drastic increase at 159 °C when the ring-
opening polymerization of the cyclic S8 rings is initiated [15]. Generally, the temper-
ature of around 155 °C is considered to render minimum viscosity of the sulfur melt,
which is often adopted for the melt diffusion of sulfur in conductive carbon mate-
rials [16]. The sulfur melt can be uniformly incorporated into the pores of the carbon
matrix through capillary forces, resulting in intimate electrical contact of sulfur with
the conductive carbon matrix. Figure 2.1 shows the comparison of scanning electron
microscopy (SEM) images of sulfur-porous carbon composite prepared by mechan-
ical mixing method (Fig. 2.1a) and melt-diffusion method (Fig. 2.1b), respectively
[14]. Apparently, bulk sulfur evident in the SEM image of the mechanically mixed
composite disappears after the melt-diffusion treatment, indicating well-dispersed
sulfur within the conductive channels of porous carbon. In some cases, to ensure
complete encapsulation of sulfur in the porous channels of the carbon matrix, a
subsequent thermal treatment at 300–350 °C is applied to vaporize residual sulfur
on the outer surface of the carbon matrix [17].

2.3.2 Vapor Phase Infusion

Different from the melt-diffusion method where sulfur exists in molten state, the
vapor phase infusion method is implemented at higher temperature range of 300–
600 °C to infuse gaseous sulfur into the carbon matrix [18–21]. The high penetration
capability of gaseous sulfur enables uniform sulfur infiltration into the confining
channels of carbon materials, especially the internal void space of hollow carbon
spheres. The obtained sulfur–carbon composite material can ensure homogeneous
distribution of sulfur without any post thermal treatment. Figure 2.2 shows the SEM
image of sulfur-hollow carbon sphere composite prepared by vapor phase infusion of
elemental sulfur, revealing the complete incorporation of sulfur into the carbonmatrix
[19]. In comparison to the melt-diffusion method, the vaporizing method requires
more rigorous sealing of the reactor because of its higher operating temperature.
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Fig. 2.2 SEM images of hollow carbon spheres a before and b after vapor phase infusion of
elemental sulfur (reproduced with permission by Wiley-VCH from [19])

2.3.3 Heterogeneous Nucleation

In this method, elemental sulfur is generated through the chemical reactions between
sulfur-containing salts and acids in aqueous solutions containing well-dispersed
carbon materials [22–25]. Typical chemical reactions are shown as follows:

S2O
2−
3 + 2H+ → S ↓ + SO2 ↑ + H2O

S2−x + 2H+ → (x − 1)S ↓ + H2S ↑
SO2 + 2S2− + 4H+ → 3S ↓ + 2H2O

Sulfur heterogeneously nucleates on the surface of the carbon materials dispersed
in the aqueous solutions to form sulfur–carbon composite materials. The size,
morphology, and dispersion state of sulfur in the obtained sulfur–carbon composite
materials can be adjusted by altering the reaction conditions, such as the rela-
tive proportions of the reactants and the surface functionality of carbon materials.
Figure 2.3 shows the SEM images of sulfur–graphene composite prepared through
heterogeneous nucleation of sulfur in aqueous solution, where sulfur particles with
sizes less than 1 μm were uniformly wrapped by the graphene sheets [25]. This
method is based on low-cost water-based chemical reactions without involving any
toxic solvents, which is environmental-friendly and can be applicable in industrial
productions.

Besides the above three representative methods, other methods have also been
developed for constructing sulfur–carbon composites. For example, carbothermal
reduction method was reported to prepare sulfur–carbon nanotube composite by
sulfate-containing anodic aluminum oxide (AAO) template [26]. Template-directed
chemical vapor deposition of carbon and carbothermal reduction of the sulfate by
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Fig. 2.3 SEM images of sulfur–graphene composite prepared through heterogeneous nucleation
of sulfur in aqueous solution at a low and b high magnifications (reproduced with permission by
American Chemical Society from [25])

carbonwere integrated to grow the sulfur–carbon nanotube compositematerialwhere
sulfur was confined in the walls of the nanotubes. A simple high-power ultrasonica-
tion method was reported to prepare sulfur–carbon nanotube-carbon black clusters
with high sulfur content up to 90 wt% [27]. Carbon nanotubes and carbon black
particles are homogeneously dispersed through the micrometer-sized sulfur particles
to form an interconnected and embedded conductive network. A sulfur–graphene
composite was synthesized by bubbling concentrated hydrogen sulfide (H2S) into
graphene oxide aqueous suspension, where graphene oxide was deoxygenated to
reduce graphene oxide with improved conductivity and S2− was transformed into
elemental sulfur attached to the reduced graphene oxide layers [28]. This method
realized both entirely “green” regeneration of pollutant H2S gas and facile fabrication
of sulfur composite cathode materials.

Overall, it is always highly desirable to explore more facile and powerful fabri-
cation methods for optimizing sulfur–carbon composite cathodes. Basically, the
following principles should be considered for the preparation of sulfur–carbon
composite materials: (1) achieving high dispersibility of sulfur within the carbon
conducting matrix, (2) minimizing the addition of inactive components, and (3)
adopting economical and ecological synthetic routes.

2.4 Sulfur-Porous Carbon Composite Cathode

The structures and properties of porous carbons are considered highly effective to
fulfill the requirements of an ideal sulfur host, such as improving the electronic
conductivity, channeling the electrolytes, trapping the dissolved polysulfides, and
accommodating the volumetric change [29, 30]. Generally, porous carbons have rela-
tively low degree of graphitization and high diversity of pore structures. As defined
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by the IUPAC, the pore size can be classified as micropore (<2 nm), mesopore (2–
50 nm), and macropore (>50 nm) [31]. Pore size distributions of porous carbon exert
an important influence on the sulfur redox reactions. Micropores have high adsorp-
tion capability towards the polysulfides, yet the small pore sizes pose an increased
barrier to electrolyte penetration, leading to sluggish lithium-ion transport kinetics.
Meso/macropores allow efficient electrolyte penetration through the sulfur cathode
to ensure fast charge transport kinetics, but their capability to alleviate the polysulfide
diffusion and migration is inferior to macropores [32, 33].

Besides the pore size distributions, the pore volume of porous carbon is another
significant parameter that influences the performance of the sulfur-porous carbon
composite cathode.Given that sulfur is completely encapsulated in the pore structures
of porous carbon, the pore volume determines the sulfur content in the sulfur-porous
carbon composite [34]. The relationship between the sulfur content (Swt%) in the
sulfur-porous carbon composite material and the pore volume (V) of the porous
carbon can be concluded by the following formula (considering the ~80% volumetric
expansion from sulfur to Li2S):

Swt% =
V
1.8 × D

V
1.8 × D + 1

where D is the density of elemental sulfur (2.07 g cm–3). It is known that low sulfur
content leads to low energy density of the Li–S cell even high sulfur utilization can be
achieved. High sulfur content requires the porous carbon to have high pore volume.
For example, it has been estimated that the sulfur content in the cathode should reach
at least 70 wt% for practical applications of Li–S batteries [35]. Considering the
addition of conductive additives and binder during the common casting fabrication
of the cathode (often 10–30 wt%), sulfur content of at least 80 wt% in the sulfur-
porous carbon composite is needed, corresponding to high pore volume of 3.48
cm3 g–1 for the carbon, as shown in Table 2.1.

Various porous carbons with different pore size distributions, pore volumes,
and morphologies have been extensively investigated for constructing sulfur-
porous carbon composite cathodes. In the following, the advances in the devel-
opment of various sulfur-porous carbon composite cathode based on microporous,
meso/macroporous, hierarchical porous, and hollow porous carbons will be intro-
duced. A summary of pros and cons of porous carbon materials with different pore
sizes as the sulfur host will be provided.

Table 2.1 Relationships between the pore volume of porous carbon (V) and the theoretical sulfur
content (Swt%) in the sulfur-porous carbon composite

Swt% 50% 60% 65% 70% 75% 80% 85% 90%

V (cm3 g–1) 0.87 1.30 1.62 2.03 2.61 3.48 4.93 7.83
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2.4.1 Microporous Carbon

Micropores can render high specific surface area and enable good immobilization
of polysulfides by strong adsorption capability as the small pores can confine sulfur
and restrict the dissolution and diffusion of polysulfides [36–38]. The microporous
carbon spheres ranging in size from200 to 300 nmwere used for sulfur encapsulation,
resulting in exceptional cycling stability of the cathode [17]. The carbon spheres have
narrow micropore size distribution of about 0.7 nm, rendering a specific surface area
of 844 m2 g–1 and pore volume of 0.474 cm3 g–1. The sulfur-microporous carbon
sphere compositewas prepared viamelt-diffusion process at 149 °C, followed by heat
treatment at 300 °C to vaporize the superfluous sulfur on the outer surface of carbon
spheres. With sulfur content of 42 wt% in the sulfur-microporous carbon sphere
composite material, the Li–S cell delivered high initial discharge capacity of 1333
mAh g–1 at 40 mA g–1 and maintained long-term cycling stability with a capacity
retention rate of 80% after 500 cycles at 400 mA g–1. The obtained electrochemical
performance could be ascribed to the narrowmicropores of the carbon spheres, which
not only enabled high dispersion of elemental sulfur inside the micropore structures
for achieving high sulfur utilization but also trapped polysulfide intermediates by
strong adsorption to impede irreversible loss of active materials.

To understand the underlying mechanism of the high cycling stability of sulfur
confined in micropores, Wang et al. designed two-step adsorption-extraction method
to differentiate the electrochemical behavior of micropore-confined sulfur from
mesopore-confined sulfur [39]. A microporous-mesoporous carbon, with micropore
sizes of 0.6–0.7 nm and mesopore sizes of 6–40 nm, was used for sulfur impreg-
nation, followed by removal of sulfur in the mesopores using carbon sulfide (CS2)
washing. It was found that the sulfur cathode after CS2 extraction was able to operate
reversibly over 800 cycles at charge/discharge rate of 1.8 C (1 C corresponds to
current density of 1675 mA g–1), much better than that before CS2 extraction, indi-
cating the excellent efficacy ofmicropores in enhancing the cycling stability of sulfur.
An ion-desolvation mechanism was proposed to interpret the high stability of sulfur
in microporous carbons. As solvated ions tend to be desolvated in micropores with
size close to the ion size [40], micropores below 1 nm can cause desolvation of the
electrolyte ions, which prevent or at least slow the dissolution of polysulfides as the
solvent concentration can be very low or likely nearly to zero in these microporous
(Fig. 2.4a). Consequently, sulfur confined in the micropores reacts with desolvated
ions in the absence of the solvents, and this solvent-deficient condition leads quasi-
solid-state reaction of sulfur, which effectively eliminates the polysulfide dissolution
issue and ensures good cycling stability.

Guo et al. further explored the electrochemical behavior of micropore-confined
sulfur from the perspective of the existing forms of sulfur in the micropores [42].
According to theoretical calculations of the dimensions of different sulfur forms
ranging from S2 to S8 molecules, microporous carbons with pore size of <0.5 nm
are only able to accommodate the chain-like S2–4 molecules, rather than the cyclic
S5–8 molecules as their sizes are >0.5 nm along at least two dimensions and cannot
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Fig. 2.4 a Illustration of the ion-desolvation mechanism for the quasi-solid-state reaction of sulfur
confined in micropores (reproduced with permission by The Royal Society of Chemistry from
[41]) b cycling performance and coulombic efficiency of sulfur-microporous carbon composite
(S/CNT@MPC) cathode. S/CB referred to sulfur–carbon black composite (reproducedwith permis-
sion byAmerican Chemical Society from [42]) c, dCharge/discharge profiles of sulfur-microporous
carbon composite cathodes at different cycles using c carbonate-based (EC/DMC) and d ether-based
(DME/DOL) electrolytes (reproduced with permission by Wiley-VCH from [43])

fit such small micropores. Different from the cyclic sulfur molecules with high S–S
bond rank, the chain-like sulfur molecules undergo direct solid to solid phase tran-
sition from S to Li2S without the formation of polysulfide intermediates. There-
fore, the polysulfide shuttle effect, which is considered as the main reason for
capacity decay of the sulfur cathode, can be substantially inhibited, leading to high
charge/discharge efficiency and exceptional cycling stability. As a result, the sulfur-
microporous carbon composite cathode maintained high capacity retention rate and
high coulombic efficiency after 200 cycles (Fig. 2.4b).

To obtain an in-depth understanding of the lithiation/delithiation mechanism of
small S2–4 molecules confined inmicroporous carbons,Huang et al. explored the elec-
trode mechanisms of the S2–4 molecule-based cathode from the perspective of elec-
trolyte selection [43]. Two typical kinds of electrolytes were investigated, including
ether-based and carbonate-based electrolytes. Ether-based electrolytes, using cyclic
or linear ethers with ethoxy repeating units as the solvents, such as dimethyl ether
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(DME) and 1,3-dioxolane (DOL), have been mostly used for Li–S batteries owing
to their high solubility towards polysulfides. Carbonate-based electrolytes, using
carbonate solvents such as ethylene carbonate (EC), dimethyl carbonate (DMC),
and diethyl carbonate (DEC), commonly used in Li-ion batteries, are often consid-
ered not suitable for use in Li–S batteries because of the irreversible nucleophilic
reactions between the carbonate solvents and sulfide anions. A microporous carbon
with pore size of ~0.46 nmwas used for accommodation of small S2–4 molecules. The
differences in electrochemical behaviors of S2–4 in ether-based and carbonate-based
electrolytes were systematically compared. It was found that, unlike the common
cyclic sulfur molecules, the S2–4 molecules were able to perform good electrochem-
ical properties in carbonate-based electrolytes (Fig. 2.4c), and the performance was
even better than that in ether-based electrolytes (Fig. 2.4d). Therefore, the good
cycling stability of S2–4 molecules can be explained by the synergic effect of small
sulfur molecules, the microporous carbon matrix, and the electrolyte. First, the small
micropores can physically prevent the contact between sulfur species and the elec-
trolyte solvents, and the irreversible chemical reactions between carbonate solvents
and nucleophilic sulfide anions can be avoided. Second, the short-chain structure
of small S2–4 molecules gives rise to solid–solid reaction mechanisms without the
formation of polysulfides. Third, the feasibility of using carbonate-based electrolytes
in theS2–4 molecule-based cathode intrinsically eliminates the polysulfidedissolution
and shuttle issues.

Based on the above discussions, it can be concluded that sulfur confined in micro-
porous carbons has advantages of excellent cycling stability and good electrolyte
compatibility. However, a large lithiation potential hysteresis can be observed in
the discharge curve of the sulfur-microporous carbon composite cathode (Fig. 2.4c,
d), resulting in low output voltage. This is indicative of additional energy required
for overcoming the barrier for ion diffusion within the micropores. Meanwhile, low
discharge cut-off voltage of 1 V versus Li+/Li is often applied for full lithiation
of sulfur confined in micropores, lower than the value of ~1.5 V versus Li+/Li for
sulfur confined in meso/macropores, which will be discussed in the following.More-
over, the sulfur content of sulfur-microporous carbon composite materials is mostly
lower than 50 wt% owing to the low pore volume of microporous carbons for sulfur
accommodation, which greatly offset the high-energy advantage of sulfur.

2.4.2 Meso/Macroporous Carbon

Meso/macroporous carbons with large pore sizes are beneficial for electrolyte pene-
tration to facilitate lithium-ion transport for enhanced redox reaction kinetics [31,
44]. More importantly, large pore sizes render increased pore volumes that allow
high sulfur content in the sulfur-meso/microporous carbon composite materials. As
macroporous carbons with relatively open structures show insufficient adsorption
capability toward polysulfides, they alone have been rarely utilized for the preparation
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of sulfur composite cathodes [45]. In most cases, macropores are coupled with meso-
pores, serving the role of channeling the electrolyte for reduced lithium-ion diffusion
distance during redox reactions, which will be discussed in the following sections.
Sulfur-mesoporous carbon composite cathodes have been investigated extensively
as they offer a reasonable balance between the capabilities of reaching high pore
volume and trapping polysulfides via physical adsorption [46, 47].

A pioneering research work on sulfur-mesoporous carbon composite cathodes
was the use of highly ordered mesoporous carbon (CMK-3) for sulfur nanofiller
growth within the narrow mesoporous channels with uniform size of 3.3 nm
(Fig. 2.5a), using melt-diffusion method at 155 °C [14]. The pore volume of the
CMK-3 reached 2.1 cm3 g−1, which enabled high sulfur content of 70 wt% in
the sulfur-CMK-3 composite material. Owing to the uniform distribution of sulfur
within the mesopores, the conductivity of the sulfur-CMK-3 composite material
remained almost unchanged compared with that of the pristine CMK-3 (0.2 S cm−1

vs. 0.21 S cm−1). This indicated sufficient electrical contact between sulfur and the
mesoporous carbon matrix, which guaranteed high sulfur utilization. The sulfur-
CMK-3 composite cathode delivered the discharge capacity of 1005 mAh g−1 along
with high coulombic efficiency of 99.94% (Fig. 2.5b). Notably, its charge/discharge
curves exhibited significantly decreased voltage polarization compared with that of
the sulfur-microporous carbon composite cathode (Fig. 2.4c), indicating kinetically
favorable sulfur redox reactions within the mesopores.

To explore the effect of mesopore size on the sulfur content, the specific capacity
and cycling behavior of sulfur-mesoporous carbon composite cathode, Liu et al.
systematically studied mesoporous carbons with tunable pore sizes (3, 7, 12, and
22 nm) and pore volumes (1.3–4.8 cm3 g−1) for sulfur encapsulation [48]. The
pore volume increased as the pore size increased, giving rise to increased sulfur
content. Accordingly, a series of sulfur-mesoporous carbon composites using the
four different mesoporous carbons were obtained with sulfur content ranging from
56 to 84 wt%. Notably, it was found that the sulfur-mesoporous carbon composite
cathodes with different sulfur contents exhibited no significant difference in both the

Fig. 2.5 a The schematic of sulfur (yellow) confined in the pore structure of mesoporous carbon,
CMK-3. b Charge/discharge profiles of sulfur-CMK-3 composite cathode at current density of
168 mA g−1 (reproduced with permission by the Nature Publishing Group from [14])
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initial discharge capacity and capacity retention rate after 50 cycles (Fig. 2.6). These
results could be explained by the fact that electrochemical reactions happen at the
interface between sulfur and the conductive matrix, and sulfur within a certain range
of the interface can participate in the electrochemical reactions and contribute to the
capacity. When sulfur was fully encapsulated in the carbon mesopores, the intimate
electrical contact between sulfur and the conductive carbon walls allowed sulfur to
be electrochemically active, and the mesopores offered confining effect toward poly-
sulfides to suppress their dissolution and migration. The similar discharge capacities
and cycling stabilities of different sulfur-mesoporous carbon composite cathodes
indicated that sulfur confined in these mesopores (3–22 nm) was within the electro-
chemical reaction range where sulfur exhibited a similar degree of electrochemical
reactivity. This study suggested thatmesoporous carbonwith larger pore size andpore
volume allowed an increased sulfur content alongwith uncompromised electrochem-
ical performance, which contributed to increased overall capacity of sulfur–carbon
composite cathode.

Besides the pore size distributions, the nanoscale morphology of mesoporous
carbon is another important factor that determines the utilization efficiency of sulfur
encapsulated in the mesopores, especially at high cycling current densities. Schuster
et al. synthesized spherical ordered mesoporous carbon nanoparticles of 300 nm
in diameter with 2D hexagonal mesostructured (Fig. 2.7a) [49]. The mesoporous
carbon material has bimodal pore size distribution of small and large mesopores of
3.1 nm and 6 nm, rendering pore volume of 2.32 cm3 g−1 and specific surface area
of 2445 cm2 g−1. Compared with bulk mesoporous carbon, the sulfur composite
electrodes prepared from nano spherical mesoporous carbon exhibited obviously
increased specific capacities (Fig. 2.7a), which could be largely attributed to the
nanoscale morphology. The small particle size of the spherical mesoporous carbon
allowed sulfur to distribute homogeneously at nanoscale, which could aid in highly
efficient charge transfer and greatly enhanced the electrochemical behavior of the
corresponding sulfur composite electrode.

Fig. 2.6 Charge/discharge curves (left) and cycling stabilities (right) of sulfur-mesoporous carbon
composite cathodes with different sulfur contents. The CMK-3, MC7, MC12, and MC22 refer to
the mesoporous carbons with pore sizes of 3 nm, 7 nm, 12 nm, and 22 nm, respectively (reproduced
with permission by The Royal Society of Chemistry from [48])
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Fig. 2.7 a TEM micrograph of spherical ordered mesoporous carbon nanoparticles showing the
2D-hexagonal structure.bComparison of cycling performance at 1675mAhg−1 of sulfur composite
electrodes prepared from nano spherical mesoporous carbon (BMC) and bulk mesoporous carbon
(BMC-1) (reproduced with permission by Wiley-VCH from [49])

According to the above discussions, in comparison to micropores,
meso/macropores are beneficial in achieving high sulfur content owing to the
larger pore sizes and higher pore volume. However, the large pore sizes have
lower adsorption capability toward polysulfides than microporous, leading to
inferior cycling stability of the sulfur cathode. In terms of electrolyte selection,
sulfur-meso/macroporous carbon composite cathodes require the use of ether-based
electrolytes that have high solubility toward polysulfides, rather than the carbonate-
based electrolytes used for most sulfur-microporous carbon composite cathodes.
Advantages and disadvantages of meso/macropores and micropores of carbon in
sulfur-porous carbon composite cathodes are summarized in Table 2.2, including
the comparisons of adsorption capability, pore volume, sulfur content, electrolyte,
overall cathode capacity, cycling stability and output voltage. It is worth noting that
the marked “high” and “low” in Table 2.2 refer to the relative comparison between
meso/macropores and micropores.

Table 2.2 Advantages and
disadvantages of
meso/macropores and
micropores of carbon in
sulfur-porous carbon
composite cathodes

Meso/macropores Micropores

Adsorption capability Low High

Pore volume High Low

Sulfur content High Low

Electrolyte Ether-based Carbonate-based

Overall cathode capacity High Low

Cycling stability Low High

Output voltage High Low
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2.4.3 Hierarchical Porous Carbon

As summarized in Table 2.1, it is difficult to simply determine the optimal pore size of
carbon for use in the sulfur cathode as different pore sizes show different advantages
in different aspects. To combine and make full use of the advantages of different
pores, efforts have been devoted to designing hierarchical porous carbons that contain
various pores, where different pores serve different roles during the sulfur redox
reactions [39, 50–52]. Basically, micropores provide a high specific surface area for
efficient adsorption of migrating polysulfides, and meso/macropores offer sufficient
pore space for improved sulfur content and facilitate electrolyte penetration for rapid
ion transport kinetics. Various hierarchical porous carbons, with micro-mesopores,
meso-macropores, or micro-meso-macropores, have been explored to optimize the
electrochemical properties of the sulfur cathode, including sulfur content, sulfur
utilization, cycling stability, and output voltage [9, 32].

The pioneering research work that demonstrated the effect of micro-mesoporous
carbons in the sulfur cathode utilized sulfur/bimodal porous carbon composite as
the cathode material [53]. A porous carbon with uniform distribution of mesopores
of 7.3 nm was synthesized through soft-template method, followed by potassium
hydroxide activation process to create microporosity of less than 2 nm to the existing
mesopores without deterioration of the integrity of the original mesoporous carbon.
The hierarchically structured sulfur–carbon composite cathode exhibited improved
cycling stability and sulfur utilization, compared to the cathodes with porous carbons
containing micropores or mesopores only. However, the electrochemical perfor-
mance showed significant degradation when the sulfur content in the sulfur-porous
carbon composite material was increased to 50 wt%, probably owing to the insuf-
ficient pore volume that failed to provide essential electrical contact for high sulfur
content. Inspired by this work, more bimodal porous carbons were fabricated via
double-template approach to directly create pores with sizes split into ~2 nm and
~6 nm [54, 55]. The collaboration of bimodal pores resulted in high surface area
over 2100 cm2 g−1 and large pore volume up to 2.0 cm3 g−1. The small pores aided
in suppressing the diffusion of polysulfides in the electrolyte, and the large pores
favored fast ion transport during cycling, contributing to improved cycling stability
and rate capability with sulfur content of 60wt% in the sulfur-bimodal porous carbon
composite.

Another approach to create micro-mesoporous carbons was to externally coat thin
microporous carbon layer on the surface of mesoporous carbon to fabricate core–
shellmeso-microporous carbonmaterials as sulfur container [56]. In this architecture,
the “core” with mesopores provided high pore volume to promise sufficient sulfur
loading and high sulfur utilization, while the “shell” withmicropores acted as a phys-
ical barrier to suppress the diffusion of polysulfides for improved cycling stability
(Fig. 2.8a). The obtained sulfur–carbon composite with sulfur content of 61 wt%
retained high capacity retention rate of 80 wt% after 200 cycles (Fig. 2.8b), which
demonstrated the effectiveness of tailored combination of meso-micropore structure.
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Fig. 2.8 a TEM image of the core–shell meso-microporous carbon. b Cycling performance of
the sulfur-meso-microporous carbon composite cathode over 200 cycles at 0.5 C (reproduced with
permission by American Chemical Society from [56])

As discussed in Sect. 2.4.2, macropores are often used in combination with meso-
pores owing to their inferior adsorption capability for polysulfide interception. This
has inspired the design of hierarchical meso-macroporous carbons. For example,
hierarchically ordered porous carbon (HOPC) with mesoporous walls and intercon-
nected macropores was prepared by self-assembly of 350 nm colloidal poly(methyl
methacrylate-butyl acrylate-acrylic acid) spheres and9nmsilica sphereswith sucrose
as the carbon source and sulfuric acid as the catalyst [57]. The obtained HOPC
had narrow mesopore size distribution of ~9 nm and macropore size of ~300 nm
(Fig. 2.9a), with specific area of 850 cm2 g−1 and pore volume of 1.4 cm3 g−1. The
mesopores walls of the HOPC encapsulated sulfur in highly dispersed state to inhibit
aggregation of sulfur and generate essential electrical contact. The open and inter-
connected macropores allowed good penetration of electrolytes to promote the ion
transport kinetics during redox reactions (Fig. 2.9b). The sulfur-HOPC composite
cathode delivered high initial specific capacity of 1200 mAh g−1 and stable capacity

Fig. 2.9 a SEM image of the sulfur-hierarchically ordered porous carbon composite material.
b Illustration of the sulfur redox process within the sulfur-hierarchically ordered porous carbon
composite cathode (reproduced with permission by Wiley-VCH from [57])
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of 884 mAh g−1 after 50 cycles. It was anticipated that the electrochemical prop-
erties of S-HOPC composite cathode could be further optimized by modulating the
nanopore structure of the HOPC.

Tomaximize the unique functions of different pores in sulfur cathode, hierarchical
porous carbons that integrate micro-meso-macropores have been extensively studied
[58–61]. Wei et al. reported a hierarchically structured porous carbon derived from
pig bones, with abundant pores with diameters in three regions: 0.6–2.0, 2–10, and
10–100 nm [59]. The obtainedmicro-meso-macroporous carbon had specific surface
area of 2160 cm2 g−1 and pore volume of 2.26 cm3 g−1. With sulfur content of 63
wt%, the sulfur-micro-meso-macroporous carbon composite cathode exhibited initial
discharge capacity of 1265 mAh g−1, which is about 76% of the theoretical specific
capacity of sulfur. Jung et al. fabricated hierarchical porous carbon sphere by ultra-
sonic spray pyrolysis using sucrose as carbon source and sodium carbonate and base
catalyst for the efficient decomposition of sucrose [58]. The obtained hierarchical
porous carbon spheres had meso- and macropores surrounded by outer micropores.
The specific surface area was 2160 cm2 g−1, the micropores accounted for ~39%
of the total pore volume (0.93 cm3 g−1). Sulfur was mostly infiltrated in the inner
meso- and macropores, while the outer micropores served as barrier to inhibit the
dissolution and diffusion of intermediate polysulfides (inset in Fig. 2.10). At low
current density of 100 mA g−1, the sulfur hierarchical porous carbon composite
cathode delivered high initial discharge capacity of 1412 mAh g−1, and it main-
tained a capacity retention rate of 77% after 500 cycles at a current density of 4 A
g−1 (Fig. 2.10).

Overall, hierarchical porous carbons are beneficial to take full advantage of poten-
tial merits and circumvent limitations of different porous structures. Generally, the
high surface area of porous carbons is mostly contributed by micropores, which,
on one hand, enables high adsorption effect, yet on the other hand, leads to slug-
gish reaction kinetics. While meso/macropores allow good electrolyte penetration

Fig. 2.10 Long-term cycling performance and coulombic efficiencies of the sulfur-hierarchical
porous carbon composite cathode at current density of 4 A g−1. Inset shows the TEM image and
corresponding elemental maps showing the distribution of sulfur within the hierarchical porous
carbon (reproduced with permission by American Chemical Society from [58])
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for fast ion transport kinetics but have inferior adsorption capability. Combination
of different pores can cause synergistic effects of their unique merits, contributing
to further improved electrochemical behavior of the sulfur-porous carbon composite
cathode.

2.4.4 Hollow Porous Carbon

Hollow porous carbons have structural features of large internal cavity volumes and
porous outer shells, which provide them with the following merits as sulfur host: (1)
maximizing the amount of sulfur sequestered by the hollow structure, (2) minimizing
the polysulfide dissolution and migration in the electrolyte, (3) accommodating the
volumetric expansion of sulfur during lithiation, (4) preserving good accessibility
of lithium ions to the sequestered sulfur by facilitating good electrolyte penetration,
(5) ensuring good conductivity for improved utilization of the poorly conducting
sulfur [62, 63]. Basically, hollow porous carbon spheres belong to hierarchical
porous carbons, where the interior void space provides macropores and the outer
shell provide meso- and micropores [64]. The synthetic methods of hollow porous
carbons often use the templating concept, includinghard-templating, soft-templating,
and self-templating strategies. The hard-templating strategy involves typical etching
process for selective removal of the sacrificial hard template to create the internal
void spaces (Fig. 2.11a), which is the most popular approach to fabricate hollow
porous carbonmaterials. The soft-templating strategy usually employs the surfactant-
stabilizedmicelles ormicrodroplets as templates (Fig. 2.11b). This route can produce
fabricate hollow porous carbon materials without template removal process, as most
surfactants are thermally decomposable. The self-templating strategy is often imple-
mented by directly carbonizing hollow structured carbon precursors (Fig. 2.11c).
Therefore, one advantage of hollow porous carbons over other hierarchical porous
carbon is their highly controllable structural parameters of pore structures,morpholo-
gies, and components. Much effort has been devoted to designing sulfur-hollow
porous carbon composites that allow for a high sulfur content while still maintaining
high sulfur utilization and good cycling stability [65–68].

The pioneering work using hollow porous carbons for sulfur cathode was reported
by Archer et al., using hard template method [19]. The obtained hollow porous
carbon spheres had internal void size of ~200 nm, and specific surface area of 648
cm2 g−1 with 3 nm average pore size on the carbon walls. Sulfur was infiltrated
in internal void space via vapor phase infusion process, resulting in sulfur content
of 70 wt%. The sulfur-hollow porous carbon composite cathode could maintain
a high reversible capacity of ~1000 mAh g−1 over 100 cycles at current density
of 850 mA g−1. Nazar et al. investigated the effect of different shell porosity of
hollow porous carbon nanospheres (PCNS, Fig. 2.12a, b) on the electrochemical
behavior of the sulfur composite cathode [69]. Three kinds of PCNS with different
shell porosity were fabricated, denoted as low porosity, moderate porosity, and high
porosity, respectively (Fig. 2.12c). It was found that the initial discharge capacities of
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Fig. 2.11 Schematic illustrations of typical synthetic methods of hollow porous carbon mate-
rials (HPCM): a hard-templating strategy, b soft-templating strategy, c self-templating strategy
(reproduced with permission by Wiley-VCH from [62])

the S-PCNS composite cathodes increasedwith shell porosity. This could be ascribed
to the more uniform distribution of sulfur within the PCNSwith higher shell porosity
that gave rise to higher capillary force during sulfur infiltration. However, in the case
of themost porous shell, despite the highest initial discharge capacity, the cell suffered
the most severe capacity degradation, presumably owing to the structural instability
of the carbon shells with large porosity.With sulfur content of 70 wt% in the S-PCNS
composite material, the optimized sulfur electrode using PCNS with moderate shell
porosity exhibited good cycling stability at various current densities (Fig. 2.12d).
Thiswork demonstrated the significance of tuning the porosity andmaintaining intact
carbon shells of hollow porous carbons in achieving both high specific capacity and
stable cycling behavior of the sulfur cathode. Xiao et al. systematically studied three
kinds of hollow carbon spheres with pore sizes of 4.1, 3.2, and 2.8 nm, respectively,
to elucidate the effect of pore sizes on sulfur confinement [70]. When the pore size
was 2.8 nm, sulfur that impregnated into the internal void of the hollow carbon could
remain stable under the scanning transmission electron microscopy (STEM), which
provided visible evidence that sulfur could be confined well within the porous carbon
shell. In comparison, when the pore size was 4.1 or 3.2 nm, the preloaded sulfur
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Fig. 2.12 a SEM image and b TEM image of the hollow porous carbon nanospheres. Scale bars:
400 nm (a) and 50 nm (b). c Illustrations of hollow porous carbon nanospheres with low porosity,
moderate porosity, and high porosity shells. d Cycling performance of the sulfur electrode using
PCNS with moderate shell porosity at different current densities (reproduced with permission by
American Chemical Society from [69])

in the hollow carbon easily sublimed under STEM. Correspondingly, the sulfur-
hollow porous carbon composite cathode with the 2.8 nm pore size delivered the
best cycling stability and coulombic efficiency, indicatinggoodpolysulfide restriction
effect. These results revealed that decreasing the pore size of the hollowporous carbon
shells could provide strong confining effect towards both sulfur and polysulfides and
thus contributes to improved electrochemical performance of the sulfur cathode.

Besides the single-shelled hollow porous carbons, multi-shelled porous carbons
have also been designed and fabricated for sulfur infiltration [71]. Lou et al. devel-
oped double-shelled hollow porous carbon spheres using hollow SnO2 as the hard
template and glucose as the carbon precursor [72]. The double shells connected
by carbon “links” formed highly porous structure with specific surface area of 748
cm2 g−1 and pore volume of 1.69 cm3 g−1 (Fig. 2.13). The sulfur-double-shelled
hollow porous carbon compositematerial was designed to host high amount of sulfur,
suppress the outward diffusion of dissolved polysulfides, and buffer the volumetric
changes of the active materials upon cycling. Zheng et al. employed multiple coating
strategies for the synthesis of hollow-in-hollow-structured porous carbon spheres
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Fig. 2.13 a, b TEM image of the sulfur-double-shelled hollow porous carbon composite. c TEM
image and corresponding elemental maps of a single sulfur-double-shelled hollow porous carbon
sphere (reproduced with permission by Wiley-VCH from [72])

[73]. With similar porosities, the sulfur-hollow-in-hollow porous carbon composite
cathode exhibited better cycling stability than that with single-shelled hollow porous
carbon spheres. The improved performance could be ascribed to the double outer
carbon shells that provided an enhanced interception effect to trap the polysulfides
generated from the inner core of the hollow carbon sphere.

2.5 Sulfur–Graphene Composite Cathode

Graphene is a two-dimensional (2D) allotrope of carbon consisting of one-atom
thick 2D planar carbon sheets where the carbon atoms are hexagonally packed
in regular sp2-bonded configuration. Graphene has advantageous physicochemical
properties of large theoretical specific surface area (2630 m2 g−1), high electrical
conductivity, and good mechanical strength and flexibility [74–76]. Modification
or functionalization of the 2D planar graphene sheets leads to the formation of
chemically modified graphene, such as graphene oxide and reduced graphene oxide
[77–79]. Graphene oxide contains large amounts of oxygen-containing functional
groups and structural defects on the carbon backbone. Typical oxygen-containing
functional groups include carbonyl, epoxy, hydroxyl, and carboxyl [80]. Particu-
larly, hydrogen-containing groups such as hydroxyl and carboxyl can be entirely
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or partially removed by thermal or chemical reductions, resulting in the forma-
tion of reduced graphene oxide with improved conductivity [77, 81]. Therefore,
chemically modified graphene has highly adjustable surface hydrophilicity and elec-
trical conductivity. These featuresmake graphene highly favorable to construct sulfur
composite cathodes with advantages in the following aspects: (i) facilitating the elec-
tron transfer for insulating sulfur and lithium sulfides to improve the active mate-
rial utilizations; (ii) immobilizing the migrating polysulfides to alleviate irreversible
active material loss from the cathode; (iii) accommodating the volume variation of
sulfur during cycling to prevent electrode pulverization [82–85].

When graphene is used for sulfur infiltration, the obtained sulfur–graphene
composites typically exhibit two kinds of microstructures: graphene-wrapped sulfur
particle (Fig. 2.14a) and sulfur molecules dispersed on graphene sheets (Fig. 2.14b)
[86]. The lone pairs of the S 3pz2 electrons can interact with the antibonding conju-
gated π* states of the graphene plane (Fig. 2.14c), resulting in strong interaction
between sulfur and graphene in their composite structure. Besides, the contact angle

Fig. 2.14 Schematics illustrating two kinds of microstructures of sulfur–graphene composites:
a graphene-wrapped sulfur particle and b sulfur molecules dispersed on graphene sheets. The
octasulfur (S8) molecule showing double-layer zigzag ring structure with four upper and four lower
atoms is used for illustration. c Schematic of the electron orbit of sulfur and graphene. d Thewetting
property of liquid sulfur droplet on graphene substrate (reproduced with permission by The Royal
Society of Chemistry from [86])
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of liquid sulfur droplet on graphene substrate was found to be as small as 4.3°
(Fig. 2.14d), indicative of strong interfacial interaction between the two materials
[86]. This could be explained by the similar electronegativity of sulfur and carbon
that gives rise to good wettability between them. Such strong interactions ensure inti-
mate electrical contact of sulfur with the conductive graphene matrix, contributing
to improved electrochemical activity of sulfur during redox reactions.

2.5.1 Conductive Graphene

The planar feature of graphene inspired the design of sandwich-like structure
comprising of alternating graphene sheets and sulfur nanoparticle layers [87]. This
structure enabled uniform distribution of sulfur particles within the graphene matrix
at sulfur content of 72 wt%. The obtained sulfur–graphene cathode retained capacity
retention rate of 75% over 100 cycles. Taking advantage of the high flexibility of
graphene sheets, Dai et al. reported the synthesis of sulfur–graphene composite
material bywrapping submicrometric sulfur particleswith graphene sheets decorated
by carbon black nanoparticles [25]. The graphene coating served to accommodate
volume expansion of the coated sulfur particles during discharge, trap the dissolved
polysulfide intermediates and provide essential electrical contact for the sulfur parti-
cles. The resulting sulfur–graphene composite cathode delivered a specific capacity
of ~600 mAh g−1 over 100 cycles. In another approach, sulfur–graphene composite
with sulfur content up to 87 wt%was obtained by heterogeneous nucleation of sulfur
on graphene sheets through one-pot in-situ acid oxidation of sodium polysulfide
species (Fig. 2.15a) [88]. The sulfur particles were completely enfolded by the
graphene sheets (Fig. 2.15b), which served as an electrical conduit for insulating
sulfur and barrier to retard polysulfide dissolution. It was found that large amounts
of conductive additives were not required for efficient operation of such sulfur–
graphene composite cathode, indicating the high efficiency of graphene for electron
conduction. To further improve the conductivity of sulfur–graphene composites for
improved sulfur utilization, Lin et al. reported the synthesis of low-defect graphene
sheets through sulfur-assisted exfoliation of graphite [86]. The intimate interaction
between sulfur and graphene, deriving from their similar electronegativities, was
stronger than the van der Waals forces between the adjacent π-π stacked graphene
layers. This led to exfoliation of the graphite layers when the sulfur molecules
sticked to the surface and edges of the graphite, analogous to micromechanical
exfoliation process. Meanwhile, sulfur molecules were uniformly anchored on the
graphene sheets with sulfur content of 73 wt%. The exfoliated graphene exhibited
high conductivity of 1820 S cm−1, which suggested the low-defect feature of the
graphene prepared from this approach. The obtained sulfur–graphene composite
exhibited good electrochemical behavior at a high rate of 2 C.
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Fig. 2.15 a Schematic of the one-pot synthesis of the sulfur–graphene composite (GSC). b SEM
image of the sulfur–graphene composite, the red square highlighted sulfur particles enveloped by
graphene sheets (reproduced with permission by The Royal Society of Chemistry from [88])

2.5.2 Chemically Modified Graphene

The functional groups on chemically modified graphene can not only serve as active
sites for uniform sulfur nucleation and growth but also render strong adsorbing ability
to anchor polysulfides via chemical interactions [89]. It has been theoretically calcu-
lated that both epoxy and hydroxyl groups on the graphene oxide could increase the
binding between sulfur atoms in polysulfides and carbon atoms in graphene due to the
induced ripples by the functional groups (Fig. 2.16a) [90]. Therefore, the functional
groups on graphene oxide exhibit good immobilization effect toward polysulfides,
which effectively impede the irreversible active material loss caused by polysulfide
dissolution andmigration. A sulfur–graphene oxide composite was synthesized via a
melt-diffusion method. The melted sulfur was diffused into the pores of the graphene
oxide due to the strong adsorption effects derived from both the high surface area
and the functional groups on the surface of graphene oxide, resulting in homoge-
neous distribution of sulfur within the graphene oxide (Fig. 2.16b, c). Meanwhile,
the low temperature heat treatment process for sulfur infiltration could partially
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Fig. 2.16 a Representative pattern of graphene oxide immobilizing sulfur. The hydroxyl enhances
the binding of S to the C–C bond due to the induced ripples by epoxy or hydroxyl group. Yellow, red,
and white balls denote S, O, and H atoms, respectively, while the others are C atoms. The C atoms
bonding to S or O are highlighted as blue balls. b SEM and c TEM images of the sulfur–graphene
oxide composite. The scale bar in (c) is 50 nm (reproduced with permission by American Chemical
Society from [90])

remove or chemical modify some of the functional groups on the graphene oxide
surface, contributing to improved electronic conductivity of the sulfur–graphene
oxide composite. The obtained sulfur–graphene oxide composite cathode demon-
strated reversible capacity up to 1400 mAh g−1 and stable cycling behavior for more
than 50 cycles at 168 mA g−1. Rong et al. prepared sulfur–graphene oxide core–shell
particles with different diameters ranging from 100 nm to 10μmvia a heterogeneous
nucleation process [91]. The sulfur–graphene oxide composite cathode exhibited
significant improvement in electrochemical performance over the sulfur particles
without coating. A specific capacity of 800 mAh g−1 could be retained after 1,000
cycles at a current density of 1 A g−1, indicating the effectiveness of graphene oxide
in immobilizing the polysulfides for improved cycling stability.

2.5.3 Porous Graphene

Tailoring the nanopore structures of graphene has also proved an effective strategy
to enhance the affinity of polysulfide intermediates within the sulfur–graphene
composite cathode. Ding et al. created dense nanopores with size of ~3.8 nm on
the surface of graphene through chemical activation process, rendering high specific
surface area of 2313m2 g−1 (Fig. 2.17a) [92]. Sulfurwas uniformly infiltrated into the
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Fig. 2.17 a Pore size distributions of the activated graphene. b Schematic of the constrained redox
reaction process within the sulfur-activated graphene composite (reproduced with permission by
The Royal Society of Chemistry from [92])

nanopores of the activatedgraphene sheetswith intimate electrical contact.During the
sulfur conversion reactions, the nanopores could act as “micro-reactors” to suppress
the migration of dissolved polysulfides while ensuring good electrolyte penetration
for fast ion transport (Fig. 2.17b). The sulfur–graphene composite electrode deliv-
ered high initial capacity of 1380 mAh g−1 and maintained good cycling stability at
different cycling rates. Guo et al. reported the use of activated graphene with hierar-
chical micro-mesopores as the sulfur host material [93]. The activated graphene had
ultrahigh specific surface area of 3000 m2 g−1, allowing a sulfur content of 75 wt%.
The abundant pore structures with sizes ranging from 0.6 to 5 nm provided an effec-
tive adsorption effect toward polysulfides to inhibit their migration from the cathode
matrix. The capacity retention of the obtained sulfur-porous graphene composite
cathode could reach 76 wt% after 200 cycles at a current density of 1675 mA g−1.

Considering the significance of developing high sulfur-loaded cathodes for high-
energy-density Li–S batteries, graphene with high pore volume and high specific
surface area has proved a promising conductive matrix to allow high sulfur content
as well as high sulfur utilization and good cycling stability. Wang et al. reported the
synthesis of highly crumpled graphene sheets via a simple thermally induced expan-
sion strategy, rendering high pore volume of 5.4 cm3 g−1 and specific surface area
of 1158 cm2 g−1 [94]. The highly crumpled graphene allowed high sulfur content
of 80 wt% in the sulfur–graphene composite material and high areal sulfur loading
of 5 mg cm−2 in the sulfur–graphene composite cathode. With such high sulfur
content, the obtained sulfur–graphene composite exhibited uniform sulfur distribu-
tion without obvious sulfur agglomerates (Fig. 2.18). This indicated good electrical
contact between sulfur and the conductive graphene sheets, which was beneficial
for improved sulfur utilization. The sulfur-crumpled graphene composite cathode
delivered high specific capacity over 1,200 mAh g−1, along with high areal capacity
of ~5 mAh cm−2 over 100 cycles. In another approach, highly porous graphene
was prepared through thermal exfoliation of graphite oxide, leading to high pore
volume of 3.5 cm3 g−1 with broad pore size distribution ranging from 1 to 60 nm
[34]. A sulfur-highly porous graphene composite with sulfur content of 80 wt%
was obtained, where sulfur was uniformly encapsulated within the pore structures
of graphene. Based on the use of the sulfur-highly porous graphene composite as
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Fig. 2.18 a TEM image of the sulfur-crumpled graphene composite and b the corresponding
elemental map of sulfur (reproduced with permission by American Chemical Society from [94])

the cathode material, all graphene cathode structure was further proposed for the
sulfur cathode, with highly conductive graphene as the current collector and partially
oxygenated graphene as a polysulfide-adsorption layer. This cathode design enabled
a 5 mg cm−2 sulfur-loaded cathode showing both a high specific capacity of 1500
mAh g−1 and a high areal capacity of 7.5 mAh cm−2.

Based on the above discussion, graphene can have a variety of characteristics
and properties due to its different preparation routes. The conductivity, surface
hydrophilicity, pore sizes, pore volumes, and morphologies of graphene are highly
tunable to serve different functions in a sulfur–graphene composite cathode. These
functions include improving the electrochemical activity of the electroactive sulfur,
providing immobilization effect for polysulfides, accommodating the volume vari-
ations, and increasing the sulfur loading in the cathode, leading to significantly
enhanced electrochemical performances of the sulfur–graphene composite cathode.

2.6 Sulfur–Carbon Nanotube Composite Cathode

Carbon nanotubes (CNTs) are one-dimensional (1D) carbon nanomaterialswith large
aspect ratio, which are generally divided into two categories: single-walled CNTs
(SWCNTs) and multi-walled CNTs (MWCNTs) [95]. They have merits of high
conductivity, good mechanical properties, and thermal stabilities. The 1D structural
features of CNTs can provide long-range and interconnected electron paths through
the electrode, contributing to significantly improved active material utilization [6,
96–100]. In early studies, CNTs were used as a conductive additive in sulfur cathode
[101]. It was found that the 1D MWCNTs could provide a more efficient elec-
tron conductive network than the traditional conductive additives, such as carbon
black nanoparticles, resulting in improved cycle life and rate capability. However,
MWCNTs were not compatible with the conventional slurry-coating method for
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cathode preparation, as it was difficult to disperse MWCNTs homogeneously in the
cathode slurry [97].Afterward, it was suggested that the low surface tension ofmelted
sulfur could give rise to good wetting ability on the surface of CNTs [102], which
greatly inspired the design of various sulfur–CNT composites.

2.6.1 Sulfur-Coated Carbon Nanotubes

Sulfur could be uniformly coated on the surface of CNTs via the melt-diffusion
method [103–108]. Yuan et al. prepared sulfur-coated MWCNT composite material
with core–shell structure [104]. The MWCNTs served as the core to provide elec-
tron conduction pathways for the coated sulfur. The sulfur–MWCNT composite
cathode showed obviously enhanced cycling stability compared with the sulfur
cathode using MWCNT as conductive additive. This work revealed the significance
of uniform sulfur distribution on CNTs in promoting the electrochemical perfor-
mances of sulfur–CNT composite cathode. Zhang et al. designed composite cathode
containing sulfur-SWCNT coaxial nanocables prepared by melt-diffusion process
[108]. Although the SWCNTs existed in bundles owing to the van der Waals inter-
actions, the sulfur phase could still be uniformly distributed within the bundles
(Fig. 2.19a). After sulfur infiltration, the micropores and mesopores of SWCNTs
were occupied by sulfur, leading to decrease in the pore volume from 1.72 to 0.01
cm3 g−1 (Fig. 2.19b). This ensured good encapsulation of sulfur within the SWCNT
conductive matrix. Benefiting from the large aspect ratio, high specific surface area,
and interconnected electron pathways of theSWCNTs, the sulfur-SWCNTcomposite
cathode exhibited good rate capabilities up to 10 C with sulfur content of 56 wt%.

Considering the significance of constructing high sulfur-loaded cathode, it is of
great importance to fabricate sulfur–CNT composites with high sulfur content while
preserving essential electrical contact. Li et al. proposed a theoretical model to inves-
tigate how different CNTs affect the sulfur content in sulfur–CNT composite [109].

Fig. 2.19 a TEM image of the sulfur–SWCNT coaxial nanocables. b Pore size distributions of the
SWCNT and sulfur–SWCNT coaxial nanocables sphere (reproduced with permission by Wiley-
VCH from [108])
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Fig. 2.20 Schematic for the calculation of the theoretical sulfur content in sulfur-coated CNT
(reproduced with permission by Elsevier from [109])

Assuming that the sulfur–CNT composite has core–shell structure (Fig. 2.20), the
theoretical sulfur content varies along with different CNT diameters. The relation-
ship between the sulfur content (Swt%) and the CNT diameter (d) and sulfur coating
thickness (a) can be concluded by the following formula:

Swt% = ρs ∗ (4a2 + 4ad)

ρCNT ∗d2 + ρs ∗ (4a2 + 4ad)

where ρCNT represents the density of CNTs (taking 1.2 g cm−3 as typical value [110])
and ρs the density of sulfur (2.07 g cm−3). It could be calculated that when the sulfur
coating thickness on the CNTs was ~3 nm, the theoretical sulfur content was only
54 wt% for CNTs with diameter of ~20 nm, with this value drastically increasing to
90 wt% for CNTs with diameter of ~4 nm. These results indicated that the diameter
of CNTs largely determines the sulfur content. CNTs with small diameters show
high electron conduction efficiency as they are capable to hold high sulfur content
with short electron diffusion distance, which is desirable for achieving high sulfur
utilization with high sulfur content.

Based on the above theoretical results, the ultralight SWCNT film with intercon-
nected network structure was designed as conductive matrix for sulfur impregnation
[109]. The diameter of the SWCNTs was only 2–3 nm, which rendered high sulfur
content of 95wt%with sulfur coating thickness of ~6 nmon the SWCNTs (Fig. 2.21).
The high conductivity of the SWCNT network facilitated fast electron transport, and
the interwoven network structure enabled effective polysulfide trapping during sulfur
redox reactions. High initial discharge capacity of 1280 mAh g−1 was achieved at
current density of 0.25A g−1, indicating high sulfur utilization.When the areal sulfur
loading was increased to 7.2 mg cm−2 by stacking three layers of the sulfur-SWCNT
composite electrode, high areal capacity of 8.6 mAh cm−2 was obtained.

2.6.2 Sulfur-Encapsulating Carbon Nanotubes

Apart from being coated on the exterior surface of CNTs, sulfur can also be encap-
sulated within the hollow interior of CNTs for better confinement effect [111–113].
Moon et al. developed the encapsulated sulfur–CNT composite cathode via vapor
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Fig. 2.21 Illustrations of the SWCNT network and the sulfur-SWCNT electrode with TEM images
of the SWCNTs and the sulfur-SWCNT composite, respectively (reproduced with permission by
Elsevier from [109])

phase infusion method by using the anodic aluminum oxide membrane as template
for well-defined tube structures (Fig. 2.22a) [111]. Sulfur nanowires with diameter
of ~75 nm were well encapsulated by the well-aligned CNT walls with a thickness
of ~3 nm (Fig. 2.22b, c), leading to sulfur content of 81 wt% in the sulfur-CNT
composite. The obtained freestanding sulfur–CNT composite cathode exhibited a
high specific capacity of 1520 mAh g−1, indicating that the CNTs contributed to
improved electronic and ionic transport behavior for improved sulfur utilization.
Particularly, the composite cathode exhibited exceptional rate capabilities. When the
C rate was increased from 0.5 to 2 C, 76% of the original capacity (1234 mAh g−1)
could be retained. This could be ascribed to the nanostructured electrode design that
facilitated short electron/ion pathways and thus ensured high electrochemical activity
of the encapsulated sulfur.

2.6.3 Tube-in-Tube Structure

Wang et al. proposed CNT-based tube-in-tube structure with small-diameter CNTs
(~20 nm) grown inside large-diameter CNT (~200 nm) for sulfur encapsulation
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Fig. 2.22 a Illustration of the encapsulated sulfur–CNT composite. b SEM and c TEM images
of the encapsulated sulfur–CNT composite (reproduced with permission by WILEY–VCH from
[111])

(Fig. 2.23a) [114]. Sulfur was infiltrated into the hollow interior of the large-diameter
CNT, and the small CNTs interlinked together and served as interconnected and
embedded conductive network through the encapsulated sulfur (Fig. 2.23b). This
gave rise to multiple electron transport pathways for fast electron transport kinetics
during the sulfur redox reactions, highly desirable for high sulfur utilization. More-
over, the tube-in-tube structure could not only effectively alleviate the migration of
polysulfide but also accommodate the volume variations of the active materials upon

Fig. 2.23 TEM images of a the tube-in-tube CNTs and b the sulfur–CNT composite (reproduced
with permission by American Chemical Society from [114])
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cycling, contributing to improved cycling stability. With high sulfur content of 85
wt%, the sulfur–CNTcomposite cathodemaintained high reversible specific capacity
of ~1,200 mAh g−1 after 100 cycles. At high rate of 5 C, discharge capacity of 954
mAh g−1 could be stabilized after 150 cycles. The work demonstrated the effective-
ness of novel structural design of sulfur–CNT composite cathode in achieving excep-
tional electrochemical performance with high sulfur content. In another approach,
MWCNTs were encapsulated into the hollow interior of porous CNTs to obtain
tube-in-tube structure for sulfur infiltration [115]. This structure could enhance the
electrical conductivity, hamper the dissolution of lithium polysulfide, and provide
large pore volume for sulfur impregnation. The obtained sulfur–CNT composite with
71 wt% sulfur content delivered high reversible capacity, good cycling performance
as well as excellent rate capabilities. It remained a reversible capacity of 647 mAh
g−1 at 2 A g−1 after 200 cycles. At high current density of 6 A g−1, it delivered a
capacity of 550 mAh g−1.

2.6.4 Hierarchical CNT Network Structure

To improve the areal sulfur loading of sulfur–CNT composite cathode without sacri-
ficing the sulfur utilization, Yuan et al. designed the hierarchical CNT network struc-
ture, using both short MWCNTs (10–50 μm) and long vertically aligned CNTs
(VACNTs, 1000–2000 μm) [116]. The short MWCNTs provide short range electri-
cally conductive framework for sulfur impregnation, and the long VACNTs served as
both long-range conductive network and interlinked mechanical scaffold (Fig. 2.24).
With an areal sulfur loading of 6.3 mg cm−2, the sulfur-CNT composite cathode
retained reversible capacity of ~700 mAh g−1 after 150 cycles at current density
of 0.38 mA mg cm−2. When the areal sulfur loading was further increased to

Fig. 2.24 Schematic of the hierarchical CNT network structure using both short MWCNTs and
long vertically aligned CNTs (reproduced with permission by WILEY–VCH from [116])
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17.3 mg cm−2, high areal capacity of 15.1 mAh cm−2 was achieved, indicating
the high electron conduction efficiency of the hierarchical CNT network structure.

Therefore, the unique 1D nanotubular structure, good conductivity, and large
aspect ratio of CNTs have proved effective in improving the electrochemical perfor-
mance of sulfur–CNT composite cathodes. Sulfur can be either externally coated on
the surface or impregnated inside the hollow interior of CNTs to gain good electrical
contact for improved electrochemical activity. The self-weaving behavior of CNTs
not only provides interconnected conductive framework for sulfur redox reactions
but also enables restriction effect for the migrating polysulfides to prevent them
from shuttling. The tubular hollow structure of CNTs can buffer the volume vari-
ation of sulfur during cycling. Moreover, the electrochemical behavior of sulfur–
CNT composite cathodes can be further optimized by integrating CNTs with
different structural features, which have shown great promise in constructing high
sulfur-loaded cathodes.

2.7 Sulfur–Carbon Fiber Composite Cathode

Carbon fibers have 1D morphological characteristics similar to CNTs but without
well-defined graphitic structure. The diameter of carbon fibers can range from
hundreds of nanometers to several micrometers, with or without hollow voids [117].
Like CNTs, carbon fibers can interweave together to form long-range and inter-
connected conductive network to facilitate fast electron transport for sulfur redox
reactions [118–121]. One favorable feature of carbon fibers is that various pores,
including micro-, meso-, and macropores, can be created along their fibrous struc-
ture through various techniques [122–127]. As discussed in Sect. 2.4, pore struc-
tures have advantages including enabling uniform sulfur dispersion in the carbon
matrix, trapping the migrating polysulfides, and permitting good electrolyte pene-
tration [128]. Combining with the high electron conduction efficiency of the inter-
woven network structure, carbon fibers have been considered a promising sulfur host
to fabricate sulfur–carbon fiber composite cathodes with improved electrochemical
performances.

Zhang et al. reported the use of porous carbon fibers prepared by electrospin-
ning polyacrylonitrile/poly(methyl methacrylate) mixture followed by carbonization
process [129]. Polyacrylonitrile was used as the precursor for carbon fibers, while
poly(methyl methacrylate) served as sacrificial template create pores in the fiber
walls. After sulfur infiltration, sulfur-porous carbon fiber composite was obtained
with sulfur content of 42 wt%. At low current density of 84 mA g−1, the obtained
composite cathode delivered discharge capacity of ~1400 mAh g−1, indicating good
electrical contact between sulfur and the porous carbon fibers. To achieve high sulfur
content, efforts have been made to increase the porosity of carbon fibers to improve
their capability for sulfur accommodation [126, 130–132]. Yang et al. fabricated
hierarchically porous carbon fibers using metal–organic framework (MOF) as the
precursor [126]. Carbonization of the microporous MOF precursor mainly produced
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microporous carbons. While the metal ions in MOF could be reduced to the corre-
sponding metal that subsequently served as the inner templates to form mesopores.
Macropores could be formed owing to the synergic effect of organic material decom-
position and gas activation during carbonization. Therefore, the obtained carbon
fibers had hierarchical pores with specific surface area of 1906 m2 g−1. The 1D
cross-linking fibrous structure and the hierarchical pore structures contributed to fast
transport for electrons and lithium ions during cycling and provided confinement
effect for the dissolved polysulfides (Fig. 2.25). With sulfur content of 60 wt%, the
sulfur-porous carbon fiber composite electrode demonstrated low capacity decay
rate of 0.076% per cycle when cycled at a current density of 8.4 A g−1 over 500
cycles. Zhou et al. reported the synthesis of highly porous carbon fibers derived from
polypyrrole with high specific surface area of 2642 m2 g−1 [132]. The sulfur content
could be increased to 77 wt% in the sulfur–carbon fiber composite. At a current
density of 1,675 mA g−1, the specific capacity of the obtained sulfur–carbon fiber
composite cathode stabilized at 666 mAh g−1 after 200 cycles.

In attempts to construct sulfur cathodes with improved areal sulfur loading, Doron
et al. reported the use of microporous activated carbon fibers in the form of mono-
lithic carbon cloth for the preparation of binder-free sulfur cathode [133]. The active
carbon fiber cloth had specific surface area of 2,000m2 g−1, which decreased to 1,200
m2 g−1 after sulfur impregnation. Comparisons of the pore size distributions before
and after sulfur incorporation revealed that sulfur was mainly encapsulated within
the small micropores on the carbon fibers while large pores were preserved for elec-
trolyte penetration (Fig. 2.26a). The sulfur-active carbon fiber composite exhibited
smooth surface morphology (Fig. 2.26b), indicating well-confined sulfur within the
nanopores of the active carbon fibers. With areal sulfur loading of 6.5 mg cm−2, the
sulfur-active carbon fiber composite cathode retained a reversible discharge capacity
more than 800 mAh g−1 after 80 cycles. This work demonstrated the effectiveness
of freestanding carbon fiber cloth in improving sulfur utilizations at high areal sulfur
loading. However, as the non-hollow carbon fibers with large diameter of (~15 μm)
were densely packed in the monolithic structure, the areal density of the carbon fiber

Fig. 2.25 a SEM and b TEM images of the hierarchically porous carbon fiber (reproduced with
permission by The Royal Society of Chemistry from [126])
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Fig. 2.26 a Pore size distributions of the activated carbon fiber cloth before (black) and after sulfur
impregnation (red). b SEM image of the sulfur-activated carbon fiber composite (scale bar: 10μm).
The inset gave the Energy-dispersive X-ray spectroscopy (EDS) results of the area marked by the
black squares (reproduced with permission by WILEY–VCH from [133])

cloth used in this work was as high as 13 mg cm−2. This led to low sulfur content
of 33.3 wt% in the sulfur–carbon fiber composite cathode, which might compromise
both the gravimetric and volumetric energy densities of the Li–S cell.

Accordingly, Miao et al. reported the synthesis of hollow carbon fiber cloth by
simply carbonizing cotton cloth [134].Despite the similar densely packed structure as
those in Fig. 2.26, the hollow structure of the carbonfibers led to obviously lower areal
density of 4.8 mg cm−2. The hollow carbon fibers with diameter of ~7 μm presented
in compact bundles were densely woven into an interconnected conductive network
(Fig. 2.27a, b). Sulfur could be infiltrated inside and outside of the carbon fibers while
ensuring uniform distribution (Fig. 2.27c), which guaranteed good electrical contact.
A sulfur–carbon fiber composite cathode with areal sulfur loading of 6.7 mg cm−2

delivered high areal capacity of ~7 mAh cm−2. In another approach, hollow carbon
fiber foam with low areal density of 4 mg cm−2 was synthesized by the carboniza-
tion of natural cotton [27]. Distinct from the compact structure introduced above,
sufficient void space, tens of micrometers in size, was generated by the randomly
interconnected hollow carbon fibers (Fig. 2.28a, b). Sulfur–carbon nanotube-carbon
black clusters (90 wt% sulfur) were incorporated in the void space of the carbon fiber
foam to fabricate the sulfur–carbon fiber composite electrode. The interconnected
carbon fiber skeleton was capable of holding high, uniformly distributed concentra-
tion of the active materials within the interconnected void structures (Fig. 2.28c, d),
enabling a high areal sulfur loading up to 21.2 mg cm−2. The sulfur-hollow carbon
fiber composite exhibited high areal capacity of 12.0 mAh cm−2 after 50 cycles with
high sulfur loading of 16.5 mg cm−2, indicating the high efficiency of the carbon
fiber skeleton in promoting the sulfur redox reactions.

Qie et al. proposed facile layer-by-layer strategy for sulfur–carbon fiber composite
cathodes with high areal capacities [135]. Freestanding porous carbon fiber layers
with thickness of ~60 μm were fabricated through vacuum filtration of commer-
cial carbon fiber powers followed by chemical activation process (Fig. 2.29a).
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Fig. 2.27 a, b SEM images of the sulfur-hollow carbon fiber composite. c EDS maps of the cross-
section of a sulfur-hollow carbon fiber (red: carbon, yellow: sulfur), with areal sulfur loading of
6.7 mg cm−2 (reproduced with permission by The Royal Society of Chemistry from [134])

Commercial sulfur powders were directly splinted between the porous carbon fiber
layers (Fig. 2.29b). The areal sulfur loading could be easily increased by increasing
the sulfur and porous carbon fiber layers. The porous carbon fiber layer provided
interconnected conductive scaffold that not only facilitated fast electron transport
but also effectively trap dissolved polysulfides within the cathode. The rate capa-
bility of the sulfur-porous carbon fiber composite cathode with three sulfur layers
(5.7 mg cm−2) exhibited no obvious degradation compared to that with one sulfur
layer (1.9 mg cm−2) (Fig. 2.29c). Moreover, the areal sulfur loading could be further
increased to 11.4 mg cm−2 with six sulfur layers, leading to a high areal capacity of
11.3 mAh cm−2.

Overall, carbon fibers can be prepared from various approaches with different
structures and morphologies. Their 1D structural features can form interwoven
conductive network with high electron conduction efficiency. Various pore struc-
tures can be created on the surface of carbon fibers to facilitate uniform sulfur infil-
tration and enable restriction effect toward migrating polysulfides. Moreover, carbon
fibers can be easily assembled into freestanding and monolithic structure to fabricate
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Fig. 2.28 a, b SEM images of the hollow carbon fiber foam. c SEM image and d 3D X-ray
microtomography (XRM) image of the sulfur-hollow carbon fiber composite with areal sulfur
loading of 10.8 mg cm−2 (reproduced with permission by WILEY–VCH from [27])

sulfur cathodes without additional conductive additives or binders. This has shown
high effectiveness in constructing high sulfur-loaded cathodes that are desirable for
high energy density of Li–S cells.

2.8 Sulfur-Functionalized Carbon Composite Cathode

The dissolution and migration of polysulfide intermediates in the electrolyte are
known to cause the issues including fast capacity decay, high self-discharge rate,
and low coulombic efficiency [12, 136, 137]. Therefore, introducing polysulfide
immobilization sites within the sulfur cathode is requisite for achieving long-term
stabilities of Li–S batteries [4, 5, 138, 139]. As discussed in the previous sections,
carbon materials have shown effectiveness in polysulfide immobilization mainly
by the adsorption effect derived from the pore structures. Nevertheless, from the
perspective of fundamental chemistry, both sulfur and carbon both exhibit non-polar
symmetric structures, while polysulfides have polar structures [140, 141]. The polar
nature of polysulfide leads to relatively weak interaction with the non-polar carbon
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Fig. 2.29 a SEM image of the porous carbon fiber layers (inset showing the side view). bSchematic
of the layer-by-layer sulfur-porous carbon cathodes. c Rate capabilities of sulfur-porous carbon
cathodes with different layers (reproduced with permission by WILEY–VCH from [135])

matrix, which may offset the restriction effect of the pore structures toward poly-
sulfides. It is worth mentioning that chemically modified graphene with oxygen-
containing functional groups on the surface was found able to render chemical inter-
actions with polysulfides for enhanced immobilization effect, as discussed Sect. 2.5.
Therefore, adjusting the surface hydrophilicity of carbon materials is an effective
approach to improve the interaction between polysulfides and the carbon matrix.
This has triggered substantial research efforts on developing sulfur-functionalized
carbon composite cathode [4, 142, 143]. Functionalization of carbon materials can
modify their surface chemistry to render improved interactions with polysulfides
to impede the polysulfide migration. Functionalization strategies mainly contain
three categories: polymer decoration [144–147], heteroatom doping [148–152], and
functional groups grafting [153–156].

2.8.1 Polymer Decoration

Nazar et al. adjusted the hydrophilicity of the carbon external surface by function-
alizing the surface of the sulfur-mesoporous carbon composite with polyethylene
glycol (PEG) coating layer [14]. The PEG-functionalized surface served to trap the
polysulfide species by providing highly hydrophilic surface chemistry, resulting in
improved cycling stabilities of the sulfur cathode. To visualize the evolution of inter-
facial interaction of carbon and sulfur upon lithiation, Cui et al. implemented ex-situ
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TEM observations of sulfur-hollow carbon fiber composite cathode before and after
electrochemical discharge [157]. Sulfur was initially encapsulated within the hollow
voids of carbon fibers with good uniformity owing to the good wettability between
sulfur and carbon (Fig. 2.30a). After discharging to 1.7 V, separation of the discharge
product lithium sulfide from the carbon was obviously observed (Fig. 2.30b). While
it is known that sulfur undergoes volume expansion after lithiation owing to the
lower density of lithium sulfide than that of sulfur. The observed volume shrinkage
in Fig. 2.30c indicated that the polysulfide intermediates had leaked out from the
hollow carbon fibers through the opening tips. This could be ascribed to the weak
interaction between polar polysulfides and non-polar carbon. The segregated poly-
sulfides from the conductive matrix would lose electrical contact and cause capacity
decay of the sulfur-hollow carbon fiber composite cathode. To improve the interac-
tion between polysulfides and the carbon matrix, amphiphilic polyvinylpyrrolidone
(PVP) was used tomodify the interfacial properties of the hollow carbon fibers. After
polymer functionalization, the encapsulated sulfur remained attached to the walls of
hollow carbon fibers (Fig. 2.30d), indicating the effectiveness of the PVP polymer
in stabilizing the polysulfides within the carbon fiber. Theoretical calculations were

Fig. 2.30 a TEM image of the sulfur-hollow carbon fiber composite before discharge. b TEM
image of the sulfur-hollow carbon fiber composite after fully discharge to 1.7 V. c TEM image of
the sulfur-modified hollow carbon fiber composite before discharge. d TEM image of the sulfur-
modified hollow carbon fiber composite after fully discharge to 1.7 V. The yellow line in (a) and
(c) represented the EDS counts of the sulfur signal along the dark line. The scale bars are 500 nm
(reproduced with permission by American Chemical Society from [157])
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performed to study how the interaction between sulfur and carbon changes upon lithi-
ation, and it was found that the binding energy between lithium sulfide and carbon
experienced significant decrease. With the presence of PVP on the surface of carbon
fibers, the lithium atoms in polysulfides could bind to the oxygen atoms in the PVP
polymer, rendering increased binding energies between polysulfides and the carbon
fibers. As a result, the PVP-modified sulfur-hollow carbon fiber composite electrode
exhibited obviously improved cycling performance with a capacity retention rate of
80% over 300 cycles.

In order to minimize the influence of polymer decoration on the conductivity of
the sulfur–carbon composite, Yang et al. proposed the use of conducting polymer
poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) to modify
the surface chemistry of the sulfur-porous carbon composite (Fig. 2.31a) [158].
PEDOT:PSS was uniformly coated on the surface of the porous carbon with thick-
ness of several nanometers (Fig. 2.31b, c), serving as barrier layer to intercept poly-
sulfides inside the porous carbon matrix. The polymer was also found between the
porous carbon particles, acting as conductive binder to improve the adhesion between
the particles (Fig. 2.31b). With the assistance of PEDOT:PSS coating, the capacity
retention rate of the sulfur-porous carbon composite cathode was improved from
70 to 80% over 100 cycles, along with 10% increase in the discharge capacity.
The coulombic efficiency was also improved from 93 to 97%. In another approach,

Fig. 2.31 a Schematic of the lithiation/delithiation processes of the PEDOT:PSS-coated porous
carbon/sulfur composite. b SEM image and c TEM image of the PEDOT:PSS-coated porous
carbon/sulfur composite (reproduced with permission by American Chemical Society from [158])
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conducting polymer, polyaniline (PANI), was used to modify the surface properties
of MWCNTs for enhanced interaction with polysulfides [159]. A sulfur-MWCNT
composite was prepared by precipitating sulfur on MWCNTs via chemical reac-
tion, followed with uniform surface coating of PANI. The presence of PANI on the
surface not only helped mitigating the dissolution and diffusion of polysulfides but
also provided additional electrical contact of sulfur coated on the MWCNTs. The
PANI-modified composite cathode exhibited both improved cyclic stability and rate
capability.

2.8.2 Heteroatom Doping

Modifying the carbon surface with heteroatom doping has been considered as effec-
tive approach to render strong chemical reaction with lithium polysulfides to mini-
mize their diffusion in the electrolytes [160–162]. In this respect, nitrogen (N) doping
has beenmost extensively studied [160, 161, 163–166]. Hou et al. performed system-
atic density functional theory calculation to investigate the effect of different doping
atoms on the binding behaviors between the carbonmatrix and polar lithium polysul-
fides [167]. Several rules of favoring strong anchoring effect for doped carbons were
proposed: (1) the doping atom should have lone pair of electrons to serve as Lewis
base to interact with the Lewis acidic lithium polysulfide; (2) the electronegativity
of the doping atom should be higher than C to allow permanent dipole moment at
the local doping site. Meanwhile, the radius of the doping atom oughts to be suffi-
ciently small to pair with lithium to facilitate electrostatic dipole–dipole interaction;
(3) the doping atom that formsπ bond with the conjugated system should be capable
of accepting additional charge from the π electrons to strengthen the dipole–dipole
interaction; (4) the bond between the doping atom and the carbon matrix should
have high bond stability. Based on these considerations, nitrogen was found most
effective for monodoping, compared with other atoms, including oxygen (O), boron
(B), fluorine (F), sulfur (S), phosphorus (P) and chlorine (Cl). The improved interac-
tion strength of polysulfideswith theN-doped carbonmatrix can alleviate irreversible
activematerial loss caused by the polysulfide diffusion and shuttle effect, contributing
to improved cycling stabilities of the sulfur–carbon composite cathode.

Zhang et al. constructed sulfur-N-doped graphene composite where sulfur parti-
cles were wrapped inside the N-doped graphene sheets (Fig. 2.32) [168]. The role
of the N dopants in immobilizing lithium polysulfides was confirmed by ab initio
calculations. The results showed that N-doped graphene bind lithium polysulfides
more strongly compared with the primitive graphene case, owing to the strong ionic
attractions between N and Li atoms. This contributed to the alleviated dissolution
of lithium polysulfides in the electrolyte, thereby improving the cycling stability of
the sulfur-/N-doped graphene composite cathode. Peng et al. synthesized N-doped
CNTs as conductive host for sulfur impregnation [169]. Conductivity measurements
showed that theN-dopedCNTsmaintained good conductivity (798 Sm−1) compared
with the pristine CNTs (1185 S m−1). The positively charged lithium in the lithium
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Fig. 2.32 Schematic of the sulfur-N-doped graphene composite and the effect of N dopants for
polysulfide trapping (reproduced with permission by American Chemical Society from [168])

polysulfides could be adsorbed by negatively charged N dopants, leading to good
polysulfide immobilization effect. The strong chemical adsorption effect as well as
the high conductivity of the N-doped CNTs led to highly reversible and stable elec-
trochemical performances, with high specific capacity of 1370mAh g−1 and capacity
retention rate over 70% during 200 cycles.

Yin et al. implemented comprehensive computational study to provide the funda-
mental understanding on the origin of the effective anchoring of lithium polysulfides
by N-doped carbon materials [170]. It was shown that pyridinic and pyrrolic N
dopant in graphene could render stronger binding energy with lithium polysulfides,
compared to the graphitic N dopants. This could be ascribed to the existence of
lone pair electrons in their atomic structures. They could serve as electron donors
to bind with positively charged lithium in lithium polysulfides. Moreover, it was
found that clustered pyridinic N dopants could further improve the binding energy
with lithium polysulfides to effectively impede their migration and shuttling effect.
The strong binding energies could derive from two aspects: (i) enhanced attraction
between lithium ions in lithium polysulfides and pyridinic N-dopants and (ii) addi-
tional attraction between the sulfur anions in lithium polysulfides and lithium ions
captured by the pyridinic N dopants. These findings could guide the design of more
effective N-doped carbons for sulfur–carbon composite cathodes with optimized
electrochemical performance.
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Fig. 2.33 a The polysulfide adsorptivity of non-doped carbon (CDC) and N, S dual-doped carbon
(NSC), with comparison to Super P, Vulcan carbon, and commercial mesoporous TiO2, evaluated
by the electrochemical titration method (n = 4). b Comparisons of cycling stabilities of sulfur–
carbon composite cathodes using different carbon matrix with sulfur content of 70 wt%. NC:
N-doped carbon; NP-NSC: non-porous N, S dual-doped carbon (reproduced with permission by
WILEY–VCH from [171])

Other than nitrogen monodoping, dual-doping strategy, using both nitrogen and
other doping atoms, was proposed to further enhance the interaction of polysul-
fide with the carbon matrix [60, 171, 172]. Nazar et al. explored the use of N, S
co-doped porous carbon as sulfur host material [171]. The dual doping of N and
S atoms on the porous carbon was found able to greatly enhance the chemisorp-
tion of lithium polysulfides. Both the electrophilic Li+ and nucleophilic Sn2− could
be effectively bound to N, S dual-doped carbon, giving rise to doubled lithium
polysulfide adsorptivity over N monodoping or non-doped carbons (Fig. 2.33a).
Additionally, the electronic conductivity of the N, S dual-doped carbon was also
greatly improved compared with non-doped carbon, favoring high-rate kinetics. The
obtained sulfur–carbon composite cathode with dual dopants exhibited significantly
improved specific capacity and cycling stabilities (Fig. 2.33b).

2.8.3 Functional Group Grafting

Grafting functional groups with polar features on the surface of carbon materials
has also proved to be an effective way to enhance the affinity of polysulfides to the
carbonmatrix. Awide range of functional groups, such as hydroxyl, epoxy, carboxyl,
sulfonate, amine, and amino, has been explored as chemical immobilizer grafted on
the carbonmatrix to impede the diffusion of polysulfides via polar–polar interactions
[4]. These functional groups often consist of electronegative atomswith lone electron
pairs in the outer p orbitals of their atomic structure, to serve as electron donors to
interact with lithium polysulfides.

Manthiram et al. reported the use of hydroxylated graphene as substrate to produce
sulfur–graphene nanocomposite [173]. The sonication hydrothermal method was
used to graft hydroxyl groups homogeneously onto the graphene nanosheets. The
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hydroxyl groups not only induced heterogeneous nucleation of sulfur nanoparti-
cles on the graphene sheets but also rendered strong adsorption capabilities toward
polysulfides during redox reactions. The sulfur-hydroxylated graphene composite
cathode exhibited significantly improved cycling stabilities and specific capaci-
ties compared with the cathode using primitive unfunctionalized graphene. Archer
et al. designed amine-functionalized CNTs by covalently attaching polyethylen-
imine (PEI) to hydroxyl- and carboxyl-functionalized CNTs [174]. The reactions
between PEI and hydroxyl and carboxyl functional groups allowed a large number of
amine groups grafted on the surface of CNTs, which rendered improved interactions
between lithium polysulfide species and the amine-functionalizedCNTs (Fig. 2.34a).
With sulfur content of ~60 wt%, the sulfur-amine-functionalized CNT composite
cathode exhibited significantly improved cycling stability comparedwith the cathode
using the primitive CNTs (Fig. 2.34b). Meanwhile, the cycling behavior remained
stable when increasing the sulfur content to 70 wt%, indicating the effectiveness
of amine functional groups in immobilizing polysulfides via improved chemical
interactions.

Lou et al. noticed that the detachment of lithium sulfides from the carbon matrix
was an important contributing factor for the capacity decay of the sulfur cathode
[175]. To mitigate this problem, amino-functionalized graphene was designed to
stabilize sulfur and its discharge product. Ethylenediamine (EDA), composed of two
electron-donating amine groups on carbon aliphatic (CH2-CH2) spacer, was grafted
on the surface of graphene to implement the amino functionalization process. This
unique molecular structure of EDA with high reactivity made it good crosslinker
to join the polar lithium sulfides and nonpolar carbon surface together, which effec-
tively prevented the irreversible loss of activematerials. The strong affinity of lithium
sulfides to the amino-functionalized graphene was verified by theoretical calcula-
tions, as demonstrated by the high binding energy between them. The sulfur cathode

Fig. 2.34 a Schematic of amine-functionalized CNTs and their interaction with lithium polysulfide
species. b Comparisons of cycling stabilities of different sulfur-CNT composite cathodes with 60
wt% sulfur content (CNTS-60) and sulfur-amine-functionalized CNT composite cathodes with 59
wt% (CPS-59) and 70 wt% (CPS-70) sulfur content (reproduced with permission by American
Chemical Society from [174])
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with amino-functionalized graphene exhibited high capacity retention rate of 80%
after 350 cycles, much better than that with unfunctionalized graphene. The inter-
action between lithium sulfides and the amine groups was further investigated via
ex-situ SEM observations of the cathode in the discharged state after cycling. For
the cathode with unfunctionalized graphene, the graphene sheets exhibited a rela-
tively bare surface as a result of significant detachment of the discharge products
from carbon surface (Fig. 2.35a–c). While the discharge products were found to be
uniformly distributed on the amino-functionalized graphene sheets to form a thick
layer instead of discrete particles, indicative of strong interactions between them
(Fig. 2.35d–f).

In another approach, lithium sulfonate (LiSO3) groups were attached to the CMK-
3 mesoporous carbon for surface functionalization (Fig. 2.36a) [176]. When used in
the sulfur cathode with LiNO3-free electrolyte, the unfunctionalized CMK-3 suffers
from severe polysulfide shuttling as evidenced by its low Coulombic efficiencies
(Fig. 2.36b). While the sulfur cathode using LiSO3-functionalized CMK-3 exhib-
ited significantly improved Coulombic efficiencies (Fig. 2.36c), indicating greatly
reduced polysulfide shuttle with the presence of LiSO3 groups. The cycling stability
of the sulfur cathode with LiSO3-functionalized CMK-3 was also obviously better
than that with unfunctionalized CMK-3. The observed performance improvement
could be mainly attributed to the strong ionic interactions between lithium polysul-
fides and surface-bound sulfonate groups. Besides, the LiSO3 groups could facilitate
the hopping of lithium ions, contributing to improved lithium-ion transport kinetics
during redox reactions.

Fig. 2.35 a SEM image of the sulfur–graphene composite in the discharged state after 150 cycles.
Scale bar: 1μm. b, c Corresponding elemental mappings of b carbon and c sulfur in the composite.
d SEM image of the sulfur-amino-functionalized graphene composite in the discharged state after
350 cycles. Scale bar: 5 μm. e, f Corresponding elemental mappings of e carbon and f sulfur in the
composite content (reproduced with permission by the Nature Publishing Group from [175])
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Fig. 2.36 a Schematic of LiSO3-functionalized CMK-3 mesoporous carbon. Charge/discharge
curves of the sulfur cathode with b unfunctionalized CMK-3 and c LiSO3-functionalized CMK-3.
The number above the charge curves corresponded to the charging time in hours (reproduced with
permission by WILEY–VCH from [176])

2.9 Sulfur-Hybrid Carbon Composite Cathode

Sections 2.4–2.8 comprehensively discussed the design of various sulfur–carbon
composite cathodes and their effect in improving the electrochemical performances
of Li–S batteries. Carbon materials with different structures and properties exhibit
different advantages during the sulfur redox reactions. To rationally integrate the
merits of different types of carbon, hybrid carbon materials, composed of two or
more carbon components, have been widely explored to achieve good comprehen-
sive properties for further enhanced electrochemical properties of the sulfur–carbon
composite cathode [115, 149, 177–182].

Zhang et al. proposed multi-dimensional carbon-based structure by combining
vertically alignedCNTs (ACNTs)with horizontal graphene sheets [183]. ACNTs and
graphene layers were anchored to each other to construct sandwich-like hierarchical
architecture with efficient 3D electron transfer pathways and ion diffusion chan-
nels (Fig. 2.37). Nitrogen doping was further incorporated to the ACNT-graphene
sandwiches to form nitrogen-doped ACNT/graphene (N-ACNT/G) hybrid, aiming
to modify the interfacial properties for better polysulfide adsorption. The sandwich-
like structure effectively prevented the self-aggregation of CNTs and re-stacking of
graphene sheets, which gave rise to rapid electron transfer behavior along both hori-
zontal and vertical directions. The interconnected mesoporous structure was bene-
ficial for improved electrolyte immersion and diffusion, contributing to improved
ion transfer kinetics. After sulfur impregnation, this hybrid enabled a high discharge
capacity of 1,152 mAh g−1 and retained 76% of its capacity after 80 cycles at 1 C
rate. At high rate of 5 C, a reversible capacity of 770 mAh g−1 could be achieved,
indicating kinetically favorable redox processes.

Li et al.designed free-standing pie-like sulfur electrode,where sulfurwas confined
in the lotus root-like multichannel carbon nanofibers (S-LRC), and a thin layer of
amino-functionalized graphene was coated on the surface of the S-LRC composite
[184]. This design hadmultiple advantages. First, each S-LRCnanofiber hadmultiple
channels with average diameter of 60 nm (Fig. 2.38a), which provided large void
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Fig. 2.37 SEM image and corresponding illustration of the sulfur-N-ACNT/G composite (repro-
duced with permission by WILEY–VCH from [183])

Fig. 2.38 a SEM image of the LRC nanofibers. Scale bar: 500 nm. b Cross-sectional SEM image
of the S-LRC composite coated with amino-functionalized graphene (EFG). Scale bar: 20 μm. c
SEM image showing the surface of amino-functionalized graphene-coated S-LRC composite. Scale
bar: 1 μm. d Areal capacities of layer-by-layer structured sulfur-hybrid carbon composite cathodes
(reproduced with permission by the Nature Publishing Group from [184])
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space for sulfur accommodation to achieve high sulfur content. Second, the highly
parallel channel walls inside each LRC nanofiber formed a continuous conducting
framework that ensured close electrical contact between carbon and sulfur. This
was beneficial for achieving high utilization efficiency of the active sulfur mate-
rials. Third, the functionalized graphene coating layer served as barrier to effec-
tively suppress the diffusion of polysulfides (Fig. 2.38b, c), contributing to improved
cycling stability. The sulfur content in the hybrid carbon structure could reach to
72.3%, with areal sulfur loading of 3.6 mg cm−2. The obtained sulfur-hybrid carbon
composite cathode delivered high specific capacity of 1,314mAh g−1 at 0.1 C, corre-
sponding to areal capacity of 4.7 mAh cm−2. The capacity retention rate of 78% cold
is maintained after 200 cycles at 0.2 C. Moreover, the areal capacity could be further
boosted to more than 8 mAh cm−2 by stacking three layers of the sulfur-hybrid
carbon composite cathode with an areal sulfur loading of 10.8 mg cm−2 (Fig. 2.38d).

In another approach, 3D multifunctional sponge-like architecture was designed
as the cathode framework, where highly porous N-doped carbon fiber foam was
used for sulfur accommodation and thin graphene layer was covered on the surface
as polysulfide interception layer (Fig. 2.39a) [185]. The exceptionally high specific
surface area (2290 m2 g−1) of the highly porous carbon fibers rendered uniform
distribution of sulfur on their surface by strong capillary force (Fig. 2.39b). The
interconnected carbon fibers provide long-range and continuous electric conducting
pathways during the sulfur conversion reactions, contributing to high sulfur utiliza-
tion. The N doping facilitated polysulfide immobilization within the cathode frame-
work by enhanced chemical adsorption. The graphene interception layer provided
not only extra conductive network for fast electron transport but also storage space
for the migrating polysulfides. With areal sulfur loading of 7.7 mg cm−2, high areal
capacities up to 8.7 mAh cm−2 were attained together with excellent cycling stability
over 500 cycles.

Fig. 2.39 a Cross-sectional SEM image showing the graphene interception layer coated on the
surface of the carbon fiber foam. b SEM image of the sulfur-coated N-doped carbon fibers
(reproduced with permission by WILEY–VCH from [185])
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Overall, rational design of hybrid carbon materials can integrate multiple advan-
tages from different carbon components, which provides a versatile platform for
tailoring sulfur–carbon composite cathode for optimized electrochemical proper-
ties. The combination of delicately designed carbon components with tailored pore
structure, conductivity, surface functionality, and morphology can render improved
active material utilization, high cycling stability, high rate capability, and high areal
capacity.

2.10 Flexible Sulfur–Carbon Composite Cathodes

Developing flexible batteries have become an important trend in recent years with the
advent of bendable and stretchable electronic devices. Flexible batteries require their
electrodes to perform well without structural failure under continuous deformation.
Carbon materials have remarkable advantages for building flexible electrodes owing
to their excellent mechanical properties [8, 11, 186–189]. Besides, carbon materials
can be easily assembled into freestanding structures to provide robust and flexible
scaffold for the flexible electrode. Various carbon fiber cloth/foams, with natural
monolithic structure, are good flexible substrates for the design of flexible sulfur
cathodes, as discussed in Sect. 2.7. Particularly, CNTs and graphene with the 1D
and 2D nanostructures have an extremely small radius of curvature, leading to high
durability under bending conditions [6, 190–194]. The strong interactions between
CNT bundles and graphene sheets can effectivelymaintain structural integrity during
repeated bending or stretching conditions. They have, therefore, been widely studied
for use in flexible sulfur cathodes, either as flexible building units or independent
current collectors.

Manthiramet al. reported the self-weaving behavior ofMWCNTs for the construc-
tion of flexible sulfur cathodes (Fig. 2.40) [195]. MWCNTs were dispersed in
Na2S2O3 solution using isopropyl alcohol and Triton X-100 as wetting agent and
dispersant to mitigate the hydrophobic behavior of the MWCNTs. Hydrochloride
acid was then added to react with Na2S2O3 to render heterogeneous nucleation of
sulfur on the MWCNTs. The S-CNT products were vacuum-filtered and washed to
obtain flexible S-CNT composite film. With sulfur content of 40 wt%, the flexible
S-CNT composite cathode delivered specific capacity of 1352 mAh g−1 at 0.1 C.
After 100 cycles, a reversible capacity of 915 mAh g−1 could be maintained. In
another approach, MWCNTs were treated in concentrated H2SO4/HNO3 solution to
render a slightly oxidized surface, followed by vacuum filtration to obtain a flexible
MWCNT membrane for sulfur infiltration [196]. With sulfur content of 65 wt%, the
flexible S-MWCNT cathode delivered an initial discharge capacity of 1100 mAh g−1

and retained a capacity retention rate of 67% after 100 cycles.
Fan et al. exploited the use of super aligned CNTs for the construction of flexible

sulfur cathodes [197, 198]. The super aligned CNTs had large aspect ratio (~104)
with strong van der Waals force among tubes and bundles. Abundant mesopores
were introduced to the super aligned CNTs through controlled oxidation in air to
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Fig. 2.40 Schematic of the fabrication process of the self-weaving sulfur-MWCNT composite
cathode (reproduced with permission by The Royal Society of Chemistry from [195])

obtain porous CNTs (PCNTs) [197]. When employed as flexible sulfur host, the
PCNTs could be assembled into continuous and interconnected conductive network
with highly open and porous structures (Fig. 2.41). The flexible S-PCNT composite
cathode had features of high conductivity, good polysulfide adsorption capability,
and good mechanical strength. With high sulfur content of 70 wt%, the S-PCNT
composite cathode maintained a specific capacity of 760 mAh g−1 after 100 cycles
at 0.1 C.

Fig. 2.41 a SEM image of the S-PCNT composite. Inset: corresponding elemental mapping of
sulfur. b Photograph and c illustration of the S-PCNT composite electrode (reproduced with
permission by American Chemical Society from [197])
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Flexible sulfur–graphene composite cathodes could also be synthesized via
vacuum infiltration. Wen et al. reported the synthesis of flexible self-supporting
sulfur–graphene cathode with sulfur nanoparticles heterogeneously nucleated and
deposited on the graphene sheets [199].With sulfur content of 67 wt%, the reversible
capacity of 600 mAh g−1 was retained after 100 cycles. Niu et al. reported the
strategy to fabricate sulfur–graphene composite cathode with high flexibility by
synchronously reducing and assembling graphene oxide sheets with sulfur nanopar-
ticles on zinc metal surface [79]. The use of Zn metal could weaken the electrostatic
repulsion between sulfur nanoparticles and the graphene sheets to promote their
layer-by-layer crosslink. The sulfur nanoparticles were homogeneously attached on
the surface of the interconnected graphene sheets (Fig. 2.42a, b), which ensured
highly efficient transport of both electrons and lithium ions. The cross-linked porous
network structures endowed the sulfur–graphene composite film with excellent
mechanical properties, with tensile strength of 68 MPa and Young’s modulus of
965 MPa (Fig. 2.40c). The flexible sulfur–graphene composite cathode delivered a
high initial discharge capacity of 1,302 mAh g−1 and retained a discharge capacity
of 978 mAh g−1 after 200 cycles at 0.1 C.

Zhou et al. reported the use of graphene foam prepared from chemical vapor
deposition method as flexible matrix for the sulfur cathode [200]. Thin layer of
poly(dimethyl siloxane) (PDMS) was coated on the surface of the graphene foam
to make the interconnected graphene network sufficiently robust, guaranteeing the
flexibility of the cathode (Fig. 2.43a). The graphene foam could provide highly
efficient conductive network, robust mechanical support, and sufficient space for
high sulfur loading. The areal sulfur loading in the graphene foam-based electrodes
could be tuned from 3.3 to 10.1 mg cm−2, with uniform distribution of sulfur in the
porous graphene network (Fig. 2.43b). The flexible sulfur–graphene foam electrode
showed high electrical conductivity of 125 S m−1, which remained unchanged after
22,000 bending cycles (Fig. 2.43c). With areal sulfur loading of 10.1 mg cm−2, high
areal capacity of 13.4 mAh cm−2 was obtained, along with low capacity decay rate
per cycle of 0.07% over 1000 cycles.

Fig. 2.42 a, b Cross-sectional SEM images of the flexible sulfur–graphene composite film. S NP:
Sulfur nanoparticle. c Stress–strain curve of the sulfur–graphene composite film. Inset: photograph
of bent sulfur–graphene composite film (reproduced with permission by WILEY–VCH from [79])
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Fig. 2.43 a Illustration of the flexible sulfur–graphene foam electrode with thin layer of PDMS
coating. b XRM 2D projections of the sulfur–graphene foam electrode. c Stability of sulfur–
graphene foam electrode with 10.1 mg cm−2 sulfur loading in terms of electrical conductivity
over 22,000 cycles (reproduced with permission by ELSEVIER from [200])

Overall, the intrinsic merits of carbon materials in electrical, mechanical, and
thermal properties make them appealing for constructing flexible sulfur cathodes.
The lightweight feature of carbon materials could further minimize their effect on
the overall energy density of the flexible Li–S cells. The carbon components in
flexible sulfur cathode could synchronously serve as the mechanical support and the
conductive framework, contributing to uncompromised electrochemical properties
while maintaining high flexibility.

2.11 Summary

Sulfur–carbon composite cathodes have attracted tremendous research interests,
and the substantial progress on this research topic signifies their importance. The
excellent properties of carbon materials, in the structural, electrical, and mechanical
aspects, show great promise in constructing high-performance sulfur cathodes for
Li–S batteries with high energy density, high power density, long cycle life, and low
cost. The investigations of various sulfur–carbon composite cathodes suggested that
carbon plays a significant role in improving the electronic conductivity of sulfur,
inhibiting the dissolution and diffusion of polysulfide intermediates, and buffering
the volume variations of the active materials during cycling. The high effectiveness
of carbon materials in addressing the issues during sulfur conversion reactions has
been verified by significantly improved electrochemical performances of the sulfur
cathode in terms of high sulfur utilization, long cycle life, and high areal capacities.

A large variety of carbon materials have been developed to construct sulfur–
carbon composite cathodes, including porous carbons, carbon nanotubes, graphene,
carbon fibers, and their hybrids. The physicochemical properties of these carbon
materials, such as pore structures, morphological structure, surface functionality
and conductivity, exert a significant influence on the electrochemical behavior of
sulfur–carbon composite cathode:
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1. Pore structures: the role of pore structures in carbon materials is twofold.
First, sulfur encapsulated in the nanosized pores exhibits improved electro-
chemical activity, owing to their nanoscale sizes that give rise to short elec-
tron and ion diffusion distance and the sufficient electrical contact with the
carbonmatrix. Second, the pore structures endow carbonmaterials with adsorp-
tion capability for polysulfide interception, alleviating their dissolution, diffu-
sion, and shuttle. Pore size and pore volume are the two main parameters
for pore structures. Decreasing pore size renders improved adsorption capa-
bility toward polysulfides but decreased pore volume for sulfur encapsulation.
Besides, small pore sizes cause increased ion transport barrier, leading to slug-
gish redox reaction kinetics. Particularly, small sulfur molecules encapsulated
in small micropores (<0.5 nm) undergo solid–solid conversion reaction process
without the formation of polysulfide intermediates, exhibiting different electro-
chemical behavior from the common octasulfur. Therefore, optimization of pore
structures in carbon materials requires comprehensive consideration of sulfur
content, polysulfide adsorption capability, ion transfer kinetics, and sulfur redox
mechanism.

2. Morphological structure: carbon materials can have various morphological
structures, including particles (0D), tubes/fibers(1D), planar sheets (2D), and
spheres. They can also be assembled into 3D monolithic structures with inter-
connected conductive network. The electron conduction efficiency, ion transfer
channels, sulfur encapsulation capability, polysulfide interception property, and
flexibility of carbon materials vary with different morphological structures. For
example, CNTs with small diameter are beneficial to achieve a high sulfur
content along with decreased ion and electron transfer length, compared with
thosewith large diameters. Hollow carbon spheres can provide sufficient interior
void space to encapsulate large amounts of sulfur. CNTs and graphene with the
1D and 2D nanostructures exhibit good flexibility owing to their small radius of
curvature under bending conditions. Carbon hybrid structures, composed of two
or more carbon components, can further combine the structural advantages of
different carbon materials. It is essential to delicately tailor the morphological
structures of carbon materials for sulfur cathode with improved electrochemical
behavior and specific functions.

3. Surface functionality and conductivity: functionalization of carbon materials
can adjust their surface hydrophilicity and render chemical interactions with
polysulfides to inhibit their diffusion and shuttle effect. For example, chemically
modified graphene with functional groups on the surface has proved effective
to absorb polysulfides owing to their polar surface properties. N-doped carbon
materials allow good polysulfide immobilization effect as the dopant with a
lone pair of electrons can serve as Lewis base to interact with the Lewis acidic
lithium polysulfide. Yet the defects, functional groups, and heteroatom doping
of carbon materials have a great influence on their electronic conductivities. For
example, graphene oxide without reduction treatment contains large amounts
of oxygen-containing groups, which make it almost insulating. Therefore, it
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is significant to consider the balance between high conductivity and modified
surface functionality of carbon materials for the design of high-performance
sulfur–carbon composite cathodes.

From the perspective of constructing Li–S batteries for practical applications,
high energy/power density, long cycle life, affordable cost, and high safety have
been long-lasting goals. With regard to the sulfur cathode, high sulfur content and
high areal sulfur loading with uncompromised sulfur utilization and cycling stability
are essential. In this respect, the following principles should be considered for the
design of carbon materials used for the sulfur cathode: (1) the capability to accom-
modate high sulfur content while maintaining essential electrical contact; (2) high
electron conduction efficiency to minimize their addition amount in the cathode;
(3) rational combination of different pore structures; (4) balanced surface function-
ality and conductivity; (5) low-cost and facile synthetic route. Further optimization
and understanding of the sulfur–carbon composite cathode would contribute to an
acceleration in the development of commercially viable lithium-sulfur batteries.
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Chapter 3
Li2S Cathodes in Lithium–Sulfur
Batteries

Hualin Ye, Yanguang Li, and Jun Lu

Abstract Lithium–sulfur (Li–S) batteries have attracted considerable research
attentions in recent years, but their practical production is still challenging owing
to several technical issues particularly the use of metallic Li anodes. Using fully
lithiated sulfur (or Li2S) as the cathode to pair with non-lithium anodes provides a
feasible solution to circumvent the safety problem of Li metal and thereby may hold
a greater potential for practical applications. However, Li2S is almost electrochem-
ically inert and has to overcome a large oxidation overpotential at the beginning of
the charge process. In this chapter, we first discuss the underlying mechanism of
the large oxidation overpotential of Li2S and current understanding of the activation
process. We then summarize various strategies developed in the past few decades
to activate Li2S cathodes and enhance their electrochemical performances in both
half-cell and full-cell configurations. At last, some perspectives are provided for the
future development of Li2S cathodes.

Keywords Lithium–sulfur batteries · Lithium sulfide · Charging overpotential ·
Electrochemical activation

H. Ye · Y. Li (B)
Jiangsu Key Laboratory for Carbon-Based Functional Materials and Devices, Institute of
Functional Nano & Soft Materials (FUNSOM), Soochow University, Suzhou 215123, China
e-mail: yanguang@suda.edu.cn

H. Ye
Department of Chemical and Biomolecular Engineering, National University of Singapore,
Singapore 119260, Singapore

J. Lu (B)
Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700 South,
Cass Avenue, Lemont, IL 60439, USA
e-mail: junlu@anl.gov

© UChicago Argonne, LLC, under exclusive license to Springer Nature
Switzerland AG 2022
A. Manthiram and Y. Fu (eds.), Advances in Rechargeable Lithium–Sulfur Batteries,
Modern Aspects of Electrochemistry 59, https://doi.org/10.1007/978-3-030-90899-7_3

83

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-90899-7_3&domain=pdf
mailto:yanguang@suda.edu.cn
mailto:junlu@anl.gov
https://doi.org/10.1007/978-3-030-90899-7_3


84 H. Ye et al.

3.1 Introduction

Lithium–sulfur (Li–S) batteries have been frequently advocated as an appealing
energy–storage solution due to the large theoretical capacity (1675 mAh g–1) and
low price of sulfur (<$150 ton–1) [1–5]. However, the large-scale application of Li–S
batteries is yet unsuccessful due to several technical challenges [3–5]. One of the
most serious problems is the use of highly reactive metallic Li anodes, which poses
safety and cyclability concerns [6–8]. Using Li2S as the cathode to pair with non-
lithium anodes (e.g., Si, P, Sn, and SnO2) provides an alternative solution to bypass
the use of the problematic Li anode [9–12]. Hence, problems associated with the
use of Li anodes including the dendritic or mossy Li growth, side reactions with
polysulfides, and severe electrolyte depletion can be largely minimized (Fig. 3.1).
The use of Li2S cathode in Li–S batteries also has many other advantages. First, Li2S
has a high theoretical capacity of ~1166 mAh g–1 which exceeds most conventional
positive electrodes (e.g., LiFePO4, LiCoO2, and LiMnO2) of Li-ion batteries (LIBs)
[10–12]. Second, Li2S has a high melting point (~938 °C) which affords Li2S with
high thermal stability. As such, it is feasible to prepare Li2S-based composites under
high temperatures which is however difficult for sulfur due to its low melting point
of 115 °C [13–17]. For instance, compact carbon encapsulated Li2S nanoparticles
could be prepared through burning Li in CS2 vapor or carbothermal reduction of
Li2SO4 under high temperatures [18, 19]. Third, Li2S has a low-mass density of
~1.66 g cm−3 which enables it to accommodate the volume change during cycling
as Li2S is already in the state of maximal volume. As a result, the Li2S cathode can
be roll-pressed into dense electrodes to guarantee the high volumetric energy density

Fig. 3.1 Schematic cell types with sulfur (left) or Li2S (right) as the cathode material, [11].
Reproduced with permission from Ref. [11]. Copyright 2020, American Chemical Society
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while sulfur cathodes have to be porous in order to buffer the volume expansion.
Thanks to these unique advantages, Li2S may have great potential over sulfur for
practical applications [20–23].

Unfortunately, the commercial production of Li2S cathodes has been impeded by
several technical challenges. The research progress of Li2S cathodes is slower relative
to the significant research advance of sulfur cathodes [24]. Aside from some common
issues such as the low ionic/electric conductivity and the polysulfide dissolution and
shuttle [9, 25], commercial Li2S nearly has no electrochemical activity between 1.0–
3.0 V versus Li+/Li and requires a high activation potential (>3.6 V) to initiate its
oxidation. The research on Li2S has not attracted much attention until 2012 when
Cui’s group found that a large activation potential of ~3.8 Vwas necessary to activate
the Li2S cathode. Such a high charging potential can result in the decomposition of
electrolytes and short cycle life of Li2S cathodes. To overcome these challenges,
many strategies have been reported to lower the activation potential over the past few
decades.

3.2 Activation Mechanism of Li2S

Different from the cyclic molecular structure of S8, Li2S has an anti-fluorite crystal
structure (Fig. 3.2a). This structure renders Li2S with high structural stability and
strong bond energy (standard enthalpy of formation: –447 kJ mol–1). Like sulfur,
Li2S also suffers from poor ionic conductivity (~10–13 S cm–1) and low electronic
conductivity (~10–9 S cm–1) [26, 27]. Commercial micro-sized Li2S is therefore
electrochemically inactive between the operation potential range of 1.0–3.0 V and
has to be charged to >3.5 V to initiate the oxidation of Li2S (Fig. 3.2b) [24, 28].
Such a high overpotential is closely related to its crystal structure and oxidation
reaction pathway. Compared with S8, the high structural stability of anti-fluorite
Li2S causes its delithiation process to be thermodynamically unfavored [29, 30].

Fig. 3.2 a Crystal structures of α-sulfur and Li2S, Reproduced with permission from Ref. [31].
Copyright 2015, American Chemical Society. b Voltage profile of a Li2S electrode in different
voltage ranges, Reproduced with permission from Ref. [28]. Copyright 2012, American Chemical
Society
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Moreover, the unique delithiation pathway of Li2S also contributes to the large
overpotential [31]. Cui’s group studied the Li2S reaction mechanism through in-
situ synchrotron diffraction [28]. They found that a Li2S core/Li2–xS shell structure
was formed in the initial delithiation process, which was responsible for the initial
potential rise. This was followed by the generation of soluble polysulfides until the
charging potential reached ~3.5 V (Fig. 3.3a). After that, soluble polysulfides could
serve as self-generated mediators to accelerate the reaction kinetics of Li2S, thereby
lowering the charging overpotential in the fowling cycles. As a result, the difficulty in
forming soluble polysulfides was proposed to the main reason of the initial charging
overpotential of Li2S. To further test this proposal, the authors added some soluble
polysulfides to the electrolyte and observed that the activation potential was notably
reduced.

There are also different views on the initial oxidation pathway of Li2S. For
instance, Zhang et al. detected the direct oxidation of Li2S to sulfur without the
formation of polysulfides through in-situ X-ray absorption spectroscopy (XAS) tech-
nique (Fig. 3.3b, c) [32]. In contrast to the rapid potential decrease shown in Fig. 3.2b,
they observed that a high charging potential was always needed in the initial charge

Fig. 3.3 a Schematic illustration of the initial delithiation mechanism of Li2S, Reproduced with
permission from Ref. [28]. Copyright 2012, American Chemical Society. b In situ S K-edge XAS
spectra and c the corresponding contributions from Li2S and sulfur species, Reproduced with
permission from Ref. [32]. Copyright 2017, American Chemical Society
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of Li2S without the potential decrease (Fig. 3.3c). Similar phenomena were also
observed by other research groups through in-situ XAS and UV-vis techniques [33,
34]. The different results observed in these in-situ characterizationsmight result from
the different testing conditions. Dominko’s group observed that the direct oxidation
of Li2S to sulfur was more likely to occur at low electrolyte-to-sulfur (E/S) ratios in
which the polysulfide generation was more difficult [33]. The delithiation pathway
could be changed under high E/S ratios [35].

3.3 Electrochemical Activation of Li2S

Unlike Li–S batteries, LIBs with Li2S cathodes (shorted as Li2S batteries) are
fabricated in the discharge state which requires a precharge process before use.
Figure 3.1b presents the schematic working principle of a Li2S cathode paired with
a non-lithium anode. The electrochemical mechanism of Li2S batteries follows the
conventional principle of rocking-chair batteries without the safety concern of using
reactive lithium. However, the aforementioned high overpotential of Li2S can lead
to the overcharge of Li2S batteries to 4 V and may cause electrolyte decomposi-
tion. Given that the high charging overpotential is closely associated with the slug-
gish reaction kinetics of Li2S and the difficulty of generating soluble polysulfides,
many approaches have been reported to activate Li2S for better performances, which
include the structure engineering ofLi2S aswell as the use of cathode electrocatalysts,
redox mediators or electrolyte additives (Table 3.1).

3.3.1 Structural Engineering of Li2S

Nanostructuring. Nanostructuring of Li2S is able to reduce the Li+ ion transport
distance and allow better contact between Li2S particles and the conductive additive,
thereby facilitating the charge transfer kinetics ofLi2S. Zhang’s grouppreparedLi2S–
carbon nanocomposites through the ball milling of commercial Li2S and carbon
(Fig. 3.4a) [36]. The as-prepared Li2S–C nanocomposite had an average size of
~400 nm and exhibited a notably low charging potential of ~2.52 V (Fig. 3.4b).
When used as the cathode, it delivered a decent capacity of ~552 mAh g–1 based
on the mass of Li2S at 0.2 C (1 C = 1166 mA g–1). Unfortunately, the capacity
retention was low (~74% after 50 cycles) as a result of the polysulfide dissolution in
the electrolyte.

To simultaneously improve the electric conductivity and prevent the polysulfide
shuttle, Yushin’s group reported a facile approach to synthesize Li2S nanoparticles
with carbon encapsulation [37]. In a typical synthesis, commercial Li2S powders
were firstly mixed with polyvinylpyrrolidone (PVP) in ethanol. After the ethanol
evaporation, the resultant powders were annealed at 700 °C to yield carbon encap-
sulated Li2S (shorted as Li2S@C) with a size distribution of 10–30 nm (Fig. 3.4c).
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Fig. 3.4 a Schematic synthetic procedure and b charge–discharge curves of the ball-milled Li2S-C
nanocomposite, Reproduced with permission from Ref. [36]. Copyright 2012, American Chem-
ical Society. c Schematic synthetic procedure and d charge–discharge curves of the liquid-phase
prepared Li2S-C nanocomposite, Reproduced with permission from Ref. [37]. Copyright 2014,
Wiley-VCH. e Schematic synthetic procedure and f charge–discharge curves of the in-situ carboth-
ermal reduced Li2S@N,P–C composite, Reproduced with permission from Ref. [38]. Copyright
2017, Wiley-VCH. g Schematic illustration and h charge–discharge curves of the Li2S@graphene
nanocomposite, Reproduced with permission from Ref. [39]. Copyright 2017, Nature Publishing
Group

Thanks to the carbon protection and nanocrystallization, the as-prepared Li2S deliv-
ered amuch lower activation barrier (<3.0V) and showeda large discharge capacity of
~919mAh g–1 (Fig. 3.4d). After that, many Li2S–C nanocomposites via liquid-phase
preparation methods have been demonstrated [15, 22, 50–52].

Since Li2S is air-sensitive, it is often challenging to process commercial Li2S
from microsize to nanosize. Some studies reported that the indirect preparation of
Li2S–C nanocomposites from air-stable precursors could be an alternative solution.
Archer’s group first demonstrated a facile method to synthesize Li2S–C nanocom-
posites from the high-temperature carbothermal reduction of Li2SO4 [53]. Li2SO4

powders were first uniformly dispersed on a resorcinol-formaldehyde aerogel. Li2S
was then obtained through the carbothermal reduction of Li2SO4 by carbon under
elevated temperatures. Since this work, the carbothermal reduction strategy has been
widely adopted in many studies [38, 54, 55]. For example, Yu’s group prepared
a Li2S–N,P co-doped carbon nanocomposite (Li2S@N,P–C) through the carboth-
ermal reduction of Li2SO4 (Fig. 3.4e) [38]. The size of the resultant Li2S@N,P–C
nanocomposite varied from 50 to 200 nm. More impressively, Li2S@N,P–C cathode
exhibited a small charging potential of ~2.7 V (Fig. 3.4f) and delivered a long cycle
life of 300 cycles. The long cycle stability could be attributed to the good polysulfide
adsorption capability of N, P co-doped carbon.

Li2S can also be synthesized from the reaction between S8 and Li-based reduc-
tants such as LiH and Li(C2H5)3BH [55, 56]. These reactions are unfortunately not
amenable to large-scale applications. In a recent study, Tan et al. reported a high-
temperature approach to synthesize aLi2S-Cnanocomposite byburningmetallicLi in
CS2 (Fig. 3.4g) [39]. Resultant Li2S nanoparticleswith sizes in the range of 40–60 nm
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were encapsulated in few-layered graphene shells (denoted as Li2S@graphene).
Impressively, the thus-obtained Li2S@graphene cathode displayed a large initial
capacity of ~ 835mAhg–1 at 0.14C and a lowcharging potential of ~2.8V (Fig. 3.4h).

Amorphization. Compared to crystalline Li2S, amorphous Li2S has lower lattice
energy and weaker Li–S bonding, which are conductive to extracting lithium from
Li2S. Zhang’s group conducted DFT simulations to analyze the influence of the Li2S
crystallinity on the charging overpotential [57]. The obtained results indicated that
the dissociation energy barrier of amorphous Li2S was noticeably lower than that of
crystalline Li2S (2.16 eV vs. 3.21 eV). This was an indicator of the easier delithiation
of amorphous Li2S than that of crystalline Li2S. The preparation of amorphous mate-
rials usually requires the rapid nucleation and low reaction temperature to prevent the
material crystallization [40, 57, 58]. For example, Elam’s group synthesized amor-
phousLi2S through the reaction between lithium tertbutoxide (LiOC(CH3)3) andH2S
via the atomic layer deposition [40]. The obtainedLi2S delivered a low charging over-
potential of ~2.4 V and a large discharge capacity of ~1000mAh g–1. However, it had
short cycle life of only 36 cycles as a result of polysulfide dissolution and shuttle. In
addition, Fu et al. reported that amorphous Li2S could be prepared from the chemical
reduction of Li2S6 by a lithiated carbon paper (CP) [59]. The amorphous structure
of Li2S was revealed by X-ray diffraction (XRD). Electrochemical measurements
indicated that the as-prepared amorphous Li2S exhibited nearly no charging over-
potential. In a similar work, Passerini’s group also reported the reaction between Li
and S8 in an amine-based solvent that led to the formation of amorphous Li2S with
negligible charging overpotential in Li2S batteries [58].

Doping. Elemental doping can enhance the electric and ionic transport properties of
Li2S [60, 61]. The doping approach is inspired by previous reports that the intro-
duction of transition metals (e.g., Co, Cu, Fe) to Li2S could significantly decrease
its charging overpotential [24, 62]. Wang’s group conducted DFT simulations of
the delithiation of metal-doped Li2S [63]. They observed that Fe-doped Li2S exhib-
ited the lowest dissociation energy barrier, indicating that Fe doping was the most
effective to reduce the charging overpotential of Li2S. As such, Matsubara’s group
synthesized Fe-doped Li2S through the ball milling of Li2S and FeS [41]. Structural
characterizations indicated that Fe-doped Li2S retained the anti-fluorite structure of
Li2S with Fe ions partially occupying Li sites. The product had negligible charging
overpotential, but unfortunately suffered from poor cycle life.

Besides metal doping, the non-metal doping of Li2S is also a feasible approach
to improve the charge transfer of Li2S. For instance, Qian’s group investigated
the delithiation of Te-doped Li2S [64]. Their DFT calculations indicated that the
Te doping could significantly facilitate the Li+ diffusion in the Li2S crystal. As
such, the Te doping afforded the Li2S cathode with lower decomposition energy.
Maier’s group studied the charge transfer property of Cl-doped Li2S through struc-
ture-performance analysis [60]. Their results indicated that Cl–doped Li2S showed
significantly enhanced ionic and electric conductivity.
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3.3.2 Cathode Electrocatalysts

The use of catalysts is a common strategy to decrease the reaction activation barrier
by modifying the reaction pathway. Electrocatalysts have been widely used in the
field of electrochemistry to lower the reaction energy barrier [65]. Their introduction
in Li–S batteries was first started with sulfur cathodes and then with Li2S cathodes
and were demonstrated to effectively decrease the activation barrier of Li2S and
accelerate the polysulfide conversion. As such, the polysulfide accumulation at the
cathode was largely reduced [66–69].

Based on the results of their earlier studies, Cui’s group investigated the electro-
catalytic oxidation of Li2S on transition metal sulfides (Fig. 3.5a) [42]. Six metal
sulfides including VS2, CoS2, TiS2, FeS, SnS2, and Ni2S3 were compared to identify
the possible catalytic effect by simulating the dissociation of Li2S to LiS+Li+ on the
catalyst surface (Fig. 3.5b). The authors found that the energy barrier was decreased
in the following order: Ni3S2 > FeS > CoS2 > SnS2 > VS2 > TiS2 that was consistent
with their experimental observations (Fig. 3.5c). The energy barrier was believed
to be associated with the binding energy between Li atoms and the sulfur atoms of
metal sulfides. Strong binding was favorable for breaking the Li–S bond in Li2S.

In view of the low electric conductivity of most metal sulfides, Manthiram’s
group prepared metal sulfides (CoS, NiS, and MnS) decorated on three-dimensional
(3D) carbon as the electrocatalysts for high-loading Li2S batteries (Fig. 3.5d) [43].
Electrochemical investigations revealed no activation barriers when they were used
as the cathode catalyst (Fig. 3.5e). It was the most impressive that among them, 3D
CoS2–Li2S cathode exhibited 1055 mAh g–1 and a long cycle life of 200 cycles.

In addition tometal sulfides,metal carbides, phosphides, andoxides have also been
investigated as the potential catalysts to lower the charging potential of Li2S cath-
odes [9, 12]. Yu’s group synthesized amulti-layer Ti3C2/Li2S cathode and observed a

Fig. 3.5 a Schematic reaction mechanism, b decomposition energy profiles and c initial charge
curves of Li2S catalyzed by different transition metal sulfides, Reproduced with permission from
Ref. [42].Copyright 2017,NationalAcademyofSciences.dSEMimageof 3DCoSC, e initial charge
curves of different 3DTSC-Li2S, Reproduced with permission from Ref. [43]. Copyright 2019,
Wiley-VCH. f TEM image of Fe2P@NPC, g initial charge curves of TMPs@NPC, Reproduced
with permission from Ref. [70]. Copyright 2017 American Chemical Society
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much decreased activation barrier between 2.8–3.5 V [71]. Tao’s group investigated
the effect of metal phosphides in lowering the activation barrier of Li2S [72]. They
prepared three kinds of metal phosphides (Ni2P, Co2P, and Fe2P) anchored on N,P
co-doped carbon (TMPs@NPC) (Fig. 3.5f). When mixed with Li2S, TMPs@NPCs
exhibited decreased activation potentials of 2.59, 2.51, and 2.44 V for Fe2P@NPC,
Co2P@NPC, and Ni2P@NPC, respectively (Fig. 3.5g). Furthermore, Yushin’s group
reported a Li2S-LiTiO2 core–shell cathode which displayed a negligible charging
overpotential [17]. Their theoretical simulations indicated that the LiTiO2 shell facil-
itated the delithiation of Li2S and also had good polysulfide adsorption capability.
As a result, the obtained LiTiO2@Li2S core–shell cathode demonstrated an initial
capacity of ~730 mAh g–1 at 0.5 C with 88% capacity retention after 400 cycles.

3.3.3 Redox Mediators

Redox mediators have been widely used in Li–O2 batteries to enhance the reaction
kinetics [70, 73]. They act as charge carriers to participate in redox reactions and
accelerate the charge transfer process (Fig. 3.6a, b). Aurbach’s group first studied
the effect of redox mediators in decreasing the charging overpotential of Li2S [46].
They investigated five redox mediators with different redox potentials. The results
indicated that only mediators possessing higher redox potentials than Li2S could
reduce the charging overpotential. Among the five mediators, Li2S with decamethyl-
ferrocene showed the lowest activation potential of ~2.9V (Fig. 3.6c). Yushin’s group
further reported that the concentration of LiI could also affect the charging overpo-
tential of Li2S [47]. Their results suggested that the activation potential decreased

Fig. 3.6 a, b Schematic working mechanisms of redox mediators in Li2S oxidation reaction, c
initial charge curves of Li2S in the presence of different redox mediators, d CV curves of different
redox mediators, Reproduced with permissions from Ref. [46, 48]. Copyright 2014, American
Chemical Society and Copyright 2019, Elsevier
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from 2.9 to 2.8 V when the LiI concentration increased from 0.01 to 0.5 M. In a
recent study, Bao and Cui et al. reported a class of quinone-based redox mediators
that could considerably decrease the charging overpotential of Li2S [48]. Quinones
are well known for their advantages of tunable redox potential and high solubility in
electrolytes. By tuning the molecular structure of quinone derivatives with different
redox potentials, they observed that a quinone derivate (AQT) could significantly
decrease the charging potential to 2.45 V (Fig. 3.6d). With the addition of AQT in
the electrolyte, Li2S cathode could exhibit a large capacity of ~600 mAh g–1 with
decent cycle stability.

The use of redoxmediators is a simple but effectiveway to activate Li2S. However,
the dissolution of redox mediators in the electrolyte can cause side reactions with the
lithium anode. In addition, the concentration of mediators is also a significant factor
affecting the charging overpotential. It has been reported that the addition of soluble
polysulfides could not decrease the charging overpotential if the concentration was
decreased to 7μLmg–1 Li2S [49]. The use of solid additives that can in-situ generate
mediators can be an alternative solution. Li3PS4 is known as a solid-state electrolyte
that has a slightly higher oxidation potential than that of Li2S. Li et al. reported that
the activation potential of Li2S reduced from ~4.0 to ~2.7 V by simplymixing Li3PS4
with Li2S as the cathode [49].

3.3.4 Electrolyte Additives

Since the charging overpotential of Li2S is associated with its stable anti–fluorite
crystal structure, the use of electrolyte additives to facilitate the solvation of Li2S
has also been demonstrated as a possible solution. Solvation of Li2S can trans-
form the conversion reaction from a solid phase to a liquid phase and thus can
accelerate the reaction kinetics and decrease the activation barrier. Liang’s group
observed that adding P2S5 to the electrolyte could increase the dissolution of Li2S
[74]. Manthiram’s group added P2S5 to the Li2S cathode and observed that the
charging potential of Li2S was decreased to ~2.4 V [75]. In a recent study, Xiang’s
group found that a trace amount of ethanol in the electrolyte could assist in the partial
solvationofLi2S [44]. Their results indicated that the activationbarrier canbe reduced
from 3.4 to 2.9 V with the addition of 250 ppm ethanol to the electrolyte. Similarly,
Fu’s group found that phenyl diselenide (PDSe) could also enhance the solvation of
Li2S as a result of the inductive effect between PDSe and Li2S [45]. Their simula-
tion results suggested that Se atoms of PDSe could strongly attract the Li atoms of
Li2S, weakening the Li–S bond of Li2S. As a result, Li2S cathodes with 0.5 M PDSe
in the electrolyte displayed nearly no charging overpotential, concurrently with a
promising specific capacity of ~780 mAh g–1 at 0.5 C.
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3.4 Full Cells Based on Li2S Cathodes

The biggest strength of Li2S over sulfur as the cathode is that it can be coupled with
non-lithium anodes to bypass the use of metallic lithium. However, most research
attentions have been focused on the evaluation of Li2S in half cells, while relatively
little has been explored on the combination of the Li2S cathode and non-lithium
anodes in full cells. The cyclability of Li2S full cells with non-lithium anodes is in
principle better than that with the lithium anode since the cyclability of lithium still
faces many challenges. One of the main challenges is the formation of dendritic or
mossy lithium during cycling. Brückner et al. observed that the dendritic lithium
growth and electrolyte depletion were more severe in Li2S batteries with lithium as
the anode, compared those with non-lithium anodes [76].

3.4.1 Anode Materials for Li2S Full Cells

Figure 3.7 summarizes the gravimetric energy densities of Li2S full cells with
different anode materials. It is indicated that the use of carbon-based anodes cannot
promise Li2S full cells with an energy density above 500 Wh kg–1 owning to the
intrinsically low theoretical capacity of carbon (~375 mAh g–1). Many high-capacity
anodes such as Si, SnO, and Sn can afford the full cell with highly promising energy
density, but unfortunately have problems of significant volume change and short

Fig. 3.7 Comparison of the gravimetric energy density of different Li2S full cells normalized to
the mass of all active materials
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cycle life. As a result, most reported Li2S full cells to date suffer from rapid capacity
fade and short cycle life. The successful match of the Li2S cathode with non-lithium
anodes in full cells is tabulated in Table 3.2. All the reported capacity was normalized
to the mass of Li2S for a fair comparison.

Graphite has been successfully commercialized in LIBs for a few decades because
of its applicable voltage plateau (~0.2 V) and excellent cyclability (>1000 cycles).
Unfortunately, it is unstable in ether-based electrolytes due to the co-intercalation
of ether molecules into graphite, resulting in the exfoliation of graphite [89]. To
tackle with this issue, Lv et al. found that the use of high-concentrated ether-based
electrolytes could effectively protect the graphite anode from the intercalation of
solvent molecules [90]. Their electron microscopic characterizations indicated that a
thin solid electrolyte interface (SEI) layer (100–200 nm) was formed on the graphite
surface. Ye et al. further paired the graphite anode with a Li2S cathode in a full cell
in the high-concentrated electrolyte [77]. The assembled Li2S/graphite full battery
delivered a high discharge capacity of ~810 mAh g–1 at 0.1 C and ~300 mAh g–1 at
1 C after 600 cycles.

Carbonate electrolytes and ionic liquids have also been explored in Li2S/graphite
full cells. Zheng et al. prepared Li2S nanoparticles embedded in microporous carbon
(Li2S/MC) as the cathode [78] and found that it could be cycled in carbonate elec-
trolytes for hundreds of cycles. They attributed the good cyclability to the single-step
solid–solid Li2S ↔ Li2S4 conversion of the Li2S/MC cathode in the carbonate elec-
trolyte. Similar to the conversion mechanism of smaller sulfur (S2–4) reported earlier
[91], this single-step conversion does not involve the formation of soluble polysul-
fides. The assembled Li2S/MC-graphite full cell exhibited a discharge capacity of
~680 mAh g–1 at 0.14 C with a cycle life of 150 cycles. Watanabe’s group reported
a solvated electrolyte that was compatible with both Li2S and graphite electrodes
(Fig. 3.8a) [79]. In this electrolyte, the polysulfide shuttle and the intercalation of
solvent molecules in graphite were largely suppressed. As a consequence, the full
cell with the solvated electrolyte delivered a discharge capacity of ~820 mAh g–1 at
0.08 C and a cycle life of 100 cycles (Fig. 3.8b).

Silicon is a promising anode material due to its earth abundance, low discharge
potential (~0.3 V vs. Li+/Li), and high theoretical capacity (~4200 mAh g–1) [93].
Yang et al. first introduced the nano-Si anode to pair with the CMK–Li2S cathode
(Fig. 3.8c) [84]. The fabricated CMK–Li2S/Si full cell delivered an initial capacity
of 430 mAh g–1 at C/3 with 54% capacity retention after 20 cycles (Fig. 3.8d). The
short cycle life of the CMK–Li2S/Si full cell was not surprising since both the Li2S
cathode and Si anode suffer from rapid capacity fade and short cycle life. To improve
the cycle stability of the Li2S cathode, Hao et al. incorporated Li2S nanoparticles
into a hollow carbon as the cathode and added TiN into the cathode to anchor soluble
polysulfides.When combined with a nano-Si anode, the as-prepared Li2S-TiN/nano-
Si full cell exhibited a large capacity of ~702mAh g–1 at 0.5 Cwith a cycle life of 200
cycles [16]. Besides the Li2S cathode, Qiu’s group further improved the cyclability
of the Si anode by incorporating Si nanoparticles into hollow carbon nanofibers [85].
When combined with a carbon encapsulated Li2S cathode, the obtained Li2S/Si
battery delivered a large discharge capacity of ~710 mAh g–1 at 0.2 C. Although
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Fig. 3.8 a Schematic illustration and b charge–discharge curves of a Li2S/graphite full cell, Repro-
duced with permission from Ref. [79]. Copyright 2016 American Chemical Society. c Schematic
illustration and d charge–discharge curves of a CMK-Li2S/Si full cell, Reproduced with permission
from Ref. [84]. Copyright 2010 American Chemical Society. e Schematic illustration and f charge–
discharge curves of a Li2S/Sn full cell, Reproduced with permission from Ref. [87]. Copyright
2010Wiley-VCH. g Schematic illustration and h charge–discharge curves of a SnO2/Li2S full cell,
Reproduced with permission from Ref. [94]. Copyright 2017 Elsevier

many Li2S/Si full cells were reported as shown in Table 3.2, very few of them could
achieve long cycle life (>1000 cycles).

Metallic tin (Sn) is also regarded as a potential anode material. It has a larger
theoretical capacity (~990 mAh g–1) than graphite and suffers from less volume
expansion (~260%) than silicon (~420%) [93]. Scrosati’s group first reported the use
of Sn anode in Li2S full cells with a poly(ethylene oxide)-based polymer electrolyte
to suppress the polysulfide shuttle (Fig. 3.8e) [87]. The prepared Li2S/Sn cell showed
a discharge capacity of ~440 mAh g–1 at 0.2 C with 68% capacity retention after 90
cycles (Fig. 3.8f). Similar to metallic Sn, tin oxide (SnO2) also has a large theoretical
capacity (~1494 mAh g–1) and relatively lower volume expansion (~250%) [88].
Liu et al. explored the performance of Li2S/SnO2 full cells (Fig. 3.8g). Their results
showed that the full cell delivered a discharge capacity of ~703 mAh g–1 at 0.5 C
and long cycle life of 200 cycles (Fig. 3.8h) [94].

3.4.2 Lithium Loss in Li2S Full Cells

Li2S-based full cells with non-lithium anodes should in principle have better cycla-
bility than Li2S–Li half cells. The practical performance is however the opposite
based on current research results from literatures. One of the reasons is possibly
due to the excessive amount of lithium (usually >1000%) used in Li2S–Li half cells,
which can offset the lithium loss during cycling [4]. However, the lithium source
only comes from the Li2S cathode when used with lithium-free anodes. Since most
lithium-free anodes suffer from low initial Coulombic efficiency (sometimes <70%)
[92], the lithium source from the Li2S cathode is usually not enough to compensate
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the lithium consumption for the SEI formation at the anode. It is therefore highly
necessary to offset the initial lithium loss to guarantee the cyclability of Li2S full
cells.

The most common approach to offset the lithium loss is to use a slightly excessive
amount of Li2S. Jha et al. adopted this method to offset the initial lithium loss of the
Si–C electrode by controlling the positive/negative capacity ratio to be ~1.1 (2.3 and
2.1 mAh cm–2 for Li2S and Si–C electrodes respectively) [86]. The thus-assembled
cell exhibited an initial specific capacity of ~450 mAh g–1 at 1 C with a decent cycle
life. By comparison, the Li2S–Li cell suffered from severe dendrite formation at the
same testing conditions. Similar to the use of slightly excessive Li2S, the addition of
lithium-rich compounds to the Li2S cathode is also a feasible solution. The lithium-
rich compounds can release additional Li+ ions to compensate for the lithium loss
during the initial charge process. Sun et al. found that Li3N added to Li2S electrodes
could serve as a secondary lithium source to offset the lithium loss [95]. They also
demonstrated that the LiCoO2–Li3N/graphite cell with 2.5 wt% Li3N at the cathode
delivered higher specific capacity and better cycle stability than the LiCoO2/graphite
cell without the Li3N additive. Based on this discovery, they also introduced amixture
of transition metals and lithium oxide (M/Li2O) as the lithium source to offset the
initial lithium loss in a LiFePO4/graphite full cell [96]. These methods can also be
translated to Li2S full cells to improve the cycle performance.

Another approach to offset the initial lithium loss is the prelithiation
strategy. Yang’s group reported a fast prelithiation approach to lithiate both the
polyacrylonitrile-sulfur (PAN-S) cathode and the Si anode by immersing them in
a lithium naphthalenide (Li-Naph) solution [20]. The final lithiated products were
demonstrated to be PAN–Li2S nanocomposite and partially lithiated LixSi. When
combined in full cells, the assembled PAN–Li2S/Si full cell exhibited an initial
discharge capacity of ~620 mAh g–1 at 0.08 C with 83% capacity retention after
50 cycles.

3.4.3 Electrolytes for Li2S Full Cells

The choice of a suitable electrolyte is also a key factor to the performance of Li2S
full cells. Given the incompatibility between polysulfides and carbonate-based elec-
trolytes, the most common electrolyte for Li2S full cells is still ether-based elec-
trolytes because of their low viscosity, high ionic conductivity, and electrochemical
stability. Considerable progresses have beenmade in optimizing the ether-based elec-
trolytes in Li2S full cells. A typical example is the use of highly concentrated elec-
trolytes. Chen et al. developed a fluorinated-ether electrolyte (TFE) for graphite/S full
cells. The addition of TFE in the electrolyte decreased the polysulfide solubility and
formed a stable SEI layer on the graphite surface. This SEI layer not only suppressed
the polysulfide shuttle but also prevented the intercalation of solvent molecules to
the graphite [97]. Ionic liquids have also received much attention in Li2S full cells
because of their nonflammability, high electrochemical stability, and lowpolysulfides
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solubility [98]. Yang et al. reported a pyrrolidinium-based ionic liquid electrolyte in
a lithiated Si–S full cell. The full cell exhibited a specific capacity of ~670 mAh g–1

after 50 cycles at 0.1 C. The low specific capacity and short cycle life were attributed
to the high viscosity and low ionic conductivity of the ionic liquid electrolyte under
investigation.

There are increasing emphases about lowering the E/S ratio in order to increase
the practical energy density of Li–S batteries [99–103]. To reach an energy density
of 500 Wh kg–1, the E/S ratio is suggested to be kept below 3 μL mg–1. Under
this scenario, an insurmountable obstacle of Li–S batteries is the electrolyte deple-
tion resulting from the polysulfide solvation and side reactions with the lithium
anode [104]. To compete with the energy density of the state-of-art LIBs, the E/S
ratio must be less than 5 [105]. One promising solution is the use of solvated ionic
liquid electrolytes (or sparing solvating electrolytes) developed byWatanabe’s group
[79]. These sparing solvating electrolytes were prepared by diluting viscous ionic
liquids with low-viscosity cosolvents. In comparison with ether-based electrolytes,
sparing solvating electrolytes could significantly decrease the polysulfide solubility
and shuttle between the cathode and anode. As a result, the Li2S/graphite full cells
with the solvating electrolyte exhibited a good cycle life of 300 cycles under the lean
electrolyte condition [103].

Given the high safety concern of liquid organic electrolytes, solid electrolytes have
also been frequently advocated as a promising solution [106]. Polymer electrolytes
have been exploited in Li2S full cells. Hassoun et al. first applied polymer electrolytes
in Li2S full cells [87, 107]. They prepared a polymer electrolyte with polyethylene
oxide as the membrane matrix and 10 wt% zirconia ceramic fillers to improve the
ionic conductivity. The finally assembled Li2S/Sn cell with the polymer electrolyte
exhibited a discharge capacity of ~440 mAh g–1 at 0.2 C with 68% capacity retention
after 90 cycles. Although the use of polymer electrolytes has proven to be a feasible
approach to fabricate all-solid-state Li2S batteries, their cycle performance is still
unsatisfactory due to the low ionic conductivity of polymer electrolytes. Compared
with liquid electrolytes, considerable efforts are still needed to further enhance the
ionic conductivity and stability of solid polymer electrolytes.

In addition to polymer electrolytes, inorganic electrolytes have also gained much
attention for Li2S batteries [108, 109]. The use of inorganic electrolytes has the
potential to eliminate the polysulfide shuttle of Li2S batteries. Tatsumisago’s group
reported an all-solid-state Li2S–Cu/Li2S–P2S5/In battery with a glass ceramic elec-
trolyte [110]. The full cell exhibited a discharge capacity of ~490mAh g–1 at 0.1 C. In
a following study, Ogumi’s group fabricated a Li2S/Li2S–P2S5/graphite cell through
a sintering fabrication process [111]. It reduced the interfacial resistance of the Li2S
cathode. The finally assembled full cell delivered a large capacity of ~750 mAh
g–1. In light of the good ionic conductivity of lithium superionic sulfide electrolytes,
Liang’s group pioneered the use of Li3PS4 solid electrolyte in Li2S/Li cells [106].
To enhance the interfacial contact between Li2S and solid electrolytes, they coated
Li2S with a thin Li3PS4 shell via an in-situ chemical reaction approach. Finally, the
as-fabricated Li2S/Li3PS4/Li cell exhibited a large discharge capacity of ~848 mAh
g–1. Han et al. further prepared a Li6PS5Cl solid electrolyte and incorporated it into
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the Li2S cathode via a coprecipitation method in the PVP–ethanol solution [112].
After a carbonization process, Li2S and Li6PS5Cl were homogenously distributed
in the PVP-derived carbon matrix. When assembled with an indium anode, the cell
showed a high discharge capacity of ~830 mAh g–1 at 50 mA g–1.

3.5 Summary and Outlooks

In summary, replacing sulfur with Li2S in Li–S batteries provides an alternative
solution to utilize the high capacity of sulfur and can enable the use of non-lithium
anodes instead of the reactive metallic lithium anode. Unfortunately, the electro-
chemical oxidation of Li2S is subjected to a large overpotential during the initial
charge. Considerable progresses have been made to decrease the charging overpo-
tential and increase the cycle performance of Li2S cathodes. As discussed in this
chapter, various preparation methods have been developed for the production of
Li2Sbased nanostructures as the Hcathode materials. The high activation barrier can
also be reduced through the structure tuning of Li2S as well as the use of electrolyte
additives, mediators or electrocatalysts. Among different reports, Li2S cathodes with
mediators show considerably decreased charging overpotential, whereas Li2S cath-
odes with electrocatalysts often result in good cycle life. Li2S full cells with the
graphite anode exhibit good cyclability but with low energy density (<200Wh kg–1).
Full cells with the silicon anode has high energy density but are short of cycling
stability (<100 cycles). At present, it is still difficult to simultaneously realize low
oxidation potential (<2.4V) and long cycle stability (>1000 cycles) for Li2S cathodes.
In our opinion, future works can be done from the following directions.

First, the preparation of nanostructured Li2S cathodes with high capacity and long
cyclability is still the priority of the Li2S research. The ionic/electric conductivity
is an important parameter to be considered when designing Li2S cathode materials.
Based on the current literature survey, the encapsulation of nanosized Li2Swith ultra-
thin carbon could be an effective approach to simultaneously enhance the electric and
ionic conductivity of Li2S cathodes. The carbon encapsulation can enable the Li2S
cathode with good electric conductivity while the nanosized Li2S can shorten the
Li+ diffusion length. However, the cyclability of the carbon encapsulated Li2S can
be impaired by its non-polar surface nature which has poor polysulfide adsorption
capability. Hence, the doping of carbon with heteroatoms (e.g. N, P, Fe, Co) can be
a possible approach to enhance its polysulfide adsorption capability and therefore
improve the cyclability. In addition, solutions for suppressing the shuttle effect of
polysulfide intermediates, such as using functional interlayers or separators can also
be used in Li2S cathodes to increase the cycle stability. With all these efforts taken,
we aim to achieve high-performance Li2S cathodes with large specific capacities of
>800 mAh g−1 at 1 C rate and long cycle stability of >1000 cycles under a high Li2S
loading of >5 mg cm−2 and lean electrolyte condition (E/S < 5 μL mg−1) in order
to meet the energy density demand of next-generation batteries.
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Second, we would have to deepen our understanding of the delithiation pathway
of Li2S. Although the generation of soluble polysulfides after the activation barrier
was commonly observed in the literature, the exact structure evolution of Li2S during
the activation process has not been well understood. Some studies even detected the
direct oxidation of Li2S to sulfur under lean-electrolyte conditions. Future studies can
combine in-situ characterizations and theoretical computations to provide a better
understanding of the Li2S reaction chemistry. Besides, the discovery of the direct
conversion of Li2S to sulfur can also inspire us to explore the possibility of the single
solid–solid S↔Li2S reaction pathwaywithout the generation of soluble polysulfides
for better cyclability. The introduction of cathode electrocatalysts and electrolyte
modification are two possible routes to achieve such a solid-sold electrochemical
reaction pathway.

Third, more attention should be paid to the research on Li2S full batteries. The
greatest strength of Li2S batteries is the use of non-lithium anodes (e.g., Sn, SnO2,

and Si). Unfortunately, most current research still focuses on Li2S half cells where
the Li2S cathode is often pairedwith an excessive amount of lithium in a flooded elec-
trolyte condition. Promising data obtained in this configuration does not necessarily
guarantee good full-battery performances. The selection of possible non-lithium
anodes to match with the Li2S cathode having satisfying energy/power density and
cycle stability are the prerequisites of the commercialization of Li2S full cells.
However, the practical density of Li2S full cells developed to date suffered from
rapid capacity fade and short cycle life as shown in Table 3.2. Besides the mentioned
issues from the Li2S cathode, the cyclability of the anode also affects the full cell
performance. In the future, we would have to look beyond the Li2S cathode and
evaluated the electrochemical performance of Li2S in full cells. In particular, it is
essential to consider the capacity balance between the cathode and anode and offset
the lithium loss. Our target is to realize high-energy-density (>500 Wh kg−1) and
long-cycle (>80 capacity retention after 1000 cycles) Li2S full batteries with low
cost (<100 $ KWh−1).
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Chapter 4
Physical and Chemical Adsorption
of Polysulfides

Baohua Li and Yuanming Liu

Abstract During the normal operation of sulfur cathode, the solid–liquid–solid reac-
tionmechanismwould facilitate the kinetics for sulfur transformation.However, once
the sulfur species dissolved into the liquid electrolyte, it would move from cathode
to the anode surface and react with Li metal anode, causing sulfur loss and capacity
decay. This phenomenon is the notorious “shuttling effect” for sulfur cathode, and is
also the main challenge that restrain the practical application of Li–S chemistry. In
this chapter, starting from the basic principles, characterization techniques and pred-
ication rules, we summarized the origin, phenomenon and solutions for the shuttling
effect. Typically, the physical confinement of polysulfides via incorporating sulfur
on carbon materials through Van der Waals interaction, the chemical adsorption of
polysulfide toward various kinds of compounds by ways of polar-polar interaction,
Lewis acid–base interaction and redox interaction, and a new configuration interlayer
have been discussed and analyzed systematically. On top of this, the authors make
outlooks for the future direction of polysulfides adsorption.

Keywords Lithium polysulfides · Shuttling · Physical adsorption · Chemical
adsorption · Interlayer

4.1 Introduction

4.1.1 Basic Principles of Sulfur Cathode

Coupled with high-energy-density sulfur (S) cathode and lithium (Li) metal anode,
Li–S batteries are considered as one of the most promising high-energy-density
battery systems. It caters to the faster-changing energy requirements nowadays and
has been extensively studied during the past decades. The dominating factors are the
ultrahigh abundance of sulfur, its high energy density and its variation of oxidation
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states. The basic electrochemistry of Li–S batteries is based on the following:

2Li+ + 2e− + x S
Discharge or charge←→ Li2Sx(1 < x < 8) (4.1)

The reaction above has been given in the former chapter, thus we don’t put more
explanation on it.

4.1.2 Reaction Products of Sulfur Cathode

As shown in Eq. (4.1), many reaction intermediates would be generated during the
sulfur reaction process, for example, Li2S8, Li2S6, Li2S4, Li2S2 and Li2S. Apart from
these, some radicals such as S3*− and S4*− can also be generated and they do play
important roles in sulfur transformation either. Typically, S3*− is extremely stable
in nature and it was utilized to elucidate the functions of sulfur radicals during the
electrochemical process [1].

As shown in Fig. 4.1, during the discharge process, S82− is formed first via step
(1) but then a disproportionation reaction appears as shown in step (1.1). There is
an equilibrium between S62− and S3*− radicals, and that is the reason why a sudden
increase of S3*− concentration occurs once the discharge begins. At the end of 2.3 V,
S82−, S62− (S3*−), and S8 should reach an equilibrium. A single plateau is observed

Fig. 4.1 Detailed reaction mechanisms of Li–S batteries. Reused with permission from Ref. [1],
IOP
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at 2.3 V because the reaction (1.1) is a chemical but not electrochemical route, and
it reflects the two-phase transition between S8 and Li2S8. Continuing discharge,
step 2 occurs at first and the S82−/S62− is electrochemically reduced to S42−. The
electrochemical reduction of Li2S4 to Li2S2 and then to Li2S (step 3) take place by
further lower degree scan. Both the electrochemical (step 3) and chemical reaction
(steps 3.1 and 3.2) could produce Li2S. At the end of discharge, a new equilibrium
should be established among S42−, S3*− (S62−) and Li2S2/Li2S (dominant species).

During the charge process, benefiting from the fast kinetics of semisolid-to-solid
conversion in step (5.1), S42− will be converted into S82−/S62− once the overpoten-
tial becomes large enough. Further, when the new S82−/S62− are produced, steps
(4.1) and (4.2) would be initiated to produce more S42− and facilitate the conver-
sion of insoluble Li2S2/Li2S. Therefore, more and more Li2S2/Li2S is decomposed
chemically rather than electrochemically.

As discussed above, the S3*− radicals play a significant role in the sulfur trans-
formation, and it may help us to select the electrolyte system. For example, S3*−
is highly reactive with a currently commercialized alkyl-carbonate solvent such as
ethyl carbonate (EC)/dimethyl carbonate (DMC). The parasitic reactions between
them will produce non-active byproducts, invalidating Li–S batteries. Therefore, the
general electrolytes system for Li–S batteries are ether-based electrolytes or glymes,
attributing to their stability toward sulfur radicals [2].

4.1.3 The Origin and Consequence of Shuttling Effect

Since it was suggested that the total or partial solubility of the cathode material
may be the key for efficient sulfur utilization, various kinds of electrolyte system
that could dissolve the sulfur intermediates had been explored [3]. For example,
dimethyl sulfoxide (DMSO) or ethers like tetrahydrofuran (THF), for the reason that
the polysulfide solubility as Li2Sx can reach 10 M (or even more) in DMSO. Further
researches of high polysulfide solubility electrolytes such as dioxolane (DOL) [4] and
glyme solvents had been proved to be successful in boosting sulfur reaction kinetics.
The high solubility of polysulfides imparts the ability to operate Li–S battery as a
liquid cathode system whatever the starting sulfur is (solid as S8 or soluble polysul-
fides). However, the lithiummetal anode could sustain the corrosion from the soluble
polysulfides due to its movement from cathode to anode (shuttling phenomenon).
For example, the soluble polysulfides such as Li2S8, Li2S6 would migrate from the
cathode to the anode surface and then react with Li metal, producing Li2S2/Li2S at
the surface of Li metal and soluble lower-order polysulfide such as Li2S4 simulta-
neously. The newly formed Li2S4 would migrate to the sulfur cathode and further
react with the solid sulfur to produce Li2S8 and Li2S6 (Fig. 4.1), and then migrate
to anode. Therefore, the repeated transportation and reaction of soluble polysulfides
would consecutively consume sulfur in the cathode and lithiummetal simultaneously,
causing irreversible capacity loss.
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In 2004, Mikhaylik [5] proposed the basic shuttle Eq. (4.2) for various cell test
conditions,

d[SH]
dt

= I

qH
− ks[SH] (4.2)

where [SH] is the normalized concentration of polysulfide, t is the time, I is the
normalized current during charge or discharge, qH is the specific capacity that corre-
spond to the first plateau (2.3 V) during sulfur transformation and ks is the shuttle
constant.

By comparing their theoretical data with experimental data, many kinds of
phenomena such as the relations between the shuttling effect and overcharge, salt
concentration and battery self-heating could be explained. Different electrolytes
show different shuttle constants according to their concentrations, and the higher
salt concentration means lower shuttle constant and lower Li corrosion rates.

In this chapter, we will concentrate on the basic rules and methods to tackle
the shuttling effect of soluble lithium polysulfides, including physical and chemical
adsorptions of polysulfides. Before this, the analytical techniques of shuttling effect
are emphasized.

4.2 How to Characterize the Shuttling Effect
of Polysulfides?

During the electrochemical process of Li–S batteries, intermediates such as Li2S8,
Li2S6, Li2S4, Li2S2 and Li2S would be formed at different stages. These products are
not inclusive of all the intermediate products definitely, but they are representative
and can be utilized to describe the whole reaction process of Li–S batteries. Specif-
ically, the former three (Li2S8, Li2S6 and Li2S4) species are soluble in ether-based
electrolyte, but the latter two (Li2S2 and Li2S) species are insoluble. Therefore, there
is a solid–liquid–solid transformation during the discharge or charge process. And
the shuttling of polysulfides occurs during the liquid reaction process. Hence, it is
reasonable to elucidate how the shuttling proceeds and how serious they are. There
are mainly two series of methods to characterize the shuttling effect of polysulfides:
in situ and ex situ method.

4.2.1 In Situ Method

4.2.1.1 In Situ Micro-scale Observation Techniques

The room temperature sulfur (S) to Li2S solid-state transformation is kinetically too
slow, and the dissolved polysulfide can facilitate the reversible charge–discharge
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process of sulfur cathode. Therefore, when the shuttling effect of soluble lithium
polysulfides was taken into consideration, both the solid to liquid and liquid to solid
processes should be concerned. If the cathode electrode has some strong anchors of
polysulfide species, the liquid to solid reactionwould occur at these places at first. The
distribution of liquid–solid charge/discharge products at different sites in the cathode
is effective to verify this point [6]. As schematic in Fig. 4.2a, patterned hybrid tin-
doped indium oxide (ITO) glassy carbon electrode was developed by sputtering,
and the final electrode was constructed by ITO squares separated by carbon lines.
Subsequently, the obtained electrode was assembled as a sulfur collector with Li
metal and 2 M (the concentration based on sulfur) Li2S8 solution as anode and
catholyte, respectively. After discharging the cell to 1.7 V, it was kept at this voltage
until the discharge current decreased to 1 μA cm−2. As shown in Fig. 4.2b, c, after
the whole discharge process, many particles appear on the ITO pattern while the
C surface still looks smooth, suggesting that the final solid products have strong
bonding with the ITO surface.

The more amount of solid product deposited on ITO means less shuttling effect
of ITO electrode. If there is little solid product deposited on the cathode surface,
it means that most of the dissolved polysulfide does not transfer into solid product
and the shuttling effect is severe. Therefore, the amount of solid deposition products
on specific materials can demonstrate its ability to restrain the shuttling effect. In
other words, it can explain how serious the shuttling would be once this specific
material was added into cathode. Actually, this method is not an in situ method,
because that the SEM characterization and the Li2S deposition processes are not
carried out simultaneously. However, as the solid deposition could be visualized by
optical microscopy, we defined this method to be “in situ” method either.

In addition, Chu et al. designed an in situ electrochemical cell to probe the super-
cooled sulfur deposition [7]. Typically, a nickel (Ni) grid electrode (1 μm in line
width, 50 nm in height) was deposited on a glass substrate via e-beam lithography
and evaporation, while a Li metal was placed on the same plane to act as the

Fig. 4.2 a Schematic illustration of the tin-doped indium oxide (ITO)micro-pattern sulfur cathode.
b and c SEM images of a fresh and Li2S deposited ITO micropattern, respectively, the scale bar
is 20 μm. d Schematic showing the in situ dark-field light microscopy (DFLM) to observe the
formation of supercooled sulfur at room temperature. Panels adapted with permission from: a, b, c
Ref. [6], NPG; d Ref. [7], PNAS
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counter/reference electrode (Fig. 4.2d). During the galvanostatic charge/discharge
process at room temperature, sulfur would deposit on/strip from the working elec-
trode, while the dark-field light microscopy (DFLM) images of a 180 μm× 135 μm
region on the surface of the Ni substrate were captured simultaneously. A white
light source and a three-color-channel complementary metal-oxide semiconductor
(CMOS) camera were used to record the color information. By using this tech-
nique, it is possible to optically observe multiple phenomena in lithium-sulfur (Li–S)
batteries, including the generation of metastable liquid sulfur at room temperature
electrochemically, rapid solidification of sulfur droplets upon crystal nucleation and
sulfur plating/stripping via solution mechanism.

4.2.1.2 Optical Observation Techniques

Due to the fact that polysulfides are always colorful, the motion of polysulfide could
be seen by eye sights directly. Therefore, an optically transparent Li–S cell was
developed to probe the interaction between soluble polysulfide and cathode surface,
as shown in Fig. 4.3a [8]. After discharging for 12 h, the electrolyte in the cell
with S/Ketjen Black (75S/KB, the upper layer) is still yellow, showing severe loss
of active sulfur. In contrast, for the 75S/MnO2 cell, the electrolyte could maintain
the color of faint yellow at 4 h, providing visual evidence for low content of soluble

Fig. 4.3 a Digital photos of the electrochemical transparent cells to show the shuttling of sulfur
cathode with (down) and without (up) MnO2 additive. b Glass cells filling with LiPS (Li2S6) in
DOL/DME solution (left chamber) and pure DOL/DME solvent (right chamber), and the top and
bottom panels were inserted with Celgard and Co9S8-Celgard separator, respectively. c Sealed vials
of the pristine Li2S4/THF solution after adding (1) nothing, (2) graphite, (3) VC carbon and (4)
Ti4O7 (left side), and after 1 h stirring (right side). Panels adapted with permission from: a Ref. [8],
NPG; b Ref. [9], RSC; c Ref. [10], NPG
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polysulfide in the electrolyte and demonstrating the effective trapping effect ofMnO2.
Once fully discharged, the electrolyte tends to be completely decolored, indicating
the effective conversion of soluble lithium polysulfides to insoluble species. This
method is effective in assessing the polysulfide trapping effect of sulfur cathode
when the mediator was added into the cathode directly.

When the mediator was constructed on separator but not the sulfur cathode, the
glass cells set up by Manthiram et al. [9] are helpful to demonstrate its polysul-
fide blocking ability, as shown in Fig. 4.3b. Typically, DOL/DME solvent with and
without Li2S6 was filling in the left and right chambers, respectively. And then, the
pristine separator (top panel) or the Co9S8 modified separator (bottom panel) was
intercalated between these two chambers. Upon diffusion, for the cell with pristine
separator, the right chamber changed toyellow-brownafter 48h, showing severe shut-
tling. In contrast, the cell with the Co9S8 modified separator shows almost unchanged
color in the right chamber, proving that the shuttle of polysulfide can be mitigated
by this modification significantly.

Further, as we can see, both the aforementioned methods could reflect the trans-
portation of polysulfides to some extent. However, they are time-consuming andmay
not be that helpful if we want to know the results as soon as possible. Hence, Nazar
et al. [10] prepared the Li2S4/THF solution in a sealed vial at the first. Then the
mediators such as graphite, VC carbon and Ti4O7 were added to it. Different from
other candidates, once Ti4O7 was added, the Li2S4 solution changed to light yellow
immediately, and almost completely decolored after 1 h stirring, demonstrating the
strong adsorption of Ti4O7 toward Li2S4. This method is cheap yet convenient and
could be utilized in many complicated circumstances.

All these methods can reflect the adsorption ability of the mediator toward soluble
polysulfides but cannot explain the reason why the mediator can do this.

4.2.2 Ex Situ Method

The exhaustive searches formaterials that showhigh electronic conductivity, substan-
tial surface area and pore volume, and suitable physical/chemical properties to
restrain the shuttling of polysulfides are still ongoing. We have discussed the in situ
method to characterize the shuttling effect in Sect. 4.2.1. However, these methods
can only reflect the superficial phenomenon and we need other techniques to disclose
the covered part.

Therefore, a quantitative electro-oxidation reaction was designed to screen sulfur
host candidates (Fig. 4.4b) [11]. Typically, the sample (Fig. 4.4b(i)) is prepared
by dispersing a specific weight of the aimed host material into a Li2S4 solution
(dissolved in tetraethylene glycol dimethyl ether (TEGDME)). Superfluous Li2S4
solution is added to guarantee the polysulfides saturation of host materials. Then
the suspension is stirred until its color remained unchanged for 18 h. Next is the
centrifugation of the suspension, and the resulted supernatant is collected for the
titration (Fig. 4.4b(ii)). The following step is the electrochemical oxidation of the
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Fig. 4.4 a S 2p high-resolution spectra from the X-ray photoelectron spectroscopy (XPS) of Li2S4,
Li2S4/Ti4O7 and Li2S4/VC, respectively. b Schematic illustration of the electrochemical oxidation
process to determine polysulfide adsorption capability. SEM images of the cycled morphologies of
Ti4O7/S and VC/S electrodes: c, f 0 cycles (pristine), d, g after first discharge, the dotted boxes
and shapes are deposited Li2S, e, h charged status after 500 cycles. Panels adapted with permission
from: a, c, d, e, f, g, h Ref. [10], NPG; b Ref. [11], RSC

un-adsorbed polysulfides in a solution of LiClO4-TEGDME (Fig. 4.4b(iii)). A nickel
foam was utilized as the current collector in the left compartment of an H-cell, and
the right compartment is a Li foil counter electrode filled with adequate electrolyte:
1.0 M LiClO4 in TEGDME with 2 wt% LiNO3. Then, a constant voltage charge
at 3.0 V is carried out until the current is 0 mA. By this method, the capacity of
the unreacted Li2S4 can be integrated over time. This allows one to determine the
amount of polysulfide adsorbed on the matrix. As concluded, the non-polar materials
(i.e., carbon-based materials such as Super P and Vulcan) adsorbed relatively few
polysulfides compared to polar ones (i.e., metallic oxides such as TiO2 and MnO2).
Although this method is similar to the sealed vial test aforementioned (Fig. 4.3c), it
can assess the polysulfide adsorption ability quantitatively and thus we define it as a
kind of ex situ method.

Other characterizations such as X-ray photoelectron spectroscopy (XPS,
Fig. 4.4a), scanning electron microscopy (SEM, Fig. 4.4c–h) and so on are also
effective in evaluating the shuttling effect of polysulfides [10]. By detecting the
inner shell electron’s chemical shift of specific atom, XPS is an effective tool in
elucidating the electronic structure, macromolecular structure and chain structure
of materials. For example, after getting touched with pristine materials for several
hours, the Li2S4 were centrifuged, dried and then analyzed by high-resolution XPS,
as shown in Fig. 4.4a. If there is no interaction between the substrate and Li2S4 (i.e.,
Li2S4/VC), the S 2p spectrum of the hybrid powder should be the same as the pristine
Li2S4 powder. However, when there is a bond existing between the matrix and Li2S4
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(i.e., Li2S4/Ti4O7), the binding energy of S 2p spectrum of the composite is different
from the pristine Li2S4. Further, the comparison of the cycled morphologies of sulfur
electrodes is also indicative in demonstrating the shuttling effect of polysulfides. The
final discharge products of sulfur cathode are Li2S2 and Li2S. And severe polysul-
fides shuttling effect would hamper the liquid–solid transformation, resulting in less
amount and non-uniform solid deposition (Fig. 4.4f, g, h).

4.3 Physical Confinement of Polysulfides Within Cathode

Originating from the Van der Waals force, the physical confinement of polysul-
fides can confine polysulfides inside sulfur cathodes through material and structure
design. For example, by adopting porous materials or incorporating external barrier
coatings, the shuttling effect of polysulfides could be physically restrained. Mate-
rials with natural pores are easily tailored to core–shell or layer structures might be
good choices. Among these candidates, carbon-based materials have been recog-
nized as one of the ideal ones for their large surface area, tunable structures and
excellent electronic conductivity. Various kinds of carbonmaterials including carbon
nanotubes (CNTs), graphene, and porous carbon nanofibers have been adopted
to alleviate the ultralow electrical conductivity of sulfur and confine polysulfides
shuttling simultaneously.

4.3.1 Carbon Materials for Physical Confinement

Due to the easy processing and high electrical conductivity properties, various kinds
of carbon materials have been utilized as sulfur substrate. Apart from this, the non-
polar sulfur could fill in its porous structure by capillary forces. Since the pioneering
thought of melt-infusion sulfur into mesoporous CMK-3 substrate composed by
Nazar et al. [12], various kinds of carbon materials with macro-, meso-, micro-
pore and their mixture showed great potential in realizing high-performance sulfur
cathode.

4.3.1.1 Macro-, Meso- and Microporous Carbon

As defined by the IUPAC, the pores in a material could be divided into macro
(>50 nm), meso (2–50 nm) and micro (<2 nm). Carbon materials with different
pore sizes have different functions for sulfur transformation.
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Macroporous Carbon

Macroporous carbons have been little utilized to confine sulfur due to their open
architecture, which is unable to sequester the shuttling of polysulfides. However,
once the polysulfides’ mobility is restrained by high-viscosity electrolyte, the macro-
porous carbon could be used as sulfur substrate either. For example, the sulfur-loaded
ordered inverse opal carbon (IOP) was matched with a glyme–Li salt electrolyte with
high viscosity for sulfur cathode [13]. This electrolyte contains purely [Li(glyme)]+

cations and TFSI− anions only, and the final electrode delivered improved perfor-
mance. However, the poor scalability of IOP, high cost of this electrolyte system and
relatively small operation kinetics are restraining its large-scale applications.

Mesoporous Carbon

Most of the research on sulfur/carbon cathodes has paid attention to mesoporous
carbons (MCs). By using mesoporous carbon (MC) with different pores (22 nm,
12 nm, 7 nm and 3 nm) and various pore volumes (up to ~4.8 cm3 g−1) as sulfur
substrate, the fully or partially fillingmesoporous porous sulfur (MCS) cathode could
be obtained [14]. Typically, sulfur was dissolved in CS2 first, then theMCwas added
andmixed with the sulfur solution. After the drying process, the composite wasmelt-
flowed into the porous carbon. For the fully sulfur filling MCS (the pores of MC are
fully filled), the higher sulfur loading could be realized by the MC with larger pore
volume, while the performance of different MCS composites is almost the same.
The partially sulfur filling MCS cathode (the pores are partially filled) can show an
improved electrochemical performance compared with the fully filling ones, which
may result from its improved electronic and ionic transport.

Microporous Carbon

The encapsulation of sulfur into micropores can be realized by thermal treatment of
a mixture of sulfur and porous carbon materials [15]. Various kinds of precursors
could be utilized to produce microporous carbon such as sucrose. As an example, a 5
wt% sucrose solution was prepared by dissolving sucrose in 6M sulfuric acid. Then,
the dissolved sucrose was placed in a flask and refluxed for 10 h at 120 °C. After
infiltrating and washing the black suspension with distilled water several times, the
product was air-dried and then calcined at 1000 °C under the protection of argon
(Ar) atmosphere. The BET specific surface area of the resulting carbon spheres is
843.5 m2 g−1. Further, it has a micropore size distribution of about 0.7 nm. The melt-
infusion at 149 °C and further vaporization of excess sulfur at 300 °C was carried
out to prepare the final C/S composite.

As shown in Fig. 4.5c (XRD), the melt-infusion process causes the disappear-
ance of the sharp diffraction peaks of sulfur, indicating the fact that the sulfur
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Fig. 4.5 a SEM image of 1 μm inverse opal carbon (IOC). b Schematic showing the working
mechanismof sulfurmesoporous carbons (MCs) composite cathode. cXRDpatterns of a—sublimed
sulfur, b—microporous carbon spheres and c—sulfur-carbon sphere composites with 42 wt% of
sulfur. dVoltage–capacity curves of the sulfur–carbon sphere composite with 42 wt% sulfur. Panels
adapted with permission from: a Ref. [13], RSC; b Ref. [14], RSC; c, d Ref. [15], RSC

inside the micropores is in a highly dispersed state with a low-molecular mono-
layered coverage. During the electrochemical reaction of C/S composite, there is
only one potential plateau at around 1.8 V (vs. Li+/Li) shown after the first cycle,
while the first cycle discharge has a very shorter potential plateau (2.25 V vs. Li+/Li,
Fig. 4.5d). This phenomenon is different from the traditional two potential plateaus
of the sulfur/carbon matrix, and maybe result from the trace sulfur remained on the
surface of C/S composite. The large potential hysteresis may result from the strong
adsorption capability and the unstable properties of the sulfur at a high dispersion
state.
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4.3.1.2 Graphene

For its high electronic conductivity, large surface area and diverse surface properties
(hydrophobicity/philicity), graphene has been extensively utilized as substrate, and
conductive additive of sulfur cathode.

In 2011, Dai et al. found that the melt-infusion process can only improve the elec-
tronic conductivity of sulfur to some extent. However, once graphene was used as a
sulfur scaffold, it is not effective in containing the polysulfides due to its irregular
pore with widely distributed size [16]. Bearing this in mind, carbon black decorated
graphene oxide sheetswerewrapped on the sulfur particles coatedwith poly(ethylene
glycol) (PEG). This method can change the insulating sulfur particles to be electri-
cally conductive, trap the polysulfide intermediates and alleviate the volume expan-
sion simultaneously. Besides, a highly scalable graphene/sulfur composite (GSC)
cathode that exhibits a high sulfur content of 87 wt% was developed to resolve the
large-scale technology of sulfur cathode [17]. Enveloped with reduced graphene
oxide (rGO), the micron-sized sulfur particles deliver ultrahigh electronic conduc-
tivity. Typically, themicron-sized sulfur particleswere produced by an in situ reaction
between Na2Sx and HCl solution, as schematic in Fig. 4.6a. If the sulfur particles are
distributed properly, only little conductive additives are needed for efficient working
of Li–S cell. In this regard, the 2D graphene seems to be ideal to accommodate sulfur.

Fig. 4.6 a Schematic showing the one-pot synthesis process to fabricate graphene/sulfur composite
(GSC). TEM images of b, c porous CNFs, d, e porous CNF-S nanocomposites after melt-infusion
sulfur at 155 °C for 12 h and f, g porous CNF-S nanocomposites thermally treated at 155 °C for
12 h and further at 160 °C for 6 h. SEM images of h carbon-coated anodic aluminum oxide (AAO)
template, i sulfur-impregnated hollow carbon nanofiber, j high-resolution TEM image of hollow
carbon nanofiber/S array, and corresponding elemental mapping of carbon (k) and sulfur (l). Panels
adapted with permission from: a Ref. [17], RSC; b–g Ref. [19], RSC; h–l Ref. [20], ACS
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4.3.1.3 Carbon Nanotubes/Fibers

Multiwalled Carbon Nanotubes (MWCNTs)

Due to the 1D porous structure, multiwalled carbon nanotubes (MWCNTs) have long
been utilized as either scaffold or conductive additive in Li–S batteries. For example,
a well-dispersed sulfur-MWCNTs composite cathode was synthesized by a direct
precipitation route listed below (Eq. 3.1) [18, 19]:

Na2S2O3 + H2SO4 → Na2SO4 + S ↓ +H2SO3 (4.3)

In this method, the acid-treated MWCNTs were dispersed in a 0.1 M Na2S2O3

(sodium thiosulfate) solution and the obtained solution was further sonicated to
disperse MWCNTs effectively. Then, 0.1 M H2SO4 was added dropwisely into the
solution. After stirring for 1 h and infiltration, the precipitated sulfur-MWCNTs
compound was washed by distilled water several times and the resulting composite
was finally obtained after removing the solvent. Although the composite cathode
exhibited a high initial sulfur utilization, its capacity fades to 63%only after 30 cycles.
This suggests the limited effect of MWCNTs to restrain the shutting of polysulfides,
which may result from their limitations in boosting Li-ion diffusion.

Carbon Nanofibers (CNFs)

Apart from MWCNTs, carbon nanofibers (CNFs) have also been developed as scaf-
folds of sulfur for their easy processing, adjustable pore structure and excellent
mechanical strength.

Electrospinning is a low-cost, simple and environmentally benign method to
fabricate multifunctional fibrous materials. In 2011, this method was adopted to
fabricate porous CNFs as sulfur scaffolds. During the preparation process, 10 wt%
PAN/PMMA(mass ratio of 1:1) bicomponent polymerwas dissolved inDMF solvent
at 60 °C first. After obtaining a homogeneous PAN/PMMA solution, a high voltage
of ~12.5 kV was applied to carry out the electrospinning process. Once the elec-
trospinning was terminated, a fibrous web was obtained at the collection plate, and
it was collected for further usage. After being pre-oxidized and further carbonized
under Ar atmosphere, the final porous CNFs were obtained. The CNF-S cathode was
first prepared by the route in Fig. 4.6a, and then melt-infusion sulfur on CNFs. As
shown in Fig. 4.6b, c, it is clear that the porous CNFs have many voids. After the
first heat treatment step (155 °C for 12 h), almost all the open pores were filled with
sulfur. At this stage, the sulfur content is about 60 wt% (Fig. 4.6d, e). Upon further
heat treatment at 160 °C for 6 h, the thin interior pores reoccurred because of the
partial evaporation of sulfur (Fig. 4.6f, g). At this stage, the sulfur content would
be decreased to 42 wt%. For its extremely high surface area, the porous CNFs can
adsorb and disperse sulfur efficiently, and further ameliorate the insulating nature
of sulfur and shuttling effect of soluble polysulfides. Therefore, the final CNFs-S
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composite cathode can deliver the initial discharge capacity of nearly 1400 mAh g−1

at 0.05 C current density. From another perspective, the ultrahigh specific surface
area of sulfur scaffold is detrimental for the cost of Li–S batteries, because it needs
more electrolyte.

Ideal sulfur substrates should possess the following merits: (1) suitable porous
structure for efficient polysulfides retainment; (2) limited sulfur-electrolyte contact;
(3) sufficient space to alleviate the volumetric expansion of electrode; (4) faster
transportations of both electrons and Li ions, especially under large current density;
(5) sufficient electronic conductivity for deposition of Li2S2 and Li2S and (6) suitable
electrolyte to protect lithium metal anode [20]. However, some of these properties
are conflicting with each other, especially the (2) and (5). On top of these, a hollow
carbon nanofiber with vertical arrays was designed, as shown in Fig. 4.6j. Uponmelt-
infusion sulfur on this substrate, its high aspect ratiowould boost the orderly diffusion
of polysulfides in organic electrolyte, and its thin carbon wall would accelerate the
transportation of lithium ions at the same time. Therefore, the final sulfur cathode
delivered a reversible discharge capacity of around 730 mAh g−1 after 150 cycles.

4.3.2 Polymer Membranes for Physical Confinement

Except for adsorption of soluble polysulfides via van der Waals interactions, coating
ion-selective polymer layer on sulfur cathode can also sequester the shuttling effect
effectively. Nowadays, various membranes have been widely applied in many fields
such as gas separation, water desalination, fuel cells and batteries, for the reason that
the flowing flux would scale inversely with the membrane thickness. In this regard,
the high selectivity of one membrane needs to be thicker, but this would impair its
permeability. It is influential in many areas to incorporate layer-by-layer (LBL) self-
assembly technique via switching adsorption of oppositely charged polyelectrolytes.
Benefiting from its ion conductivity, flexibility and self-healing properties, polyelec-
trolyte multilayers (PEMLs) can act as a membrane to impede polysulfide diffusion
[21]. Typically, the outer surface of carbon/sulfur composite was encapsulated by
adsorbing layer of branched poly(ethyleneimine chloride) (bPEI), which lays a foun-
dation for the final PEMLs membrane. Following, upon exposing the carbon/sulfur
composite to 0.5 M lithium chloride aqueous solutions of the polyanion sodium
poly(styrene sulfonate) (PSS) or the polycation poly(dimethyldiallyl ammonium
chloride) (PDADMA) alternatively, the PEMLs would be formed and the membrane
thickness can be adjusted through the control of the number of layers. When the final
composite cathode (PEML3) is stained with the fluorescent dye fluoresbrite carboxy-
late YG, the green channel fluorescence microscopy directly shows the complete
encapsulation of sulfur cathode (Fig. 4.7a). XPS characterization can provide more
evidence for the complete encapsulation. As shown in Fig. 4.7b, the initial XPS spec-
trum (red line) of PEML3 proves the existence of sulfonic acid functionality of the
PSS layer in the PEML membrane (S (2p3/2) peak located at 168.2 eV). With sput-
tering of the PEML3 membrane, the PEMLmembrane was etched away (the absence
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Fig. 4.7 a Fluorescence microscopy showing the homogeneous PEML coverage on carbon/sulfur
composite. b XPS spectra of sample TDA57PEML3 at various sputtering time: 10 min (blue line),
20 min (garnet line) and 60 min (green line). c Schematic illustration of the preparation process of
ion-selective, flexible and conductive carbon decorated LBL nanomembrane. dDiffusion procedure
of the charged species through an LBL membrane. Panels adapted with permission from: a, b Ref.
[21], RSC; c, d Ref. [23], RSC

of the peak at 168.2 eV) and the reappearance of the elemental sulfur contained in the
pores of carbon substrate occurred (the emergence of a peak at 162 eV). The PEML
membranes can selectively transport ions, and ions with a higher charge or larger size
tend to move more slowly. In Li–S chemistry, except for the lithium polysulfides,
almost all the other anion and cation in the electrolyte are singly charged. Therefore,
the polymer network can show a strong sieving effect toward soluble polysulfides.
Actually, there is a molecular weight threshold (~200) for the sieving effect of the
PSS/PDADMA multilayer in an aqueous solution, and above which the rejection
would be more efficient [22]. Such a limit shows that polysulfides would be greatly
restrained by the PSS/PDADMA membrane.

Apart from this, a hollow carbon nanosphere decorating sulfur particle was encap-
sulated by an ion-selective, flexible and carbon-coated LBL nanomembrane [23],
as vividly shown in Fig. 4.7c. Such architecture has the following merits: (1) the
embedded hollow carbon spheres can promote the electronic conductivity of sulfur
cathode; (2) the pores of carbon spheres can confine polysulfides and alleviate the
volume expansion; (3) the ion-selective nanomembrane can restrain shuttling of poly-
sulfides and permit the diffusion of lithium ions at the same time; (4) the nanocarbon
decorated on the membrane can further promote the electronic conductivity. After
a thin conductive polymer (PEDOT:PSS) coating, a fully selective membrane was
assembled on top of it when this particle is exposed to the oppositely charged poly-
electrolytes in an aqueous solution. Once assembled, the mature membrane exhibits
the same functionality as the PEML membrane (Fig. 4.7d).
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4.3.3 Summary

Physical confinement of polysulfides mainly comes fromVan derWaals interactions.
However, it is not strong enough to confine soluble polysulfides effectively. Hence,
the physical adsorption of polysulfides in the carbon materials may be effective
on short- and medium-term cycling only (within several hundred cycles). And the
polysulfides would still shuttle to the anode surface, causing the capacity fading of
batteries. On the other hand, due to its good electronic conductivity and light weight,
carbon materials are helpful in boosting the electrochemical transformation of sulfur
and maintaining its superior energy density. In addition, the easily tailored proper-
ties of carbon such as porosity, surface polarity and pore distribution of carbon are
also beneficial to construct high sulfur loading cathode. Thus far, fabricating carbon
materials with high electronic conductivity yet with high affinity to polysulfides still
remained challenging.

4.4 Chemical Confinement of Polysulfides Within Sulfur
Cathode

Upon reduction of sulfur, its asymmetric structure endows the soluble lithium poly-
sulfides high polarity. When this polarity is taken into consideration, it is desirable
to design sulfur hosts with strong polarity to adsorb polysulfides. The strong chem-
ical interaction between the substrate and polysulfides can anchor the polysulfides,
thus restraining its shuttling toward Li metal anode. Typically, three methods can be
utilized to form bonding between sulfur substrates and polysulfides: (1) polar–polar
interactions; (2) Lewis acid–base interactions; and (3) redox interactions. Generally,
the first two are the main methods and the third one is similar to the catalytic conver-
sion of sulfur cathode. Therefore, we discuss the former two parts meticulously and
the third part briefly.Materials with sufficient bonding sites to build chemical interac-
tions with polysulfides are useful to attain optimum chemical bonding. In this regard,
porous materials with large pore volume and high specific surface area are ideal to
load bonding sites and sulfur cathode.

4.4.1 Polar–Polar Interactions

Due to the structural asymmetry-induced polarity of polysulfides, the polar–polar
interactions can be adopted for the polar materials to anchor polysulfides efficiently.
Manymaterialswith high polarity have been developed to chemically adsorb polysul-
fides, including heteroatom-decorated carbon materials, functional polymeric mate-
rials and metal compounds such as metal oxides, metal nitrides, metal sulfides and
so on. It is worth noting that some of the metal compounds possess relatively poor
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Fig. 4.8 a, b and c TEM bright-field image, mapping of elemental carbon and sulfur of GO-S
nanocomposite, respectively. d Electron energy loss spectroscopy (EELS) spectrum of (a), the scale
bars are 50 nm. e Representative configuration of the sulfur immobilized by GO. The yellow, red
and white balls denote sulfur, oxygen and hydrogen atoms, respectively, and the others are carbon
atoms. f XAS carbon (C) K-edge spectra of pure GO and GO-S nanocomposites, respectively.
Panels adapted with permission from Ref. [24], ACS

electronic conductivity, which is bad for sulfur transformation. Therefore, carbon
materials with high electrical conductivity are often incorporated to improve sulfur
cathode performance.

4.4.1.1 Heteroatom-Doped Carbon Materials

Decorated with heteroatoms (e.g., oxygen, nitrogen, sulfur and so on), the non-
polar carbon materials can be converted to polar ones and these atoms can anchor
polysulfides efficiently.

Oxygen Doping

Reduced graphene oxide (rGO) contains multiple functional groups, such as
hydroxyl, carboxyl and ester, and it is effective in restraining the shuttling of polysul-
fides. In 2011, Zhang et al. first fabricated GO-S nanocomposite as a sulfur cathode
[24]. A chemical reaction in a micro-emulsion system was adopted to deposit nano-
sulfur onto the GO sheet. The following step is the heat treatment at 155 °C for
12 h, and it can remove some of the bulk S and reduce the GO simultaneously. The
TEM image and its elemental mapping of carbon and sulfur can show the homoge-
neous dispersion of sulfur (Fig. 4.8a–d). Ab initio calculations discovered that due
to the functional groups’ induced ripples, both epoxy and hydroxyl groups can bind
sulfur strongly (Fig. 4.8e). Soft X-ray adsorption spectroscopy (XAS)measurements
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also proved that the sulfur incorporation would help in formatting the sp2-hybridized
carbon structure. Moreover, the feature “carbon (C)” peak (possibly originating from
C–O bond) of GO is weakened after heat treatment of GO-S nanocomposite, indi-
cating the strong chemical interaction between sulfur and rGO (Fig. 4.8f). The rGO-S
nanocomposite delivered a high specific capacity of 1000 mA h g−1 at the first cycle
of 0.1 C and remained to be 954 mAh g−1 after 50 cycles (ionic electrolyte).

X-ray photoelectron spectroscopy (XPS, Fig. 4.9a–d) andnear-edgeX-ray absorp-
tion fine structure (NEXAFS, Fig. 4.9e, f) were also useful to investigate the elec-
tronic and chemical structure of rGO-S nanocomposite [25]. As shown in Fig. 4.9,
the XPS and NEXAFS results can show the existence of C–S and O–S bonds. In
addition, the results also demonstrate that the incorporation of sulfur can influence
the valence band states of rGO. The followingmerits of rGO-S cathodemight explain
its excellent performance: (1) partially sulfur reduction on rGO induced higher elec-
tronic conductivity and (2) the preserved electronic properties of rGO and direct
bonding of rGO with sulfur can significantly prevent the shuttling of polysulfides.

Nitrogen Doping

Nitrogen (N) doping is an effective method to endow carbon-based materials with
high polarity. Generally, the thermal nitridation process in the NH3 atmosphere can
produce N-doped graphene (NG) sheets, as schematic in Fig. 4.10a [26]. The NG
contains three kinds of nitrogen atoms: pyridinic N, pyrrolic N and graphitic N.
The first two are dominant, and the N lone-pair electrons of them tend to form Li–
N interactions with Li+ ions. This interaction can confine lithium polysulfides and
improve their solidification process upon cycling. Combining the high electronic
conductivity (~270 S cm−1), high surface area (643.5 cm2 g−1) and strong interaction
between the N atoms and the soluble polysulfides, the final S@NG nanocomposite
cathode can be cycled for over 2000 cycles at 2 C current density.

Graphitic carbon nitride (g-C3N4) is another kind of nitrogen and carbon-
containing material constructed by continuous tri-s-triazine basic unit and analogous
to graphite, and it possesses strong interaction with lithium polysulfides. Initially, a
2D sheet-like oxygenated carbon nitride (OCN, as shown in Fig. 4.11a) that contains
micro- and mesopores, oxygen heteroatoms and many two-dimensional (2D) rippled
sheets was incorporated as sulfur host material [27]. A one-step solid-state pyrolysis
method was adopted to achieve the low-cost and large-scale production of OCN, and
the N content of OCN can reach as high as 20.49%. Benefiting from the immobi-
lization of lithium polysulfides enabled by suitable porous structure and heteroatom
doping, the final S/OCN cathode present a high initial discharge capacity and long-
term cycling (over 2000 cycles). Next, a hard-template (colloidal silica) method
via polycondensation of cyanamide (CN2H2) was further developed to synthesize
nanoporous g-C3N4 (Fig. 4.11b) [28]. Upon heating cyanamide at 550 °C, a stepwise
condensation of themelamine units occurs, and then the final g-C3N4 is obtained. The
surface area and pore volume of the g-C3N4 are 615m2 g−1 and 0.97 cm3 g−1, respec-
tively. The DFT calculations were carried out to disclose the interaction between
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Fig. 4.9 a, c C1s, b, d O1s high-resolution spectra of the XPS of GO and GO-S nanocomposite,
respectively. Insets of (a) and (c) are the enlargedC1s spectra after curve fitting. e, f NEXAFScarbon
K-edge, oxygen K-edge spectra of GO and GO-S nanocomposite, respectively. Panels adapted with
permission from Ref. [25], RSC
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Fig. 4.10 a Schematic showing the function of N-doped graphene (NG) for sulfur transformation.
b Adsorption structure of Li2S4 on the primitive graphene, pyrrole-like graphene and pyridine-like
graphene through ab initio calculations, respectively. Panels adapted with permission from Ref.
[26], ACS

Fig. 4.11 a Schematic showing the structure of oxygenated carbon nitride (OCN). The N1 is
pyridinic N; N2 is pyrrolic/pyridine N; N3 is quaternary N; N4 is the nitrogen of pyridine oxide, and
C1, C2, C3 and C4 correspond to the C–N/C–O, C–O–C, C=N/C=O and C(O)OH, respectively. b
Schematic diagram of the fabrication of g-C3N4 via cyanamide polycondensation. The calculated
interact configurations of 2 Li2S2 molecules on c pristine carbon, d nitrogen (N)-doped carbon
(3 N atoms, N3C), e g-C3N4 substrates; the bottom images are the side views of each configuration
and the 2D charge distributions of the corresponding substrates are shown in the top left insets
(accepting electrons—red, donating electrons—blue). Specifically, the gray, blue, purple and yellow
balls represent carbon (C), nitrogen (N), lithium (Li) and sulfur (S) atoms, respectively. f, Binding
energy variations of Li2S2 molecules (per Li2S2) on each substrate, which were calculated by Bader
charge analysis. Panels adapted with permission from: a Ref. [27], ACS; b-f Ref. [28], ACS
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g-C3N4 and polysulfides (Fig. 4.11c–f). Typically, 2D 2 × 2 g-C3N4 and 6 × 6
graphene supercells were constructed to build the corresponding supercell with only
4.0% structure difference. For the N doping graphene, the different nitrogen concen-
trations were achieved by varying the number of pyridinic N atoms per supercell (0,
1.4, 2.9 and 4.4%; denoted as N0C, N1C, N2C andN3C, respectively). And the Li2S2
was used as the representation of all the polysulfides. During the calculations, the
binding capacity of the substrate was quantified according to the number of adsorbed
molecules.

Upon calculations, a uniform charge distribution could be clearly observed from
the pristine carbon (N0C), while a negative charge appears at the electron-rich pyri-
dinic N in N-doped carbon (the red electron density contour curves). All the nitrogen
atoms in g-C3N4 bear a negative charge. By normalizing the number of adsorbed
Li2S2 molecules, the binding energy can be quantitatively defined (Fig. 4.11f). As
vividly shown, no bonding is formed between Li2S2 and the pristine carbon substrate,
and which is the reason why the binding energy between them is only 0.51 eV. For
both N3C carbon and g-C3N4, the shortened Li–N bond distances (the average is
0.214 and 0.206 nm, respectively, compared with the 0.246 nm of pristine carbon)
demonstrate that a favorable Li+ − Nδ− bond was formed between Li2S2 and the
substrates. By further Bader charge analysis, one can find that there is a charge
transfer from the substrate onto the S2− cluster once they get touched. Even if Li2S2
possesses a higher concentration, a higher adsorption ability could be still achieved
by g-C3N4, because it has more pyridinic N sites for polysulfide adsorption than N-
doped carbon.Moreover, the binding energies between Li2S4, Li2S and g-C3N4 show
the same tendency with Li2S2, proving the high adsorption capability of g-C3N4.

Nitrogen and Oxygen Co-doping

Apart from the nitrogen (N) and oxygen (O) doping independently, the N-doping at
the nearby of oxygen functional groups could promote the adsorption of sulfur either
[29]. During the material preparation, a poly (melamine-co-formaldehyde) resin was
used as a precursor, and tetraethyl orthosilicate, amphiphilic triblock copolymers
and colloidal SiO2 nanoparticles were used as porogens to fabricate the final N-
doped mesoporous carbon (MPNC). The BET specific surface area and Barrett–
Joyner–Halenda (BJH) pore volume of MPNC are 824.3 m2 g−1 and 1.38 cm3 g−1,
respectively. TheMPNC possesses hierarchical pore structures composed of 2–3 nm,
4–8 nm and 10–20 nm diameter mesopores, respectively. The MPNC could only
sustain a maximum amount of 80 wt% sulfur, and once the sulfur content reached
this limit, the excess sulfur would not be confined. According to the X-ray absorption
near-edge structure spectroscopy (XANES) analysis, the sulfur (S) loading would
induce a significant oxygen coordination structure change of MPNC (Fig. 4.12a, b),
indicating the existence of O–S bonding between MPNC and sulfur. In addition,
upon increasing the sulfur content within the limit (80 wt%), the oxygen XANES
spectra deliver a continuous line shift, implying that all the sulfur below the limit is
accessible to these groups.
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Fig. 4.12 a Oxygen (O) K-edge spectra of the XANES test of N-doped mesoporous carbon
(MPNC)andMPNC-Snanocomposite.bOK-edge spectra of theXANES test ofmesoporous carbon
(MPC) and MPC-S nanocomposites. c, d the interaction between sulfur and pyridinic N_COOH
functional group decorated carbon with and bare –COOH group decorated carbon (top views),
respectively. All the balls represent yellow—sulfur (S), red—oxygen (O), magenta—nitrogen (N),
silver gray—carbon (C) and blue—hydrogen (H) atom, respectively. Panels adaptedwith permission
from Ref. [29], Wiley-VCH

When nitrogen is decorated on bare carbon materials, it can withdraw the electron
from other atoms due to its high electronegativity (3.0 of nitrogen compared to 2.5
of carbon). Therefore, the polarization of the neighboring oxygen-containing groups
(such as carbonyl and carboxyl groups) occurs and changes to be easily attacked by
sulfur atoms. For the carboxyl group on the pyridinic-N-doped carbon, the calculated
enthalpy change (�H) is−56.88 kcalmol−1.Moreover, the�Hof the carbonyl group
on the pyrrolic-N-doped carbon delivers the lowest �H value of −117 kcal mol−1.
The above analyses manifest the enhanced sulfur transformation could be achieved
by the nitrogen and oxygen co-doping carbon (Fig. 4.12c, d).
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Fig. 4.13 The most stable Li2S2 configurations on various carbon substrates through ab initio
calculations: a non-doped carbon, b 1 nitrogen (N), c 1 N + 1 sulfur (S) and d 1 N + 2 S-doped
carbon (per supercell, the bottom right is the side view). The top left insets of each figure are the
2D charge contours of corresponding substrates, and the bottom left is the magnified versions. The
gray, blue, purple and yellow balls represent carbon (C), N, lithium (Li) and S atoms, respectively.
Panels adapted with permission from Ref. [30], Wiley-VCH

Nitrogen and Sulfur Co-doping

Element sulfur (S) and oxygen (O) come from the same main group, thus the sulfur
existence of the nitrogen doping materials may also show great potential to be sulfur
substrate [30]. Through DFT calculations, one can find a uniform charge density
distribution on the non-doped graphene, whereas the pyrrolic N-doped carbon bears
a charge of −0.81 (Fig. 4.13a, b). Moreover, as indicated by the dark electron
density contour curves, the thiophene-like sulfur of the nitrogen and sulfur dual-
doped carbon exhibits a charge of +0.45 (Fig. 4.13c). Consequently, there is a low
binding energy of 0.07 eV between Li2S2 with the non-doped graphene because there
is no specific bonding between them. However, for the co-doped condition, a favor-
able bonding betweenLi+ and pyrrolicN, and ST−1 and doped Sδ+ could be observed;
also the calculated binding energy between Li2S2 and nitrogen, sulfur dual-doped
carbon is 2.59 eV. This number is over twofold that of bare N-doped carbon. Upon
further increasing the S/N ratio to 2, the binding energy can be as high as 5.74 eV,
indicating the highly favorable aspects of the nitrogen, sulfur dual-doping method
(Fig. 4.13d). Furthermore, the high-rate redox kinetics of sulfur cathode could be
largely augmented by the higher electronic conductivity of the dual-doped carbon
than undoped carbon. Therefore, the final sulfur electrode could deliver a long cycle
life of 1100 cycles at 2 C current density.
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Porosity of Nitrogen Doping Carbon Materials and Other Configurations

The pore structure of nitrogen (N)-doping carbon materials can have a significant
influence toward sulfur (S)/carbon (C) cathode. A comparison of the function for S/C
cathode of three hollow carbons with pore sizes of 4.1, 3.2 and 2.8 nmwas conducted
[31]. The results showed that when the pore size was 2.8 nm, the internal void of
the hollow carbon could be occupied by sulfur. The impregnated sulfur was stable
at the chamber of STEM, which is under vacuum condition and has high irradiation,
demonstrating the sulfur could be confined well within this porous carbon shell
without any polymer coating. However, when the pore size is 3.2 or 4.1 nm, whatever
the fully filled or partially filled state of sulfur, it would be easily sublimed off. These
experiments also disclosed that sulfur could slightly spill out of the hollow carbon
during the lithiation process, and gave visible evidence on the volume expansion of
sulfur during discharge.

Because of the superior ability for polysulfides adsorption of N-doped carbon,
various advanced frameworks based on N-doped carbon have been constructed to
accelerate the sulfur reaction kinetics. For example, graphene wrapping nitrogen-
doped double-shelled hollow carbon spheres (NDHCSs) were fabricated to load
sulfur through a templatemethod [32]. As schematic in Fig. 4.14a, the inner and outer
surface of anatase TiO2 hollow spheres was coated with dopamine at first, followed
by carbonization and etching process, forming the NDHCSs. Sulfur was then melt-
infused into the NDHCSs. After infiltrating graphene on NDHCSs-S composite,
a flexible and hierarchical G-NDHCS-S hybrid paper was obtained (Fig. 4.14b,
c). Benefiting from the N-doping-enabled polysulfide trapping, graphene wrapping
improved electrical/ionic conductive network andpore accommodatingof the volume
change of sulfur via the sufficient space of NDHCSs. The final G-NDHCS-S elec-
trode shows highly improved performance. In addition, mesoporous N-doped carbon
spheres decorated with carbon nanotubes (MNCS/CNT) can enhance the confine-
ment of lithium polysulfides either [33]. As schematic in Fig. 4.14d, the formation
of MNCS/CNT composite relied on the evaporation-induced self-assembly (EISA)
process. According to the comparison of polysulfides adsorption ability between
MNCS/CNT composite and other reported adsorbents, the adsorption capability of
the MNCS and MNCS/CNT materials is higher than other competitors (Fig. 4.14f).
Specifically, MNCS can absorb almost fivefold soluble Li2Sx species as the Al2O3

nanoparticles and mesoporous carbon (MPC) do. Although the MNCS possesses a
smaller surface area and pore volume than SBA-15 and MPC, it can absorb tenfold
more polysulfide. Moreover, after exposure toMNCS, the color of the Li2Sx solution
becomes much lighter than other competitors and indicates its adsorption capability
toward Li2Sx.

Although the N-doping is good for restraining the shuttling of polysulfides, an
upper limit existed for the nitrogen content in carbon materials. Typically, the upper
nitrogen content of N-doped carbons (NDCs) has correlation with its carbonization
temperature (1000 °C for 14.32 wt% and 900 °C for 21.66 wt%), irrespective of the
precursor or preparation conditions [34]. The energetically favorableN-doping archi-
tecture, in which nitrogen atoms are located on separate hexagon units as graphitic N,
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Fig. 4.14 a Schematic illustration of the preparation process of nitrogen (N)-doped double-shelled
hollow carbon spheres (NDHCSs)-sulfur (S) composites and graphene wrapping NDHCSs (G-
NDHCS)-S hybrid paper. b SEM and (b1, b2) TEM images of the NDHCSs. c SEM, (c1) TEM
and (c2) STEM images of the sulfur encapsulated NDHCS. d Synthesis of the carbon-nanotube
(CNT)—interpenetrated mesoporous N-doped carbon spheres (MNCS) composite (MNCS/CNT).
SEM characterizations of the obtained composite with low (e), medium (e1) and high (e2) magnifi-
cation. f Quantitative analysis of the adsorption capability for various adsorbents: mesoporous silica
(SBA-15), Al2O3, carbon black (Super P), mesoporous carbon (MPC), MNCS and MNCS/CNT.
Digital photos of polysulfide solutions before and after adding adsorbents (insets of f). Panels
adapted with permission from: a, b, b1, b2, c, c1, c2 Ref. [32], Wiley-VCH; d, e, e1, e2, f Ref. [33],
Wiley-VCH

results in NDCs with nitrogen contents and N/C values very close to those estimated
from the experimental results. Despite these relationships, there is no clear evidence
for the connection between the nitrogen content of precursors and NDCs. Therefore,
designing N-doping carbon materials at the molecular level is still challenging and
ongoing.

4.4.1.2 Functional Polymeric Materials

For its favorable electronic conductivity, abundant functional groups, suitable
mechanical flexibility and facile synthetic routes, various kinds of polymers have
been recognized as promising sulfur scaffolds. Specifically, the heteroatoms such as
oxygen, nitrogen and the electronic conductivity of polymers can sequester soluble
lithium polysulfides and boost the sulfur transformation, respectively.
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Fig. 4.15 a Schematic showing the preparation of sulfur-polypyrrole (S-PPy) compositewith core–
shell structure with the help of decyltrimethylammonium bromide (DeTAB), a cationic surfactant.
b SEM image of the obtained sulfur particles, and its magnified SEM image is the inset (scale bar:
5 μm). c SEM image of the final S-PPy composites, and d single particle. e Schematic showing
the preparation of PAAMPSA-doped polypyrrole mixed ionic-electronic conductor (MIEC). f SEM
image of the obtainedMIEC. g, h SEM imagewith higher magnification for theMIEC and S-MIEC,
respectively. i, j The cyclic voltammograms (CV) at the first three cycles of the pristine sulfur and
S-MIEC composites, respectively. Panels adapted with permission from: a–d Ref. [35], RSC; e–j
Ref. [36], ACS

Oxygen and Nitrogen Containing Polymers

In 2009, a pioneering research reported that polyethylene glycol (PEG) coating on
mesoporous carbon (CMK-3) can help in confining polysulfides [12]. Next, a core–
shell sulfur-polypyrrole (PPy) composite cathodes was synthesized by Manthiram
et al. [35] To fabricate sulfur particles, the reduction of sodium thiosulfate with p-
toluenesulfonic acid (pTSA) was carried out first (Fig. 4.15a). The sulfonic acid
on the pTSA can provide protons and form sulfur nucleation micelles, endowing
the final sulfur particles with a uniform spherical shape and the diameter of which
is 5–10 μm (Fig. 4.15b). In the meantime, the surface of sulfur particles still has
small pores, which can facilitate electrolyte access. To get the surficial PPy coating,
the as-synthesized sulfur was then dispersed into the aqueous solution of cationic
surfactant (decyltrimethylammonium bromide (DeTAB)). With the help of DeTAB,
the obtained PPy nanoparticles should nucleate at sulfur particles directly. After
removal of the surfactant, the final PPy decorated sulfur was obtained as clearly
shown in Fig. 4.15c, d. On top of this, a soft polymer-doped PPy has been fabri-
cated as the mixed ionic-electronic conductor (MIEC) substrate of sulfur. Typi-
cally, the MIEC scaffolds could be obtained via the oxidation polymerization of
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pyrrole monomer (oxidant is ammonium peroxydisulfate) in the presence of poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAAMPSA) (Fig. 4.15e) [36]. As
shown in Fig. 4.15f, g, the MIEC substrate is a 3D, well-connected nanoparticle
matrix and the particles’ surface is smooth. It looks like that a soft polymer layer
is wrapped on the particles, which is likely to be PAAMPSA. The soft PAAMPSA
can not only strongly bond to MIEC particles but also facilitate the transportation
of Li+ ions. Moreover, the sulfonic acid groups of the dispersed MIEC nanoparti-
cles would cause the inhomogeneous charge (i.e., proton) distributions, forming the
uniform crystalline sulfur domains (Fig. 4.15h). As shown in the cyclic voltammo-
grams (CV) scanning, the slight shift for the narrower peaks of S-MIEC composite
cathode upon cycling can demonstrate its functionality for sulfur transformation
(Fig. 4.15i, j). Moreover, the two cathodic peaks of sulfur would increase upon
cycling, indicating the improved kinetics and increased utilization of sulfur. The
Coulombic efficiency (the specific value of the area under the two reduction peaks to
that under the oxidation peaks) was further calculated to be 78.6% and 70.5% for the
S-MIEC composite cathode and pristine sulfur cathode, respectively, demonstrating
the enhanced trapping of soluble lithium polysulfides by MIEC nanoparticles.

During the discharge of C/S composite cathode, the final LixS (x = 1, 2) would
detach from the carbon surface, as shown in Fig. 4.16a, b [37]. The final lithium
sulfide would shrink and away from the carbon, indicating the leakage of interme-
diate polysulfides through the openings of hollow carbon nanofibers. Through DFT
calculations, one can find that the C–C bond would adsorb sulfur atom (x = 0)
and deliver a binding energy of 0.79 eV (Fig. 4.16e). Once being lithiated, the sulfur
would bind weaker with carbon than the pristine sulfur. For LiS (with binding energy
of 0.21 eV) and Li2S (with binding energy of 0.29 eV) clusters, the distance between
these sulfur atoms and graphene (C–C) are 0.338 nm and 0.367 nm, respectively,
much larger than that of elemental sulfur and graphene (0.216 nm). To ameliorate this
problem, poly(vinylpyrrolidone) (PVP) was incorporated to perfect the hydrophobic
interface of carbon. According to the calculations, the lithium (Li) atoms in LixS
species can bind the oxygen atom of NMP (bond length ~0.185–0.189 nm) and
deliver binding energies of 1.29 and 1.01 eV for the LiS and Li2S molecules, respec-
tively (Fig. 4.16h, NMP is the modeling molecule of PVP because they have similar
functional groups). As vividly shown in Fig. 4.16c, d, after the PVP modification,
the final lithium sulfide would bind strongly with the carbon surface, even though
there have some localized detachments.

Further research was also carried out to explore the best functional groups to bind
Li2S and other lithium polysulfides (Li2Sn, 4 ≤ n ≤ 8) (Fig. 4.17a–j) [38]. Ab initio
simulations showed that the oxygen (O), nitrogen (N) and halogen atoms with lone
pairs on electron-rich groups are capable of forming a coordination-like interaction
with the lithium atoms of Li2S. The carbonyl (>C=O) groups in esters, ketones and
amides delivered the binding energies of 1.10, 0.96 and 0.95 eV with Li2S, which
was the strongest interaction. The lithium atoms in lithium polysulfides would bind
to the doubly bonded oxygen atom in >C=Ogroup directly and form a strong lithium-
oxygen (Li–O) bond, which is the relatively most stable configuration. This kind of
strong force originates from the electron deficiencyLi+ and the electron donor oxygen
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Fig. 4.16 a, b TEM images of the pristine S/C cathode and after discharge to 1.7 V. c, d TEM
images of the pristine polymer functionalized S/C cathode and after discharge to 1.7 V. The yellow
line is the EDS counts of the sulfur signal along the dashed line, and the scale bar is 500 nm.
Calculated interactions between bare carbon and e S, f LiS and g Li2S. h Schematic interaction
between carbon and PVP (top panel), and the under panel are the interactions between the PVP and
LiS/Li2S via ab initio calculations, respectively. Panels adapted with permission from Ref. [37],
ACS

atoms in >C=O groups. In addition, the relevant end groups of polysulfides—Li–
S·species (e.g., Li-S-Sn-2-S-Li; Li2Sn in short, 4≤ n≤ 8) deliver the binding energies
between 1.20 and 1.26 eV with >C=O groups, which is the strongest interactions
either. The most stable configuration of the bond between Li–S species and >C=O
groups is the same as the case of Li2S. Therefore, a polymer has abundant >C=O
groups (poly(vinylpyrrolidone), PVP) that can endow much-improved kinetics for
Li2S cathodes. Another polymer, for example, poly(anthraquinonyl sulfide) (PAQS),
had been utilized to confine polysulfide shuttling either (Fig. 4.17k–m) [39]. Both
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Fig. 4.17 a Calculated binding energies of Li2S with various groups (R) functionalized vinyl poly-
mers (–(CH2-CHR)n-). b–d Calculated configuration and binding energy of Li2S with b ester,
c ketone and d amide groups functionalized vinyl polymers. e Schematic showing the Li–O
interaction between Li2S and >C=O group. f Calculated binding energies of Li–S· species with
various groups (R) functionalized vinyl polymers (–(CH2-CHR)n-). g–i Calculated configuration
and binding energy of Li–S· species with g ester, h ketone and i amide groups functionalized vinyl
polymers. j Schematic showing the Li–O interaction between Li–S· species and >C=O groups. k
Molecular formula of poly (anthraquinonyl sulfide) (PAQS). l,m The calculated adsorption config-
uration of Li2S and Li–S· species on PAQS. Panels adapted with permission from: a–j Ref. [38],
RSC; k–m Ref. [39], ACS

PVP and PAQS are rich in >C=O groups, but PAQS exhibits a stronger polysulfide
trapping effect apparently. The binding energies between PAQS and Li2S and Li–
S·species are 2.1 and 2.5 eV, respectively, which are significantly stronger than that
of PVP. Apart from the Li–O interaction, the more rigid molecular conformation of
PAQS that resulted from its conjugated backbone units may incur its particularly
strong interaction with Li2S either.

Actually, the Li–O interaction between the lithium in lithium polysulfides and
the oxygen in >C=O group should be recognized as “Li bonds”. The thiol-ene
chemistry was adopted by Goodenough et al. to fabricate cross-linked polymers
with various functional groups such as 1,6-divinylperfluorohexane (FC), di(ethylene
glycol) divinyl ether (EO), divinyladipate (ester), and 1,6-bis(vinylsulfone)hexane
(sulfone) (Fig. 4.18a) [40]. Specifically, these groups were separately polymerized
with tetrathiol cross-linker (pentaerythritol tetrakis (3-mercaptopropionate), PETT),
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Fig. 4.18 a Schematic showing the thiol-ene reactions between a tetrathiol crosslinker and difunc-
tional ene monomers, and the polymer decoration process on sulfur-loaded carbon paper electrodes.
b Lithium (Li) 1 s spectra of XPS test and d ATR-FTIR spectra of bare S/C composite, PETT-FC,
PETT-EO and PETT-ester-coated composites after discharging to 1.5 V, respectively. c Schematic
diagram of the “lithium bond” between lithium polysulfides and ester group. Panels adapted with
permission from Ref. [40], RSC

and the final membranes were marked as PETT-FC, PETT-EO, PETT-ester, and
PETT-sulfone, respectively (Fig. 4.18a). To sequester the shuttling of soluble lithium
polysulfides, the S/C composite was coated with these neat membranes for electro-
chemical tests. As shown in Fig. 4.18b, d, the pristine S/C electrode has an addi-
tional peak located at 53.69 eV and indicates the decomposition of electrolyte (Li2O
is the decomposed byproduct). When the S/C electrode was coated with polymer
membrane, the electrolyte stability could be improved because only one peak asso-
ciated with Li2S could be found. It is worth noting that the PETT-sulfone sample
was not tested because the initial cycling would not produce Li2S. As shown in the
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Li 1 s XPS peaks of the bare, PETT-FC, PETT-EO and PETT-ester electrodes, the
introduction of functional groups would shift these peaks to lower values gradually
(55.19, 54.95, 54.65 and 54.40 eV, respectively) (Fig. 4.18b), demonstrating that the
lithium of Li2S would be partially reduced by these polymer coatings. As to the FTIR
spectra, compared with the pristine sulfur electrodes, there is clear evidence for the
red shifts of the COO stretch vibration and blue shifts of the CO vibration in the
PETT-FC, PETT-EO and PETT-ester electrodes, respectively (Fig. 4.18d). All these
results clearly manifest the fact that the carbonyl double bond would release charge
to the lithium of lithium polysulfides, forming a lithium bond with asymmetric struc-
tures (Fig. 4.18c). The pure sulfur should interact with these groups through Van der
Waals interaction. However, upon lithiation, the asymmetric bonding becomes the
dominant one. In this regard, forming lithium bonds between some special functional
groups in polymer backbone and polysulfides can alleviate the shuttling effect, and
dramatically increase the electrochemical performance of sulfur cathode.

The peak shifting degree in XPS and FTIR signals can reflect the real density
of the ester group in sulfur cathode, and if the ester groups have higher density,
the shifts would be greater. For example, although PETT-FC and PETT-EO have
the same amount of ester groups in their backbones, the PETT-FC can uptake more
electrolytes and therefore deliver a lower density of ester. Therefore, the PETT-ester
possesses the highest ester density, and its swelling degree is even lower than that
of PETT-EO. Consequently, the neat membrane constructed by PETT-ester is more
effective to bind lithium polysulfides, resulting in a high initial discharge capacity
and a more stable cycle life. It should be noted that everything is a double-edged
sword, because the abundant presence of electron-donating groups may impede Li+

transportation in themeantime. Therefore, it is important to select a suitable electron-
donating group that is capable of trapping lithium polysulfides yet does not hamper
Li+ diffusion simultaneously. Moreover, the amount of the polymerized functional
groups should be adjusted to get the optimal value.

The lithium–nitrogen interaction can also be utilized to confine polysulfides shut-
tling. By encapsulating Li2S with conducting polymer-polypyrrole (PPy) via in situ
polymerization of pyrrole, a Li2S-PPy composite sulfur cathode can be obtained
[41]. On the one hand, the conductive PPy can facilitate the electronic conductivity
of electrode. On the other hand, the N atoms in PPy polymer could form strong Li–N
interaction with Li2S, endowing PPy the ability to restrain the shuttling of soluble
polysulfides. Specifically, the lone pair electrons on the N atoms in PPy are capable
of forming a coordination-like interaction with the lithium of Li2S (Fig. 4.19a, b).
The calculated binding energy between Li2S and PPy was 0.5 eV. Moreover, an
analogical Li–N bond between PPy and Li–S·species, the corresponding end groups
of long-chain lithium polysulfides, would empower PPy to restrain the shuttling of
polysulfides during cycling. As evidence, the additional Li–N peak of Li 1 s high-
resolution XPS spectroscopy and the red shift in the Raman peak position of the
Li2S-PPy composites prove the existence of Li–N bond (Fig. 4.19c, d).

Further, a more complicated molecule—alkoxy silane-functionalized amine and
imidazolium chloride—was reported to possess higher binding energies for Li2Sx
than a nitrogen-rich polymer PAN[42]. For its preparation, amixture of carbon, sulfur
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Fig. 4.19 a Structure and b molecular formula of the most stable Li–N interaction between Li2S
with PPy polymer through ab initio calculations, respectively. c High-resolution Li 1 s spectra
of XPS and d Fitted Raman spectra of the T2g Raman peak of the pristine Li2S and Li2S-PPy
composites, respectively. Panels adapted with permission from Ref. [41], RSC

and a nitrile-containing molecular sorbent was mixed in N-methyl-2-pyrrolidone
(NMP) solvent followed by high-speed mixing firstly (Fig. 4.20a). During the heat
treatment process of the slurry-coated electrode, trace amounts of moisture and the
extra thermal energy would trigger the cross-link of alkoxysilane groups and the
carboxylic acid, phenols, and other species present on the surface of the carbon
to anchor sparsely to the surface of conductive additives (step 2). Upon battery
discharge, a lithium–nitrile interaction between lithium polysulfides and tethered
nitrile groupswould be initiated (step 3), restraining the polysulfide loss to electrolyte
(Fig. 4.20a).



4 Physical and Chemical Adsorption of Polysulfides 143

Fig. 4.20 a Methods to introduce Li–N interactions to sequester lithium polysulfides in S/C
cathode. b Simulated structures and binding energies between the soluble lithium polysulfides
and four nitrile-containing molecules such as (3-trimethoxysilylpropyl) diethylenetriamine (TMS-
PDTA); 1-methyl-3-trimethoxysilane imidazolium chloride (IM-Cl); polyacrylonitrile (PAN);
polyvinylpyrrolidone (PVP). The polysulfide species Sx2− was represented by the yellow balls,
while the purple is lithium, the blue is nitrogen, the gray is carbon, the orange is silicon, the red is
oxygen, the white is hydrogen and the green is chlorine. Panels adapted with permission from Ref.
[42], Wiley-VCH
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The DFT calculated relaxed structures can explain the interaction between the
nitrile groups and Li2Sx molecules, as shown in Fig. 4.20b. For polymer like PAN
which has isolated nitrile groups as an open-chain segment, the lithium atoms of
Li2Sx would bond with its nitrogen atoms directly. In addition, if one single molecule
containsmultiple nitrile groups, as in the case of TMS-PDTA, Li2Sx would bondwith
it via lithium–nitrile interactions through its preference binding location. However,
when the nitrile group is incorporated in a ring structure (e.g., IM-Cl and PVP), the
Li2Sx species would be confined by strong lithium–oxygen (e.g., PVP) and even
stronger lithium–chlorine interactions (e.g., IM-Cl), but non-existent of lithium–
nitrile interactions.

Conductive Polymers

As we have mentioned in the former section, the electronic conductivity of PPy
can boost the electrochemical performance of Sulfur cathode. Therefore, other
well-known conductive polymers such as polyaniline (PANI), and poly(3, 4-
ethylenedioxythiophene) (PEDOT) may have this effect either (Fig. 4.19a) [43].
Typically, these conductive polymer-coated hollow sulfur cathodes were fabricated
via in situ polymerization of the corresponding monomer on sulfur nanoparticles.
As we have discussed before, the heteroatoms (such as oxygen, nitrogen and sulfur)
with lone electron pairs are able to interact with the lithium atom in LixS (0 < x ≤
2) via strong Li–O, Li–N and Li–S interactions. As shown in Fig. 4.21b, c, both the
oxygen and sulfur atom of PEDOT could form a chelated coordination structure with
the lithium atom in Li2S, giving a strong binding energy of 1.22 eV. In comparison,
both the heteroatoms of PANI and PPy would bind with the lithium atoms of Li2S via
π -σ coordination, which delivers weak interaction (0.67 eV and 0.64 eV for PANI
and PPy, respectively). As to the end Li–S species of soluble lithium polysulfides,
PEDOT can still deliver an almost twofold binding energy (1.08 eV) than that of
PANI (0.59 eV) and PPy (0.50 eV). The stronger binding affinity between PEDOT
polymers and soluble lithium polysulfides can reduce the polysulfides shuttling more
efficiently and result in a more stable cycling performance (Fig. 4.21d).

4.4.1.3 Metal Compounds

For its well-known polarization, various metal compounds have been reported to
constrain polysulfides via polar–polar interactions through forming metal-sulfur or
heteroatoms-lithium bonds. Oxides such as Ti4O7, TiO2, Co3O4, Fe3O4, Al2O3 and
sulfides such as Co9S8, MoS2 and TiS2 have been incorporated to anchor polysul-
fides. Many phenomena, such as polar–polar interactions-induced charge transfer
and configuration distortion, have been proved by both theoretical and experimental
results. Besides, some metal nitrides and carbides may confine polysulfides either,
and both of them deliver desirable electronic conductivity and structural stability.
They may show the capability to confine soluble polysulfides, but their dominating
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Fig. 4.21 a Structures of PEDOT, PPy, and PANI, the doped and undoped parts in these polymers
are m and n separately, and the incorporated counterion during polymerization is X. b, c Calculated
configurations and binding energies of b Li2S and c Li–S· species with PEDOT, PPy and PANI,
respectively. d Cycle performances of hollow sulfur nanospheres cathodes decorated with ~20 nm
PANI, PPY and PEDOT polymers, respectively. Panels adapted with permission from Ref. [43],
ACS

effect should be the catalytic transformation of sulfur species, and we won’t discuss
these compounds in this chapter.

Oxides

In 2004, the nano Mg0.6Ni0.4O particles were utilized as electrochemically inac-
tive additive to improve the performance of sulfur cathode [44]. According to the
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Fig. 4.22 a Sulfur content dissolved in liquid electrolyte upon cycling of Mg0.6Ni0.4O/S cathode.
b Cycle performance of Li–S batteries: (1) without and (2) with nano Al2O3 (upper dot-line).
c Schematic showing the preparation process of PEALD-coated S-ACFs electrode. d Schematic
illustration of the gas exposure induced conformal alumina coating around S-ACF particles. e SEM
image of sulfur electrode with SBA-15 particles after discharging to 2.15 V at the 40th cycle, scale
bar is 200 nm. f SEM image of sulfur electrode with SBA-15 particles after discharging to 1.5 V at
the 40th cycle, scale bar is 500 nm. Panels adapted with permission from: a Ref. [44], IOP; b Ref.
[45], IOP; c, d Ref. [46], Wiley-VCH; e, f Ref. [47], NPG

sulfur quantitative analysis, the addition of Mg0.6Ni0.4O particles can reduce the
content of dissolved lithium polysulfide, demonstrating its polysulfide adsorbing
effect (Fig. 4.15a). In addition, the addition of nano Al2O3 particles can also give
advantageous effects for restraining the shuttling effect, and improve the electro-
chemical performance of sulfur cathode (Fig. 4.22b) [45]. Most of the researches
adopted a facile sol–gel route for the surface oxide coating of sulfur particles.
However, this methodwould incur uneven coating and need pretty high oxide content
to fully block the shuttling of polysulfides. In addition, the sol–gel process always
has water remaining, which can cause significant cell degradation, especially for the
high-temperature Li–S batteries. Furthermore, due to the high electrical resistance of
metal oxides, additional electronic conductive additives are always needed to facili-
tate sulfur transformation, which sacrifices the merits of gravimetric and volumetric
capacity of sulfur cathode.

Hence, a plasma-enhanced atomic layer deposition (PEALD) was developed to
produce a thin but uniform Al2O3 coatings on the inner surface of sulfur parti-
cles (Fig. 4.22c) [46]. During the material preparation, it uses oxygen but not H2O
vapors as the oxidant, and this is in distinct contrast to the traditional atomic layer
deposition (ALD) process. Therefore, the PEALD process on one electrode can
avoid undesirable water-soluble binder swelling. In addition, the rapid PEALD of
aluminum oxide was carried out after the electrode is fully dried, which is helpful in
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retaining good electronic conductivity within the electrode and avoiding sulfur evap-
oration (Fig. 4.22d). Moreover, the PEALD process does not produce extra oxides
in between the neighboring sulfur particles and does not increase the resistance of
the electrode significantly. In all, the PEALD has the following merits: low opera-
tion temperature (~20 °C), homogeneous coatings and faster deposition rates. It is a
promisingmethod to develop other metal compounds to confine lithium polysulfides.

Triblock copolymer-templated silica (SiO2, SBA-15) has long been utilized as
substrate in repeatable drug delivery system, for its large pore volume, high surface
area, interconnected pore structure and hydrophilic surface. Inspired by this, a
carbon–sulfur nanocomposite with SBA-15 as additive was fabricated [47]. Typi-
cally, the addition of SBA-15 would help to confine the soluble lithium polysul-
fides within sulfur cathode. At the 40th cycle, the cell was discharged to 2.15 V
and then the electrode material was extracted under the protection of inert atmo-
sphere to determine the polysulfides adsorption capability of SBA-15. When it was
discharged to 2.15 V, elemental sulfur would be completely converted to soluble
polysulfide species (Li2S6). According to the SEM and EDX results in Fig. 4.22e,
a collected sulfur/phosphorus (S/P) atomic ratio of 3.4 could be observed from the
EDX signals from an SBA-15 particle (red square). In addition, the other two cells
were discharged to 1.5V at the 40th discharge process, and then the electrodematerial
was further characterized to determine whether the adsorbed polysulfides at 2.15 V
can be desorbed upon further discharging, as shown in Fig. 4.22f. According to the
test results, the SBA-15 has a much lower average S/P ratio of 0.2. By comparing
these results, one can estimate that almost ~94% of the sulfur species adsorbed on
the SBA-15 particles would be reduced even after 40 cycles. Therefore, the addi-
tion of SBA-15 will significantly reduce the polysulfide anion concentration in the
electrolyte, hinder the shuttling of soluble lithium polysulfides and, in turn, prevent
activemass loss on both cathode and anode. These results are effective inmanifesting
the positive function of SiO2 particles toward sulfur transformation, including the
adsorption of soluble lithium polysulfides and following reduction of them.

Electropositive titania (TiO2) can also be utilized to confine soluble lithium poly-
sulfides [48]. From the FTIR and Raman spectroscopy of TiO2, Li2S4 and their
composites, the interaction between TiO2 and sulfur can be disclosed. As shown in
Fig. 4.23a, Ti–O band (571 cm−1) and S–S band (492 cm−1) existed at the pure phase
α-TiO2 and Li2S4, respectively. However, if the Li2S4 was fabricated in the presence
of α-TiO2, a new band would be formed at 534 cm−1. This may originate from the
sulfur and α-TiO2 interaction (forming S–Ti–O bond), namely the bond between
α-TiO2 and Li2S4. The Raman spectra of α-TiO2 and α-TiO2/Li2S4 can also support
this. As shown in Fig. 4.23b, the two peaks of neat α-TiO2 at ~395 and ~525 cm−1

would shift to ~410 and ~515 cm−1 for the α-TiO2/Li2S4 sample. Both results show
the fact that the surrounding chemical environment of the titanium atoms of α-TiO2

particles is altered by the addition of Li2S4. To mitigate the volume change and shut-
tling effect of sulfur cathode simultaneously, a sulfur-TiO2 yolk-shell composite was
developed for sulfur cathode [49] (Fig. 4.23c). As shown in Fig. 4.23d, e, the internal
void space could accommodate the large volumetric expansion (~80%) during the
lithiation process, avoiding the broken of TiO2 shell and minimizing polysulfide
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Fig. 4.23 a FTIR spectra of pure α-TiO2 (top, blue), pure Li2S4 (middle, orange), and mixed
α-TiO2/Li2S4 (bottom, black) sample. b Raman spectra of pure α-TiO2 (top, blue) and mixed
α-TiO2/Li2S4 (bottom, black). c Schematic showing the formation of sulfur-TiO2 yolk-shell nanos-
tructures. d SEM and e TEM of the as-synthesized yolk-shell nanostructures, the scale bars of
(d) and (e) are 2 μm and 1 μm, respectively. f Schematic showing the electron transfer between
Li2S4 and Ti4O7 (yellow: sulfur, green: lithium, blue: titanium, red: oxygen). g Operando XANES
detected distribution of sulfur species during discharge. The black, blue and red represent the Li2S,
the sum of Li2S6 and Li2S4 and bare sulfur, respectively. Panels adapted with permission from: a,
b Ref. [48], ACS; c, d, e Ref. [49], NPG; f, g Ref. [10], NPG

dissolution. Further, the high adsorption capability of TiO2 toward soluble lithium
polysulfides can also increase the utilization of active sulfur. Both of them are effec-
tive to boost the electrochemical reaction of sulfur cathode, and let the final cathode
can be cycled over 1000 cycles at 0.5 C.

Ti4O7 is a substoichiometric TinO2n-1 Magnéli phase and has always been used
as catalyst support for its superior electronic conductivity (about threefold greater
than graphite). By melt-infusion sulfur on the Ti4O7 host, the S-Ti4O7 cathode could
achieve an excellent cycling performance [10]. According to the DFT calculations,
a movement of electrons exists between the sulfur atoms in lithium polysulfides and
the electropositive titanium and/or oxygen vacancies at the interface (Fig. 4.23f).
And the terminal sulfur atom which has a higher electron density is more affected
by this effect. According to the sulfur species distribution obtained from XANES
K-edge spectra of Ti4O7/S electrode (Fig. 4.23g), the fraction of soluble lithium
polysulfides (sum of Li2S6 and Li2S4) intermediates is significantly decreased at all
discharge states (with the max of 40% for Ti4O7 and 87% for carbon, respectively),
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Fig. 4.24 a Schematic showing the preparation of nanosized Li2S@TiS2 core–shell structures. b
Calculated configuration of Li2S on a single layer of TiS2, which delivers a binding energy of
2.99 eV. Panels adapted with permission from Ref. [50], NPG

and the final Li2S would precipitate much earlier and more quickly at the existence
of Ti4O7. Therefore, the lithium polysulfides that chemically bonded with Ti4O7 are
more readily to be reduced to Li2S than that on the surface of carbon, demonstrating
that theTi4O7 host can empower amore efficient electron transfer to the electro-active
sulfur species.

Sulfides

Since the interior strong polarization of metal sulfides, it would show significant
chemical interaction with soluble lithium polysulfides. In addition, most of the lithi-
ation of metal sulfides would occur at voltages lower than 1.5 V (vs. Li+/Li), which
is lower than a typical operating window of sulfur cathode (1.7–2.8 V). Therefore,
metal sulfides can ensure their integrity when used as a sulfur substrate, avoiding
harmful side reactions.

For the polar structure and high electronic conductivity, titanium disulfide (TiS2),
a two-dimensional (2D) layered transition metal disulfide, was utilized as the outer
shell for Li2S particles [50] (Fig. 4.24a). The electronic conductivity of the final
Li2S@TiS2 core–shell nanostructures is 5.1 × 10–3 S cm−1, which is 10 orders of
magnitude higher than that of pure Li2S (10–13 S cm−1). DFT calculations disclose
the strong bonding between the lithium atoms of Li2S and the sulfur atoms in TiS2,
with 10 times higher binding energy (2.99 eV) than that between Li2S and bare
carbon substrate (single-layer graphene, Fig. 4.24b). Different from the graphene
substrate which is covalently bonded and delivers a non-polar structure, the polar–
polar interaction between TiS2 and Li2S is very strong. Due to the similar chemical
environment of the lithium atoms of Li2Sn species and Li2S, the TiS2 can bind
Li2Sn species through polar–polar interaction either. Benefiting from the excellent
electronic conductivity and chemical bonding, the outer TiS2 shell can effectively
alleviate the problems of both sulfur and Li2S cathodes during cycling.

The cobalt sulfides are also ideal sulfur substrate for their excellent thermal
stability and electronic conductivity. For example, Co9S8 is a high-temperature peri-
tectic phase of the Co–S compounds series and delivers an ultrahigh room temper-
ature electronic conductivity of 0.29 × 103 S cm−1. This is good for the transfor-
mation kinetics of sulfur cathode. A rapid and scalable microwave solvothermal
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Fig. 4.25 a, b SEM and TEM image (the inset is the HRTEM), and c N2 adsorption/desorption
isotherm (the inset is the BJH method modeled pore size distribution) of the graphene-like Co9S8.
d The Li2S4 adsorption capability of Co9S8 measured by electrochemical titration, which was
compared with meso-TiO2, nanosized Ti4O7, Vulcan carbon and Super P. Panels adapted with
permission from Ref. [51], RSC

method could be adopted to fabricate graphene-like Co9S8, and its interconnected
nanosheets would build a 3D network structure (Fig. 4.25a, b) [51]. The solvent
dipole-microwave interaction would produce superheated regions rapidly and fabri-
cate 3D porous Co9S8 within a very short time. Consequently, the final Co9S8 has a
large pore volume (1.07 cm3 g−1, Fig. 4.25c). Through DFT calculations, one can
find that there is a slight distortion of Li2S2 which adsorbed on Co9S8, indicating
the strong interaction between them. Moreover, the Li2S2 shows vibrational binding
energy with a different crystallographic surface of Co9S8. For example, 2.22 eV for
(002) surface, 3.24 eV for (202) surface and 6.06 eV for (008) surface, respectively.
The strongest binding energy of 6.06 eV results from the uncoordinated surface
cobalt atoms in the (008) plane of Co9S8. Therefore, a coupled interaction such as
Sn2−-Coδ+ (dominating) and Li+-Sδ− (of Co9S8) exists between Co9S8 and Li2Sn
species. Through the quantitative analysis of the lithium polysulfides adsorption and
the ability of various materials such as Co9S8, Vulcan carbon, Super P, TiO2 and
Ti4O7, one can find that the adsorbed content on Co9S8 (i.e., surface area normal-
ized) is over five times that of titanium oxides, indicating the superiority of Co9S8
in confining soluble lithium polysulfides (Fig. 4.25d).

Anothermetal sulfide, CoS2, is half-metallic and has a pyrite-type crystal structure
that has been utilized as conductive host for sulfur cathode either [52]. Comparedwith
Co9S8, CoS2 possesses an even more higher room temperature electronic conduc-
tivity of 6.7 × 103 S cm−1. As shown in Fig. 4.26a, with the addition of CoS2, the
dissolved lithium polysulfides were thoroughly decolored, manifesting the existence
of strong affinity between polar CoS2 to Li2S4 through Co–S interaction. However,
the graphene showed almost no sign of change in the color of Li2S4/DME solution,
indicating its faint interaction with Li2S4. Furthermore, the calculated binding ener-
gies between Li2S4 and graphene or CoS2 have a significant difference. As shown in
Fig. 4.26b, the binding energy between CoS2 and Li2S4 is 1.97 eV, which originates
from the coupled interaction such as Sn2−-Coδ+ and Li+-Sδ− (of Co9S8) between
CoS2 and Li2Sn species. However, unlike the Co9S8 with the dominating interaction
of Sn2−-Coδ+, the main force of CoS2 is unknown yet.
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Fig. 4.26 a Digital photos of the Li2S4 adsorption on graphene and CoS2 with the same contact
area. b Calculated geometry and binding energy of one Li2S4 molecule on graphene (left), and
(111) plane of CoS2 (cobalt-terminated surface), respectively. Panels adapted with permission from
Ref. [52], ACS

4.4.2 Lewis Acid–Base Interactions

Metal–organic framework (MOF) is constructed by coordinated outer organic linkers
and innermetal ions, and it possesses adjustable composition, structures and porosity.
From the perspective of electronic conductivity, MOFs are not suitable for sulfur
transformation due to their insulating nature. However, the Lewis acidic metal ions
inside one MOFs can anchor Lewis basic lithium polysulfide species. In addition,
for its multiple porous structure, MOFs can realize high sulfur loading and deep
electrolyte penetration and make them more suitable for sulfur scaffolds.

As aforementioned, the insulating nature of MOFs would limit its application
in sulfur cathode, while it has multiple merits such as tunable chemical composi-
tion, structures and porosity. The successful application of LiFePO4 gives people a
lesson that the conductive coating can alter the electrochemical activity of insulating
materials. Hence, Tarascon et al. first prepared the S@MOFs composite cathode by
classical melt-diffusion sulfur at 155 °C (schematic illustration shown in Fig. 4.27)

Fig. 4.27 Schematic illustration of themelt-infusion process of S@MOF composite cathode. Panel
adapted with permission from Ref. [56], ACS
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[53]. They choseMIL-100(Cr) (MIL:Materiaux Institut Lavoisier) as sulfur scaffold,
for its pore volume could reach ~1 cm3 g−1 and unique structures. For example, its
microporous pores (pentagonal, ~0.5 nm; hexagonal, ~0.9 nm) are connected with
mesoporous cages (~2.5–2.9 nm). Compared with carbon materials with non-polar
structure, both MOFs and mesoporous silica deliver polarized structure and this is
the reason why they are capable of binding strongly with soluble polysulfides. There-
fore, both S/silica and S/MOF composite cathodes exhibited better electrochemical
performance compared to the S/C cathode (Fig. 4.28a). Furthermore, carbon mate-
rials such as graphene wrapping can build a good electron transport pathway as well
as acting as a physical barrier for S@MOFs composite, improving its cycle stability
and rate performance dramatically [54].

Further, Ni-MOF (Ni6(BTB)4(BP)3, (BTB = benzene-1,3,5-tribenzoate and BP
= 4,4′-bipyridyl), Fig. 4.28b) was found can immobilize polysulfides through both

Fig. 4.28 a Cycle performance of various sulfur cathodes (i.e., SBA-15/S, MIL-100(Cr)/S and
mesoporous carbon/S) at C/10 in the voltage range of 1.0 and 3.0 V. b Structure of Ni-MOF,
which contains two different types of pores represented by dark yellow sphere (mesopore) and
blue sphere (micropore) (gray, carbon (C); red, oxygen (O); green, nickel (Ni); blue, nitrogen (N)).
c Schematic showing the interaction between polysulfides (Li2S4) and the paddle-wheel unit in
Ni-MOF. d Comparison of the bond strength of various lithium polysulfides with Ni-MOF and
Co-MOF. Panels adapted with permission from: a Ref. [53], ACS; b, c, d Ref. [55], ACS
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physical and chemical interactions remarkably [55]. Specifically, the soluble lithium
polysulfides could be effectively confined via the axial ligand formedby the coordina-
tion between the soluble polysulfides anion (soft Lewis base) andNi (II) center (Lewis
acid)) of Ni-MOF. According to the DFT calculations, the Li2S8/Li2S6/Li2S4/Li2S2
could be stably retained within the pores of Ni-MOF (Fig. 4.28c, d). In addition,
the strength of the Lewis acid–base interaction would increase with the increasing
of the chain length of lithium polysulfides. After changing the center metal ions to
Co2+, the final S@Co-MOF composite cathode exhibits inferior cycling performance
than the Ni (II) counterpart, even though it possesses better electronic conductivity
(high electronic conductivity of Co-MOFs). The Irving-Williams Series governs
the performance of S@MOFs composite. According to this principle, as to the
high-spin complexes of divalent ions (sp3d2 hybridization) of first-row transition
metals, the stability constant for the complex formation follows the order of Mn(II)
< Fe(II) < Co(II) < Ni(II) < Cu(II). Based on this, Cu(II)-embedded zirconium-
metalloporphyrin framework MOF-525(Cu) was fabricated as a sulfur scaffold, and
it accomplished excellent cycling and rate performances simultaneously (Fig. 4.29)
[56].

Some useful guidelines can be concluded to prepare high-performance S@MOFs
composite cathode. Decreasing the particle size of MOFs is helpful in boosting the
ion and electron transportation and result in a high discharge capacity. In addition,
the relatively smaller apertures coupling with Lewis acidic center that has an affinity
with the polysulfide anions can help realize a stable yet long-term cycling. Based on
this, future direction for S@MOFs cathode can be categorized as follows: (i) wrap the
S@MOFs particles with materials has high electronic conductivity such as carbon
nanotubes or graphene, to enhance the redox kinetics of sulfur transformation, (ii)
reduce the dimensions of MOFs to increase sulfur utilization and ion transportation,
(iii) enlarge the cages and reduce the windows of MOFs and (iv) develop advanced
MOFs with stronger affinity with soluble lithium polysulfides [57].

Fig. 4.29 a Cycle performance of S@MOF-525(2H), S@MOF-525(FeCl) and S@MOF(Cu)
composite cathode with the Coulombic efficiency of S@MOF(Cu). b Rate capability of S@MOF-
525(2H), S@MOF-525(FeCl) and S@MOF(Cu) composite cathode. Panels adapted with permis-
sion from Ref. [56], ACS
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Since Gogotsi et al. fabricated MXenes by selective etching of the A element of
MAXphases in aqueousHF solution, it has caught the attention of researchers all over
the world [58]. The introduction of functional oxygen groups on Ti2C nanosheets
happened during the exfoliation and delamination of MXenes. In addition, the surfi-
cial Ti atom on Ti2C nanosheets has unoccupied orbitals and an underlying delocal-
ized band structure, which give it a metallic conductivity. Moreover, the electroneg-
ative S atoms in polysulfides can lower the electron density of the surface Ti atoms,
resulting in a higher binding energy than Ti-C bond (Fig. 4.30a). Actually, a coordi-
nation existed between the unoccupied orbitals of the surface Ti atoms of MXenes
and an electron-donating host (lithium polysulfide species), forming a Lewis acid–
base interaction [59]. The MXene phases with hydroxyl functionalization have low
resistivity (0.03 μ� m), behaving as semiconductors with a very small band gap of
0.05 eV. On top of these merits, the final S@Ti2C cathode can retain a discharge
capacity of 723 mAh g−1 after 650 cycles.

Fig. 4.30 a Schematic showing the S–Ti–C bond to replace the Ti–OH bond on theMXene surface
during heat treatment or touched with polysulfides. b Long-term cycle performance of S/Ti2C
composite cathode cells were conditioned at small current density (C/20) for one cycle before
cycling at C/2. Panels adapted with permission from Ref. [59], Wiley-VCH
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Fig. 4.31 Schematic
showing the redox
interactions induced by
δ-MnO2 substrate. Panel
adapted with permission
from Ref. [8], NPG

4.4.3 Redox Interactions

Redoxmediators have long been utilized as catalysts for the chemical reaction which
is difficult to take place, and it can be utilized to adjust the sulfur transformation either.
Once the soluble lithium polysulfides react with the redox mediators, it would inhibit
its shuttling. MnO2 nanosheets were initially chosen as the prototype to act as redox
mediators for sulfur cathode [8]. As shown in Fig. 4.31, during the discharging, the
initially generated polysulfides would react with MnO2 to form thiosulfate groups.
With further discharging, the newly formed polysulfides would react with the thio-
sulfate groups to generate polythionate complexes and shorter-chain polysulfides
simultaneously. Benefiting from the relatively poor solubility of the polythionate
complex, the shuttling of polysulfides can be dramatically suppressed. Materials
having a redox window higher than sulfur (2.4–3.05 V) were able to initiate the
redox interaction to chemically anchor polysulfides [60].

4.4.4 Summary

Chemical adsorption of polysulfides is important for sulfur transformation. Three
kinds of binding energies: (1) polar–polar interactions; (2) Lewis acid–base inter-
actions; (3) redox interactions are discussed in this section. Carbon materials with
doped heteroatoms such as nitrogen, oxygen, sulfur and so on deliver polarized elec-
tron distribution, and tend to bind with soluble lithium polysulfides. By adjusting
the species of dopant atoms, the binding energy could be regulated. In addition,
polymers always have multiple kinds of heteroatoms and can alleviate the shuttling
effect either. In this regard, conductive polymers may be good choices to construct
sulfur cathode for its excellent electronic conductivity. Moreover, metal compounds
with high polarization could be utilized as scaffold or additive for sulfur cathode,
for their superior binding energies with polar polysulfides. MOFs have Lewis acidic
metal ions and hierarchical porous structure can confine polysulfides through Lewis
acid–base interactions with soluble lithium polysulfides. Redox adjustment of sulfur
transformation ismore like catalytic conversion of sulfur cathode. In all, the chemical
adsorption of soluble lithium polysulfides can restrain the shuttling effect efficiently.
But only with the help of high electronic conductivity, the chemical adsorption can
maximize its function for sulfur transformation.



156 B. Li and Y. Liu

4.5 Interlayer

Originating from the severe shuttling of lithium polysulfides, Li–S batteries suffer
from rapid Coulombic efficiency declining and irreversible capacity fading. Apart
from the modification of sulfur electrode directly, a novel interlayer was designed
by Manthiram et al. to tackle these problems [61]. Specifically, just as its name
implies, the interlayer, a conductive and porous paper comprised of multiwalled
carbon nanotube (MWCNT), was inserted between the cathode and separator, as
schematic in Fig. 4.32. Through this insertion, the shuttling effect could be largely
suppressed. Therefore, upon incorporation of interlayer, the sulfur utilization and
cycle life of cathode would be significantly improved. This carbon interlayer can
reduce the interfacial resistance and confine the polysulfides within the cathode,
avoiding the harmful polysulfides diffusion to the anode surface. Therefore, the final
Li–S batteries with interlayer deliver excellent performance at both C/2 and 1C
current density (Fig. 4.33a). Starting from this research, many interlayer configura-
tions have been composed to alleviate the shuttling of polysulfides, and we will only
introduce some representative ones in this section.

Shuttle Shuttle

Li foil Commercial Separator Sulfur cathode

interlayer Li2S4 Li2S6

ba

Fig. 4.32 Schematic showing rechargeable Li–S batteries: a without and b with interlayer
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Fig. 4.33 a Cycle performance of high-rate Li–S batteries armed with and without the MWCNT
insertion between separator and cathode, respectively. b, cDigital photos of the CNF-TiO2 (CNF-T)
interlayer under mechanical bending conditions. Panels adapted with permission from: a Ref. [61],
RSC; b, c, d Ref. [62], ACS

4.5.1 Representative Configurations of Interlayer

4.5.1.1 Independent Flexible Carbon-Based Interlayer

The foremost interlayer is an MWCNT film fabricated by first vacuum-filtration and
further peeling. Electrospinning is also an effective method to produce free-standing
carbon film, as shown in Fig. 4.33b, c. For example, an interlayer constructed by TiO2

decorated CNF (named CNF-T) was fabricated to suppress the shuttling of lithium
polysulfides [62]. The superior 1D electronic conductivity of CNF can enhance the
sulfur redox kinetics. Meanwhile, the decoration of TiO2 NPs can adsorb soluble
lithium polysulfides and confine them in between the cathode and CNF-T interlayer,
improving the cycling and rate performance.

4.5.1.2 In Situ Formed Interlayer on Separator

When the pure carbon was used as interlayer, the utilization and kinetics for
sulfur transformation can be greatly improved (Fig. 4.33a). As discussed in
section “Sulfides”, metal sulfides such as TiS2, Co9S8 and CoS2 have ultrahigh elec-
tronic conductivity and deliver high binding energy with soluble lithium polysulfides
simultaneously. Therefore, an in situ grown Co9S8 sheets were fabricated as inter-
layer on a Celgard separator (Co9S8-Celgard) to sequester the shuttling of soluble
lithium polysulfides [9]. As shown in Fig. 4.34a, after a slight scratch, the Co9S8
arrays deliver a hollow framework andwhich is beneficial to the adsorption of soluble
lithium polysulfides, since lithium polysulfides adsorption capability is proportional
to the substrate’s surface area. In addition, the robust connection between the Co9S8
arrays and Celgard can be clearly observed from the cross-sectional morphologies of
Co9S8-Celgard, showing its good mechanical stability (Fig. 4.34b, c). Moreover, the
corresponding elemental mapping images can show the homogeneous elemental
distribution of carbon, sulfur and cobalt elements (Fig. 4.34d–f). Therefore, the
Co9S8-Celgard separator can empower Li–S batteries with long cycle life and high
sulfur utilization even when the sulfur loading reaches 5.6 mg cm−2.
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Fig. 4.34 aSEMimageofCo9S8-Celgard after slight scratching.b, cCross-sectionalmorphologies
of Co9S8-Celgard. d, e, f Carbon, sulfur and cobalt elemental mapping of image (b), respectively.
Panels adapted with permission from Ref. [9], RSC

4.5.1.3 Ex Situ-Coated Interlayer on Separator

Slurry coating is a universal method for the current anode and cathode fabrication
industry. Therefore, a graphene/TiO2 interlayer was coated on top of sulfur cathode
via this method directly [63], as shown in Fig. 4.35a, b. However, the interlayer
obtained via slurry coating would be curly and quite open, delivering a much thicker,
rougher structure [64], as shown in Fig. 4.35d. The vacuum filtration process would
produce a densely packed interlayer (Fig. 4.35c).

Fig. 4.35 a Digital photos showing the slurry coating process of graphene/TiO2 interlayer on top
of sulfur cathode. b Cross-sectional SEM image of fresh cathode with graphene/TiO2 coating film.
c, d Cross-sectional SEM images of fresh G-LTO@PP (vacuum filtration) and G-LTO + PP (slurry
coating) separators, respectively. Panels adapted with permission from: a, b Ref. [63], Wiley-VCH;
c, d Ref. [64], Elsevier
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4.5.2 Perspective of the Application of Interlayer Within Li–S
Batteries

Both the carbon and non-carbon interlayers show the capability to restrain the shut-
tling of soluble lithium polysulfides and boost the electrochemical performance of
sulfur cathode. However, for future development, some crucial points must be taken
into consideration:

(i) The preparation process of interlayer should be simple enough. As a matter
of fact, commercialization is the ultimate goal for suggesting interlayer into
Li–S batteries. Therefore, the fabrication methods should be delicate enough
to control the thickness/weight of interlayer precisely;

(ii) Bare carbon interlayer can act as a physical barrier only, and its non-polar
nature may lead to a weak interaction with polar polysulfides. Therefore,
materials can chemically bind lithium polysulfides should be incorporated via
suitable methods;

(iii) The Li+ ion transportation and wetting of electrolyte are very important for
later battery operation, especially under large current density [65]. Therefore,
the appropriate porosity is necessary for the interlayer.

4.6 Outlooks

Physical and chemical restraining of the polysulfides shuttling is important to
construct high-performance Li–S batteries. Since the first research invented themelt-
infusion method to incorporate sulfur on a carbon substrate, large amounts of carbon
materials have been developed to host sulfur. However, the physical interactions
between carbon materials and soluble lithium polysulfides are weak, and cannot
restrain the shuttling of soluble intermediates efficiently. Chemical interaction can
alleviate this problem to a large extent. While bare chemical bonding is not able
to facilitate the redox kinetics for its common low electronic conductivity. To this
end, the combination of physical and chemical interaction is the best choice. Many
methods have been developed to realize this objective such as mechanical mixing,
in situ growing, thermal processing and so on.

The sulfur transformation in ether electrolyte is a solid–liquid–solid process,
which is different from current commercialized Li-ion batteries. Incorporating the
physical and chemical interaction in sulfur cathode can slow down the capacity decay
to some extent, but which is still not enough for practical application. The problems
of Li metal anode can seriously damage the performance either. Therefore, future
research should take the whole reaction process of Li–S batteries into consideration,
including the Li metal anode modification, electrolyte optimization and cathode
construction.
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Chapter 5
Catalytic Conversion of Polysulfides
in Li–S Batteries

Wenjia Qu, Chuannan Geng, Jingyi Xia, Wuxing Hua, Guowei Ling,
Chen Zhang, and Quan-Hong Yang

Abstract The shuttling of polysulfides is a major issue that tackles the practical
use of Li–S battery. Recently, the catalysis of polysulfides has been developed as
an effective solution to accelerate the polysulfide conversion and reduce the shuttle
effect fundamentally. In this chapter, the origin and the research progress of catalysis
in Li–S batteries are presented systematically. We start with the redox chemistry of
polysulfides and introduce the importance of catalysis in Li–S battery. Subsequently,
promising catalytic materials are categorized according to their composition and
functions. Moreover, key parameters that can precisely describe the catalytic mech-
anisms are proposed following by the summary of advanced characterization tech-
niques for better demystifying the catalysis process, which is urgently needed for
establishing a systematic research protocol for the catalysis in Li–S battery. Finally,
perspectives are given for the rational design of high-efficiency catalytic materials
and promoting the practice use of Li–S battery.

Keywords Catalysis · Polysulfide conversion · Material design · Characterization

5.1 Introduction

In Li–S battery, the sulfur reduction reaction (SRR) and its reversible process domi-
nate the output performance, such as the voltage, energy density, cycling stability
and rate capability. Polysulfides as the intermediates of the transformation from S
to Li2S2/Li2S, directly influence the kinetics of the SRR and further have an impact
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on the battery performance. Physical and chemical adsorption of polysulfides has
been introduced in Chap. 4, and the interaction between polysulfides and adsorbents
can significantly retard the shuttling of polysulfides, while the severe sulfur loss and
incomplete sulfur reduction can be avoided to some extent. However, the dissolution
and sluggish transformation of polysulfides accomplishedwith the SRR is inevitable,
thus the abuse of electrolyte usually occurs and further lowers the energy density.
Therefore, accelerating the transformation of the polysulfides is vital to decrease
their dissolution possibility in electrolyte to eliminate the shuttling, and the lean
electrolyte condition can be realized to deliver a much higher energy density.

Catalysis is a common method to accelerate the chemical reaction in the chem-
ical engineering industry, thermal catalysis and electrochemical catalysis have been
developed for decades, and theory systems have been established to guide their
usage. In case of Li–S batteries, some materials serving as the cathode materials
or interlayer additives have shown a significant impact on the performance, and the
role of these materials is beyond chemical adsorption. Thus, catalysis is attracting
more and more attentions all around the world. Different catalysis materials have
been emerging, and the catalysis process is under investigation by some world-class
groups to demonstrate the role of catalysis in Li–S batteries (Fig. 5.1a). According
to the index results fromWeb of Science (keyword: Li–S and catalysis), the number
of publications on the topic of “Li–S and catalysis” increase almost twice per year
since 2016 (Fig. 5.1b), indicating the catalysis of polysulfides is the hotspot in the
R&D of Li–S battery. Hence, it is highly necessary to give some insightful inputs
on this field for the readers and help them better understand the significance of the
use of catalysis in Li–S battery. In this Chapter, we start with the generation and
the transformation of polysulfides and briefly introduce the catalysis in Li-S battery.
Subsequently, different catalytic materials are categorized according to their compo-
sition and functions. To better illustrate the catalysis process, some key parameters
and potential mechanisms are highlighted following by the summary of the advanced
characterization techniques. Some perspectives are also given to realize the rational
design of catalytic materials and promote the practice use of Li–S battery.

5.2 Polysulfides in Li–S Battery

5.2.1 Redox Chemistry

Conventional Li–S batteries consist of a sulfur cathode, an organic liquid electrolyte,
and a lithium metal anode as shown in Fig. 5.2a. During discharge, Li+ ions are
produced at the lithium-metal anode and move through the electrolyte to the sulfur
cathode, while the electrons flow through the external circuit, producing Li2S as the
final discharge product at the cathode. The electrochemical reactions during charge
are reversed compared to that during discharge [1]. A discharge/charge current can
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Fig. 5.1 a Schematic illustration of materials for Li–S batteries; b the number of publications of
catalytic materials in Li–S batteries

be applied to the battery resulting in reduction/oxidation at the positive electrode and
the oxidation/reduction at the negative electrode.

The multi-electron-transfer cathode reaction offers an extremely high theoretical
capacity of 1672 mAh g−1, while the lithium anode provides a theoretical capacity
of 3860 mAh g−1, thus offsetting the deficiency in average working voltage (ca.
2.1 V) and accounting for an attractively high specific energy of the battery [4, 5].
These electrochemical reactions occur in an ideal battery without considering the
impact of lithium polysulfide dissolution, which hinders the practical application of
the battery. As shown in Fig. 5.2b, the discharge profile can be divided into three
parts based on the phase changes of sulfur species [3]. At the initial stage of the
discharge process, sulfur reacts with lithium and then transforms into Li2S8, which
keeps dissolving in the electrolyte, facilitating the utilization of inner sulfur due
to its exposure to the electrolyte. Continuing discharge creates more long-chain
polysulfides (Li2S6, Li2S4), accounting for a quarter of the profile, which is a solid–
liquid phase reduction. The second part also accounts for a quarter of the profile
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Fig. 5.2 a Illustration of the charge (red)/discharge (black) process in an ideal Li–S battery [2];
Reused with permission from Ref. [2] Copyright 2013 American Chemical Society. b Electrochem-
istry of sulfur showing an ideal charge–discharge profile. Inset: polysulfide shuttling [3]. Reused
with permission from Ref. [3] Copyright 2013 The Royal Society of Chemistry

(plateau at ca. 2.0 V), corresponding to the reduction from Li2S4 to Li2S2, which
is a liquid–solid phase reduction. In this stage, the conversions of LiPSs become
slow, resulting in their accumulation in the electrolytes, which thereby increase the
viscosity of the electrolytes. When the electrolyte viscosity rises to a certain level,
the lithium-ion transport will encounter some difficulties. Thus, the voltage drop in
the sloping region reflects the concentration polarization (diffusion overpotential) in
accordancewith the increase in impedance. The third part is ascribed to the solid-state
region, matching with the further reduction from Li2S2 to Li2S, which contributes
to the major portion of the capacity with a fixed voltage. In the reverse reaction,
the oxidation of Li2S back to LiPSs needs a large activation energy, which is made
worse by their aggregation during their formation process, leading to slow reaction
kinetics and lowenergy efficiency.Continuing charge corresponds to the upper charge
plateau, representing the oxidation reactions in the dissolution region. At the end of
recharge process, crystalline sulfur is recovered, completing the redox process [1].

5.2.2 Shuttling Phenomenon

As discussed above, the cathode reactions in Li–S batteries create a series of poly-
sulfide ions (LiPSs), which are soluble in the organic ether-based electrolyte [6–
8]. These dissolved PS bring numerous drawbacks. When the soluble polysulfides
migrate out of the cathode region, they might not be re-utilizable, resulting in slow
capacity fade during cycling. These highly active LiPSs can further react with the
electrolyte, depleting both active materials and solvent molecules [9, 10]. Further-
more, they diffuse from cathode to anode easily driven by a concentration gradient, as
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the polymeric separator cannot block their transport [11]. Once the LiPSs migrate to
the anode side, they would be reduced by lithiummetal to form insoluble short-chain
Li2S2/Li2S, causing severe irreversible capacity loss. The Li2S2/Li2S depositing on
the Li anode can react with LiPSs, yielding solublemedium-chain ions, which diffuse
back to the sulfur cathode. This mechanism can go round and round, even until the
cell is reaching over its theoretical capacity. The whole process is known as the
“shuttle effect” [1].

The LiPSs shuttling process can be detected by in-situ optical spectroscopy char-
acterization techniques. As one of the most popular applied optical spectroscopic
techniques, in-situ Raman can qualitatively or semi-quantitatively monitor the LiPSs
dissolved in an ether-based electrolyte during cycling. Duan and co-workers [12]
created a hole on both negative case and lithium metal foil to allow direct laser
illumination on the separator and collection of the Raman signal from the separator
at the side next to the lithium foil. The confocal Raman signal was taken from the
separator/lithium interface, the signal accurately reflecting theLiPSs deposited on the
separator. As shown in Fig. 5.3, the Raman signals of LiPSs were detected during the
discharge–charge process, and the dissolved polysulfides shuttle severely especially
at the upper plateau region of the charge curve.

The shuttle effect causes a series of issues that hinders the practical use of Li–S
batteries. Such as the low Coulombic efficiency and unsatisfactory cycle life, and the
origin of a self-discharge problem in on-shelf batteries during stocking or delivery.
By increasing the percentage and total amount of sulfur in the whole cell, one would
expect amultiplied LiPS shuttling due to a larger sulfur concentration gradient, which

Fig. 5.3 a, c Time-resolved Raman spectra obtained during the discharge–charge processes of the
battery with PP separator; b, d Selected original Rama spectra without background subtraction
for the discharge–charge processes [12]. Reused with permission from Ref. [12] Copyright 2018
Elsevier Ltd.
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Fig. 5.4 a Schematic of a typical Li–S battery [13]; Reused with permission from Ref. [13] Copy-
right 2017Wiley-VCH, b coin cell after 300 cycles, and c pouch cell after 40 cycles, showing vastly
different Li deposition morphologies [14]. Reused with permission from Ref. [14] Copyright 2020
Elsevier Ltd.

makes it more difficult to inhibit the hazardous LiPSs crossover (Fig. 5.4a) [13]. The
shuttle effect also results in severe corrosion of lithium anode, leading to the uncon-
trolled growth of lithium dendrites and raising severe safety hazards (Fig. 5.4b, c). In
addition, due to the high reactivity of Li metal, the growth of Li dendrites exacerbates
the reaction between the electrolyte and fresh Li metal. The resulting continuous
consumption of electrolyte imposes a significant burden on lean-electrolyte Li–S
batteries for the uncontrolled consumption of limited electrolyte, which eventually
causes early termination of batteries due to the electrolyte depletion [14].

5.2.3 Remedies for Shuttling of LiPSs

To tackle these challenges, Nazar et al. reported a conductive mesoporous carbon
framework to precisely constrain sulfur nanofiller growth within its channels in 2009
[15]. The structure provided access to Li+ ingress/egress for reactivity with the sulfur.
The sorption properties of the carbon aid in trapping the polysulfides formed during
redox, thus achieving a reversible capacity up to 1,320 mAh g−1 (Fig. 5.5). Since
then, the Li–S battery has drawn overwhelming research attention due to the thirst for
high energy storage systems, and employing sulfur-carbon composites is the most
common and effective way to improve the cathode performance. Various carbona-
ceous materials, like Carbon black, microporous carbon, mesoporous carbon, hierar-
chical porous carbon, hollow carbon spheres, carbon nanotubes, carbon nanofibers,
and graphene, have been employed as the host to confine active sulfur [16]. However,
it was recognized by Zheng et al. that the weak interaction between nonpolar carbon-
based materials and polar LiPSs/Li2S species leads to weak confinement and easy
detachment of LiPSs from the carbon surface, with further diffusion into the elec-
trolyte causing capacity decay and poor rate performance [17]. It is found that the
capacity fadingmechanism can be overcome by introducing amphiphilic polymers to
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Fig. 5.5 aA schematic diagram of the sulfur (yellow) confined in the interconnected pore structure
of mesoporous carbon, CMK-3 [15]; b schematic diagram of composite synthesis by impregnation
of molten sulfur, followed by its densification on crystallization. The lower diagram represents
subsequent discharging–charging with Li, illustrating the strategy of pore-filling to tune for volume
expansion/contraction; c comparison of cycling performance at C/2 with and without the PVP
modification. Inset: Schematics of the polymer modified sulfur cathode before (left) and after
discharge (right) [15]. Reused with permission from Ref. [15] Copyright 2013 Springer Nature

modify the carbon surface, rendering strong interactions between the nonpolar carbon
and the polar LiPSs. Afterwards, carbonaceous materials with heteroatoms (such as
nitrogen, oxygen, boron, phosphorous, sulfur, or co-doping) for the generation of
polar functional groups were adopted to enhance the interaction and immobiliza-
tion of LiPSs species in the electrode and this strategy has shown great promise in
trapping LiPSs [16, 18].

In addition to carbon, a wide variety of anchoring materials, such as metal
oxides/sulfides/nitrides, have been introduced with polysulfide binding and trapping
abilities [11, 19, 20]. It is proved that polysulfide binding and trapping can improve
Li–S battery performance to some extent. However, the conductivity of these mate-
rials is relatively low, which inevitably compromises the rate capability and even
the specific capacity. Therefore, it is still a great challenge to effectively restrict the
electrochemical redox reactions of LiPSs in the cathode and at the same time achieve
high sulfur utilization even at high current densities [21].

Another effective solution to the “shuttle effect” is proposed by Manthiram et al.
They conceived an idea of inserting a bi-functional interlayer between the separator
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and cathode, and the pores/carbon network can effectively capture the polysulfide
intermediates (Fig. 5.6a) [22]. The interlayer not only serves as a polysulfide stock-
room, but also offers additional electron paths covering the top surface of the cathode,
leading to superior battery performance. Here the carbon interlayer can be regarded
as another kind of separator to block the penetration of soluble polysulfides, resulting
in less shuttle effect and better capacity retention. Afterwards, integrated separators
are specially designed for Li–S cells to allow lithium ion flow but hinder poly-
sulfide migration. For example, Zhou et al. presented a metal–organic framework
(MOF)-based battery separator to mitigate the shuttling problem (Fig. 5.6b–d). The
MOF-based separator acted as an ionic sieve in lithium-sulfur batteries, which selec-
tively sieved Li+ ions while efficiently suppressing undesired polysulfides migrating
to the anode side. Therefore, a Li–S battery with a MOF-based separator exhibited
a low capacity decay rate (0.019% per cycle over 1,500 cycles) [23].

In these strategies, LiPSs are trapped by the physical adsorption or by the chemical
interaction onto the polar surfaces. However, these schemes are not able to provide
enough active sites to immobilize such a large amount of LiPSs in the cathode,
especially with high sulfur loadings. Furthermore, both these physical and chemical
strategies are intrinsically the passive solutions, by which LiPSs are “confined” in

Fig. 5.6 a Schematic configuration of a Li–S cell with a bifunctionalmicroporous carbon interlayer
inserted between the sulphur cathode and the separator [22]; Reused with permission fromRef. [22]
Copyright 2012SpringerNature.bSchematic of the fabrication process to produceMOF@GOsepa-
rators. TheMOF nanoparticles and introduced GO laminates synergistically comprise aMOF@GO
separator; c an illustration of the microporous crystalline structures (HKUST-1).The homogeneous
coordinated structures are depicted as sticks, whereas the pores are highlighted in a space-filling
representation; d cycling performance at a rate of 1 C over 1,500 cycles with MOF@GO separators
and over 1,000 cycles with GO separators [23]. Reused with permission from Ref. [23] Copyright
2016 Springer Nature
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the cathode region and “blocked” before they shuttle through the membrane. Hence,
they are not the root solution to the shuttling problem. Therefore, a more positive
strategy is required that accelerating the conversion of LiPSs during the sulfur redox
to decrease the local concentration of LiPSs in the electrolyte, which can reducing
the opportunities of the LiPSs shuttling.

5.2.4 Introduction of Catalysis in Li–S Battery

Catalysis allows us to convert raw materials into valuable chemicals and fuels in
an economical, efficient, and environmentally benign manner, which has numerous
industrial applications in the chemical, food, pharmaceutical, automobile, and petro-
chemical industries. In the field of conventional chemical production, the catalyst is
widely used to reduce the activation energy and increase the reaction rate. During an
overall catalytic reaction, the reactants and products undergo a series of steps over
the catalyst, including

(i) diffusion of the reactants to the catalyst,
(ii) formation of the adsorption complex (reactant surface),
(iii) the chemical change on the surface,
(iv) decomposition of the adsorption complex (product surface), and
(v) diffusion of the reaction products from the catalyst.

Similarly, introducing the catalysis into the Li–S batteries also undergoes these
steps as shown in Fig. 5.7. The redox of the sulfur species in Li–S batteries includes
solid–liquid (elemental sulfur is reduced and adsorbed by the catalyst), liquid–liquid
(the LiPSs accept electrons and continue to be reduced on the surface of the catalyst),
liquid–solid (desorption of products from catalyst sites; Li2S grows and nucleates
on the surface of the catalyst), and solid–liquid (Li2S loses electrons to form LiPSs
and is adsorbed again by the catalyst) phase-conversion process during cycling.

Fig. 5.7 Schematic
configuration of catalysis in
accelerating the conversion
of LiPSs and inhibiting the
shuttle effect in Li–S
batteries
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The catalysis in the multi-step reaction reduces the reaction barrier and accelerates
the liquid–solid process of LiPSs to Li2S2/Li2S, thereby reducing the cumulative
concentration of LiPSs in the electrolyte, which may be the proactive strategy to
solve the shuttling problem.

Catalysis plays an important role in accelerating the conversion from long-chain
LiPSs to insoluble discharge and charge products (Li2S/S8), inhibiting the shuttle
effect. Until now, studies have proved that using well-designed catalytic materials,
such asmetal oxides,metal sulfides,metal nitrides, single atomcatalysts, heterostruc-
tures, can facilitate polysulfide conversion, lowering the energy barriers in the reac-
tion pathway. Unlike physical or chemical adsorbents, catalysts can be used in much
smaller quantities to bring the battery capacity a big rise [24]. Recently, an article
named a fundamental look at electrocatalytic sulfur reduction reaction was published
in Nature catalysis to explore the reduction kinetics, activation energies and reduc-
tion mechanisms in Li–S batteries, which took a big step to the study of catalysis
mechanism [25]. We believe that catalysis is a fundamental strategy to make Li–S
batteries practical.

5.3 Catalytic Materials

5.3.1 Introduction

Li–S battery has extremely high energy density, but in the actual process, Li–S battery
has some problems, such as low utilization of active substances, poor rate perfor-
mance, short battery cycle life, and so on, which greatly restrict its practical use.
Recently, unprecedented researches have focused on the development of catalytic
materials to overcome the problems mentioned above. These materials significantly
accelerate the conversion of lithium polysulfides (LiPSs), suppress the shuttle effect,
and increase sulfur utilization. We aim to present a comprehensive and insightful
overview of catalytic materials which can speed up the conversion of LiPSs and
lower the barrier of sulfur redox. As presented in Fig. 5.8a, catalytic materials can be
classified into two types. The first type is defined as metal-based catalysts, including
metal oxides (e.g., MoO2, Nb2O5, and VO2), metal sulfides (e.g., CoS2, MoS2, and
ZnS), metal nitrides (e.g., TiN, VN, and InV), single-atom catalysts (e.g., SA-Fe, SA-
Co, and SA-Ni), and heterostructures (e.g., TiN-TiO2, MoN-VN, and TiO2-Ni3S2).
The second type, metal-free catalysts, including carbon materials and organic mate-
rials, can mediate the redox reaction of sulfur species. The number of publications
of catalytic materials in Li–S batteries increases sharply by the year, as shown in
Fig. 5.8b. Lastly, we put forward some possible measures for developing advanced
catalytic materials of Li–S batteries with long cycle life and high-rate capacity.
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Fig. 5.8 a Schematic illustration of materials for Li–S batteries; b the number of publications of
catalytic materials in Li–S batteries

5.3.2 Metal-Based Catalysts

Metal-based catalysts are the most important component for catalysis in Li–S
batteries owing to their special electronic properties. Most metal compounds have
polar surfaces suitable for chemical reactions with polysulfides. Recent works
confirmed that metal-based catalysts can restrain the shuttle effect in Li–S batteries.
In this section, some researches about metal-based catalysts are reviewed.

5.3.2.1 Metal Oxides

Metal oxides have strong catalytic activity for the reaction of LiPSswhich are the first
catalysts materials to be found. In 2014, Nazar et al. investigated Ti4O7 nanocrystals
(with the highest conductivity) and confirmed that Ti4O7 showed a strong affinity for
LiPSs and promoted the reduction of LiPSs than those on the carbon surface. X-ray
photoelectron spectroscopy (XPS) analyses verified that O-Ti–O unites of Ti4O7

strongly interacted with Li2S4 and decreased shuttle effect by avoiding their disso-
lution in the electrolyte as shown in Fig. 5.9a [26]. The Ti4O7/S electrode exhibited
a low capacity decay of 0.08% per cycle at 0.5 C after 250 cycles. Lately, they
reported the conversion of polysulfides to discharge product Li2S can be promoted
on an ultrathin MnO2 nanosheet surface [27]. They proposed that the insoluble
thiosulfate group was created on the surface of MnO2 by the oxidation of initially
formed LiPSs and the reduction of Mn4+. And the active polythionate complex
serves as an anchor to inhibit polysulfide dissolution into the electrolyte and control
the deposition of Li2S. The existence of thiosulfate and polythionate is confirmed
by XPS. The oxidation of LiPSs followed by thiosulfate formation has also been
observed on the surface of other metal oxides in the range of 2.4–3.05 V as shown
in Fig. 5.9b. The metal oxides with slightly higher redox potentials facilitated LiPSs
oxidation and the formation of thiosulfate, for example, CuO, VO2, and MnO2 [28].
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Fig. 5.9 a Diagram illustrating surface-mediated reduction of Li2S from LiPSs on Ti4O7 [26].
Reused with permission from Ref. [26] Copyright 2014 Springer Nature. b Chemical reactivity of
different metal oxides with LiPSs as a function of redox potential versus Li+/Li, superimposed with
a typical Li-S cyclic voltammetry curve (shown in red) [28]. Reused with permission from Ref. [28]
Copyright 2016 Wiley–VCH. c Schematic illustration of the synergistic mechanism between the
LiPSs and the CVO [32]. Reused with permission from Ref. [29] Copyright 2019 Wiley–VCH. d
Schematic of the conversion process of sulfur on a graphene surface with Fe2O3 NPs [38]. Reused
with permission fromRef. [38] Copyright 2017, Elsevier Ltd. eMechanism for inhibiting the shuttle
effect of the PP separator and OVs-TiO2@PP separator [40]. Reused with permission from Ref.
[40] Copyright 2020 Wiley–VCH

Recently, bi-metal based oxides are reported to show promising electrocatalysis
for the conversion of LiPSs, including NiFe2O4 [29], Bi3Ti4O2 [30], NiCo2O4 [31],
and so on. Niu et al. proposed the “binary active sites” concept via the design of
a flake-like cobalt vanadium oxide (CVO) modified separator, in Fig. 5.9c. Active
vanadium sites anchored the LiPSs and active cobalt sites expedited the kinetic
conversion of LiPSs, improving the sulfur utilization with the synergistic effect. The
battery with CVO-based separator exhibits a high capacity of 1,253 mAh g−1 at 0.1
C with the sulfur loading of 1.5 mg cm−2. When the current density increases to 5
C, it remains a capacity of 505.6 mAh g−1 [32].

However, the poor conductivity of metal oxides limited the sulfur utilization and
high-rate performance. Therefore, the incorporation of highly conductive materials
is a key method to solve the problems, including Nb2O5@rGO [33], VO2-Graphene
[34], yolk-shelled C@Fe3O4 [35], Co3O4/acidifiedmultiwall carbon nanotubes [36],
and so on. Yang et al. utilized ternary Fe3O4/porous carbon/graphene aerogel to
anchor polysulfide strongly and provide a fast conversion rate of LiPSs. The ordered
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microchannel structure not only provides electron and lithium-ion transportation but
also enhances the robustness of the aerogel structure. The composite cathode as the
“catalytic center” can achieve an ultrahigh rate performance of 755 mAh g−1 at the
rate of 3 C with a high sulfur loading of 7.7 mg cm−2. Using in-situ XRD and DFT
calculations revealed the mechanism of the reaction and the role of Fe3O4 in the
anchoring and catalysis of LiPSs [37]. Yang et al. reported that Fe2O3 nanoparticles
(NPs) increasingly promote the conversion of LiPSs to suppress shuttle effect [38].
Comparing with a pure graphene foam (PGM), a graphene foam containing Fe2O3

NPs (Fe-PGM) shows greater adsorption ability and stronger interaction with LiPSs
(Fig. 5.9d). The composite cathodes deliver a capacity fade of 0.049% per cycle (over
1,000 cycles) at 5 C.

Oxygen-deficient sites have higher catalytic activity because oxygen vacancies
facilitate electron transfer and the binding ability to polysulfides. The study of Zhang
et al. revealed that oxygen vacancies catalyze the redox kinetics of polysulfides
during cycling by propelling the electron/Li+ transport on the vacancy-enriched
surface. Because the vacancies enhanced the affinity of TiO2 toward LiPSs, the
TiO2/S composite cathode manifests high-rate performance (572 mAh g−1 at 2
C) and excellent cycling properties (1,472 mAh g−1 at 0.2 C) [39]. Besides, Mai
et al. used DFT calculations to verify that the oxygen vacancies in TiO2 decorated
polypropylene (OVs-TiO2@PP) greatly enhances the catalytic ability and the ion
and electron conductivities (Fig. 5.9e). The oxygen vacancy generation increased
OVs-TiO2 polarity. Under a high sulfur loading (7.1 mg cm−2), the electrode with
OVs-TiO2-modified separator exhibited a stable electrochemical performance at 2 C
after 500 cycles (an aerial capacity of 5.83 mg cm−2) [40].

5.3.2.2 Metal Sulfides

Transition-metal sulfides (MSs, M = Co, Ti, Ni, Fe, Cu, V, Mn, W, and Mo) have
shown great advantages due to their strong chemical interaction with LiPSs, trigging
widespread attention for Li–S batteries. The large polar surface of transition-metal
sulfides promotes high catalytic activity on the redox of sulfur species. What’s more,
transition-metal sulfides have high tap density, which is beneficial to the volumetric
energy density of LSBs. Comparing with the transition-metal oxides, metal-sulfides
possess high conductivity and enhance the electronic transmission capability of
cathodes owing to the delocalized electronic structures [41].

Metal sulfides with 2-dimension (2D) layered structures contain two atomic
configurations (basal plane and edge sites). The catalytic active sites are mainly
edge sites. Cui et al. supposed that on the edge sides of MoS2, the conversion of
LiPSs to insoluble Li2S occurred selectively. The edge sites have stronger binding
energies with Li2S than the basal plane does [42]. Lately, they used a self-assembled
ultrathin MoS2 (only increasing 1% of cathode weight) as an interlayer to provide
high density of catalytic active flake edges effectively mitigating the LiPSs diffusion,
in Fig. 5.10a [43]. Besides, Arava et al. investigated the edge sites of WS2 and MoS2
and also confirm the edge siteswere beneficial for adsorption of LiPSs [44]. Recently,
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Fig. 5.10 a Illustrates the ion-transport processes at MoS2-coated separator and the polysulfide
anion adsorption at MoS2 flakes. Reused with permission from Ref. [43] Copyright 2019 American
Chemical Society. b Galvanostatic discharge–charge of rGO/S, MoS2/rGO/S and MoS2−x /rGO/S
cells in the 1.8–2.6 V voltage range at 0.5 C (1 C = 1675 mA g−1 based on the mass of sulfur)
[45]. Reused with permission from [45] Copyright 2017 The Royal Society of Chemistry. c CoS2-
incorporated carbon/sulfur cathodewhere polysulfide reduction is accelerated and polysulfide diffu-
sion is weakened [11]. Reused with permission from Ref. [11] Copyright 2016 American Chemical
Society. d The energy barrier in Li2Sx conversion reactions with and without P-Mo0.9Co0.1S2-2
catalyst [46]. Reused with permission from Ref. [46] Copyright 2019 Wiley–VCH

more researches have been carried out around 2D-layered MoS2. Lee et al. designed
MoS2−x/reduced graphene oxide (MoS2−x/rGO) to catalyze the polysulfide reactions
and accelerate the conversion of LiPSs. The deficiencies in MoS2 edge sites have
shown great electrochemical activity for Li2S deposition. After addingMoS2−x/rGO,
the cathode exhibited better high-rate performance (capacity of 826.5 mAh g−1 at 8
C) and stable cycle life (Fig. 5.10b) [45].

Aside from 2D-layeredMoS2, pyrite-type CoS2 has also been investigated. Zhang
et al. firstly found that CoS2 can enhance the LiPSs redox owing to its electrical
conductivity and strong sulfiphilic affinity (Fig. 5.10c) [11]. The electrodes with the
mixing of graphene and CoS2 microparticles deliver a high initial capacity of 1,368
mAh g−1 at 0.5 C. With the CoS2 content increasing from 0 to 30 wt%, the current
density of cyclic voltammograms test for symmetrical cells also increased, which
points out that charge transfer at a CoS2-LiPSs interface is faster than a graphene-
LiPSs interface. A subsequent study of this team proved that simultaneous cobalt
and phosphorus doping of MoS2 nanotubes can improve the electrical conductivity
of MoS2 and also provide a catalyst surface with the Co-P coordinated sites for the
conversion reactions of polysulfide as shown in Fig. 5.10d [46]. The experimental
results confirmed that the cobalt doping activates the transformation of MoS2 from
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2 H to metallic 1 T phase. The Co-P doping MoS2-based cathode can reduce the
capacity fade from 0.28% per cycle to 0.046% per cycle. The high-rate performance
can achieve 931 mAh g−1 at 6 C.

5.3.2.3 Metal Nitrides

The conductivity of transition metal nitrides is higher than those of metal oxides
and sulfides [47, 48]. Electron-riched nitrogen can restrict shuttling of polysulfide
ions to some extent because the electron transfer between the polar metal nitride
and can accelerate the conversion of the intermediate products [49]. In recent years,
metal nitrides have been extensively studied [50–55]. Zhang et al. provided that the
introduction of a monometallic compound, similar to the alloying strategy for metal
catalyst design. Using in situ extrinsic-metal etching strategy, an inert monometal
nitride of hexagonal Ni3N through iron incorporated cubic Ni3FeN (Fig. 5.11a),
rendering a highly active vacancy-rich phase to promote the high-speed conversion
of polysulfides. TheLi–SbatteriesmodifiedwithNi3FeNexhibited superb rate ability
(a capacity of 822mAh g−1 at 3 C) and cycling stability (89% capacity retention after
150 cycles at a sulfur loading of 4.8 mg cm−2). This work broadens the exploration
of elucidates catalytic surface reactions and the role of defect chemistry [56].

The sluggish reduction reaction of long chain sulfur species to short-chain polysul-
fides critically impedes the complete use of active sulfur. Abundant exposed active
sites for sulfur species enhance the decomposition of Li2S and the sulfur species

Fig. 5.11 a Atomic structure model of hexagonal Ni3N and cubic Ni3FeN and illustration of the
polysulfide etching process toward an active Ni3FeN phase [56]; Reused with permission from Ref.
[56] Copyright 2018 Wiley-VCH. b Potentiostatic discharge curves of a Li2S6 solution employing
CF, CF/NG, and CF/NbN@NG as current collectors at 2.08 V on different surfaces [58]; reused
with permission from Ref. [58] Copyright 2019 American Chemical Society. c, d Charge density
difference plot for Li2S interacting with MoN. The orange (green) distribution corresponds to
charge accumulation (depletion); Representation of the covalence-activation mechanism on MoN
[59]. Reused with permission from Ref. [59] Copyright 2019 Wiley-VCH
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utilization [57]. Yang et al. designed a multifunctional catalytic separator composed
of niobium nitride/N-doped graphene (NbN/NG) along the polysulfides/electrolyte.
The catalytic interface enabled by NbN anchored on NG is tailoring the Li2S
nucleation-growth-decomposition process (Fig. 5.11b) [58]. Firstly, the NbN/NG
interface can govern the uniform growth of Li2S. Secondly, the graphene support
with N dopant can afford a stable interconnected network to boost Li-ion transport.
With these advantages, theLi–S batteries can remain 621.2mAhg−1 at 3C and 81.5%
capacity retention after 400 cycles. Zhang et al. developed a MoN-based interlayer
sandwiched between the C-S cathode and the separator, which efficiently accelerates
the decomposition of Li2S. MoN efficiently catalyzes the cleavage of Li–S band in
Li2S and facilitates the migration of the produced Li+, as shown in Fig. 5.11c, d.
As a result, the cathodes with the MoN-modified interlayer provided super cycling
stability with a low capacity fading rate of 0.023% per cycle during 1,500 cycles at
1 C. With the high sulfur loading (7.0 mg cm−2), the electrodes can achieve a high
areal capacity of 6.02 mAh cm−2 at 1 C [59].

5.3.2.4 Single-Atom Catalysts

Normally metal- or metal oxide-based catalysts would add extra weight to the
batteries and sacrifice the energy density. The single-atomic catalysts (SACs) with
maximal atom utilization and large surface coverage combine the merit of heteroge-
neous and homogeneous catalysts. The unique electronic structure and unsaturated
coordination environments of the active centers in SACs have been demonstrated to
improve catalytic activity in Li–S batteries.

It is known that iron cobalt and nickel are both effective SACs and and have been
widely used for the design of Li–S batteries. Yang et al. for the first time reported
the use of SACs to accelerate the LiPSs redox conversion in Li–S battery. They
designed rich single-atom Fe sites with a matrix of porous carbon (Fe-PNC) through
polymerization and pyrolysis of diphenylamine with iron phthalocyanine and a hard
template. The Fe-PNC/S electrode not only remained a high capacity (557.4 mAh
g−1) at 0.5 C after 300 cycles, but also enhanced discharge capacity at high rates due
to the strong Fe-LiPSs interactions, as shown in Fig. 5.12a, which paves an effective
method for the conversion of soluble LiPSs to the insoluble Li2S particles [60].
Zhang et al. prepared a Li2S cathode with distributed Fe SACs supported on porous
nitrogen-rich carbon matrices. The cathodes using Fe SACs showed a superior high-
rate performance (a high specific capacity of 589 mAh g−1 at 12 C) and a long cycle
at 5 C. In-situ and ex-situ X-ray absorption spectroscopy, theoretical simulations
confirmed that Fe center first coordinates with Li2S and dramatically decreases the
energy barriers for breaking Li–S band, revealing the catalytic effect of Fe SACs
(Fig. 5.12b) [61].

More complete works explain the great prospects of Co SACs for the design of
high-performance Li-S batteries. Wan et al. proposed a structure that cobalt atoms
embedded in nitrogen-doped graphene (Co–N/G) as a bifunctional electrocatalyst.
Co–N/G could not only facilitate the electrochemical kinetics during the change
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Fig. 5.12 a Schematic illustration of the conversion process of LiPSs on the Fe-PNC surface
with single-atomic iron catalytic sites [60]; Reused with permission from Ref. [60] Copyright 2018
AmericanChemical Society.bAproposedmechanism for SAFe catalyzedLi2S delithiation reaction
[61]; Reused with permission from Ref. [61] Copyright 2018 Elsevier Ltd. c Energy profiles for the
reduction of LiPSs onN/G andCo–N/G substrates. (insets) The optimized adsorption conformations
of intermediate species on N/G and Co–N/G substrate [62]; Reused with permission from Ref. [62]
Copyright 2019 American Chemical Society. d Binding energies between lithium polysulfides
and SA-Zn-MXene layers and between lithium polysulfides and MXene layers [64]; Reused with
permission from Ref. [64] Copyright 2020 Wiley-VCH. e The catalytic mechanism of the LiPSs
on the surface of Ni@NG in electrochemical process [65]. Reused with permission from Ref. [65]
Copyright 2019 Wiley-VCH

between LiPSs and insoluble Li2S but also accelerate the decomposition of Li2S
(Fig. 5.12c). The composite cathode can deliver a capacity of 5.1 mAh cm−2 at
0.2 C over 100 cycles [62]. Besides, Zhang et al. implanted atomic cobalt within
the skeleton of mesoporous carbon (SC-Co) via a supramolecular self-templating
strategy. The atomic cobalt dopants as active sites improve the kinetics of the sulfur
redox reactions. The Li–S batteries with the SA-Co functional interlayer demonstrate
high discharge capacity (837 mAh g−1 at 0.5 C) for 300 cycles [63].

Yang et al. confirmed that single atom zinc implanted MXene (SA-Zn-MXene)
can decrease the energy barriers from Li2S4 to Li2S2 and achieve strong interaction
with LiPSs because of the high electronegativity of atomic zinc atoms as shown in
Fig. 5.12d. Moreover, the zinc atoms homogeneously dispersed on MXene layers
can also accelerate the nucleation of Li2S. The SA-Zn-MXene-based sulfur cathode
exhibits a high rate capability (640 mAh g−1 at 6 C) and 80% capacity retention after
200 cycles at 4 C [64].

In fact, the cathode requires a large number of SACs to catalyze the conversion
of LiPSs, whereas the separator demands only a low SACs loading due to the planar
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architecture. So the incorporation of SACs on the separator seems to be a better option
[66]. Xie et al. firstly coated graphene foams with Fe SACs at an extremely lowmetal
loading of 20 mg onto a polypropylene to obtain a SACs-modified separator, which
provided the strong adsorb ability of Li2S6 compared with Co and Ni SACs. They
also found that the Fe SACs-modified separator reduced the voltage gap between
the second discharge plateau and charge plateau from 0.48 to 0.24 V and enhance
the redox kinetics of LiPSs [67]. Niu et al. also introduced Ni SACs to modify the
commercial separators in Li–S batteries. The Ni-SACs modified separator delivered
a better rate performance (a specific capacity of 612 mAh g−1 at 10 C), which
demonstrated that the effective catalysis of LiPSs conversion due to the high activity
of Ni SAC (Fig. 5.12e). Spectroscopic characterizations confirmed the formation of
Ni–S bond through housing the electrons of polysulfide anions into the unfilled d
orbitals of Ni centers. This work affords Ni atom as a new metal option of SACs to
accelerate the conversion of LiPSs [65].

Despite some recent researches about SACs catalysis [68–71], there are still
some confusions about the use of SACs with high catalytic activity for polysulfides.
How do we select the ideal metal atoms for SACs in S cathode? And how to design
more effective SACs support? If SACs are anchored on oxides, nitrides, and sulfides,
they might show much higher catalytic activity due to the different coordination
environments. And defect engineering should be introduced to provide sufficient
active sites for SACs [72]. Besides, a deep understanding of the catalytic mechanism
of SACs should be obtained at the atomic level through in-situ techniques.

5.3.2.5 Heterostructures

It is important to design a series of catalytic materials simultaneously with strong
adsorption capacity for LiPSs and good electron conductivity facilitating charge
transport. Therefore, some heterostructured catalytic materials attract researchers’
attention due to their synergistic effects. Most metal oxides provide stronger adsorp-
tion of LiPSs due to the large surface but have low conductivity and poor elec-
trocatalytic activity. The metal sulfides, metal nitrides, metal carbides, and metal
phosphides have been demonstrated to show highly electrocatalytic activity but poor
adsorption ability. As a result, it is a promising strategy to combine metal oxides and
metal sulfides to construct heterostructures for achieving both excellent adsorption
and electrocatalytic activity.

A twinborn heterostructure of TiO2-TiN loading onto graphene was firstly synthe-
sized by Yang et al. [73]. The trapping of TiO2 and the quick electron transfer of
TiN have a great effect on the fast diffusion of LiPSs as shown in Fig. 5.13a. The
contacted interface between TiN and TiO2 efficiently avoided the accumulation of
LiPSs and improved their utilization. Therefore, the TiO2-TiN-based electrodes show
long cycle life with high sulfur loadings of 3.1 and 4.3 mg cm−2 compared to TiO2-
and TiN-based electrodes. Following this study, some works about the heterostruc-
ture of metal oxide-metal nitrides have been published. Liu et al. designed an in situ
VO2-VN binary host which combines the facile ionic diffusion properties of VO2 and
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Fig. 5.13 a Schematic of the conversion process of LiPSs on the TiO2-TiN heterostructure [73];
Reused with permission from Ref. [74] Copyright 2017 The Royal Society of Chemistry. b
Schematics of LiPS anchoring-diffusion–conversion processes on VO2, VN and VO2-VN binary
host surfaces [88]; Reused with permission from Ref. [88] Copyright 2018 The Royal Society of
Chemistry. c Schematic illustration of polysulfide redox reaction on the surfaces of CoO, Co9S8,
and Co9S8/CoO [79]. Reused with permission from Ref. [79] Copyright 2019 Elsevier Ltd.

high electrical conductivity of VN to accomplish smooth immobilization-diffusion-
conversion of LiPSs in Fig. 5.13b. The VO2-VN binary host-based cathodes show a
high rate capability with 1105 and 935 mAh g−1 at 1 C and 2 C. After 800 cycles at
2 C, the cathodes remained a better performance even with a high sulfur loading of
4.2 mg cm−2.

On the other hand, metal sulfides, like CoS2,MoS2, andWS2, show good catalytic
performance during the redox reaction of LiPSs [74–76]. In this regard, Yang et al.
reported theWS2-WO3 heterostructures which keep a balance of trapping ability and
catalytic ability toward LiPSs [77]. The cathode with 5 wt%WS2-WO3 heterostruc-
tures shows a high capacity retention of 86.1% after 300 cycles at 0.5 C and 864
mAh g−1 at 3 C. Subsequently, they designed a bidirectional TiO2-Ni3S2 heterostruc-
ture. This heterostructure can accelerate both reduction of soluble LiPSs and the
oxidation of insoluble discharge products. The intimately bonded interfaces between
TiO2 nanoparticles on Ni3S2 surfaces play a good role in the conversion of LiPSs
and the dissolution of Li2S. The composite cathodes with TiO2-Ni3S2 deliver the
capacity of 504 mAh g−1 with sulfur loadings of 3.92 mg cm−2 after 500 cycles [78].
Zhao et al. synthesized the CoO nanoparticles decorated Co9S8 heterostructures
with well-defined interfaces (Fig. 5.13c) [79]. CoO provides a high surface area
to adsorb LiPSs; simultaneously, Co9S8 has excellent electrocatalysis function in
the conversion to Li2S. The multifunctional separator with Co9S8/CoO heterostruc-
ture can prevent the diffusion of LiPSs by both physical and chemical blocking.
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With the synergistic adsorption-electrocatalysis function, Co9S8/CoO heterostruc-
ture exhibits a Coulombic Efficiency of approximately 100%. When the sulfur
loading is 2.5 mg cm−2, the composite electrode shows a specific capacity of 925
mAh g−1 at 1 C. Other heterostructured catalytic materials, including TiO2-MXene
[80], MoC-MoOx [81], MoS2@GO [82], VO2-V2C [83], and TiC-graphene [84] also
exhibited synergistic effects and promote the development of catalytic materials in
Li-S batteries [85–87].

5.3.3 Metal-Free Catalysts

Metal-free catalysts are promising to increase the energy density due to their light-
ness, which can be divided into two classes: inorganic and organic materials. Most
of the inorganic catalysts are carbon materials. Mai et al. prepared the N-doped
porous carbon cages (NHSC) as sulfur host, which showed a good catalytic activity
to facilitate the reduction of low-order polysulfides owing to a high pore volume and
continuous electron and ion transport paths. A Li–S cell with the S@NHSC cathode
achieved a high initial capacity of 1280.7 mAh g−1 [89]. The microporous organic
polymers with strong chemical adsorption sites and definite molecular composi-
tion have attracted considerable attention in Li–S batteries. Zhang et al. synthesized
porphyrin organic framework hollow spheres (POF-HSs). Due to the polar chem-
ical structures and hollow spherical morphology, POF-HSs efficiently mitigate the
shuttling of LiPSs and speed up the reaction of polysulfides in Li–S batteries.

The development of various carbon frameworks and adsorbents has made great
progress on Li-S batteries. However, non-polar carbon interacts weakly with the
polar LiPSs in solution resulting in poor binding and the sluggish transfer of electron.
Catalytic materials, for example metal oxides, metal sulfides, metal nitrides, SACs,
and so on, speed up the redox kinetics of conversion reactions and decrease the kinetic
energy barrier for the nucleation of Li2S. Although a lot of achievements of high
catalytic activity materials in Li–S batteries have been realized, several challenges
and a lot of room for investigations in catalysis design still remain. Rational design
of the structure is a key factor in catalytic materials. Both 2D materials with a large
area surface and 3D materials with network structures help improve the catalytic
activity. Besides, the effective catalysts should have high conductivity to allow the
easy contact between the electron and lithium-ion because themigration and coupling
of ions and electrons are significant to realize the fast conversion of LiPSs.
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5.4 Catalysis Mechanism

5.4.1 Bottlenecks of Catalysis in Li–S Batteries

To solve the problem of sluggish kinetics of sulfur species conversion, it is a good
way to borrow ideas from chemical industry.Many chemical reactions are thermody-
namically feasible, but they cannot occur at a significant rate on their own; therefore,
catalysts are widely used to reduce the activation energy of the reaction and increase
the conversion rate. Since the reaction process of sulfur species in Li–S batteries is
an electrochemical process, similar to catalysis for chemical reactions, it is one of the
most effective approaches to introduce electrocatalysts to the electrodes to improve
the reaction kinetics, thus can solve the shuttle effect fundamentally.

In the past few years, the design of electrocatalysts in Li–S batteries and the explo-
ration of their catalysis mechanism have gradually become the research hotspots.
However, the catalysis mechanism in Li–S batteries is still in its infancy and its
theoretical system is not well-developed yet. While the field of electrocatalysis and
traditional chemical industry have relatively mature theoretical system after a long
period of development, which is just like a treasure trove of knowledge offering
Li–S batteries researchers ideas that could be applied to Li–S batteries. Inspired by
the enhancement to the reaction kinetics of electrocatalytic electrodes in aqueous
polysulfides in photoelectrochemical solar cells and redox flow cells, Babu et al. first
introduced the electrocatalysis concept of LiPSs conversion in Li–S batteries in 2015
[90]. Use of electrocatalytic current collectors such as Pt or Ni when coated on Al
foil has shown to improve the reaction kinetics of the Li–S battery. Fe2O3 is a kind of
common desulfurizer in chemical industry. Zheng et al. used the idea of traditional
desulfurization catalyst, introducing Fe2O3 loaded on graphene as the sulfur host for
Li–S batteries [38]. Such cathode exhibits good electrocatalytic performance, which
can restrain shuttle effect by chemically adsorbing LiPSs thermodynamically and
accelerate the transformation of the soluble LiPSs to insoluble products.

In order to get a further understanding of the catalysismechanism of sulfur species
reaction in Li–S batteries, researchers have devoted great efforts in selecting catalyst
activity parameters to evaluate the catalytic performance of catalysts and exploring
the nature of catalytic activity. This will be discussed in more detail in the next two
sections.

5.4.2 Parameters of Catalytic Activity

In the study of electrocatalysis, some parameters are usually used to evaluate the
electrocatalytic activity of electrocataytsts. To date, extensive investigations have
referred to the electrocatalytic parameters to describe the improvement of electro-
chemical reaction kinetics so as to measure the electrocatalysts performance in Li–S
batteries.
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Fig. 5.14 a EIS plots of Li–S cells (inset shows the fitting equivalent circuit) [92], Reused with
permission from Ref. [92] Copyright 2020 Elsevier Ltd. b EIS plots of symmetrical Li2S6-Li2S6
cells [11]. Reused with permission from Ref. [11] Copyright 2016 American Chemical Society

5.4.2.1 Resistance of Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS), as one of the most powerful elec-
troanalytical tools, has been widely used for investigating kinetics in different elec-
trochemical systems. A typical EIS spectrum consists of two semicircles in high and
middle frequency and a sloping line in low frequency. The semicircles represent the
resistance of charge transfer (Rct) and SEI (RSEI), and the intercept reflects the resis-
tance of bulk electrolyte (Re). The sloping line represents the Warburg impedance
(Wo) associated with the Li+ diffusion in the electrode [91]. A conformal zinc
sulfide/reduced graphene oxide/elemental sulfur (ZnS/rGO/S) composite is synthe-
sized by Peng et al. and utilized as sulfur host in Li–S batteries (Fig. 5.14a) [92]. Rct

and RSEI of the Li||ZnS/rGO/S cell (61.71 and 10.49 �) are smaller than those of the
Li||ZnS/S cell (349.3 and 52.71�), indicating the fast charge transfer and suppressed
electrochemical polarization of the ZnS/rGO/S electrode. Yuan et al. added CoS2 to
a carbon/sulfur cathode in Li–S batteries [11]. EIS plots of the symmetrical Li2S6-
Li2S6 cells (Fig. 5.14b) indicate that charge transfer at a CoS2-LiPSs interface is
much faster than that at a graphene-LiPSs interface, suggesting an increase of the
electrochemical reaction kinetics with the help of CoS2.

5.4.2.2 Shift Peak and Current Density of Cyclic Voltammetry (CV)
Curves

Cyclic voltammetry (CV) is operated based on the Nernst equation which displays
a peaked current–potential curve. During the CV test, a linearly swept potential
(incentive) at a scan rate of v is applied to the electrode, and the redox reactions at
the interface between electrode and electrolyte could be detected by measuring the
response current (Fig. 5.15a). The peak potentials of the CV curves are related to the
charge transfer barrier in a same system. Therefore it could be used for qualitative
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Fig. 5.15 a Schematic CV curve of a simple reversible reaction (inset shows the voltage change
during the CV scan) [93], Reused with permission from Ref. [93] Copyright 2019 Wiley-VCH. b
CV curves of Li–S cells with VN/G and RGO cathodes at a scan rate of 0.1 mV s−1 [94]. Reused
with permission from Ref. [94] Copyright 2017 Springer Nature. c CV curves of symmetrical
Li2S6-Li2S6 cells [11]. Reused with permission fromRef. [11] Copyright 2016 American Chemical
Society

comparison of the reaction kinetic [93]. Sun et al. proposed a conductive porous
vanadium nitride/graphene (VN/G) composite as cathode and used Li2S6 catholyte
as the active material (Fig. 5.15b) [94]. The CV profile shows that the introduction
of VN leads to higher reduction potentials and lower oxidation potentials than that
of the reduced graphene (RGO) cathode, suggesting improved redox kinetics. To
investigate the kinetics of reaction transformation between LiPSs, the CV test based
on symmetrical cells is considered as a more straightforward approach (Fig. 5.15c)
[95]. It consists of two identical electrodes with lithium polysulfide (Li2S8, Li2S6, or
Li2S4) as the active material, showing an OCV of 0 V. The polarization curves can
be directly related to the redox current of lithium polysulfide, thus a higher current
density indicates faster reaction kinetics [11]. Using graphene combining CoS2 as
the electrode, an order of magnitude higher current density is obtained than that with
the graphene-only electrode, indicating that CoS2 dynamically accelerates the sulfur
species conversion.

5.4.2.3 Li Ion Diffusion Coefficient

The kinetics of ion diffusion can be compared by cyclic voltammetry with different
scan rates. With the increasing scan rates, the cathodic peaks shift to lower potential
and the anodic peaks shift to higher potential, while all the peak current density
levels up. The cathodic and anodic current peaks are linearly correlated with the
square root of scanning rates reflecting the diffusion-controlled process. The Li+

diffusion coefficients can be estimated from the Randles–Sevcik equation [96].

Ip = (
2.69 × 105

)
n3/2A D1/2

Li CLi v
1/2, (5.1)

where Ip is the peak current, n is the number of electrons per reaction, DLi is the Li+

diffusion coefficient, CLi is the concentration of Li+ in cathode, A is the geometric
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Fig. 5.16 a Conversion process of S8 to Li2S on the surface of ZnS/rGO/S electrode, CV curves of
Li–S cells with ZnS/rGO/S (b) and ZnS/S (c) cathodes at various scan rates, plots of peak current
vs. square root of scan rates for anodic oxidation process (d), first cathodic reduction process (e) and
second reduction process (f) [92]. Reused with permission from Ref. [92] Copyright 2020 Elsevier
Ltd.

surface area of electrode, and v is the scan rate. The Li+ diffusion coefficients are
calculated based on the anodic peaks at ~2.45 V and the cathodic peaks at ~2.30 and
1.90 V. Compared with the cathode without ZnS, the ZnS/rGO composite cathode
exhibits the highest Li+ diffusion coefficients at all peaks, suggesting the reduced
concentration polarization of the ZnS/rGO composite cathode and the enhanced
reaction transformation kinetics of sulfur species (Fig. 5.16) [92].

5.4.2.4 Tafel Slope

Tafel slope is an important kinetic parameter to reveal the reaction mechanism. The
Tafel equation is expressed as follows:

η = a + b · logi, (5.2)

where η is the overpotential, and i is the current density. In the field of electrocatal-
ysis, it is generally believed that the smaller the Tafel slope (parameter b in the Tafel
equation) is, the faster the current density grows in the same potential interval, indi-
cating the larger reaction rate constant and the better electrocatalytic performance
[97].

Linear sweep voltammetry (LSV) is a widely used electrochemical measurement
in electrocatalysis to probe kinetic behaviors of targeted electrocatalysts. Li et al.
developed a porphyrin derived atomic electrocatalyst (marked as atomic Co-N-C
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Fig. 5.17 LSV curves of Li–S cells with Co–N-C and C cathodes (a) and the corresponding Tafel
plots (b) [98]. Reused with permission from Ref. [98] Copyright 2019 Wiley-VCH

electrocatalysts) to exert atomic-efficient electrocatalytic effects on polysulfide inter-
mediates [98]. In their study, the polarization curve was obtained by LSV measure-
ment. They selected the region of strong polarization in the curve and obtained the
Tafel curve (Fig. 5.17). Tafel plots exhibit a profoundly enhanced conversion reaction
kinetics by the Co-N-C electrocatalyst (269.4 mV dec−1) in contrast of 750.1 mV
dec−1 over theC electrocatalyst. In aword, the atomicCo-N-Celectrocatalysts impart
significant kinetic merits to accelerate the conversion of sulfur species.

5.4.2.5 The Exchange Current Density

When the current density of the cathode reaction and the anode reaction are equal,
the corresponding current density is the exchange current density of the electrode.
Exchange current density can be used to describe the ability of an electrode to gain
and loss electrons, that is, it can reflect the difficulty degree of an electrode reaction.
The exchange current density is usually obtained by extrapolating the Tafel plot to
zero overpotential.

After several years of research [25, 99–101], exchange current density has become
an important index for evaluating the cathode electrocatalysts in Li–S batteries.
Pang et al. investigated the electrochemical kinetics of LiPSs redox reactions on the
surfaces of MgB2, MgO, and VC as cathode electrocatalyst through LSV measure-
ment on a three-electrode Swagelok cell [101]. They used Li2S4 solution as active
material and focused on the reaction of liquid–solid (Li2S4 → Li2S). The superior
conversion kinetics afforded by the MgB2 surface is clearly demonstrated by its high
exchange current density (0.41 mA cm−2), compared with 0.22 and 0.19 mA cm−2

for MgO and VC, as obtained from the Tafel plots (Fig. 5.18).
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Fig. 5.18 Tafel plots of the
Li2S4 solution redox with
different cathodes [101].
Reused with permission
from Ref. [101] Copyright
2018 Elsevier Ltd.

5.4.2.6 Activation Energy

Activation energy (Ea) refers to theminimumenergy requiredby the reactants to reach
the activated molecules in a chemical reaction. Ea is a parameter closely related to
the rate of chemical reaction. The lower Ea is, the faster the reaction rate will be.
Therefore, reducing Ea is the ultimate goal of catalyst design.

In order to further study the catalysis of Li–S batteries, many attempts have been
made to obtain the parameter Ea by different methods [24, 25, 102, 103]. At present,
the most common way to calculate Ea is to choose an experimental parameter and
associate it with Arrhenius equation. Tao et al. systematically studied the catalysis of
Nb2O5 on the redox reaction kinetics by scanning rate-dependent and temperature-
dependent CV tests, as shown in Fig. 5.19a–c [102]. They combined the Li ion
diffusion coefficient (DLi) with Arrhenius equation and used Randles-Sevick equa-
tion to evaluate the catalytic activity of the Nb2O5 electrocatalyst for sulfur reduction
process. Shen et al. fitted the relation of peak currents and temperatures to the Arrhe-
nius equation, as shown in Fig. 5.19d–f [103]. Ea of LiPSs conversion is obtained by
calculating the slope of 1/T-ln(|j|) plot. The calculation results indicates thatNi2Co4P3
electrocatalyst has an ultralow barrier of only 3.97 kJ mol−1, strongly proving the
rapid conversion rate with its help. Peng et al. selected the parameter charge transfer
resistance and related toArrhenius equation to calculate Ea (Fig. 5.19g–i), comparing
the catalytic performance of different heteroatom-doped graphene electrocatalysts
for sulfur reduction reaction (SRR) [25]. While, there is another method for calcu-
lating Ea [24]. Luo et al. proposed that Ea could be calculated according to the slope
of Tafel plot and the following equation:

Ea,Red = E0
a,Red − RT

b
ϕcathode

(
Ox

Red

)

I R

, (5.3)
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Fig. 5.19 The calculationmethod of activation energy (Ea) [24, 25, 102, 104]. Reused with permis-
sion from Ref. [102] Copyright 2016 The Royal Society of Chemistry, Ref. [25] Copyright 2019
Wiley-VCH, Ref. [24] Copyright 2020 Springer Nature, and Ref. [104] Copyright 2020 Elsevier
Ltd.

where Ea,Red is the activation energy of the reduction process, E0a,Red is the intrinsic
activation energy, b is the slope of Tafel plot, and ϕcathode is the irreversible poten-
tial in the reduction process. After adding homogeneous catalyst nickel chloride
dimethoxyethane adduct (NiDME), a largely decreased Ea of the sulfur species redox
reaction is achieved (Fig. 5.19j–l).

5.4.2.7 Electron Transfer Number

The parameter electron transfer number (n) is one of the most key characteristics of
the electrocatalytic process. Take oxygen reduction reaction (ORR) for example,
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Fig. 5.20 a LSV curves of heteroatom-doped HGFs of sulfur reduction process, b Tafel plots of
heteroatom-doped HGFs, c electron transfer number comparison among heteroatom-doped HGFs
[25], Reused with permission from Ref. [25] Copyright 2020 Springer Nature

the parameter n not only reflects the efficiency of oxygen conversion but also
provides information on the ORR mechanism [105]. To understand the sulfur reduc-
tion reaction (SRR) mechanism with the presence of catalysts, Peng et al. calcu-
lated the parameter n in the SRR process by using jD according to the following
Koutecky-Levich equation [25]:

1

j
= 1

jK
+ 1

jD
= Bω−1/2 + 1

jK
, (5.4)

where j, jK , and jD represent the measured, kinetic-limited, and diffusion-limited
current densities, respectively. The proportionality coefficient (B) can be written in
the following equation:

B = 0.62D2/3ν−1/6nFC, (5.5)

whereD is the diffusion coefficient of the reactant, ν is the kinematic viscosity of the
electrolyte, F is the Faraday constant, and C is the concentration of the reactant in
the bulk electrolyte. n can be deduced from the slope of the linear plot of j−1 versus
ω−1/2 (K-L plot).

The dual heteroatom-doped graphene exhibits much higher n than the single
heteroatom-doped graphene and pristine graphene, suggesting that it can promote
more complete sulfur reduction and more rapid conversion of soluble LiPSs to the
insoluble products (Fig. 5.20).

5.4.2.8 Parameters in Li2S Deposition

About three quarters of the theoretical capacity (1,675 mAh g−1) originates from
the Li2S4 reduction, indicating the key role of the Li2S deposition in enhancing the
reaction kinetics in Li–S batteries [106, 107]. The kinetics of Li2S nucleation from
LiPSs on mediators can be characterized as a function of overpotential under poten-
tiostatic conditions, and a function of current rate under galvanostatic conditions. The
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characteristic curve reveals the time dependence of reduction current in the electrode-
position of Li2S. Fan et al. investigated the kinetic analysis of Li2S nucleation and
growth process (Fig. 5.21a–c) [108]. The current peak has a sigmoidal cumulative
distribution function, which follows the Avrami form:

Y = 1 − exp
(−Btn

)
, (5.6)

B =
(π

3

)
Ak2, (5.7)

where Y, B, and n represent the portion that has been transformed, a kinetic constant,
and the Avrami exponent, respectively. B is given by Eq. (5.2), where A and k are
the nucleation and growth rates, respectively.

Fan et al. investigated the role of NbN@NG interface in regulating the Li2S
deposition (Fig. 5.21d–f) [109]. The quantity of the Li2S precipitation onCF, CF/NG,
and CF/NbN@NG are calculated to be 89.4, 175.4, and 256.8 mAh g−1, respectively.
This result suggests that the CF/NbN@NG electrocatalyst lowers down the Li2S
nucleation energy effectively thus accelerates the conversion of liquid LiPSs to solid
Li2S.

Fig. 5.21 a Plots of voltage and current versus time for a LiPSs-porous carbon cell, which was
galvanostatically discharged to 2.05 V then potentiostatically discharged at 2.05 V, b plot of trans-
formation versus time for potentiostatic current peak, c Avrami plot derived from the boxed portion
of (b) [108], Reused with permission from Ref. [108] Copyright 2015 Wiley-VCH. d–f Potentio-
static discharge curves of the Li2S deposition tests on CF, CF/NG, and CF/NbN@NG substrates
[109], Reused with permission from Ref. [109] Copyright 2019 Wiley-VCH
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5.4.2.9 Energy Barriers for the Formation and Decomposition of Li2S

To understand the reason for the improved reactions kinetics of charge/discharge of
the elctrocatalyst in Li–S batteries, theoretical calculation represents a powerful tool
for in-depth investigation at themolecular level. Du et al. first introduced single-atom
cobalt as electrocatalyst to Li–S batteries and performed first-principles calculations
[62]. They investigated the different possible reactions of LiPSs on Co–N/G and
compared them to similar reactions N/G. The conversion of Li2S2 to Li2S has the
largest positive Gibbs free energy, which indicates that this is the rate-limiting step
in the whole sulfur species reduction process. Compared with the N/G substrate, the
lower Gibbs free energy on Co–N/G for the reduction of Li2S2 was achieved, which
clearly confirms that the reduction of sulfur is thermodynamically more favorable
on Co–N/G than N/G (Fig. 5.22a). In addition, they also evaluated the Li2S oxida-
tion reaction kinetics on the surfaces of N/G and Co–N/G by calculating the Li2S
decomposition energy barrier (Fig. 5.22b, c). The calculated value on Co–N/G and
N/G are 1.43 eV and 2.29 eV respectively, indicating that the Co-N-C centers serve
as active sites to accelerate the oxidation process of Li2S. Zhou et al. synthesized
a series of various single-atom materials and selected the most promising electro-
catalyst for Li–S batteries by combing the theoretical calculations and experiments
(Fig. 5.22d–g) [110].

Fig. 5.22 a Energy profiles for the LiPSs reduction process on N/G and Co–N/G substrates, b, c
energy profiles for Li2S deposition on N/G and Co–N/G substrates [62], Reused with permission
from Ref. [62] Copyright 2019 American Chemical Society. d–g Li2S decomposition barriers
lithium ion diffusion barriers, bond angle and bond length of Li2S, and binding energy of Li2S6
on different substrates [110], Reused with permission from Ref. [110] Copyright 2019 American
Chemical Society
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5.4.3 Exploration of Catalytic Mechanism

The whole traditional catalytic reaction process mainly consists of three steps: the
adsorption of reactants on the catalyst, transformation of electron, and the desorption
of the products from the catalyst. Differing from the traditional chemical catalytic
reactions and electrocatalytic reactions, since Li–S battery is an energy storage
system, the discharge product Li2S is also the reactant in the charging process. In
this regard, not only the adsorption step and electron transfer step should be paid
attention, the relationship between the Li2S deposition and the catalytic performance
of catalyst also needs further investigation.

5.4.3.1 Adsorption Process

Chemical adsorption of LiPSs on sulfur host materials mainly consists of two forms:
polar-polar interactions and lewis-base interactions.

Polar-polar interactions

The polar-polar interaction is a strong chemical interaction between polar LiPSs and
polar sulfur host materials that can be tuned to adsorb LiPSs (Fig. 5.23a). Various
materials have been developed to chemically interact with LiPSs in recent years,
mainly including three types: modified carbonaceous materials, functional poly-
meric materials, and metal chalcogenides (oxides and sulfides). Doping heteroatoms
and modifying functional groups on the matrix material to chemically adsorb the
LiPSs stems from the polar-polar interaction of electron-rich groups with Li+ [111,
112]. Beyond carbonaceousmaterials, metal chalcogenides possess intrinsic network
polarity, where the surfacemetal chalcogen ions synergistically interact with the Sx2−
and Li+ [113].

Lewis acid-base interactions

Polysulfde anions (Sx2−) are soft Lewis bases owing to the sulfur lone electron pairs.
Hence, host materials that exhibit Lewis acid characteristics are able to interact with
LiPSs strongly and trap them within or on the host surface (Fig. 5.23b). Examples
of such kind of materials are metal organic frameworks (MOFs), MXenes, and
metal compounds. Take Ti2C for example, a strong Lewis acid-based interaction of
the LiPSs with its surface is demonstrated by metal-sulfur (S-Ti-C) binding at the
surface [114].
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Fig. 5.23 Schematic of polar-polar interaction a and lewis-base interaction b between LiPSs and
polar sulfur hosts [115]. Reused with permission from Ref. [115] Copyright 2016 Springer Nature

5.4.3.2 Electron Transfer Process

Since electron transfer process is the most important step in the whole electrocat-
alytc reaction, many researchers have devoted tremendous efforts on how electrocat-
alysts promote the electron transfer to make the electrocatalytic mechanism of Li–S
batteries clearer.

Zhou et al. studied Co-based compounds on the catalytic process of sulfur species
and reported that the p-band center modulated the interfacial electron transfer
dynamics (Fig. 5.24a) [116]. They investigated the kinetic behavior of a series of
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Fig. 5.24 Schematic of catalytic mechanism for electron transfer process [103, 104, 116, 118].
Reused with permission from Ref. [116] Copyright 2018 Elsevier Ltd., Ref. [103] Copyright 2020
American Chemical Society, Ref. [118] Copyright 2019 Wiley-VCH, and Ref. [104] Copyright
2020 Wiley-VCH

cobalt-based compounds containing different nonmetal anions in Li–S chemistry
systematically. As a result, CoP exhibited superior electrochemical performance due
to its moderate adsorption ability. The p band center in CoP shifts up distinctly with
respect to Fermi level, reducing energy gap between the cobalt 3d and anion 2p band
centers. The P anion was softer and less electron-pulling as compared to the S and O
anions, which leads to an increased energy of bonding states and a decreased energy
gap between the bonding and antibonding orbitals. This gives rise to a higher elec-
tron energy, due to anions with more hybridization and a contribution to the valence
band electrons, which thus facilitates the electron exchange to promote interfacial
S62−/S2− redox dynamics.

Inspired by the d-band theory proposed by Norskov et al., Shen et al. introduced
the concept of d-band engineering into Li–S batteries (Fig. 5.24b) [103, 117]. They
used Ni2P as a model catalyst and substituted Ni with Co to tune and understand its
catalysis activity for Li–S conversion reactions. The Co dopants in Ni2Co4P3 raise
the d-band of metal sites and further strengthen the interaction between polysulfides
and catalysts. The terminal S atoms were adsorbed to the triply bridged metal sites
through a strong metal-S bond. The S–S bonds of LiPSs were weakened due to the
redistributed electron population, resulting in the reduced lower activation energy
of LiPSs conversion. In addition, they found that introducing vacancies is also a
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way to tune d-band center. They developed a Ni3N0.85 electrocatalyst by engineering
N vacancies in a hexagonal Ni3N (space group P6322). Ni3N0.85 interacts strongly
with Li2S4 and charge transfer from the surface to the adsorbed Li2S4 molecules due
to the rise of d-bands of Ni atoms. The strong interaction caused by N vacancies
results in the high filling fraction of the lowest occupied molecular orbital (LUMO)
of Li2S4. Therefore the weakened S–S bond of the Li2S4 backbone facilitates the
bond breaking.

Yu et al. proposed that amorphousMoS3 has superior binding ability in anchoring
Li2S6, attributing to that the surface sulfur with negative charge can induce the
conventional Li-binding, while unsaturated molybdenum has strong affinity toward
the sulfur in Li2S6 [118]. They further clarified the electron transfer between the
LiPSs and MoS3 by projected density of states (PDOS) and crystal occupation
Hamilton population (COHP) (Fig. 5.24c). For the (S–S)1 bond that interacts with
molybdenum, the anti-bonding states are significantly reduced compared to the orig-
inal non-interacting (S–S)2 bond, since electrons in sulfur chain can be transferred to
theMoS bonding states. Besides, the loss of electrons in the sulfur chain of Li2S6 also
reduces energy intervals between the highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbitals (LUMO) from 1.88 to 0.56 eV. Therefore,
the electron migration between LUMO and HOMO in Li2S6 can be benefited, thus
promoting the redox process of polysulfides.

In Li-O2 batteries and redox flow batteries, it is a very common and effective
way to accelerate the reaction rate by introducing redox mediator. In Li–S batteries,
mediators can facilitate LiPSs conversion through their reactions with LiPSs. In
general, the mediators for Li–S batteries can be divided into two categories based
on their physical form: one is the homogeneous mediators which are redox active
species soluble in the electrolyte and are often referred to as redox mediators (RMs)
(Fig. 5.25a), the other one is heterogeneous mediators which are distributed solid in
the sulfur cathode (Fig. 5.25b) [119].

The RMs undergo charge-transfer reactions with sulfur species directly and trans-
port the charge transferred to the current collector. They substitute charge conduction
through solid materials in the electrode with the more effective charge conduction
in the electrolyte [120]. Tsao et al. employed the redox chemistry of quinone to
realize efficient, fast, and stable operation of Li–S batteries (Fig. 5.25c). The RM
with appropriate redox potential was first electrochemically oxidized to RM+, which
can chemically oxidize Li2S over the whole surface and further electrochemically
reoxidized after diffusing to the surface of conductive host. Therefore, the ideal redox
potential of RM stayed slightly higher than the equilibrium voltage of Li2S (≈2.15 V
vs. Li+/Li), enabling reduced overpotential and maximized energy efficiency.

As for the heterogeneous mediators, a good example is the MnO2 mediator
proposed by Liang et al. (Fig. 5.25d) [27]. They theorized that polysulfides are
oxidized to surface-bound thiosulfates on MnO2. The reaction between thiosul-
fates and long-chain polysulfides thereafter forms polythionate complexes [O3S2-
(S)x-2-S2O3]2− and short-chain polysulfides immobilized on the MnO2 surface. This
thiosulfate-mediated conversion of long-chain polysulfides to short-chain polysul-
fides bypasses the normal long-chain to short-chain polysulfide conversion in the
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Fig. 5.25 Schematic of working mechanism of homogeneous mediators (a) and heterogeneous
mediators (b) for Li–S batteries [119], Reused with permission from Ref. [119] Copyright 2020
Wiley-VCH. c schematic of redox mediator assisting Li2S oxidation process [120], Reused with
permission fromRef. [120] Copyright 2018 Elsevier Ltd. dChemical reactivity and redox potentials
of various metal oxides [121], Reused with permission fromRef. [121] Copyright 2015Wiley-VCH

solution phase. Furthermore, Nazar’s group investigated this alternate polysulfide
conversion pathway on other metal oxides and reported a “Goldilocks” principle in
metal oxide–polysulfides interaction [121].

5.4.3.3 Li2S Deposition Process

Li2S is not only the product of the discharging process of Li–S batteries but also the
reactant of the charging process. The deposition of Li2S has a profound influence on
the performance of Li–S batteries, especially the cycling performance is a key index
to evaluate a secondary energy storage system.

Although plenty of electrocatalysts have been reported to improve the reaction
kinetics of LiPSs, it is difficult to achieve an effective collaborative interface with
strong adsorption, high electrical conductivity, and high reactive sites simultaneously,
leading to a feeble regulation of Li2S deposition. In this regard, Yuan et al. proposed
a triple-phase interface among electrolyte/CoSe2/G to afford strong chemisorption,
high electrical conductivity, and superb electrocatalysis of LiPSs redox reactions
in Li–S batteries (Fig. 5.26a, b) [122]. In details, the trogtalite CoSe2 nanodots
provide abundant exposed sites for intimate adsorption of liquid-phase lithium poly-
sulfides and regulate the nucleation density, while the intrinsic metallic attribute
of CoSe2 facilitates the rapid electron transfer. More importantly, the uniformly
dispersed CoSe2 nanodots with an average size of 5 nm lead to densely and uniformly
distributed sulfphilic active sites. It guides effective equilibrium to nucleation and
growth of Li2S. Therefore, the well-designed triple-phase interface realizes the
uniform precipitation of Li2S at nanoscale and inhibits their blocky growth and
aggregation.



200 W. Qu et al.

Fig. 5.26 Schematic of Li2S deposition on conductive surface (a) and nanotriple-phase interface
with uniformly distributed nucleation sites (b) [122], Reused with permission from Ref. [122]
Copyright 2018 Wiley-VCH. c schematic of growing path of Li2S with the assistance of CoCP2, d
the first charge profile at 0.2 C, e SEM images of Li2S deposition with CoCP2 absent [123], Reused
with permission from Ref. [123] Copyright 2019 Wiley-VCH

Redox mediators have a great potential in regulating Li2S deposition due to their
special form in existence. Zhao et al. introduced cobaltocene (CoCp2) as a persistent
extrinsic RM to dictate an alternative growing pathway toward three-dimensional
Li2S growth (Fig. 5.26c–e) [123]. CoCp2/CoCp2+ maintains a soluble state across
the whole discharge process. The persisted presence of extrinsic redox mediator
ensures the integrity of redox-mediated Li2S growth cycle toward full utilization
of sulfur on the finite conductive surface. There are two main reasons that could
explain why CoCp2 helps the 3D growth of Li2S: (1) CoCp2+ has easier access to
the conductive surface than Li2S4, especially at the end of discharge, to break the
diffusion limitation on Li2S4 for further discharge; (2) CoCp2, once formed through
on-surface electroreduction, can diffuse to external surface of existing Li2S nuclei
and build newmass upon these nuclei while polysulfides like Li2S4 can only mediate
the Li2S growth at the electrolyte/conductive substrate/Li2S triple-phase boundaries.

In recent years, researchers have conductedmore in-depth research of the catalysis
in Li–S batteries. Great progress has been made in the parameter research of catalyst
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performance evaluation and catalyst design. (1) More and more parameters used to
evaluate catalysis in other catalytic systems have been introduced into Li-S batteries.
However, the accuracy of the methods that obtain the parameters needs to be further
enhanced. (2) As for catalyst design for Li–S batteries, there are many kinds of
catalysts introduced into Li-S batteries at present. Therefore, the catalyticmechanism
of each catalyst in essence needs to be further studied at the molecular level.

5.5 Characterizations

Accurate characterization of the catalytic process in Li-S batteriess is a prerequisite
for studying the mechanism. We have previously summarized the characterization
methods of catalysis in Li-S batteries [124]. Many mature characterization and anal-
ysis methods have been proposed in traditional catalysis and electrocatalysis, which
can provide many ideas for researches of Li-S batteries. Some common parameters
in studies of thermal catalysis and electrocatalysis like activation energy, number of
electrons transferred, faraday efficiency, energetic efficiency, etc. have similar appli-
cation values in Li-S batteries. Herein, we will introduce the application of electro-
chemical techniques, microscopic techniques optical techniques and in-situ charac-
terization techniques in catalysis research from the perspective of characterization
technique.

5.5.1 Electrochemical Techniques

Electrochemical technique is a kind of characterization technique that uses the
specific response of tested system to various modes of current or voltage signals to
characterize the electrochemical performance of the system. It includes manymature
test techniques such as CV [11, 125], EIS [126, 127], and polarographic analysis.
At present, electrochemical technique is widely used in the field of energy storage
materials including Li-S batteries research. In the past few years when lithium-
sulfur catalysis has been extensively studied, electrochemical technique is also the
most important method for characterizing the catalytic performance of materials:
shift of the peak position in the CV curve as evidence of the existence of catalysis;
comparing the Tafel slope fitted by CV curve to evaluate the catalytic ability of the
material; description of the improvement effect of the catalyst on the utilization rate
of the active material by calculating of the dissolution/deposition amount of lithium
sulfide using potentiostatic electrolysis technique; shortening of the diameter of the
semicircular area of the EIS curve to prove that the catalyst improves the reaction
kinetics. These characterizations can only solve the problem of whether lithium-
sulfur catalysis exists and cannot completely explain the mechanism of catalysis.
And they also have the problem of not being rigorous enough, and using electro-
chemical techniques to characterize the reaction mechanism has been proved to be
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feasible in the field of electrocatalysis research, but these characterization techniques
have not been fully applied in lithium-sulfur systems. In this section, we will intro-
duce the application of electrochemical technology in lithium-sulfur catalysis and
propose rigorous electrochemical test methods for lithium-sulfur systems.

• Traditional electrochemical techniques
Traditional electrochemical characterization techniques like CV and EIS

are the most effective and simplest means to prove the existence of catalytic
phenomena in Li–S batteries. Yang et al. [128] used CV to characterize the
catalytic ability of TiO2-heterostructures in Li–S batteries. To avoid adverse
effects of lithiummetal anodes and further reveal the conversion process of LiPSs
on heterostructure surface, they assembled symmetrical cells using TiO2-MXene
heterostructure mixed with GN as the electrode. The CV profiles in a voltage
window of − 0.7 to 0.7 V at 10 mV s−1 were shown in Fig. 5.27a. It could be
clearly observed that the symmetrical cell with the Ti3C2Tx (4 h) displayed more
intensive redox peaks, demonstrating the well-tailored chemical components and
surface properties enable rational balance between LiPSs adsorption and conver-
sion on its surface, thus leading to the highest sulfur utilization. The CV curves

Fig. 5.27 CV profiles of a symmetrical Li2S6-Li2S6 cells and b Li–S batteries [128], Reused with
permission fromRef. [128]Copyright 2019Wiley-VCH.Nyquist plots of cellswith the 7TiN:3TiO2-
G coating layer c before cycling and d after 300 cycles at 1 C from 100 kHz to 10 MHz at room
temperature [73]. Reused with permission from Ref. [73] Copyright 2017 The Royal Society of
Chemistry
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Fig. 5.28 a Three-electrode coin-cell configurations with a lithiated Li4Ti5O12 reference electrode
[129], Reused with permission from Ref. [130] Copyright 2018 Wiley-VCH. b The Tafel plots of
the Li2S4 solution redox on different host materials, derived from linear sweep voltammetry scans
in a three-electrode Swagelok cell [101]. Reused with permission from Ref. [101] Copyright 2019
Elsevier Ltd.

of Li–S batteries with TiO2-MXene interlayer were shown in Fig. 5.27b. The CV
profile of the cell with heterostructure layer showed distinct positive shift for the
two cathodic peaks and higher peak current, indicating the enhanced transforma-
tion of S8 to soluble LiPSs and further to insoluble products (Li2S). They had also
used EIS to characterize the performance of heterostructure catalysts (Fig. 5.27c,
d). The Li–S battery with the 7TiN:3TiO2-G coating has the smallest Rct, which
is possibly because of the higher conductivity because of it containing more TiN
and the strong affinity of the heterostructures for LiPSs [73].

• Three-electrode system
• The three-electrode system, as a commonly used electrochemical analysismethod,

consists ofworking electrode, reference electrode, counter electrode, and twoelec-
trical circuits formed by these electrodes. The three-electrode battery can accu-
rately measure the potential of the working electrode by separating the measure-
ment circuit for measuring the potential and the polarization circuit for applying
current to eliminate errors caused by electrode polarization. Most of the tests
currently used to characterize the electrochemical performance of lithium-sulfur
catalysis are carried out with two-electrode batteries. In this case, the polariza-
tion current is usually not negligible (>1 A gsulfur−1), and the polarization of the
lithium electrodewill affect the accuracy of the potentialmeasurement. Therefore,
the use of a three-electrode battery to eliminate the effects of other electrodes is
an important and promising method to study sulfur cathodes with catalysts.

• There have been many works in the field of Li-S batteries that have used a variety
of different types of three-electrode systems to eliminate the influence of the polar-
ization of the lithium metal negative electrode on the measurement. Zhang et al.
[129] constructed a three-electrode coin-cell by inserting a lithiated Li4Ti5O12

electrode as a reference electrode. The battery is stable to the production of LiPSs
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in the bulk electrolyte during the cycle, as shown in Fig. 5.28a. This special coin-
cell can be used to accurately monitor the real-time evolution of impedance and
explain the influence of LiPS dissolution on electrolyte viscosity and conductivity
and was used to monitor real-time impedance evolution and explain the influence
of LiPS dissolution on electrolyte viscosity and conductivity. However, in this
simple test method, the additional potential consumption between the reference
electrode and the working electrode due to the presence of the separator cannot
be ignored for catalytic characterization. Therefore, the reference electrode of a
three-electrode system should be built in free electrolyte to avoid the use of sepa-
rators. Nazar et al. [101] constructed a three-electrode Swagelok cell for LSV
testing to examine the redox kinetics of polysulfides on the surface of MgB2,
MgO, and VC. The overpotential and the current response from the LSV exper-
iment were used to construct the Tafel plot (Fig. 5.28b). The linear region of the
semi-logarithmic Tafel plot was manually fitted and extrapolated to obtain the
exchange current density according to the Bulter-Volmer equation. At present,
most three-electrode batteries in lithium-sulfur system use lithium metal as the
reference electrode, which is unfavorable for the accurate measurement of poten-
tial, because lithium metal has poor stability in LiPSs, and it is not an unpolar-
ized electrode. Therefore, the electrode that maintains electrochemical stability in
electrolyte in which LiPSs are dissolved, should be selected as a reference elec-
trode, such as a platinum electrode. Manthiram et al. [82] used a three-electrode
systemwith Pt foil as a reference electrode to demonstrate the advantages of three-
dimensional graphene/1 T MoS2 heterostructures as an electrocatalyst toward
LiPSs conversion.

• Calculation of activation energy

Activation energy is oneof themain parameters that characterizes catalytic activity
in traditional catalysis studies. The essence of the catalytic reaction is to reduce the
activation energy of the target reaction. In the researches of thermal catalysis, the
apparent activation energy is calculated by the Arrhenius equation. The reaction rate
is an important parameter in the Arrhenius equation. In the lithium-sulfur system,
the concentration of various polysulfides is difficult to measure due to the complex
reaction process, so it is almost impossible to calculate the reaction rate accurately.
However, many other electrochemical parameters, such as the peak current density in
the CV curve, the diffusion rate, and the charge transfer resistance derived from the
EIS, also reflect the reaction rate to a certain extent, showing a temperature-dependent
Arrhenius behavior. The reaction activation energy calculated by this relationship can
also reflect the strength of the catalytic ability to a certain extent.

Haart et al. [130] used EIS to obtain the impedance data of manufactured lithium-
ion pouch cells to calculate the charge transfer resistance and diffusion rate. Both
processes follow an Arrhenius law, allowing the determination of activation ener-
gies with small variance. Figure 5.29a, b shows the impedance data at different
temperatures and Arrhenius plots obtained from battery model measured at different
temperatures. This study provided a new idea for the researches of lithium-sulfur
catalysis. The information contained in the more easily measured electrochemical
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Fig. 5.29 a Impedance data measured by EIS frommanufactured lithium-ion pouch cells, bArrhe-
nius plots of charge transfer resistance (top) and solid-state diffusion rate (bottom) obtained from
battery model fit of impedance data measured at different temperatures [130], Reused with permis-
sion from Ref. [130] Copyright 2016 The Electrochemical Society. CV curves of the Li–S cells
using cNi2Co4P3 as catalysts at varied temperatures [131], Reused with permission fromRef. [131]
Copyright 2019 Wiley-VCH. d EIS measurements at various temperatures at 2.7 V. e Activation
energy profiles at various voltages [132], Reused with permission from Ref. [132] Copyright 2020
Springer Nature

techniques can be used to obtain activation energy data to evaluate and select the
catalyst, which can avoid the difficult measurement of polysulfide concentration.
Zhang et al. [131] fitted the relation of CV peak currents and temperatures to the
Arrhenius equation and obtained the activation energy of polysulfide conversion by
calculating the slope. In this way, they evaluated the performance of Ni2Co4P3 as a
catalyst for Li-S batteries (Fig. 5.28c).

Duan et al. [132] also used this idea to determine the activation energy for each
step of the LiPSs conversion process by fitting the charge transfer resistance of EIS
tests under different voltages at different temperatures in a standard Ketjen carbon
black/sulfur (KCB/S) composite cathode (1 mg cm−2). Figure 5.29d shows the EIS
variable temperature curves in a frequency range from 10 MHz to 100 kHz with an
alternating current amplitude of 5 mV. In EIS plots, the first semicircle is attributed
to the deposition of insoluble solid sulfide (Li2S2/Li2S) on the surface (Rsurf), the
second semicircle represents the charge transfer (RCT), and the tail line is attributed
to the Warburg resistance (ZW). Using the charge transfer resistance at different
temperatures, the activation energy of the electrochemical reaction at the test potential
can be calculated by Arrhenius equation. Figure 5.29e shows the activation energy of
the SRR at different potentials calculated by EIS in the voltage range of 2.7–1.7 V. At
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a high voltage of about 2.7 V (corresponding to the conversion from S8 to Li2S8), Ea

is as low as 0.12 eV, proving a high-speed conversion of LiPSs. The activation energy
increases to 0.24 eV at 2.4–2.1 V and then reaches a maximum value of 0.33 eV at
1.8 V. This shows that the conversion process of low-order polysulfides and solid
lithium sulfide is very slow.

5.5.2 Microscopic Techniques

In order to ensure a high degree contact with the active material, the catalyst usually
has a fine nanoscale structure. This requires advanced electron microscopic tech-
niques to characterize the microscopic changes in catalysts and reactants. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) are the
twomost used morphological characterization methods in the study of lithium-sulfur
catalysis. Electron microscopy combined with X-ray energy dispersive spectroscopy
(XEDS) can intuitively observe the basic morphology and element distribution of the
material. High-resolution transmission electron microscopy (HR-TEM) combined
with selected area electron diffraction (SAFD) or electron energy loss spectroscopy
(EELS) can even characterize the crystal structure of the material [133–136]. Yang
et al. [73] used HR-TEM to characterize the TiO2-TiN heterostructure added to the
sulfur cathode. TheTEM image in Fig. 5.30a confirmed the generation of heterostruc-
tures. Among them, TiO2 and TiN grow together in a large particle, which can be
confirmed by the lattice fringes of HR-TEM. And the interface between these two
components can be clearly observed through the electron microscope images. This
interface is the key to catalyze the conversion of LiPSs. The heterogeneous interface
not only improves the adsorption capacity of LiPSs but also provides a fast elec-
tron transfer pathway for the conversion through the synergistic effect of the two
components.

In order to ensure the reliability of the electron microscopy characterization of
the material morphology, it must be ensured that the sample will not be changed due
to changes in the physical conditions in the microscope sample compartment [137].
However, the vapor pressure of elemental sulfur is very low, and sulfur sublimation
easily occurs in the high vacuum environment in the sample chamber of the electron
microscope [138]. This phenomenon is an important challenge for the characteriza-
tion of high-resolution sulfur electrodes [139]. To illustrate this problem, Fig. 5.30b
shows the vapor pressure curve of sulfur, with the conditions of an FEI Tecnai
F20 transmission electron microscopy (TEM) sample chamber (8.8 × 10−8 Torr
at ~18 °C) indicated. Figure 5.30c shows the TEM images of sulfur under this condi-
tion. It can be observed that sulfur sublimates at a rate of about 1 single layer of sulfur
per second, and finally only a small portion of “super-sublimated” polymerized sulfur
remains, which remains relatively stable under vacuum.

Cryo-TEM is a well-established method for imaging hydrated biological samples
that cannot be exposed to vacuum at room temperature. Cryo-TEM can authentically
characterize the distribution of S in the composites by suppressing the sublimation
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Fig. 5.30 a TEM image of TiO2-TiN structure and schematic of LiPS conversion processes on
TiO2-TiN heterostructure surface [73], Reused with permission from Ref. [73] Copyright 2017 The
Royal Society of Chemistry. b Vapor pressure versus temperature for elemental sulfur. c Sulfur
particle sublimating in TEM vacuum chamber at 18 °C, at a pressure of 8.8 × 10−8 Torr [137].
Reused with permission from Ref. [137] Copyright 2017 Cambridge University Press

of S and further avoid the potential damages of electron microscopy. Levin et al.
[137] enabled the reliable distribution of S in various types of carbon/S composites
through cryo-STEM and demonstrated that uniform S infiltration and dispersion
through the melt infusion method was easier in activated porous carbon hosts than
in nonactivated porous carbon, hollow carbon spheres, and carbon nanotubes. In
order to study whether the sublimation effect was still apparent at low temperatures,
sulfur particles were prepared and imaged by cryo-TEM at a cryogenic temperature
of −173 °C. A time series of cryo-TEM images from a sulfur particle is shown
in Fig. 5.31. Figure 5.31a–c shows that the sulfur particles did not change within
5 h, which is in sharp contrast with the sulfur particles that sublime and disappear
within 40 min at room temperature. The cryogenically cooled sulfur remained stable
enough under the electron beam to allow imaging in annular dark field (ADF) cryo-
scanning TEM (Fig. 5.31d) and XEDS (Fig. 5.31e) mapping. The suppression of
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Fig. 5.31 a–c Time series of images of a cryogenically cooled sulfur particle at ~173 °C after a
86 min, b 170 min, and c 311 min under 8.8 × 10−8 Torr vacuum. After 4 h under vacuum, a
high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) image
(d) and STEM X-ray energy dispersive spectroscopy (XEDS) map (e) were taken from the tip of
the particle. Scale bar: (a–c) 1 μm and (d) 500 nm+ [137]. Reused with permission from Ref. [137]
Copyright 2017 Cambridge University Press

sulfur sublimation by cryogenic sample cooling demonstrates that cryo-TEM is a
viable method for both imaging and spectroscopic characterization of composites
containing elemental sulfur such as catalyst-sulfur composites in Li–S batteries.

5.5.3 Optical Techniques

• Spectroscopic techniques

Optical spectroscopic techniques, including Raman [140], FT-IR [141, 142], and
UV–vis [94, 102, 143], have gained much attention and have been widely adopted,
owing to their ease of operation, non-destructive nature, high time and spatial reso-
lutions, ample information, etc. Raman spectroscopy is commonly utilized to distin-
guish between different molecules by providing their structural fingerprints, which
are used to survey the vibrational, rotational, and other low-frequency modes in a
studied system. In a Raman spectrum, individual bands are characteristic of specific
molecular motions and can, therefore, be used to identify and quantify specific
molecules. For Li-S battery, Raman spectroscopy can gather information from both
the polarizable electrode surface and liquid organic electrolyte. Chen et al. [144] used
Raman spectroscopy to characterize sulfur hostmaterials. As elucidated in Fig. 5.32a,
Raman spectra displays twoprominent peaks of carbon at around1368 cm−1 (Dband)
and 1585 cm−1 (G band) corresponding to disordered/defective carbon and graphite
carbon, respectively. Moreover, the spectra all show a G peak at 2696 cm−1 refer-
ring to an overtone of the G band, which appears commonly in graphitic carbon.
Compared with the CoP@HPCN, three characteristic peaks of sulfur at 155, 219,
and 475 cm−1 demonstrate the confinement of sulfur in the CoP@HPCN/S.

Infrared spectroscopy (IR) is a kind of absorption spectroscopy, which analyzes
and identifies the molecular structure of substances by detecting the vibration and
rotation of molecular bonds when absorbing specific infrared light. Infrared spec-
troscopy has a wide range of applicability to samples and has been maturely used in
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Fig. 5.32 a Raman spectra of as synthesized CoP@HPCN, and CoP@HPCN/S composites (with
70 wt% of S) [144], Reused with permission from Ref. [144] Copyright 2019 Elsevier Ltd. b UV–
vis spectra of the Li2S6 solution after exposure to graphene (G), NG, SACo@NG, and SAV@NG
and the inserted digital image of Li2S6 absorption test [145], Reused with permission from Ref.
[145] Copyright 2019 American Chemical Society. c XRD patterns of pristine and Pt anchored
graphene electrode [150], Reused with permission from Ref. [150] Copyright 2015 American
Chemical Society. d Sulfur K-edge and cobalt K-edge XANES of S/CP@NCNT@CoS3 electrode
at different depth of discharge/charge. e Sulfur K-edge of S/CP@NCNT electrode at different depth
of discharge/charge [151]. Reused with permission from Ref. [151] Copyright 2019 Wiley-VCH

the fields of chemical substance structure analysis and chemical imaging. In partic-
ular, Fourier Transform Infrared Spectroscopy (FT-IR) has the advantages of rapid
testing, convenient operation, good repeatability, and high sensitivity for the testing of
LSB electrochemical reaction products. FT-IR can distinguish different lithium poly-
sulfide species through the infrared spectrum of the standard solution and theoretical
calculations.

Ultraviolet–visible (UV–vis) spectroscopy is another widely used absorption
spectrum. The UV–vis spectrum and absorption of ultraviolet and visible light by
the molecules or ions of the substance can be used to analyze, determine, and infer
the composition, content, and structure of the substance. UV–vis spectroscopy has
the advantages of fast analysis speed, wide detection range, strong stability, and
high accuracy. It has become an important means for the characterization of elec-
trochemical reactions in a solution system. Lithium polysulfide compounds absorb
ultraviolet–visible radiation, so UV–vis spectroscopy has been widely used in the
qualitative and quantitative analysis of lithium polysulfide substances in LSB. Cui
et al. [145] usedUV–vis spectroscopy to study the adsorption capacity of single-atom
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vanadium-cobalt catalysts for polysulfides in Li–S batteries. As shown in Fig. 5.32b,
the characteristic peak of polysulfide appears at 260, 280, 300, and 340 nm, and the
absorption intensity will change with the concentration decrease of polysulfides.

• Other optical techniques

In addition to various spectroscopic techniques, there are many other optical tech-
niques such as XRD [20, 146, 147], XPS [148, 149], and XANES that play a huge
role in the characterization of catalysis in Li–S battery. Arava et al. [150] intro-
duced metal catalyst Pt to Li–S batteries and they used XRD to prove reversible
catalytic process. From XRD (Fig. 5.32c) patterns, formation of platinum sulfide
on the discharged state (2θ = 29.2° and 36.4°) and further its fading on charging
was observed. Hence, it is confirmed that the nature of interactions between Pt and
sulfur is reversible and accountable for stable electrochemical performance. Sun et al.
[151] prepared a special material that nitrogen-doped carbon nanotube loaded with
CoS3 catalyst growing on carbon paper. To further understand the catalytic mech-
anism of CoS3, in-situ synchrotron-based XANES measurements are conducted in
an ether-based electrolyte with LiClO4 as lithium salt within a custom-designed
in-situ testing cell. The results from the sulfur K-edge and cobalt K-edge XANES
are displayed in Fig. 5.32d–e. Before charging/discharging processes, a feature at
2472.0 eV is presented for both sulfur K-edge XANES of S/CP@NCNT@CoS3 and
S/CP@NCNT electrodes, which is attributed to the S 1 s to S–S π* state transi-
tion of elemental sulfur. With the depth of discharge, a weak pre-edge feature at
2470.1 eV emerges, which can be assigned to the S 1 s to π* state transition associ-
ated with linear polysulfides. Moreover, the pre-edge at 2470.1 eV gradually picks
up the intensity at the expense of the feature at 2472.0 eV which becomes weaker,
suggesting decreasing chain length with the depth of discharge. At the inflection
point of second discharge plateau (the light pink point in the discharge profile), the
intensity of the pre-edge is the highest, indicating the formation of Li2S2 with the
lowest chain length. After that, two features at 2473.0 and 2475.3 eV, assigned to
Li2S appear with decreasing intensity of the pre-edge feature at 2470.1 eV, indicating
the transformation fromLi2S2 to Li2S. However, for the S/CP@NCNT electrode, due
to the polarization increase at the inflection point, the discharging process terminates
within a few seconds, resulting in the incomplete transformation from Li2S2 to Li2S.
In contrast, for the S/CP@NCNT@CoS3 electrode, the feature associated with poly-
sulfides disappears and only two Li2S features remain at the end of discharge, further
demonstrating the contribution of CoS3 in increasing the sulfur utilization.

5.5.4 In-Situ Characterization Techniques

At present, the characterization of the catalysis in Li–S battery is mainly reflected in
the evaluation of the macroscopic electrochemical performance, such as cycling
stability, rate capability, and electrochemical impedance spectroscopy (EIS) and
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the structure and composition changes within the Li–S batteries. It is a common
idea to link the electrochemical performance with changes in the internal structure
and composition of the battery to evaluate the optimization effect of the catalyst.
However, none of these evaluation methods can describe the real-time changes in the
chemical/physical state of the electrodematerial during cycling (i.e., electrochemical
transients at certain potential values). In other words, ordinary characterization tech-
niques can hardly figure out howchanges in themicroscopic state of the catalyst affect
these steps during the charge/discharge process. Considering the high complexity of
the catalytic reaction routes of Li–S batteries, it is imperative to develop novel in situ
characterization techniques to monitor the cell components/environment, especially
the electrode states at different depths of discharges (DODs) and states of charges
(SOCs), and therefore, setting up a bridge linking the macroscopic electrochemical
performance and microscopic architectures of the catalyst. This section will intro-
duce the application of in-situ characterization techniques in catalysis. Figure 5.33
show the in situ electrochemical spectroscopy coupling setups [152].

Huang et al. [153] used the in-situ Raman test tomonitor the charging-discharging
reaction process of LSBs to study the effects of catalysts. The sulfur host material is a
multifunctional iron phosphide (FeP) nanocrystal bonded to a 3D porous rGO/CNT
scaffold. As shown in Fig. 5.34a, the left side shows the discharge–charge curve of
the LSBs, and the right side shows the Raman signal collected of the corresponding
voltage. The alternating appearance of Raman peaks explains the conversion of S8
to polysulfide (Li2Sx, x = 4–8) during discharge and the conversion of polysulfide
back to solid sulfur when charged to 2.32 V. The author claims that the test results
can verify the idea that FeP nanocrystalline catalyst shows strong adsorption ability
toward LiPS and effectively accelerates its conversion.

Yan et al. [88] applied the in-situ Raman spectroscopy to investigate the enhanced
polysulfide redox at a VN/VO2 hybrid host. The heterostructure catalyst has the
advantages of ultra-fast anchoring (VO2) of LiPSs and high-efficiency electrical
conductivity (VN) and realized the smooth immobilization, diffusion, and conversion

Fig. 5.33 Schematic of the basic configuration of the in situ electrochemical spectroscopy coupling
setups [152]. Reused with permission from Ref. [152] Copyright 2017 The Royal Society of
Chemistry
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Fig. 5.34 a In-situ Raman spectra collected on FeP/rGO/CNTs-S cathode [153]. Reused with
permission from Ref. [153] Copyright 2018 Elsevier Ltd. b Schematic drawing and comparison
of the different anchoring–diffusion–conversion processes on bare VN and VO2-VN binary host
surfaces, respectively. c In situ Raman spectra collected upon the first cycle at 0.2 C on the S@3VO2-
1VN/G cathode. d In situ Raman spectra based on the bare S@G cathode collected upon the first
cycle at 0.2 C [88]. Reused with permission from Ref. [88] Copyright 2018 The Royal Society of
Chemistry

of LiPSs on the interface (Fig. 5.34b). Figure 5.34c, d displayed the in-situ Raman
spectra of the electrolyte during charge and discharge process, demonstrating that
the VO2-VN catalyst can accelerate the conversion of polysulfides and suppress the
shuttling phenomenon.

Recent years havewitnessed a burgeoning interest in introducing catalytic compo-
nents to accelerate the conversion of polysulfides for development of high-energy
and long-life LSBs. The existence of catalysis and its performance improvement in
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LSBs have been confirmed by common characterization technology, but the catalytic
mechanism has not been fully explained. It is of great significance for explaining the
catalyticmechanism to screen catalytic characterizationmethods suitable for lithium-
sulfur systems. This chapter, based on traditional catalytic characterization and char-
acteristics of lithium-sulfur system, has discussed the current problems in catalytic
characterization from for aspects: electrochemical techniques, electron microscopy
techniques, optical techniques, and in-situ characterization techniques.

5.6 Summary and Perspective

Physical confinement and chemical anchoring of the LiPSs in the cathode region
are intrinsically the passive solutions to the “shuttle effect” problem. Catalysis is
recently proposed as a fundamental strategy that accelerates the conversion form
solubleLiPSs to the solid discharge/charge products (Li2S/S8) and reduces their accu-
mulation in the electrolyte. Tracing the evolution of various polysulfides to obtain
their conversionmechanismswith advanced characterization techniques is important
to rational design catalysts. In-situ optical spectroscopy (XAS, XPS, Raman, UV–
vis, etc.) are developed for real time monitoring of polysulfides variation and built
the bridge that links the macroscopic electrochemical behaviors and microscopic
structure and component changes in the operation Li–S batteries. Besides, catalytic
materials, including metal oxides, metal sulfides, metal nitrides, single atom cata-
lysts, heterostructures, etc., are summarized to give a cognitive competence about
how to construct an ideal catalyst that should have high surface area to facilitate
uniform deposition of active sulfur and offer sufficient trapping and catalytic sites
for immobilizing and transforming LiPSs. First-principles calculations indicate effi-
cient catalyst should have appropriate polysulfide binding energies—neither too low
nor too high for polysulfide adsorption and desorption.

The reactants and products undergo a series of steps on the catalyst. The surface
of the catalyst may change as the catalytic reaction proceeds. It is vital to explore the
evolution of a catalyst for further understanding themechanism in Li–S batteries. The
identical location TEM (IL-TEM) method shows great potential to enable multiple
analyses of one catalyst at identical locations before and after reaction without any
changes to the TEM equipment and allows one to track the catalysts of different
reaction stages at the same location on an atomic scale to further explore the detailed
structure evolution process of catalyst during operation conditions.
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In summary, the practical use of Li–S batteries would require more efforts on the
exploration of catalysts with high catalytic activity and more exposed active sites
in the sulfur redox. Revealing the mechanism of catalysis requires a more complete
characterization techniques of the Li–S chemistry than what is available today.
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Chapter 6
Lithium Metal and Other Anodes

Li-Peng Hou, Xue-Qiang Zhang, and Qiang Zhang

Abstract The lithium (Li) metal anode enables the lithium–sulfur (Li–S) battery to
a promising high-energy-density battery system. However, the dissolution–precip-
itation conversion in Li–S batteries complicates the stability of Li metal anodes.
Generally, non-uniform Li deposition induced by the heterogeneous solid electrolyte
interphase on Limetal anodes gives rise to a short lifespan and even safety hazards. Li
polysulfides (LiPSs) dissolve into electrolyte in Li–S batteries due to the dissolution–
precipitation conversion of S. Li metal anodes thereby immerge in an electrolyte with
highly reactive LiPSs, inducing parasitic reactions inevitably. The tough challenges
of Li metal anodes severely hamper the practical applications of Li–S batteries. Both
fundamental understanding of Li metal anodes and targeted protection strategies in
Li–S batteries are crucial. In this chapter, the general issues of Li metal anodes and
specific challenges in Li–S batteries induced by LiPSs are synthetically analyzed.
Then, the recent advances in Li metal anodes protection in Li–S batteries are summa-
rized, as well as a comparison with other metal anodes. Finally, an outlook is put
forward to further promote the progress of Li–S batteries.

Keywords Lithium metal anodes · Lithium polysulfides · Lithium–sulfur
batteries · Electrolytes · Solid electrolyte interphase

6.1 Introduction

The lithium (Li) metal anode is regarded as one of the most promising anode
candidates in constructing high-energy-density secondary batteries due to its ultra-
high theoretical specific capacity (3860 mAh g−1) and ultralow reduction potential
(−3.04 V vs. standard hydrogen electrode).When the Li metal anode is coupled with
cathodeswith conversionmechanism, such as sulfur (S) and oxygen (O), theoretically
high-energy-density over 2000 Wh kg−1 at material level is facile, which is twice
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higher than the current intercalation cathode of 1000 Wh kg−1, such as layered tran-
sition metal oxides [1]. In particular, Li–S batteries with a theoretical specific energy
over 2600 Wh kg−1 and a practical specific energy over 500 Wh kg−1 have received
tremendous attention. Diverse S cathodes have been investigated from 1960s, and
recently S/carbon (S/C) composite cathode stands out as a promising configuration
to pursue the high energy density of Li–S batteries after a tortuous development
in decades [2–4]. Nowadays, S/C composite cathode with stable cycles gradually
become possible under conditions with high S content (>60%) and high S loading
(>4.0 mg cm−2), which is the footstone in constructing Li–S batteries with high
specific energy. Nevertheless, the lifespan of practical Li–S batteries is still unsat-
isfactory while combining limited excessive Li metal anodes and lean electrolytes,
hindering the practical application of Li–S batteries. The biggest obstacle is the Li
metal anode, an old but challenged task originating from 1950s [5]. Therefore, the
fundamental understanding and regulation strategies in stabilizing Limetal anodes in
Li–S batteries are strongly required and attract much interest from all over the world.
It is worth mentioning that, in this chapter, Li–S batteries with liquid electrolyte are
focused on and solid-state Li–S batteries beyond the scope of this chapter can be
referenced in other impactful reviews and books [6–8].

In a typical Li–S battery, S/C cathode falls into a dissolution–precipitation conver-
sion mechanism. S8 is firstly reduced to a series of long-chain lithium polysulfide
intermediates (LiPSs, e.g., Li2Sx, 4 ≤ x ≤ 8) at the first plateau during discharge.
Then, long-chain LiPSs are reduced to solid Li2S2 and Li2S at the second plateau.
Long-chain LiPSs can accelerate the conversion kinetics of S cathode as inherent
redox mediators. Meanwhile, dissolved LiPSs inevitably diffuse to the surface of Li
metal anodes under concentration gradients. At anode side, Li metal is highly reac-
tive and the decomposition of LiPSs which are in high oxidation states is logically
inevitable. Consequently, on the one hand, fresh Li and active LiPSs are constantly
depleted to form inactive materials by parasitic reactions, inducing the loss of active
materials and then the rapid decay of batteries. On the other hand, the decomposition
products of LiPSs can involve into the generation of solid electrolyte interphase (SEI)
on Li metal anodes, becoming the building blocks of SEI. Generally, the stability of
Li anodes highly depends on the uniformity of SEI, which will be discussed in the
following sections. The decomposition products of LiPSs in SEI can deteriorate the
uniformity of SEI and then the stability of Li metal anodes. The challenges of Li
metal anodes induced by soluble LiPSs in a practical Li–S battery are summarized
in Table 6.1. Therefore, the stabilization of Li metal anodes is more challenged than
that in common Li metal batteries. Much attention is deserved to the strong coupling
between the cathode and anode,which is not encountered in the state-of-the-art Li-ion
and lead acid batteries.

Furthermore, at initial research stage, the fundamental understanding of physic-
chemical features of Li–S batteries are mainly investigated under undemanding
conditions including low S loading (<2.0 mg cm−2), high electrolyte/sulfur (E/S)
ratio (>10.0μLmgS−1), and much excess Li anodes (>500μm). The employment of
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Table 6.1 Challenges of Li metal anodes in Li–S batteries

Contents Challenges

Electrolyte (a) Concentrated and dynamic LiPSs under lean electrolytes
(b) Complex electrolyte structure of Li-ions and LiPSs
(c) Limitation in choice of solvents, Li salts, and additives to balance cathode
conversion and stability of Li anodes

Li metal anode (a) Li dendrite growth
(b) Low Coulombic efficiency and dead Li
(c) Corrosion of LiPSs on Li

SEI (a) Spatial heterogeneity, long-term instability, and LiPS-intolerance
(b) Participation of LiPSs into SEI evolution

undemanding conditions supports the exploitation of various materials with distinc-
tive physic-chemical properties at material level. However, the undemanding condi-
tions cannot achieve practically high energy density of Li–S batteries at cell level. To
meet the demand of high-energy-density Li–S batteries over 500 Wh kg−1, practical
conditions of limited Li anodes (<50 μm), high S loading (>4.0 mg cm−2), and low
E/S ratio (<3.0 μL mgS−1) are prerequisites [2–4, 9, 10]. A low E/S ratio means
that a high concentration of soluble LiPSs (>6.0 M [S] species) is produced in elec-
trolyte under practical conditions, whichmay aggravate the degradation of Li anodes.
The low negative/positive capacity (N/P) ratio (<1.5) further signifies that limited Li
metal anode cannot be a sufficient lithium reservoir to ensure the long-term cycle
stability of Li–S batteries. Disclosing the gap of Li anodes under undemanding and
harsh conditions is also necessary to push forward the application process of Li–S
batteries [11, 12].

In this chapter, the challenges of Li metal anodes confronting soluble LiPS inter-
mediates in practical Li–S batteries are analyzed firstly. Recent advances in Li metal
anode protection in Li–S batteries are then summarized. Other anodes are also briefly
discussed. Finally, an outlook is presented to promote the fundamental understanding
and practical application of Li metal anodes in Li–S batteries.

6.2 Challenges of Li Metal Anodes

6.2.1 General Issues of Li Metal Anodes

Li metal is still mysterious although it has been proposed to be as a promising anode
material since 1950s. Moli Energy explored the commercialization of rechargeable
Li metal batteries (Li–MoS2) in the late 1980s. However, due to the safety issues,
these batteries were withdrawn from the market [5]. The safety issues hindering the
practical applications of Li metal anodes are owing to its high reactivity and large
volume change.



228 L.-P. Hou et al.

(1) Unstable SEI. Metallic Li is chemically/electrochemically unstable with most
electrolyte components (e.g., Li salt anions, solvents, and additives) due
to the low reduction potential. The decomposition products of electrolyte,
inorganic and organic species, will precipitate on the surface of Li metal
anodes in a mosaic or multi-layered pattern to form a passivation film,
i.e., SEI. In fact, mosaic or multi-layered model is simplified. Generally,
the formed SEI is multicomponent with complicated structure due to the
coupled chemical/electrochemical reactions, the complex electrolyte compo-
nents with different chemical/electrochemical kinetics, and the multiple reac-
tion processes. Moreover, the formation of SEI can be strongly influenced
by current density, operation temperature, and other external test conditions.
The typical multi-layered model of SEI (inner layer dominated by inorganic
species and outer layer dominated by organic species) indicates that the SEI is
spatially heterogeneous [13]. The chemical stability, mechanical stability, and
Li-ion conductivity of SEI play vital roles in regulating the behaviors of Li
deposition. The fracture of SEI is inescapable during the repeated Li plating
and stripping, especially under a huge utilization depth of Li anodes. This
results in repeated repair and regeneration of SEI, gradually consuming active
Li and electrolyte. The accumulation of new formed SEI further increases the
internal resistance of a battery.

(2) Li dendrite growth. Metallic Li will deposit into an irregular morphology due
to the heterogeneity of SEI. Li dendrite growth may break through SEI and
expose in electrolyte, resulting in reactions between Li metal and electrolyte,
i.e., SEI regeneration mentioned above. Vimineous dendrites may even pierce
separator and cause short circuit, especially under a high current density above
3.0 mA cm−2 [14]. In a pouch cell, the inhomogeneity of current density is
magnifying due to significantly increased area.

(3) Low Coulombic efficiency and dead Li. The stripping process of Li anodes is
as important as Li deposition. For an electrode, the capacity of deposited Li
divided by the strippedLi is defined asCoulombic efficiency.ACoulombic effi-
ciency above 99.9%of Li anodes is necessary tomaintain a 60%capacity reten-
tion after 500 cycles when no excess Li is used and assuming the Coulombic
efficiency of the cathode is 100%. However, this is a huge challenge for Li
metal anodes in almost all electrolytes till now and excess Li is necessary to
extend the cycle performance of a practical battery [15, 16]. The formation of
SEI contributes to partial consumption of active Li. Another critical reason for
the low Coulombic efficiency of Li anodes is the incomplete stripping [17]. A
Li dendrite may lose electron pathways once its contact with current collector
or bulk Li is broken due to the inhomogeneous stripping, thus forming “dead”
Li and causing low Coulombic efficiency. Dead Li, which loses electron path-
ways and is packaged by SEI, continuously accumulates and hardly be reused,
leading to a large polarization and a short lifespan of a battery.
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The general challenges of Li metal anodes suppress its practical application.
Progress has been made to address these challenges, including optimization of elec-
trolyte, introduction of artificial SEI, design of anode host or composite anodes, and
combination of approaches [18]. Persistent efforts bring Li metal anodes from dream
to reality closer than decades ago.

6.2.2 Specific Challenges of Li Metal Anodes in Li–S
Batteries

In addition to the general challenges, Li metal anodes in Li–S batteries suffer specific
issues. In common Li metal batteries, such as Li–LiFePO4 batteries, the effect of
cathode reaction intermediates has little effect on the stability of Limetal anodes. The
stability of the anode is hardly coupled with the cathode. However, in Li–S batteries,
the formation of soluble LiPS intermediates will dissolve into electrolyte and diffuse
to the surface of Li metal anodes. Reactive LiPSs easily react with Li metal anodes.
The corrosion on Li metal is aggravated due to the exposure of active Li in LiPS
electrolyte. SEI components are also influenced by LiPSs due to the formation of
insolubleLi2S/Li2S2 onLi surface, further impactingLi-ion transport.Understanding
of the solution chemistry induced by LiPSs in electrolyte is the precondition to
construct a stable Li metal anode for a Li–S battery.

6.2.2.1 LiPSs in Electrolyte

The type and concentration of electrolyte components impact the existence states of
LiPSs in electrolyte (Fig. 6.1a). Polysulfide dianions (e.g., S42−, S62−, and S82−)
are dominant in low donor number solvents, such as 1,3-dioxolane (DOL) and
1,2-dimethoxyethane (DME) [19]. In contrast, high donor number solvents (e.g.,
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), and dimethylacetamide
(DMA)) can stabilize radical monoanions (e.g., S3•−) [19–22]. High donor number
solvents usually have high solubility of LiPSs over 10.0 M [S] species yet poor
stability with Li metal due to the high reactivity of solvents. Specifically, the appli-
cable solvents for Li–S batteries are much limited due to the nucleophilicity of LiPSs
[23, 24]. Till now, DOL and DME are the most common solvents in Li–S batteries
because of the capability to protect Li metal anodes and to maintain an appropriate
LiPS conversion kinetics.

There are three aspects that should be clearly analyzed about LiPSs before the
investigation of Li anodes in LiPS electrolyte. Firstly, the species of LiPSs are
continuously changed during the cycling of a Li–S battery. Active materials of
the cathode undergo a solid S8–liquid LiPSs (Li2S8–4)–solid Li2S2/Li2S conversion
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Fig. 6.1 Challenges of Li metal anodes in Li–S batteries. a Complex LiPS species in electrolyte.
(Reprinted with permission from [19], 2016, American Chemical Society.) b LiPSs involve into SEI
formation. (Reprintedwith permission from [25], 2009, The Electrochemical Society.) c Schemes of
the formation of mossy Li and dead Li during cycling in Li–S batteries. (Reprinted with permission
from [26], 2017, American Chemical Society.) d Inhomogeneous Li deposition and accumulation
of dead Li in a Li–S pouch cell. (Reprinted with permission from [27], 2017, Elsevier.)

process during discharge. The conversion of LiPSs reverses during charge from low-
order polysulfides to high-order ones. The conversion of LiPSs implies that the Li
metal anode is immersed in a variable electrolyte environment.

Secondly, LiPSs have complicated physical, chemical, and electrochemical prop-
erties, as well as interactions with other electrolyte components. LiPSs are usually
regarded as a series of neutral molecules (e.g., Li2Sx). The solubility of LiPSs
decreases with the shortening of chain length of polysulfides. For instance, DOL
and DME mixed solvents (1:1, by vol.) can dissolve above 0.5 M Li2S8 yet only
0.06M Li2S4 [28–30]. The low dissolubility of Li2S4 might be ascribed to the strong
interaction between Li-ions and Sx2−. Dissolved LiPSs can further dissociate to form
LiSx− or Sx2−. Due to the stronger binding of Li+–Sx2−, low-order LiPSs generally
have a lower dissociation degree in electrolyte than high-order ones. Moreover, low-
order LiPSs prefer to form larger clusters compared to high-order ones [31, 32].
The dissolubility and dissociation capability have a direct relationship with ionic
conductivity. For example, a lower ionic conductivity about 1.0 mS cm−1 is recorded
of Li2S4 than that of Li2S8 (~3.0 mS cm−1) based on 0.5 M LiPSs in DOL/DME
theoretically [31]. Furthermore, low-order S42− usually has a higher diffusion coef-
ficient than that of high-order S62− and S82− due to particle’s effective size [31, 33].
Therefore, the complicated properties of LiPSs, such as solubility, dissociation, and
diffusion coefficient, trap Li metal anodes into complex electrolyte circumstances.

Thirdly, electrolyte structure changes dramatically under lean electrolytes (E/S
ratio <3.0 μL mgS−1) compared to flooded electrolytes (E/S ratio >10.0 μL mgS−1).
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For example, a high concentration of LiPSs about 10.4 M [S] is produced at an
E/S ratio of 3.0 μL mgS−1 if a theoretical specific capacity of 1672 mAh g−1 is
delivered. This means that the concentration of LiPSs easily approaches saturation
point. LiPSs are precipitated prematurely and a coupled solid–solid conversion is
delivered [34, 35]. The high concentration of LiPSs above 1.0M extremely increases
the viscosity [31, 36, 37] and decreases the ionic conductivity of electrolyte [37].
More worse, the electrolyte may be even gelled. Additionally, the concentration
of LiPSs changes as the electrochemical reaction proceeds, which entangles the
investigation of electrolyte structure.

6.2.2.2 Li Metal Anodes in LiPS Electrolyte

Li metal anodes can react with LiPSs, inducing the corrosion of Li metal anodes.
The corrosion degree is impacted by three aspects, including the reactivity of
LiPSs, the concentration of LiPSs, and the exposed area of Li metal in LiPS elec-
trolyte. Firstly, various LiPSs have different reactive activity due to the distinc-
tion in molecular structure. High-order LiPSs are usually easier to be reduced than
low-order ones [38]. The reaction kinetics between LiPSs and Li metal are gener-
ally faster than that between solvents (e.g., DOL/DME) or Li salts (e.g., lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)) andLimetal [38, 39]. Secondly, a high
concentration of LiPSs produced at the cathode side under a low E/S ratio generates a
large concentration gradient compared to that under flooded electrolytes. The highly
concentrated LiPSs may intensify the corrosion on Li anodes. Thirdly, Li dendrites
or filaments are generally formed due to the inhomogeneous Li-ion transport on Li
metal surface. Dendritic Li can crack SEI, exposing fresh Li to electrolyte. More
exposed fresh Li there is, more severe corrosion of LiPSs on Li anodes occurs. When
it comes to practical conditions with a high S loading (>4.0mg cm−2), a large amount
of Li metal above 20 μm is utilized during each plating/stripping process assuming
a practical discharge specific capacity of 1000 mAh g−1. The huge utilization of
Li metal anodes results in a large volume change and propagation of Li dendrites,
exacerbating the erosion of LiPSs on Li anodes [27, 40, 41].

A series of problems are induced by the parasitic reactions between LiPSs and
Li anodes. Firstly, the loss of active materials and low energy efficiency are obvious
due to the notorious shuttle effect. High-order polysulfides produced at the cathode
side diffuse to the anode side and react with Li anodes. Then, low-order polysulfides
or Li2S/Li2S2 are formed on the surface of Li metal anodes, causing the loss of
active S and the decrease of discharge capacity [42–44]. Secondly, the behaviors of
Li deposition/stripping are deteriorated due to the corrosion of LiPSs on Li anodes
(Fig. 6.1c). Li dendrites are always vimineous and fragile. If the root of Li dendrites
where they connect with the bulk Li is corroded by LiPSs, Li whiskers will lose
connection to the electrode and thus dead Li forms [26, 45]. The corrosion on Li
metal accelerates the depletion of electrolyte/Li anodes and capacity decay. The
dead Li accumulates on the surface of Li metal anodes, consequently increasing the
internal resistance and polarization and shortening the lifespan of a Li–S battery.
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Thirdly, safety concerns arousing from Li metal and LiPSs should be paid attention
to, especially in Li–S pouch cells. Li dendrite growth is much severe in a pouch cell
due to the amplifying effect of inhomogeneous current density and huge utilization
depth of Li metal anodes (Fig. 6.1d) [27]. Dendritic Li may pierce separator and
cause short circuit. Fires and explosions are at high risks due to the accumulation
of dead and pulverized Li if a pouch cell is pressed or broken. Gassing problem
should be considered equally. CH4 and H2 are produced by the reduction of solvents
(DOL/DME) on Li metal surface [46, 47]. LiNO3 which is employed as a requisite
additive to inhibit the shuttle of LiPSs also may result in gassing problem [48].

6.2.2.3 SEI Chemistry in LiPS Electrolyte

SEI can hardly be ignored when talking about Li metal anodes. SEI, the reaction
products between Li metal and electrolyte components, is a Li-ion conductor but
electron insulator. The components and structure of SEI dictate Li-ion transport and
subsequent Li plating/stripping [49]. In Li–S batteries, Li2S2/Li2S are usually main
components in the bottom layer of SEI from the decomposition of LiPSs (Fig. 6.1b)
[25, 43, 50]. Generally, Li2S is not a fast Li-ion conductor with a conductivity about
10−5 S cm−1. A high concentration and inhomogeneous spatial distribution of LiPSs
may result in amuch heterogeneous SEI [51]. The irregular distribution of Li2S in SEI
results in a spatial inhomogeneity of Li-ion transport [52, 53]. An inhomogeneous
utilization of Li anodes is therefore predictable. Moreover, the stripping of Li occurs
firstly in a Li–S battery, and hence, discrete pits are formed on Li surface [54]. During
the following charge process, freshly plated Li tends to deposit in the pits due to the
new formed thin SEI in these areas with relatively high Li-ion transport capability
[55, 56]. Finally, the heterogeneous SEI involved by soluble LiPSs will intensify the
inhomogeneous utilization and fast degradation of Li metal anodes.

6.3 Advances of Li Metal Anodes in Li–S Batteries

Improving the stability of Li metal anodes is necessary for practical Li–S batteries.
In addition to external factors (e.g., current density, pressure, and temperature), the
behaviors of Li deposition and stripping are strongly affected by electrolyte, SEI,
and intrinsic properties of Li anodes. The effect of external factors is not included
in this chapter. Three principles to protect Li metal anodes under LiPS interme-
diates are under investigation, including inhibition of the dissolution of LiPSs in
electrolyte, optimization of SEI, and reinforcement of bulk Li metal. Specifically,
other general protective strategies for Li anodes under conditions without LiPSs have
been summarized in previous reviews [57–60] and are no longer listed in this chapter.
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6.3.1 Inhibition of the Dissolution of LiPSs

Soluble LiPSs are the main sources to disturb SEI formation and corrode Li in Li–S
batteries. Reducing the concentration of LiPSs in electrolyte is a direct approach to
alleviate the corrosion of LiPSs on Li anodes. The dissolution of LiPSs is essentially
related to the solvation capability of solvents. On the one hand, a solvent which has
a weak solvation interaction with the Li-ion in LiPSs can alleviate the dissolution
of LiPSs. On the other hand, the absolute concentration of LiPSs that an electrolyte
can dissolve is related to the amount of free solvent molecules. Therefore, reducing
the content of free solvents in electrolyte and employing low polar solvents are two
basic conceptions to inhibit the dissolution of LiPSs.

Li salts are essential components to supportLi-ion conduction.Thedissolution and
dissociation of Li salts require free solvent molecules to solvate Li-ions. Increasing
the concentration of Li salts enables less free solvent molecules left to dissolve
LiPSs [61–63]. Hu and co-workers designed a new class of “solvent-in-salt” elec-
trolyte in 2013 [64]. The dissolution of LiPSs in the electrolyte of 7 M LiTFSI in
DOL/DME is significantly inhibited. Nazar and co-workers further demonstrated
that Li-ions and anions form contact ion pairs (CIP) and aggregates (AGG) in a
high-concentrated electrolyte consisted of diethylene glycol dimethyl ether (G2) and
LiTFSI (0.8:1, by mol, Fig. 6.2a) [65]. The participation of anions into Li-ion solva-
tion sheaths indicates that insufficient solvents to dissolve Li salts, let alone LiPSs.
Watanabe and co-workers illustrated that when long-chain glyme (e.g., triglyme
(G3) or tetraglyme (G4)) is used and equimolar to LiTFSI, a large cation of [Li(G3
or G4)1]+ is formed and few free solvents remain (Fig. 6.2b) [66–68]. Only ca. 4 and
8 mM Li2S8 can be dissolved in [Li(G3)1][TFSI] and [Li(G4)1][TFSI], respectively
[67]. The unique electrolyte structure is named as solvate ionic liquid. However,
high-concentrated electrolytes and solvate ionic liquids lead to high viscosity and
low Li-ion conductivity.

In terms of the solvation capability of a specific solvent, a lower polarity generally
contributes to a lower dissolubility of LiPSs. Dielectric constant and donor number
are usually employed to infer the polarity and solvation capability of a solvent.
However, the measurement of donor number is a fussy work. Instead, carbon/oxygen
(C/O) ratio for ethers and steric hindrance of a solvent molecule can simply reflect
the polarity. The O atoms in ethers with high C/O ratio have a weak dipole-ion
interaction with the Li-ion in LiPSs, reducing the solubility of LiPSs [70]. A strong
steric hindrance also contributes to a reduced coordination ability of a solvent. For
instance, diisopropyl ether (DIPE) has a high C/O ratio of 6 and high steric hindrance
with two isopropyls, which hardly dissolves LiPSs. The DIPE/DOL/DME mixed
solvent (50:25:25, by vol.) also only can dissolve about 0.1 M Li2S8, much lower
than the traditional DOL/DME mixed solvents [71]. Additionally, ethers with high
C/O ratio and steric hindrance are more stable with Li metal anodes compared to the
relatively highly reactive DOL/DME.
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Fig. 6.2 Inhibition of the dissolution of LiPSs in electrolyte. a High-concentrated electrolytes.
(Reprinted with permission from [65], 2018, Nature.) b Solvate ionic liquids. (Reprinted with
permission from [68], 2013, Elsevier. American Chemical Society.) c Localized high concentration
electrolytes. (Reprinted with permission from [69], 2020, Elsevier.)

Introducing highly electron-withdrawing groups into molecules can decrease
the solvation capability. The hydrofluoroether (HFE) is one of the most signifi-
cant successes. Abundant fluorine atoms enable HFEs to have a weak affinity to
Li-ions (Fig. 6.2c) [69]. The degree of fluorination and the position of fluoroalkyl
groups determine the solvation ability [72–74]. For example, HFEs with α- and
β′-substituted fluoroalkyl groups usually have the lowest solvation capability with
Li-ions [74]. HFEs can hardly dissolve Li salts, indicating that HFEs can never be
used as electrolyte solvents alone. On the contrast, the low viscosity enables HFEs to
be employed as diluents in high-concentrated electrolytes. Manifold HFEs, such as
1,1,2,2-tetra-fluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) [65, 75–78], bis(2,2,2-
trifluoroethyl) ether (BTFE) [79, 80], and 1,1,2,2-tetrafluoroethyl 2,2,2-trifluoroethyl
ether (TFTFE) [81, 82], are developed during decades. The high-concentrated elec-
trolyte which introduces HFEs as diluents is named as the localized high concentra-
tion electrolyte (LHCE). Not only the viscosity and wettability are ameliorative, but
also the corrosion of LiPSs on Li metal is restrained in LHCE.
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All in all, no matter reducing the content of free solvents in electrolyte or
employing low polar solvents, the reduced LiPS solubility inevitably delays conver-
sion kinetics of S/Li2S, and thus, a large voltage hysteresis is always observed.
Low current density and elevated operation temperature are sometimes required to
maintain the normal conversion kinetics of cathodes.

6.3.2 Optimization of SEI

In Li–S batteries, there are basic requirements of SEI, including fast and homoge-
neous Li-ion diffusion, certain mechanical strength, and long-term stability [83, 84].
Besides, shielding the corrosion of LiPSs on Li anodes is a special requirement for
SEI. In situ SEI and artificial SEI are classified to protect Li anodes.

6.3.2.1 In Situ SEI

In situ SEI can be directly regulated by electrolyte components (e.g., solvents, Li salts,
and additives). Till now, LiNxOy and Li2SxOy are regarded as important components
in SEI to inhibit the shuttle ofLiPSs. The function ofLiF,which is amost effectiveSEI
component to improve the homogeneity of Li deposition in other Li metal batteries,
is controversial in Li–S batteries.

LiNO3 is considered as the most effective additive to protect Li metal anodes
away from the attack of LiPSs ascribed to the formation of LiNxOy in SEI (Fig. 6.3a)
[25, 85–88]. Inspired by the success of LiNO3, other additives containing NO3

−
are demonstrated to improve the stability of Li anodes, including CsNO3 [89],
La(NO3)3 [90], ZrO(NO3)2 [91], and KNO3 [92]. When it comes to Li–S pouch
cells, a huge utilization depth of Li metal anodes (>20 μm) during each plating and
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Fig. 6.3 Strategies to optimize in situ SEI.aThe synergistic effect ofLiNO3 andLiPSs in the forma-
tion of SEI. (Reprinted with permission from [87], 2014, Elsevier.) b A suitable LiPS concentration
is necessary for a stable SEI. (Reprinted with permission from [94], 2016, Elsevier.)

stripping results in a large amount of LiNO3 to consume to construct SEI. However,
a too high concentration of LiNO3 over 0.5 M results in irreversible reaction with
element S8 [93]. The safety hazards also should be considered as mentioned above.

Generally, the reaction between LiPSs and Li metal is a catastrophe. However,
when introducing LiNO3 into electrolyte, LiPSs can serve as assistant additives [88,
95, 96]. The formed Li2S/Li2S2 due to the reaction between LiPSs and Li metal can
be oxidized by LiNO3 to Li2SxOy. The synergistic effect of LiNxOy and Li2SxOy can
further improve the homogeneity of Li deposition and inhibit the subsequent LiPS
corrosion. It should be noted that the concentration and species of LiPSs play a role
in the function of SEI (Fig. 6.3b) [94, 97, 98]. For example, Li2S5 enables better SEI
comparedwith other LiPSswhen 0.10MLiPSs and 1.0wt.%LiNO3 additive are used
[97]. In a pouch cell under practical conditions, a high and dynamic concentration of
LiPSs is expected. Therefore, whether LiPSs can synergistically protect Li anodes
with LiNO3 is unclear.
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LiF is always regarded as a necessary component in SEI to achieve homogeneous
Li deposition in other Li metal batteries. However, the role of LiF in SEI for Li–S
batteries is under controversy. Some publications demonstrated that SEI consisted of
LiF could improve Li-ion diffusion and inhibit LiPS shuttle [99–101]. The introduc-
tion of LiF in SEI can be regulated by Li salts [101–104]. However, others hold the
opinion that LiF may be not a critical component in SEI for Li–S batteries, because
lithium bis(fluorosulfonyl)imide (LiFSI), which can deposit to abundant LiF, on the
contrary, induces a too loose SEI to shield LiPSs compared to LiTFSI [88, 105].

In a word, most additives to improve Li deposition and resist LiPS corrosion on
Li anodes are sacrifices. The fast consumption under practical conditions extremely
limits the lifespan of Li metal anodes. Other safe and effective additives are in urgent
demand.

6.3.2.2 Artificial SEI

Artificial SEI can be employed as an external protective layer for Li metal designed
before battery assembly. Inorganic protection layer with a high mechanical strength
and fast ion conduction is expected to inhibit Li dendrites and shield LiPSs. Pretreat-
ment of Li anodes with sulfide-solid-electrolyte (e.g., Li3PS4) can form a robust
SEI with high Li-ion conductivity about 10−3 S cm−1 to promote smooth Li depo-
sition [106–108]. A porous Al2O3 layer through spin-coating method [109] and a
250 nm lithium phosphorus oxynitride (LPON) coating can serve as electrochem-
ically and mechanically robust layers to resist Li dendrite growth and minimize
corrosive reactions of LiPSs on Li anodes (Fig. 6.4a) [110]. Compared with inor-
ganic protection layers, an inorganic/organic hybrid SEI can combine the flexibility
of organic materials and the hardness of inorganic materials. A polyvinylidene fluo-
ride (PVDF)-Li1.5Al0.5Ge1.5(PO4)3 composite protective layer effectively resists the
corrosion of LiPSs on Limetal anodes and an average coulombic efficiency of 92% is
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Fig. 6.4 Artificial SEI to protect Li metal anodes. a Scheme of an inorganic LPON layer to shield
LiPSs and inhibit Li dendrites. (Reprinted with permission from [110], 2019, Elsevier.) b Scheme
of an organic/inorganic hybrid PVDF-Li1.5Al0.5Ge1.5(PO4)3 composite layer to protect Li anodes
from the attack of LiPSs. (Reprinted with permission from [111], 2018, Elsevier.)

achieved without LiNO3 as additive (Fig. 6.4b) [111]. Besides, other hybrid coatings
such as PVDF-graphitic carbon nitride (g-C3N4) [112] and Nafion-LixSiSy [113] are
demonstrated to withstand the corrosive LiPSs.
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However, some problems should be overcome for the practical application of
artificial SEI in Li–S batteries. Firstly, artificial SEI cannot be self-repaired once
broken in a battery. Secondly, a large amount of dead Li may accumulates between
the artificial SEI and bulk Li during repeated Li plating/stripping, and hence, the
artificial SEI is out of action. Thirdly, the introduction of artificial SEI will reduce
the energy density of the whole battery. Fourthly, the compatibility among Li anodes,
artificial SEI, LiPSs, and other electrolyte components should be carefully balanced.

6.3.3 Reinforcement of Bulk Li Metal and Other Anodes

Once SEI is broken, active Li immerges in electrolyte with LiPS intermediates.
Improvement of the stability of bulk Li can relieve parasitic reactions even if the
Li anode pierces SEI and exposes to LiPSs. Alloy is a facial way to improve the
comprehensive stability of Li anodes. Various elements (e.g., B, Mg, Al, Si, and
Sn) have been designed as Li alloy in Li–S batteries. Li–B alloy can act as a stable
matrix to resist the corrosion of LiPSs due to the improved electrochemical potential
(>0.4 V vs. Li/Li+) [114–117]. Li–Al alloy (Li9Al4) with a 0.3 V potential vs. Li/Li+

also can reduce the activity of anodes in LiPS electrolyte (Fig. 6.5a) [118–120]. Al
matrix can further enhance uniform lithiation due to the high Vickers hardness [121].
However, the elevated electrochemical potential of Li–B and Li–Al alloy causes the
loss of energy density of Li–S batteries. Other heavy elements such as Sn [122, 123],
Sb [124], and Bi [125] are also unsuitable to be employed as bulk anodematerials but
can be designed as functional protective layers on Li surface to balance the stability
of anodes and demand of energy density. Li–Mg alloy has a high theoretical specific
capacity of 3151 mAh g−1 and a low electrode potential about 0 V versus Li/Li+,
which seems to be an alternative anode material. It is demonstrated that Li–Mg alloy
is stable in LiPS electrolyte compared to pure Li metal due to a robust SEI formation
(Fig. 6.5b) [126]. A bcc β-phase during the range of Li content from 30 to 100 at.%
further maintains a structure stability of the anode during charge and discharge [127].
The merits of Li–Mg alloy indicate that it has the potential to be verified in pouch
cells under practical conditions.

When referring to othermetal anodes, such as sodium (Na), potassium (K),magne-
sium (Mg), calcium (Ca), and aluminum (Al) having a potential to compete with the
Limetal anode, it is apparent that Limetal is themost competitivematerial tomeet the
demand of high mass energy density over 500Wh kg−1. Somemetal–sulfur batteries
(e.g., Mg–S, Ca–S, and Al–S systems) have the potential to improve the volumetric
energy density of sulfur-based batteries. For example, volumetric capacities of Mg,
Ca, and Al are 3882, 2064, and 8040 mAh cm−3, respectively, higher than that of Li
(2045 mAh cm−3) [128]. However, advances on these metal–sulfur batteries are far
behind Li–S batteries due to numerous critical challenges. Firstly, the fundamental
electrochemical mechanism is unclear. For instance, the electrochemical mechanism
of K–S batteries is less well established due to the difficulty in analyzing potassium
polysulfide species (K2S8, K2S5, and K2S3) [129]. Al–S batteries usually work with
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Fig. 6.5 Reinforcement of bulk Li by Li alloy. a Schematic of the stability of Li–Al alloy and
Li metal in LiPS electrolyte. (Reprinted with permission from [120], 2018, The Royal Society
of Chemistry.) b The stability of Li–Mg alloy and Li metal in S/DME solution. (Reprinted with
permission from [126], 2019, Wiley-VCH.)

ionic liquid electrolytes and have more complex electrochemical mechanism than
other metal–sulfur cell systems [130]. Secondly, the stability of metal anodes and
SEI is challenged. Na andK aremore chemically active than Limetal. The nucleation
and growth of Na and K are inhomogeneous, also inducing severe dendrite propaga-
tion. Ca cannot form a fast ion conductive SEI in organic electrolyte. Hence, Ca–S
batteries have trouble in serving as a rechargeable battery and the electrochemical
mechanism has been only demonstrated with a Li-ion mediated electrolyte prelim-
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inarily [131, 132]. Thirdly, the shuttle of soluble high-order metal polysulfides is
also severe in these metal–sulfur batteries. Therefore, vast problems are required to
be addressed for these metal–sulfur battery systems as an alternative energy-storage
technology.

6.4 Conclusions and Outlook

The issues of the Li metal anode in Li–S batteries are complex but representative,
which include the typical challenges of Li metal anodes, such as the formation of Li
dendrites, the heterogeneity of SEI, and the large volume change. In Li–S batteries,
the above issues are coupled with the parasitic reactions of the reactive intermediates
from the cathode. Although tremendous strategies are designed in the last decades
to protect Li metal anodes by decreasing the dissolution of LiPSs, optimizing the
components and structure of SEI, and enhancing the stability of bulk Li to prolong
the lifespan of Li–S batteries, the development of Li–S batteries under practical
conditions is still in the infancy. Further investigations are deserved to stabilize Li
metal anodes for practical Li–S batteries, especially the challenges induced by LiPSs.

(1) Fundamental understanding of LiPSs. The basic properties of LiPSs, e.g., the
behaviors of dissolution, dissociation, diffusion, and electric mobility, and
chemical/electrochemical activity, have not been clearly investigated under
a high concentration of LiPSs. A low E/S ratio (<3.0 μL mgS−1) will result in
quite different features of LiPSs compared to that in flooded electrolytes, which
is necessary to be disclosed to guide the exploitation of high-energy-density
Li–S batteries.

(2) Electrolyte structure and properties. The dissolution of a series of LiPSs
complicates the electrolyte structure where there are only Li salts and solvents
in common electrolyte. Not only the solvation structure of Li-ions, but also
the electrolyte structure of polysulfides are important. Interactions among Li-
ions, Sx2−, anions, solvents, and even additives, influence the physicochemical
properties of LiPS electrolyte, such as ionic conductivity, transfer number,
viscosity, and wettability.

(3) SEI and Li metal in LiPS electrolyte. The decomposition mechanism of
solvents, Li salts, additives, and LiPSs on Li metal surface to form SEI may
change dramatically under lean electrolytes with a high concentration of LiPSs
due to the changed electrolyte structure and features compared with that in
flooded electrolytes. The induced components, structure, and properties of
SEI will be also altered yet investigations are much lacking. The behaviors of
Li plating/stripping which are affected directly by SEI may be also disturbed
and deserve to be further investigated.

(4) Design of electrolyte. The routine electrolyte, 1.0MLiTFSI inDOL/DME(1:1,
by vol.) with LiNO3 as the additive, is unsatisfactory to support a long-term
stability ofLi anodes under practical conditions.Novel electrolyte formulations
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are highly required to keep a delicate balance between cathode conversion and
anode protection for a practical Li–S battery. For example, solvents with high
stability with Li metal and moderate dissolubility of LiPSs are needed. It is
necessary to design effective additives to form stable SEI to inhibit the shuttle
of LiPSs and improve the utilization efficiency of Li anodes. The concentration
and species of Li salts can also be regulated to improve ionic conductivity and
decrease viscosity of electrolyte under a low E/S ratio.

(5) Advanced characterizations to disclose the underlying mechanism. Character-
izations such as Raman spectroscopy, ultraviolet–visible light spectroscopy,
and mass spectrometry have been widely employed to disclose the existence
of various LiPSs under a low concentration, while circumstances under a high
concentration of LiPSs can exceed their detection capacity due to range and
accuracy. More precise characterizations are highly demanded to reveal the
LiPS species, solvation structure of Li-ions and LiPSs, diffusion or electron
migration of LiPSs, and so on, under a high-concentrated LiPS electrolyte
instead of a dilute LiPS solution. Advanced characterizations, such as elec-
trochemical quartz crystal microbalance and cryogenic electron microscopy
may provide a new perspective for the understanding of LiPSs, SEI, and Li
anodes. Moreover, soluble LiPSs, electrolyte structure, components and struc-
ture of SEI, and conditions of Li anodes, are dynamically changing during
charge and discharge. Development of advanced in situ characterizations is
beneficial to capture the subtle changes and underlying evolution mechanism
in dynamically electrochemical processes which cannot be observed under
ex-situ characterizations.

Li–S batteries have experienced a tortuous development during decades.However,
there is still a long way to achieve a practical Li–S battery with both high energy
density and long-term cycle stability. The Li metal anode plays a vital role in
hindering the practical applications of Li–S batteries. Conditions with less excess
Li anodes, high loading S cathodes, and lean electrolytes bring fresh challenges to
Li metal anodes, which requires both new fundamental understanding and practical
exploitations. Persistent investigations on Li metal anodes in Li–S batteries can also
be used as references for other advanced batteries for energy storage scenarios.
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Chapter 7
Organosulfide Cathodes

Pengfei Sang, Dan-Yang Wang, Wei Guo, and Yongzhu Fu

Abstract Lithium–sulfur (Li–S) batteries havebeen studiedover the last decades. So
far, significant progress and deep understanding have been made. However, lithium
polysulfides have to be formed in ether electrolyte, causing shuttle effect and limited
cycle life. Many strategies have been developed, which have moved the Li–S battery
technology to an unprecedented frontier. Among them, organosulfides as cathode
materials has shown unique advantages. In particular, they reduce the formation of
lithium polysulfides and introduce organic functional groups. In this chapter, we first
introduce the linear organosulfides with different organic functional groups, which
contain sulfur chains of 2–6 atoms. They have precise redox sites which allow us
to have a deep understanding of the electrochemical behavior of these molecules.
Organosulfide polymers with multiple S–S bonds can provide high capacity and
stable cycling performance and some can be elastic showing unique properties.
In the following, cyclic organosulfides are briefly discussed. Then, organosulfides
containingN-heterocycles are presented,which deliver the enhancement of discharge
voltage because of the effect of electron-withdrawing groups. Finally, organosulfides
containing S–Se bonds are discussed. The introduction of Se atoms not only increases
the conductivity, but also improves the redox kinetics and reduces overpotential. At
the end, some perspectives are provided to show the strategies to improve the prop-
erties and performance of organosulfide cathodes and the potential of organosulfide
materials in lithium batteries and beyond.

Keywords Lithium–sulfur battery · Cathode · Organosulfide · Redox mechanism

7.1 Introduction

Polysulfide scaffolds, containing covalently linked sulfur atoms, are important
molecular motifs and widely exist in biomolecules, natural products, and pharma-
ceutical molecules. Organosulfides as cathode materials for rechargeable lithium
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batteries offer praiseworthy advantages owing to their high theoretical capacity, low
cost, and abundant resources [1]. Regulations of functional groups are the incom-
parable advantage for improving battery performance. In fact, organic compounds
have only been studied in three main areas including organosulfides, free radicals,
and carbonyl compounds [2]. Organosulfides serve as alternative electrode materials
that have been gradually applied for the energy storage field since the pioneering
work of Visco et al. in 1988 (Fig. 7.1) [3, 4].

Redox reactions of organosulfides involve cleavage and reformation of S–S bonds.
The S–S bonds break during the discharge of lithium batteries, lithium ions and elec-
trons are ingested and stored [5]. Since a single S–S bond (R-S-S-R) can only take two
lithium ions and electrons, compounds (R-Sn-R, n > 2) containingmultiple S–Sbonds
can store more electrons, thus providing higher capacity. In addition, the organic
framework of organosulfides can effectively inhibit the dissolution of polysulfides
in the electrolyte and suppress the shuttle effect through the restriction of covalent
bonds. Therefore, in recent years, organosulfides as cathode materials have been
widely studied. Herein, we introduce a series of organosulfides cathode materials
including linear and cyclic organosulfides, organosulfide polymers, heteroatoms-
containing organosulfides, and selenium-doped organosulfides. Organosulfides as
cathode materials would provide the alternatives for the exploration of high capacity
and high energy batteries.

7.2 Linear Organosulfides

7.2.1 Small Organosulfide Molecules

Small organosulfide molecules have high capacity and structure diversity, making
them potential cathode materials for lithium batteries. Dimethyl trisulfide (DMTS)
used as cathode material was researched by Wu et al. [6]. In their research, DMTS
was dissolved in ether-electrolyte to form catholyte, binder-free carbon nanotube
(CNT) paper was used as a current collector and reservoir for holding charged–
discharged products (Fig. 7.2a). The theoretical capacity of DMTS is 849 mAh g−1

based on the transfer of 4e− per molecule. Its charge–discharge process has been
explored through X-ray diffraction (XRD), gas chromatography-mass spectroscopy
(GC–MS), andX-ray photoelectron spectroscopy (XPS) characterization techniques.
The redox mechanism of DMTS is shown in Fig. 7.2b. During discharge, one S–S
bond in DMTS would be broken and react with Li+ and e− to form LiSCH3 and
LiSSCH3. Continually, the S–S bond in LiSSCH3 would be broken and react with
another Li+ and e− to form the final discharge products of Li2S and LiSCH3. In
the recharge process, LiSCH3 and Li2S are delithiated. The radicals ·SCH3 and
·SSCH3 could combine with each other to form CH3SSCH3 (DMDS), DMTS, and
CH3SSSSCH3 (DMTtS). The cycling performance of the Li/DMTS cell with mass
loading of 6.7 mg cm−2 at 0.1 C rate is shown in Fig. 7.2c, the discharge capacity
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Fig. 7.2 a Schematic illustration of the cell configuration and the composition of the dimethyl
trisulfide (DMTS) cathode. bThe proposed redox reaction of DMTS in rechargeable lithium battery.
The cycling performance and Coulombic efficiency of the cell cycled between 1.7–2.7 V at 0.1 C
rate with DMTS loading of c 6.7 mg cm−2 and d 11.3 mg cm−2. Reproduced with permission from
Ref. [6]. Copyright 2016, Wiley-VCH

is 590 mAh g−1 after 50 cycles with capacity retention of 82%, and the Coulombic
efficiencies for most cycles are more than 98%. Furthermore, the high mass loading
of DMTS electrode was tested to realize a high energy density cell (229 Wh kg−1),
the Li/DMTS cell with mass loading of 11.3 mg cm−2 shows an initial discharge
capacity of 675 mAh g−1 at 0.1 C rate, the capacity retention is 76% after 30 cycles
(Fig. 7.2d).

The structure of organosulfide can be tuned by changing the organic functional
groups. Changing the methyl group in DMTS to a phenyl group with stronger
electron-withdrawing effect can improve the discharge voltage. Diphenyl trisulfide
(DPTS) reported by Wu et al. was synthesized by heating the mixture solution with
a stoichiometric ratio of diphenyl disulfide (DPDS) and sulfur in ether-electrolyte
[7]. The solution was evaluated as catholyte in lithium battery using CNT paper as
current collector. The theoretical specific capacity of organosulfide decreases with
the increasement of relative molecular mass of molecules. DPTS can be involved in
the conversion reaction of 4e−, having a theoretical specific capacity of 428 mAh
g−1. The cyclic voltammogram (CV) profile of a Li/DPTS cell is shown in Fig. 7.3a,
an anodic peak at 2.4 V and two cathodic peaks at 2.0 and 2.2 V can be seen. The
redox reaction is confirmed to be PhSSSPh + 4Li ↔ 2PhSLi + Li2S. The cycling
performance of the Li/DPTS cell at 0.5 C rate is shown in Fig. 7.3b, the discharge
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Fig. 7.3 a Cyclic voltammogram of the Li/DPTS cell at a scan rate of 0.05 mV s−1. b The cycle
performance and Coulombic efficiency of the Li/DPTS cell with mass loading of 3.9 mg cm−2

at 0.5 C rate. Reproduced with permission from Ref. [7]. Copyright 2016, American Chemical
Society. c The possible conversion reactions of phenyl tetrasulfides with different functional groups
in rechargeable lithium batteries, and themolecular weights (M.W.) and theoretical specific capacity
(S.C.) of these compounds. d S–S bond energies in these three tetrasulfides. e The cycling perfor-
mance and Coulombic efficiency of PTS, CH3OPTS, and CF3PTS at 0.1 C rate. f Effects of the
functional groups on the electrochemical characteristics of tetrasulfides, the upper arrow indicates
an increase, and the lower arrow indicates a decrease. Reproduced with permission from Ref. [8].
Copyright 2017, Wiley-VCH

capacity is 260 mAh g−1 after 100 cycles with high Coulombic efficiency of over
99.5%, the capacity retention is about 79%.

In order to increase the theoretical specific capacity of organosulfides, phenyl
tetrasulfide (PTS) was studied by Guo et al. [8]. In addition, p-methoxyphenyl tetra-
sulfide (CH3OPTS) containing electron-donating group and p-trifluoromethylphenyl
tetrasulfide (CF3PTS) containing electron-withdrawing group were also studied to
compare their electrochemical performance. The possible chemical transformations
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of these three tetrasulfides in lithium battery are shown in Fig. 7.3c, the molec-
ular weights (M.W.) and theoretical specific capacity (S.C.) of these molecules are
shown together. First-principles density functional theoretical (DFT) calculations
were performed to investigate the discharge processes. The S–S bond energies were
calculated to understandwhere the reduction reactions start, the related bond energies
are summarized in Fig. 7.3d. The S directly connected to the benzene ring is named
α-sulfur (Sα) and the S bonded to the α-sulfur is named β-sulfur (Sβ). The Sβ–Sβ bond
energy (1.43–1.45 eV) is much lower than the Sα–Sβ bond energy (1.68–1.87 eV),
indicating that the Sβ–Sβ bond will break first, the initial reaction formula should
be RS4R + 2Li → 2RS2Li. The RS2Li molecules subsequently react with lithium
through 2RS2Li + 4Li → 2RSLi + 2Li2S. Figure 7.3e shows the cycling perfor-
mance of the three tetrasulfides at 0.1 C rate. PTS with a small molecular mass has a
high specific capacity. The initial discharge capacities are 486 mAh g−1 (PTS), 324
mAh g−1 (CH3OPTS), and 272 mAh g−1 (CF3PTS), and the capacity retentions are
74%, 81%, and 43% after 100 cycles, respectively. The influence of the functional
groups on the phenyl tetrasulfides is summarized in Fig. 7.3f.

Phenyl polysulfides can be generated by the direct reaction of benzenethiol (PhSH)
and element sulfur (Fig. 7.4a). Phenyl tetrasulfide (PTS, PhS4Ph), phenyl pentasulfide
(PPS, PhS5Ph), and phenyl hexasulfide (PHS, PhS6Ph) reported by Bhargav et al.
were synthesized by the reaction of 2 equiv. of PhSH and 3, 4, and 5 equiv. of
sulfur, respectively [9]. The generated H2S gas can be detected by a lead acetate test
strip. A variety of spectroscopic techniques were performed to prove the successful

Fig. 7.4 a Images of reactants and products, as well as reaction equations for the synthesis of
phenyl polysulfides. Lead acetate test paper was used to detect the production of H2S gas. bOptical
images and properties of the obtained liquid polysulfides. c Cyclic voltammetry profiles of the
phenyl polysulfide cathodes was performed at a scan rate of 0.05 mV s−1. d Cycling performance
and Coulombic efficiency of the phenyl polysulfides at 1 C rate. Reproduced with permission from
Ref. [9]. Copyright 2018, American Chemical Society
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synthesis of PTS, PPS, and PHS. The relative molecular mass and density of these
three phenyl polysulfides are shown in Fig. 7.4b, the density of phenyl polysulfide
increases with the number of sulfur atoms increased in the molecules. When they
are used as cathode materials, the theoretical specific capacities are 570.2 (PTS),
682.8 (PPS), and 774.5 mAh g−1 (PHS), respectively. Li half cells were assembled
to study the electrochemical performance of these phenyl polysulfides. The CV plots
are shown in Fig. 7.4c. PTS, PPS, and PHS all show similar reduction and oxidation
peaks. The first reduction peak at 2.4 V is related to the breakage of the central
S–S bonds, the second peak at 2.2 V corresponds to the reduction of the lithium
polysulfides to form phenyl sulfide radicals and phenyl persulfides. Finally, lithium
sulfide is formed from lithium polysulfides (Li2Sx, 2≤ x≤ 4) and PhSLi is formed at
2 V simultaneously. The oxidation process occurs in two steps, the reduced products
are completely converted to phenyl polysulfides at approximately 2.43V. The cycling
performance of PTS, PPS, and PHS are shown in Fig. 7.4d, the initial discharge
specific capacities are 514, 612, 650 mAh g−1, and the capacity retentions are 65%
after 300 cycles (PTS), 75% after 300 cycles (PPS), and 80% after 500 cycles (PHS),
respectively. The average Coulombic efficiencies of all of the phenyl polysulfides
are over 99.5%.

PTScan also bepreparedbyheatingphenyl disulfide (PDS) and sulfurwith amolar
ratio of 1:2 at 170 °C under vacuum for 8 h (Fig. 7.5a) [10]. The reaction reported by
Fan et al. does not require any catalyst or solvent. The product is a clear yellow liquid.
In order to improve the performance of PTS, TiS2 nanosheets with high lithium diffu-
sion rate, high specific surface area, and high catalytic performance were used as the
mediator in the PTS cathode. TiS2 and multi-walled carbon nanotubes (MWCNTs)
were self-woven together by vacuum filtration and the composited carbon paper
(named TiS2 NSs@MWCNT) was used as a binder-free current collector. The ultra-
violet–visible (UV–vis) analysis and visual adsorption experiments were performed
to verify the chemisorption ability of TiS2. From Fig. 7.5b, it can be seen that the
color of the 1,3-dioxolane (DOL)/1,2-dimethoxyethane (DME) (1:1 v/v) solution
dissolved with PhSLi became lighter after TiS2 NSs was added, while there was no
significant changewith the addition ofMWCNTand the color of the solution still was
yellow, like the blank solution. Additionally, the UV absorbance of PhSLi solution
exposed to TiS2 becomes much lower than the solution exposed to MWCNT, which
indicates that TiS2 has strong adsorption ability to PhSLi. Subsequently, in order to
prove the electrocatalytic properties of TiS2 for the redox process of PhSLi, the CV
of the symmetric cell with 0.2M PhSLi electrolyte was measured. Figure 7.5c shows
that TiS2 NSs@MWCNT has a pair of obvious redox peaks at −0.55 and 0.55 V,
which are more obvious than pure MWCNT, indicating that TiS2 NSs are conducive
to accelerate the conversion reaction of PhSLi. Charge–discharge profiles of pure
PTS and PTS/TiS2 NSs electrodes are displayed in Fig. 7.5d, PTS/TiS2 NSs elec-
trode shows similar charge and discharge profiles but with smaller polarization. The
batteries were charged and discharged at 0.5 C rate with PTS loading of 1.4 mg cm−2

(Fig. 7.5e). The PTS/TiS2 NSs electrode could deliver a discharge specific capacity
of 467.6 mAh g−1 after 200 cycles with high Coulombic efficiency of 99.9%, and
the capacity retention relative to the 5th cycle is 81.9%, which is higher than that
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Fig. 7.5 a Synthesis process of PTS along with a visual image of the PTS liquid. b UV–vis
absorption spectra of PhSLi solutions before and after the addition of MWCNT and TiS2, the insets
show the color changes of PhSLi solutions in the absorption tests. cCVcurves of the symmetric cells
with TiS2 NSs@MWCNT or pureMWCNT as electrodes in 0.2M PhSLi electrolyte at 3 mV s−1. d
Charge–discharge profiles of PTS/TiS2 NSs and pure PTS electrodes of the 10th cycle at 0.2 C rate.
e Cycling performance and Coulombic efficiency of PTS/TiS2 NSs and pure PTS electrodes with
PTS areal loading of 1.4 mg cm−2 at 0.5 C rate. f The proposed redox process of PTS/TiS2 NSs
electrode in rechargeable lithium battery. Reproduced with permission from Ref. [10]. Copyright
2020, Wiley-VCH
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of pure PTS electrode (66.1%). The redox reactions of PTS/TiS2 NSs electrode in
rechargeable lithium battery are shown in Fig. 7.5f. First, the middle S–S bond in
PTS is broken and PhSxLi (1 ≤ x) is formed, meanwhile, a small amount of LiPSs is
formed because the high-order phenyl polysulfide (e.g., PPS and PHS) may exist in
the startingmaterial. These lithiation products are adsorbed on the surface of lithiated
titanium disulfide (LixTiS2, 0 < x< 1), and then they are converted to Li2S and PhSLi
in the following region, the final discharged products also can be adsorbed on the
surface of LixTiS2. In the charge process, the two regions are the formation of LiPSs
and PhSxLi and the formation of PTS. This study demonstrates TiS2 has dual effects
of adsorption and electrocatalysis on organosulfides.

In order to improve the performance of organosulfide cathode material, like
phenyl disulfide, phase extraction technique reported by Bhargav et al. was used
to prepare phenyl disulfide@carbon nanotubes (PDS@CNTs) composite with core-
sheath structure [11]. This technique mainly uses the difference of PDS solubility in
methanol and water, the fabrication process is schematically illustrated in Fig. 7.6a.
Firstly, CNTs and PDS were added in a methanol solution, and the solution was
then ultrasonicated so that CNTs were evenly dispersed. After ultrasonication, the
water was added to the methanol solution. PDS was extracted from the methanol
phase and deposited on the interwoven CNT fibers because PDS is insoluble in
water. Following vacuum filtration and drying, the “phase-extracted” PDS@CNTs
composite was obtained. This preparation method can effectively avoid the agglom-
eration of PDS to ensure that the active material can be fully utilized. CV was tested
to understand the redox behavior of PDS (Fig. 7.6b). A reduction peak at about
2.0 V in the cathodic scan and an oxidation peak at about 2.4 V in the anodic scan are
observed, which represent the homogeneous cleavage of S–S bonds and the combina-
tion of thiophenolate radicals (C6H5S·) to form PDS, respectively. The galvanostatic
cycling performance of the PDS@CNTs cathode at 1 C is shown in Fig. 7.6c. The
battery delivers an initial discharge capacity of 218 mAh g−1 corresponding to 89%
of the theoretical capacity. After 150 cycles, 70% of the initial capacity with high
Coulombic efficiencies of over 99% through the cycles is achieved.

Diisopropyl xanthogen polysulfide (DIXPS) was selected to study the unique
electrochemical properties of xanthogen polysulfide cathode materials in lithium
battery [12]. DIXPS reported by Bhargav et al. was dissolved in ether-based elec-
trolyte and used as catholyte. The free-standing CNT paper is used as a current
collector to estimate the battery performance (Fig. 7.7a). The simplified process of
the charge–discharge reaction is shown in Fig. 7.7a. DIXPS can provide a theoretical
specific capacity of 973 mAh g−1 based on the transfer reaction of 10e−. Figure 7.7b
shows the charge and discharge profiles of DIXPS and diisopropyl xanthogen disul-
fide (DIXDS), DIXDS only shows one plateau at 2.61 V in the discharge process,
which corresponds to the cleavage of S–S bond in DIXDS. DIXPS shows the same
plateau but with two more plateaus at 2.30 and 2.08 V, respectively, the subsequent
plateaus involve a further reduction from linear sulfur chain to Li2S. During the
charge process, the lithium isopropyl xanthate could combine with sulfur atoms to
form organosulfide throughout the plateaus at 2.26 and 2.36 V, then to form DIXPS
at 2.68 V. The DIXPS electrode in Li half cell can deliver an initial discharge specific
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Fig. 7.6 a The schematic illustration of the preparation of the PDS@CNTs cathode. b Cyclic
voltammogram of the PDS@CNTs cathode tested at a scan rate of 0.2 mV s−1. cCycle performance
of PDS@CNTs cathode at 1 C with the mass loading of 5 mg cm−2. Reproduced with permission
from Ref. [11]. Copyright 2017, Royal Society of Chemistry

capacity of 467 mAh g−1 with a capacity retention of 74% after 1000 cycles at 4 C
rate (Fig. 7.7c). In order to measure the high-energy promise of the material, DIXPS
cathode was tested under high loading and lean electrolyte conditions (Fig. 7.7d).
The coin cell with a high areal loading of 13 mg cm−2 was prepared, as well as a
low electrolyte-to-DIXPS ratio of 2.7 μL mg−1 was used. The cell delivers an initial
capacity of 400mAh g−1 and retains nearly 83%of the initial capacity after 50 cycles.
The pouch-cell electrode that has 40 times the area of the coin-cell electrode was
prepared to study the battery performance in practical application (Fig. 7.7e). The
pouch cell with an ultralow electrolyte-to-DIXPS ratio of 2.0 μL mg−1 was tested
at 0.05 C rate, which delivers a capacity of 365 mAh g−1 and retains 93% capacity
after 50 cycles.

The application of organosulfur acene compounds in lithium batteries has been
explored. Two similar small organosulfur acene molecules tetrathiotetracene (TTT)
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Fig. 7.7 a Schematic of the cell configuration and the cathode structure. On the right is the simpli-
fied scheme of the charge–discharge reaction. bVoltage profile for DIXPS and DIXDSwhen cycled
at 0.1 C rate. c The cycling performance and Coulombic efficiency of the DIXPS cathode at 4 C rate.
The battery performance of a high loading, lean electrolyte DIXPS cathode assembled in d coin
cell and e pouch cell. Reproduced with permission from Ref. [12]. Copyright 2020, Wiley-VCH

and hexathiapentacene (HTP) reported byHu et al.were fabricated by a zone-melting
chemical vapor transport (ZM-CVT) method to investigate the structure–property
relationship [13]. A schematic diagram for the synthesis of HTP and TTT is shown
in Fig. 7.8a. The device consists of a vertical quartz tube (diameter = 19 mm) with
a gas outlet and inlet at separated ends. The tube is equipped with a heater bearing
a movement controller providing continuous conditions. The starting mixed raw
materials were introduced into a one-end sealed quartz tube of a smaller diameter
(10 mm). The inside quartz tube with a narrow open neck at the upper end minimizes
sulfur leakage and allows gas evolution. Because the system does not require any
solvents, the purity of the raw materials is not demanding, which is conducive to
large-scale production. A Li half cell was assembled to research the electrochemical
performance of HTP and TTT. The charge–discharge curves of HTP are shown
in Fig. 7.8b, the lithiation/delithiation of HTP occurs in two main steps. The first
reduction process at 1.87 V is assigned to the cleavage of trisulfide (S–S–S) bonds.
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Fig. 7.8 a Schematic diagram of the device for zone-melting chemical vapor transport (ZM-CVT).
Charge–discharge profile (b) and cycling performance (c) of HTP at 0.1 C rate. Reproduced with
permission from Ref. [13]. Copyright 2019, Wiley-VCH

The remaining trisulfide bonds break at about 1.41 V while further discharged. The
curves are similar at different cycle numbers, which indicate the high electrochemical
reversibility of HTP molecule structure during cycles. The HTP cathode delivers an
initial discharged capacity of 265 mAh g−1 at 0.1 C rate, with a capacity retention of
72% after 100 cycles (Fig. 7.8c). However, the discharge specific capacity of TTT
decays faster than HTP, remains only 51 mAh g−1 after 30 cycles.

DFT modeling was used to explore the lithiation mechanism for HTP and TTT.
According to the modeling results (Fig. 7.9), the lithium atoms favor reacting with
sulfur atoms on the same side of S–S bonds or S–S–S bonds and then react with
the S atoms on the other side instead of reacting with sulfur atoms on both sides at
the same time. The reduction potentials (Ered) of HTP and TTT upon lithiation were
calculated by using the lowest-energy structures, which are shown in Fig. 7.9. The
Ered of HTP is lower than that of TTT, which is due to the breaking of stronger S–S
bond in TTT.
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Fig. 7.9 Proposed lithiationmechanisms during the discharge process alongwith theoretical reduc-
tion potentials at each step according to the DFT calculations. Side views of the lithiated molecules
are shown in the boxes. Reproduced with permission from Ref. [13]. Copyright 2019, Wiley-VCH

7.2.2 Organosulfide Polymers

Organosulfide polymers are chemically stable materials formed by copolymerizing
sulfur with different organic linking monomers. The dissolution of long-chain poly-
sulfides can be suppressed to a certain extent due to the strong bonds between sulfur
and carbon framework. Therefore, the electrochemical performance of the battery
with organosulfide polymer electrode has been improved compared with those with
elemental sulfur electrode [14].

Polyphenylene tetrasulfide (PPTS) reported by Bhargav et al. was synthesized
through the condensation reaction of elemental sulfur with 1,4-benzenedithiol (BDT)
in the mixture solution of carbon disulfide and toluene for 12 h, and the formation
of H2S was tested by the lead acetate paper (Fig. 7.10a) [15]. The equation of the
reaction is shown in Fig. 7.10a. A soft polymer membrane was obtained after coating
the solution on the polytetrafluoroethylene (PTFE) dish and evaporating the solvent
(Fig. 7.10b). As displayed in Fig. 7.10c, the battery cathodewas prepared by injecting
the PPTS solution into CNT paper, followed by drying to eliminate the solvent. At
the same time, the PPTS-CNT composite cathode exhibits excellent flexibility and
is easy to be folded. The microstructural details of the PPTS-CNT cathode were
observed by scanning electron microscopy (SEM). From Fig. 7.10d, it can be seen
that the PPTS interwoven in the depths of the network of porous CNT paper and
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Fig. 7.10 a Reaction equation and visual representation of raw materials and products. b Optical
images of the obtained PPTS membrane with flexibility and transparent property. c Optical images
of PPTS-CNT cathode with flexible nature. d SEM image of the PPTS-CNT cathode, the inset EDS
image shows details of the elemental distribution. Reproduced with permission from Ref. [15].
Copyright 2018, American Chemical Society

the energy dispersive spectroscopy (EDS) elemental mapping reveals that the sulfur
element from PPTS is evenly distributed in the electrode.

A variety of material characterization techniques were used to validate the above-
stated synthesis process. XRDcharacterization results show that bothBDT and sulfur
have strong crystallinity, while PPTS only has a broad feature between 20° and 35°
region due to the non-crystalline nature of the polymer material (Fig. 7.11a). The
PPTS-CNT shows similar but one more peak at 2θ = 26.3° than PPTS, the peak
is associated with graphitic (002) peak of the CNT matrix. Next, Fourier transform
infrared spectroscopy (FTIR) was used for further insight into the mechanism of the
reaction (Fig. 7.11b). The characteristic absorption peak of the thiol group in BDT
is at 2550 cm−1, which disappears in the polymer, thus proving the occurrence of
the polymerization reaction. Nuclear magnetic resonance (NMR) analysis was used
to further exploring of the degree of polymerization. Figure 7.11c shows the 1H
NMR spectra of PPTS and BDT, wherein the peak corresponding to a chemical shift
of 3.55 ppm belongs to the proton of the thiol group and it is obvious that the thiol
intensity ofBDT is 20-fold higher than that of PPTS,which indicates that the polymer
chain is terminated by thiol group. Unsurprisingly, the proton peak intensity of the
benzene ring of PPTS has no change compared to BDT, only a slight shift (PPTS:
7 ppm, BDT: 7.1 ppm). The voltage profiles of the cathode cycled at 0.05 C and 1
C-rates are shown in Fig. 7.11d. A four-step reduction process and a combinatorial
oxidation process are observed at 0.05 C rate. However, the multistep reduction
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Fig. 7.11 aXRD patterns of sulfur, 1,4-benzenedithiol, PPTS polymer, and PPTS-CNT composite
electrode. b FTIR and c 1H NMR spectra of 1,4-benzenedithiol and PPTS polymer. d Voltage
profile of the Li/PPTS cell cycled at 0.05 C and 1 C-rates. e Cycling performance and Coulombic
efficiency of the Li/PPTS cell at 1 C rate. Reproduced with permission from Ref. [15]. Copyright
2018, American Chemical Society

occurs at 2.2 V overlap during fast rate cycling, which may be due to the very small
free-energy changes. The Li/PPTS cell delivers an initial discharge specific capacity
of 633 mAh g−1 at 1 C rate and retains 77% of the initial capacity after 350 cycles,
with an average Coulombic efficiency of 99.2% over the 350 cycles (Fig. 7.11e).

The maximum range of tensile strain for the PPTS-CNT composite and the PPTS
stripwas determined by a tensile testingmachine. The PPTS strip can stretch to 334%
of its initial length (Fig. 7.12a). In comparison, the PPTS-CNT composite can stretch
to 107%,while CNT alone can only afford a 12% tensile strain (Fig. 7.12b). The elec-
trochemical performance was tested in a coin cell after 50 cycles of stretching or 50
cycles of blending. Figure 7.12c reveals the charge–discharge profiles for comparing
the effect of mechanical strain on the electrode. Obviously, they all show similar
discharge voltages at 2.0, 2.05, and 1.95 V for bent, stretched, and strain-free elec-
trodes, respectively. Figure 7.12d compares the cycling performance of electrodes
under three kinds of mechanical strains. Satisfactorily, all three electrodes deliver
the same initial discharge capacity of about 625 mAh g−1, the capacity retentions
are 79, 86, and 86% after 200 cycles for the electrodes under bending, stretching,
and no strain, respectively. The Coulombic efficiencies are 99.8, 99.3, and 99.5%,
respectively. These results signify that there is not too much difference between the
electrochemical performance. Consequently, the polymer has the potential to be used
as a flexible battery electrode material.

A similar synthesis method as above was adopted by Sang et al. to synthesize
a series of polyphenyl polysulfides through the polycondensation reaction of 4,4′-
thiobisbenzenethiol (TBBT) and four ratios of sulfur, a small amount of diethylamine
was used as catalyst (Fig. 7.13a) [16]. According to the different feed ratios of
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Fig. 7.12 Optical images at a maximum strain of a PPTS strip and b PPTS-CNT composite.
c Voltage profile and d cycling performance of the three types of cathodes cycled at 1 C rate.
Reproduced with permission from Ref. [15]. Copyright 2018, American Chemical Society

Fig. 7.13 a Reaction equation of 4,4′-thiobisbenzenethiol (TBBT) and sulfur. b Voltage profile
and c cycling performance of these cathodes at 0.1 C rate. Reproduced with permission from Ref.
[16]. Copyright 2019, Royal Society of Chemistry
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reactants, the prepared polymers are named PPPS-11, PPPS-12, PPPS-13, and PPPS-
14. The electrochemical performance was performed in Li half cells. Voltage profiles
of the four polymer cathodes are shown in Fig. 7.13b. They all show the same
discharge voltage plateau at around 2.20 V, which corresponds to the formation
of Li-S-Ph-S-Ph-S-Li. In addition, PPPS-12, PPPS-13, and PPPS-14 show another
voltage plateau at 2.05 V, which is caused by the formation of lithium polysulfides
and the further transformation to Li2S2 and Li2S. The cells deliver an initial discharge
specific capacity of 215.6, 383.9, 460.1, and 559.9 mAh g−1, respectively, and the
capacity retentions are 72.5, 65.0, 61.0, and 57.9% after 100 cycles at 0.1 C rate,
respectively (Fig. 7.13c).

Polyethylene hexasulfide (PEHS) studied by Bhargav et al. contains low-
molecular-weight organic functional groups and as high as 87% sulfur content,
which can provide a high theoretical specific capacity of up to 1217 mAh g−1 [17].
PEHSwas synthesized by the condensation reaction of 1,2-ethanedithiol (EDT) and a
certain ratio of sulfur in the 1:1 v/v mixture of toluene/CS2 solvents. A small amount
of diethylamine was added to accelerate the reaction (Fig. 7.14a). PEHS solution
was added dropwise to CNT paper, and the PEHS-CNT cathode can be obtained
after evaporating the solvent. The SEM image of the cathode shows that PEHS is
uniformly distributed around the porous CNT, and the elemental sulfur distribution

Fig. 7.14 a Optical image of the synthesized polyethylene hexasulfide (PEHS) polymer in the 1:1
v/v mixture of toluene/CS2 along with the reaction equation on the left. The obtained PEHS-CNT
cathode is shown on the right. b SEM image of the cathode along with the EDX elemental mapping
of carbon and sulfur in the inset. c Voltage profile of the PEHS-CNT cathode cycled at 0.05 C rate.
The discharge/recharge reaction is also indicated. d Cycling performance of the cathode at 1 C
rate. Capacities are respected to both the sulfur and polymer mass in the cathode. Reproduced with
permission from Ref. [17]. Copyright 2019, American Chemical Society
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in the EDS map further confirms this (Fig. 7.14b). The voltage profile clearly shows
the charging and discharging process of the PEHS-CNT electrode (Fig. 7.14c), there
are three plateaus in the discharge process and two plateaus in the charge process.
Due to the low bond energy, plateau I and plateau II correspond to the scission
between S atoms connected to the ethyl group and the S atoms in the polysulfide
chain, leading to the formation of Li-SC2H4S-Li and Li2S4. Plateau III corresponds
to the further reduction of Li2S4 to Li2S at 2.0 V. The organic thiolate mediates the
formation of Li2S4 at plateau IV which is followed by the reversal to the polymeric
state at plateauV during the charge process. The PEHS-CNT cathode shows an initial
discharge specific capacity of 774 mAh g−1 (889 mAh g−1 with respect to sulfur),
and it retains 71% of the initial capacity after 350 cycles along with a Coulombic
efficiency of 99.3% (Fig. 7.14d).

7.3 Cyclic Organosulfides

As an important component of organosulfides, cyclic organosulfides have also
been explored for their electrochemical performance in rechargeable lithium
batteries. The intermolecular cyclic polysulfide 2,3,4,6,7,8-hexathia-1,5(1,3)-
dibenzenacyclooctaphane (HDBCO)was synthesized byLi et al. through the reaction
of 1,3-benzenedithiol (1,3-BDT) and sulfur in a mixture of toluene/CS2 solvents
(Fig. 7.15a) [18]. After evaporating the solvent, a green crystalline product was
obtained (Fig. 7.15b). Ultrahigh performance liquid chromatography quadrupole
time-of-flight mass spectrometry (UPLC-QTof-MS) was used to validate the compo-
sition of the products. UV absorption spectrum shows three peaks at retention times
of 8.20, 9.35, and 12.25 min, which indicate that there were three compounds gener-
ated in the synthesis process (Fig. 7.15c). The results of the extract ion chromatogram
(XIC) reveal that the UV absorption peaks at 8.20, 9.35, and 12.25 min correspond
to the compounds of C12H8S6, C18H12S6, and C18H12S7, respectively. The presumed
structures are shown in the inset of Fig. 7.15c. As can be seen in the CV in Fig. 7.15d,
four reduction peaks can be observed at 2.24, 2.08, 2.04, and 1.96 V during the
cathodic scan. According to the speculation, the peak at 2.24 V corresponds to the
lithiation of the S–S bonds in -Ph-S-S-S-Ph-, the peak at 2.08 V corresponds to the
breakage of the S–S bonds in the intermediate -Ph-S-S-Li and -Ph-S-S-Ph-, the peak
at 2.04 V and 1.96 V correspond to the formation of LiS-Ph-SLi and Li2S, respec-
tively. During the anodic scan, there are three oxidation peaks at 2.28, 2.32, and
2.34 V, which correspond to the transformation of Li2S to sulfur radicals and the
delithiation of LiS-Ph-SLi to form free radicals, and then they are combined with
each other to form cyclic organosulfides. The cycling performance of the battery at
1 C rate is presented in Fig. 7.15e, the initial discharge specific capacity is 596.1
mAh g−1 along with a capacity retention of 63.4% after 500 cycles. The recharged
cathode after the 50th and 100th cycles were examined by UPLC-QTof-MS. It can
be seen that the content of HDBCO decreases over cycling (Fig. 7.15f, g), this is due
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Fig. 7.15 a Reaction equation of the synthesis of 2,3,4,6,7,8-hexathia-1,5(1,3)-
dibenzenacyclooctaphane (HDBCO). b Optical image of the synthesized product, the inset
is the structure of HDBCO. c UV absorption of the synthesized products in UPLC-Qtof-MS. d
CV plot of the cell at a scanning rate of 0.05 mV s−1. e Cycling performance of the cell with mass
loading of 1 mg cm−2 at 1 C rate. The UV absorption spectra of the recharged cathode samples
in UPLC-QTof-MS after f 50th and g 100th cycle. Reproduced with permission from Ref. [18].
Copyright 2020, Royal Society of Chemistry
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to the formation of insulating and insoluble Li2S during the discharge process, which
is difficult to convert S into the HDBCO structure during the recharge process.

Cyclic organosulfides can also be generated in the charged products of lithium
batteries. Three lithium benzenedithiolates (LBDT) reported by Li et al. were used
as catholyte in Li half cells, i.e., 1,2-LBDT, 1,3-LBDT, and 1,4-LBDT [19]. The
three LBDTs were selected to study the effect of the location of the lithium thiolate
on their electrochemical performance. The LBDTs were obtained by adding a piece
of lithium metal in the ether-based electrolyte containing dissolved benzenedithiols
(BDTs). The obtained catholytes are shown in Fig. 7.16a, the color is light yellow,
yellow, and dark yellow for 1,2-, 1,3-, and 1,4-LBDT catholyte, respectively. The
charge–discharge profiles of the LBDTs are shown in Fig. 7.16b, 1,3- and 1,4-LBDTs
both exhibit one continuous plateau and 1,2-LBDT shows two charge plateaus during
the oxidation process. During the reduction process, they all show two discharge
plateaus while the first discharge voltage is in the order of 1,2-LBDT > 1,3-LBDT
> 1,4-LBDT. It can be seen that there is a voltage raise in the second discharge
plateau of 1,3-LBDT, which indicates the intrinsic kinetic bottleneck restricts its
discharge process. UPLC-QTof-MS was used to identify the charge and discharge
products of 1,2-LBDT. XIC and the corresponding MS of the peak of the charge
product are shown in Fig. 7.16c, d. The retention time of the absorption peak appears
at 5.598 min, the strongest intensity peak with mass/charge ratio (m/z) should be
assigned to the protonated cyclic dimer. The XIC (Fig. 7.16e) and MS (Fig. 7.16f) of
the discharge product are assigned to the deprotonated 1,2-BDT which corresponds
to the form of 1,2-LBDT in MS analysis. Thus, the equation of the redox reaction
process of 1,2-LBDT is described in Fig. 7.16g. The redox chemistry of 1,3-, and
1.4-LBDTs was explored through the same characterization techniques.

The XICs of the charged samples of 1,3-, and 1,4-LBDTs are shown in Fig. 7.17a
and b. Two high-intensity peaks are found in Fig. 7.17a, which indicate the formation
of twokinds of products. Further exploration shows that the structures can be assigned
to cyclic trimer and tetramer. Similarly, the structure of the charged sample of 1,4-
LBDT is confirmed to be a cyclic tetramer. Consequently, the redox reactions of 1,3-
and 1,4-LBDTs in lithium battery are shown in Fig. 7.17c, d.

The cycling performance of the Li/LBDT cells at 0.5 C rate is shown in Fig. 7.18,
the initial capacity of 1,2-LBDT is 340 mAh g−1 and the capacity retention is 84.1%
after 100 cycles, while 1,3- and 1,4-LBDTs only show initial capacities of 182.9 and
201.9 mAh g−1, respectively. After the mass loading is increased to 2.6 mg cm−2, the
initial capacity of 1,2-LBDT is 237.4 mAh g−1, which is much higher than those of
1,3-LBDT (96.3 mAh g−1) and 1,4-LBDT (120.5 mAh g−1). In summary, 1,2-LBDT
exhibits the best electrochemical performance among the three LBDTs.
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Fig. 7.16 a Photographs of the three LBDTcatholytes.bVoltage profiles of the Li-LBDTs batteries
at 0.1 C rate. c XIC of the charged product of 1,2-LBDT. d The MS data of the peak at 5.624 min in
(c). e XIC of the discharged product of 1,2-LBDT. f Corresponding MS of the peak at 2.736 min in
(e). g Equation reaction of 1,2-LBDT during Li-battery cycling. Reproduced with permission from
Ref. [19]. Copyright 2019, Wiley-VCH
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Fig. 7.17 XIC of the charged products of a 1,3-LBDT and b 1,4-LBDT. Redox reactions of c
1,3-LBDT and d 1,4-LBDT in rechargeable lithium battery. Reproduced with permission from Ref.
[19]. Copyright 2019, Wiley-VCH

7.4 Oranosulfides Containing N-heterocycles

It is one of the feasible strategies to improve the battery performance of organosul-
fides by changing the organic functional groups. As we all know, organosulfides with
electron-withdrawing groups generally have low lowest unoccupied molecular orbit
(LUMO), which can deliver higher discharge voltage. Nitrogen is the most abundant
element in the air. It exists widely in nature and has a great effect on living organisms.
Meanwhile, the N-containing groups usually possess the electron-withdrawing capa-
bility, thus can be used to tune the electrochemical properties of organic electrode
materials [20, 21].
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Fig. 7.18 Cycling performance of the three LBDTs with the mass loading of a 0.7 mg cm−2

and b 2.6 mg cm−2 at 0.5 C rate. Reproduced with permission from Ref. [19]. Copyright 2019,
Wiley-VCH

Thiuram polysulfides containingN atoms such as dipentamethylene thiuram tetra-
sulfide (PMTT) and dipentamethylenethiuram hexasulfide (PMTH) are commonly
used as vulcanization accelerators in the rubbery industry (Fig. 7.19a). This makes
them easily available and cost-effective materials for battery application. Bhargav
et al. researched their electrochemical properties in lithium batteries [22]. The struc-
ture of multiple S–S bonds endows them high theoretical specific capacities of 418
and 597 mAh g−1, respectively. In addition, PMTT delivers three discharge voltage
plateaus at 2.53, 2.33, and 2.1 V in lithium battery. The charge process shows a
sloping plateau at 2.25–2.40 V followed by further oxidation at 2.65 V (Fig. 7.19b).

Fig. 7.19 a Commercial PMTT powder along with its chemical structure. b Voltage profile of the
first cycle of PMTT at C/5 rate. c Reaction mechanism of PMTT during redox process. d Cycling
performance of PMTT with the mass loading 6.7 mg cm−2. e Cycling performance of PMTT with
the mass loading 6 mg cm−2. Reproduced with permission from Ref. [22]. Copyright 2017, Royal
Society of Chemistry
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The redox process is displayed in Fig. 7.19c. The marked S–S bond would break
when PMTT accepts the first electron, forming LiPMDTC 2 and radical 3. The
following discharge leads to the cleavage of the marked bond in 4 and the formation
of LiPMDTC 2 and lithium persulfide radical 5. This radical upon further lithia-
tion in the presence of excess Li+ results in the formation of two Li2S 6. Impor-
tantly, LiPMDTC 2 can alternatively exist in its mesomeric form 7 (Li2PMDTC+)
accompanied by N + center in the presence of excess Li+ owing to the N-electron
flow from nitrogen to sulfur through planar delocalized π-orbitals. PMTH also has a
similar redoxmechanism. The Li/PMTT cell delivers a high initial discharge specific
capacity of 406mAhg−1 corresponding to the 6e− transfer processwhilemaintaining
87% of the initial capacity after 100 cycles (Fig. 7.19d). The Li/PMTH cell can yield
the first discharge capacity of 575 mAh g−1 and retain 85% of the initial capacity
after 100 cycles (Fig. 7.19e).

To understand the effect of N-heterocycles on the electrochemical behavior of
organosulfides, Wang et al. reported the research of three N-containing organodisul-
fide compounds including2,2′-dipyridyl disulfide (2,2′-DpyDS), 4,4′-dipyridyl disul-
fide (4,4′-DpyDS), and 2,2′-dipyridyl disulfide-N,N′-dioxide (DpyDSDO) in lithium
batteries (Fig. 7.20a) [23]. 2,2′-DpyDS and 4,4′-DpyDS have N atoms at ortho and
para positions while DpyDSDO has strong electronegative nitro groups on the ortho
position. All of them have similar theoretical specific capacities. Compared with
diphenyl disulfide (DPDS), the former three compounds present high discharge volt-
ages. The Li/2,2′-DpyDS and Li/4,4′-DpyDS cells exhibit high discharge voltage
at 2.45 V, which is higher than that (2.2 V) of the Li/DPDS cell, attributing to the
electron-withdrawing effect of N-heterocycles (Fig. 7.20b). In particular, DpyDSDO
presents higher voltage at 2.80Vowing to the effect of stronger electron-withdrawing
nitro groups (Fig. 7.20c). Meanwhile, the voltage hysteresis between discharge and
recharge of the Li/2,2′-DpyDS cell is only 0.04 V which is significantly smaller
than that (0.10 V) of the Li/DPDS cell, indicating the faster reaction kinetics of
DpyDS. LC–MS was used to identify the discharged and charged products of these
compounds. 2,2′-DpyDS is lithiated to form lithium pyridine-2-thiolate (a peak) in
discharge (Fig. 7.20d). The recharged TIC has witnessed the m/z of 2,2′-DpyDS (c
peak). Similarly, 4,4′-DpyDS is also converted to the lithiated pyridine-4-thiolate (d
peak) and then back to 4,4′-DpyDS at charged state (Fig. 7.20e). Figure 7.20f also
exhibits the emergence of the protonated 2-pyridinethiol N-oxide (g peak) and weak-
ening of the i peak of DpyDSDO in the discharge process. Peak i becomes stronger
again in the recharged chromatogram.

When these N-containing organosulfides are used as the cathode materials
in lithium battery, they all deliver more stable cycling performance than DPDS
(Fig. 7.21a). DPDS only displays an initial discharge capacity of 193 mAh g−1

and the capacity retention is only 54% after 100 cycles. DpyDS presents an initial
discharge capacity of 237mAhg−1 and the capacity retention is 69%after 500 cycles.
The Coulombic efficiency is above 99.6% except for the first ten cycles. 4,4′-DpyDS
shows an initial specific capacity of 208 mAh g−1, while its capacity retention is
only 57% after 100 cycles, which is just comparable with that of DPDS. DpyDSDO
presents an initial specific capacity of 160 mAh g−1 and retains 82% of the initial
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Fig. 7.20 a Chemical structures of diphenyl disulfide (DPDS), 2,2′-dipyridyl disulfide
(2,2′-DpyDS), 4,4′-dipyridyl disulfide (4,4′-DpyDS), and 2,2′-dipyridyl disulfide-N,N′-dioxide
(DpyDSDO); the values are their theoretical specific capacities in mAh g−1. b Voltage–capacity
profiles of the Li/2,2′-DpyDS and Li/DPDS cells in the first cycle at C/10 rate. c Voltage–capacity
profile of the Li/4,4′-DpyDS and Li/DpyDSDO cells in the first cycle at C/10 rate. d Total ion
chromatograms (TICs) of 2,2′-DpyDS electrodes after discharge and recharge: a, b, and c represent
the protonated 2-pyridinethiol, LiTFSI, and 2,2′-DpyDS, respectively. e TICs of the 4,4′-DpyDS
electrodes after discharge and recharge: d, e, f, and * represent the protonated 4-pyridinethiol,
lithium salt, 4,4′-DpyDS, and impurity, respectively. f TICs of the DpyDSDO electrodes after
discharge and recharge: g, h, and i represent the protonated 2-pyridinethiol N-oxide, lithium salt,
and DpyDSDO, respectively. Reproduced with permission from Ref. [23]. Copyright 2019, Royal
Society of Chemistry

capacity after 200 cycles. The charge–discharge curves of the 100th cycle are shown
in Fig. 7.21b. The Li/DPDS cell shows significant capacity decay and a rise in over-
potential. In contrast, the Li/DpyDS cells have no overpotential growth. However,
the Li/2,2′-DpyDS cell shows better cycling stability than the Li/4,4′-DpyDS cell.
To reveal the reason behind this phenomenon, DFT simulations of the stable config-
urations after discharge of 2,2′-DpyDS and 4,4′-DpyDS were performed as shown
in Fig. 7.21c. The three atoms of N···Li···S with weak coordination in the discharged
product of 2,2′-DpyDS are tightly combined to form compact clusters. While the
discharged product of 4,4′-DpyDS forms a loose structure. Thus, the compact struc-
ture is conducive to the reduced solubility in the electrolyte as confirmed by the
HPLC-QTof-MS analysis, leading to the more stable cycling performance of 2,2′-
DpyDS. Accordingly, the N atoms in the structure of organosulfides could lead to
stable battery performance.

The theoretical capacities of the above-mentioned N-containing organodisulfides
are generally below 300 mAh g−1, which limits the specific energy. Accordingly,
similar to the linear organosulfides structure, pyridine polysulfides having multiple
S–Sbonds havebeendesigned and synthesized to achieve the improvement in specific
capacity by Wang et al. (Fig. 7.22) [24]. The dipyridyl disulfide (Py2S2) reacts with
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Fig. 7.21 a Cycling performance of the Li/2,2′-DpyDS, Li/DPDS, Li/4,4′-DpyDS, and
Li/DpyDSDO cells at C/2 rate. b Voltage–capacity profiles of these cells in the 100th cycle. c
Cluster structures of the discharge products of 2,2′-DpyDS and 4,4′-DpyDS. Reproduced with
permission from Ref. [23]. Copyright 2019, Royal Society of Chemistry

Fig. 7.22 The synthesis of a spectrum of Py2Sx in electrolyte and TIC spectrum of the mixture
catholyte; the inset is a photograph of the prepared Py2Sx catholyte. Reproduced with permission
from Ref. [24]. Copyright 2020, Wiley-VCH
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Fig. 7.23 a The first discharge and recharge voltage curves at C/10 rate. b TIC of the Py2Sx
electrode after discharge and recharge. Reproduced with permission from Ref. [24]. Copyright
2020, Wiley-VCH

one equiv. sulfur in the ether electrolyte at 70 °C to form dipyridyl polysulfides
(Py2Sx). Interestingly, the synthesized product contains a variety of dipyridyl polysul-
fides. Figure 7.22 exhibits the UPLC-QTof-MS analysis of the synthesized product,
which presents the different components in corresponding retention times. The A
peak represents the unreacted Py2S2 and B to G are Py2S2 to Py2S8, respectively.
The reaction mixture was used as a catholyte which was evaluated in Li half cells. If
the average molecular structure is considered to be Py2S3, its theoretical capacity is
425.4 mAh g−1.

The charge–dischargevoltage curves of theLi/Py2Sx cell are shown in (Fig. 7.23a),
which exhibits the first discharge voltage plateau at 2.5 V and the following voltage
plateaus at 2.3 and 2.1V.The recharge has similar voltage plateauswith slight overpo-
tential. The cell shows the initial specific capacity of 391.7 mAh g−1, corresponding
to 92.1% of its theoretical capacity. To identify the cycled products of Py2Sx in
lithium battery, UPLC-QTof-MS was employed (Fig. 7.23b). After discharge, the
large amount of discharged product is the protonated 2-pyridinethiol corresponding
to a peak. PeakA is the remaining incompletely reducedPy2S2. Interestingly, through
the analysis of b peak, the intermediate Py2S2 with two lithium atoms is confirmed,
indicating the formation of facile coordination structure of N···Li···S in the discharge
process. In the recharge, dipyridyl polysulfides from Py2S2 to Py2S7 are identified,
while Py2S8 can no longer be formed. In addition, even after 100 cycles, the recharged
products still include Py2S2–5. Thismeans that the formation of dipyridyl polysulfides
are reversible in the electrochemical redox process in lithium battery.

Based on the above analysis, the electrochemical redox mechanism of Py2Sx is
proposed in Fig. 7.24. In the discharge process, the initial lithiation leads to the
cleavage of the Sα-Sβ bonds at 2.5 V. Then, the intermediate sulfur radicals are
cleaved to form lithium polysulfides Li2Sy. Due to the strong electron withdrawing
of N atoms, some transiently stable intermediates can be captured by UPLC-QTof-
MS. The 2-pyridinethiolate can coordinate Li2Sx to form various cyclic complexes
by N···Li···S interactions. These conjectured structures also are verified by DFT
simulations.
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Fig. 7.24 The proposed lithiation process of Py2Sx in lithium battery, complexes 1–4 are either
simulated or detected by UPLC-QTof-MS. The dotted and solid lines represent non-covalent inter-
actions and covalent bonds, respectively. Reproduced with permission from Ref. [24]. Copyright
2020, Wiley-VCH

The cycling performance Py2Sx is evaluated in Li half cells at 1 C rate (Fig. 7.25a).
The Li/Py2Sx cell exhibits the initial capacity of 388.4 mAh g−1 and remains 70.5%
of the initial capacity even after 1200 cycles. Figure 7.25b shows the corresponding
voltage profiles in the selected cycles. Even after 1200 cycles, this cell still has no
obvious increase in overpotential. At 5C rate, the cell still shows a stable performance
of 1000 cycles (Fig. 7.25c). The study of Py2Sx offers guidance for the development
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Fig. 7.25 a Long-term cycling performance of the Li/Py2Sx cell at 1 C rate; b selected voltage–
capacity profiles of the cell; c long-term cycling performance of the Li/Py2Sx cell at 5 C rate.
Reproduced with permission from Ref. [24]. Copyright 2020, Wiley-VCH

of high-capacity and long-cycle-life organosulfide cathode materials for recharge-
able lithium batteries. Accordingly, the N-containing organosulfides have significant
potential to enable superior battery performance.

7.5 Organosulfides Containing S–Se Bonds

7.5.1 Small Molecules

In addition to gravimetric capacities, volumetric and areal capacities of electrode
materials are also important. Selenium (Se) has a high theoretical volumetric capacity
of 3253 mAh cm−3, having the potential to enable dense and high energy batteries.
Moreover, it has a high electronic conductivity of 1 × 10–3 S m−1, which could help
reduce carbon additives and improve the reaction kinetics of electrodes [25]. There-
fore, introducing Se into organosulfides to form S–Se bonds is a promising strategy
to enable high performance electrodes and introduce intriguing electrochemical
properties of organosulfides in rechargeable lithium batteries.
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A control study has been carried out by Guo et al. to compare the synthe-
sized phenyl selenosulfide (PhS-SePh) and the two precursors of phenyl disulfide
(PhS-SPh) and phenyl diselenide (PhSe-SePh) in lithium batteries (Fig. 7.26a) [26].
Although PhS-SePh possesses average LUMO and bond energy compared with
PhS-SPh and PhSe-SePh, it exhibits higher onset potential of cathodic reaction
(Fig. 7.26b) and higher discharge voltage plateau (Fig. 7.26c). More importantly,
PhS-SePh shows much better cycling stability than the other two in lithium batteries
as shown inFig. 7.26d, e. This interestingdifference reveals the potential of Se-doping
in organosulfide materials, featuring mixture is better.

Fig. 7.26 a Reaction of phenyl disulfide (PhS-SPh) and phenyl diselenide (PhSe-SePh) to form
phenyl selenosulfide (PhS-SePh) alongwith their specific capacities.bCVs, c voltage profiles, and d
cycling performance of 0.5M PhS-SPh, PhSe-SePh, and PhS-SePh catholytes at C/5 rate. e Cycling
performance of 1.0M catholytes of these compounds at C/5 rate. Reproduced with permission from
Ref. [26]. Copyright 2018, Royal Society of Chemistry
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Fig. 7.27 Schematic of addition reactions of phenyl diselenide (PDSe) with one sulfur atom to
form phenyl selenosulfide (PDSe-S) and phenyl selenodisulfide (PDSe-S2). The values shown in
the boxes are their theoretical specific capacities. Reproduced with permission from Ref. [27].
Copyright 2018, Wiley-VCH

In addition to organosulfides, organoselenides containing S–Se bonds also exhibit
promising performance in lithium batteries. For example, Cui et al. reported that
sulfur atoms can be added to the structure of phenyl diselenide (PDSe) to form
phenyl selenosulfide (PDSe-S, PhSe-S-SePh) and phenyl selenodisulfide (PDSe-S2,
PhSe-SS-SePh), as shown in Fig. 7.27 [27]. The introduction of sulfur atoms can
significantly increase the theoretical capacity of these compounds. For example,
PDSe-S2 has a theoretical specific capacity of 427.4 mAh g−1, which is more than
twice that of PDSe.

CV was performed to evaluate the electrochemical redox behavior of these
compounds in lithium batteries (Fig. 7.28a). PDSe only shows one reduction peak
at 2.1 V corresponding to the formation of PDSeLi, while PDSe-S and PDSe-S2
exhibit three cathodic peaks and three discharge plateaus (Fig. 7.28b). DFT calcula-
tions were performed to understand the redox mechanism (Fig. 7.28c). For PDSe-S,
the Li+ and e− first attack the S atom leading to the cleavage of Se-S bonds at the
discharge plateau of 2.4 V. Further discharge yields PhSeLi corresponding to the
voltage at 2.2 V. The final discharge plateau indicates the formation process of Li2S.
For PDSe-S2, the Li+ and e− first attack the S atom of PDSe-S2 resulting in the
cleavage of S–S bonds and formation of PhSe-SLi molecules (Fig. 7.28d). In the
following discharge, the S–Se bond in PhSe-SLi breaks leading to the formation of
PhSeLi and Li2S. The two redox processes are quite reversible, meaning the S atoms
also can be inserted in the structure of PDSe in the electrochemical reactions.

The cycling performance of PDSe-S and PDSe-S2 in lithium batteries was also
studied (Fig. 7.29a). The Li/PDSe-S and Li/PDSe-S2 cells show the initial discharge
specific capacities of 252 and 330 mAh g−1, respectively. They can retain 77%
and 73% of the initial capacities after 200 cycles. It is believed that the formed
insoluble Li2S in the discharge of these compounds helps anchor soluble PhSeLi,
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Fig. 7.28 a CVs and b voltage profiles of PDSe, PDSe-S, and PDSe-S2. Redox reactions of c
PDSe-S and d PDSe-S2 in rechargeable lithium batteries. Reproduced with permission from Ref.
[27]. Copyright 2018, Wiley-VCH

Fig. 7.29 a Cycling performance of PDSe, PDSe-S, and PDSe-S2 at C/5 rate. b Rate performance
of PDSe-S and PDSe-S2 in rechargeable lithium batteries. Reproduced with permission from Ref.
[27]. Copyright 2018, Wiley-VCH
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therefore, improving cycling stability. The rate performance is shown in Fig. 7.29b.
This study demonstrates that mixing S and Se atoms in the organoselenides can not
only increase the specific capacity of these compounds, but also improve the cycling
stability of batteries. The S–Se bonds present unique properties as redox active sites
in rechargeable lithium batteries.

Previous studies reveal the crucial role of S–Se bonds in organosulfides. There-
fore, it is easy to use this approach to improve the battery performance of selenium
cathode in rechargeable lithium batteries. A recent study from Zhao et al. reported an
organic–inorganic hybrid cathode including diphenyl trisulfide (DPTS) and the sele-
nium nanowires (Fig. 7.30a), which shows alternative redox pathways and enhanced
cycling performance [28]. Firstly, Se nanowires were mixed with CNTs to form
a self-woven composite electrode (Fig. 7.30b). Then DPTS catholyte was intro-
duced into the electrode to form DPTS-Se hybrid electrolyte. DPTS has a theoretical
specific capacity of 428 mAh g−1. Transmission electron microscopy (TEM) and
XRD confirm the morphology and crystal structure of Se nanowires with a diameter
of about 100 nm. Subsequently, the electrochemical performance of the DPTS-Se
hybrid cathode in a Li half cell is evaluated and its discharge–charge voltage profile
is shown in Fig. 7.30c, which exhibits the long slope at 2.3 V corresponding to the

Fig. 7.30 a A lithium half cell with DPTS-Se hybrid cathode. b XRD pattern of the fresh Se/CNT
composite; inset: TEM image of the composite. c The first discharge and recharge voltage profiles
of Li/Se, Li/DPTS, and Li/DPTS-Se cells. d XRD pattern of the recharged DPTS-Se electrode;
inset: SEM image of the electrode. Reproduced with permission from Ref. [28]. Copyright 2020,
Wiley-VCH
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formation of PhSSLi, PhSLi, and Li2Se8. Further reduction leads to two plateaus at
2.05 and 1.95 V attributing to the formation of Li2S and Li2Se, respectively. Obvi-
ously, theDPTS-Se hybrid cathode shows higher initial discharge capacity than those
of Se and DPTS control cathodes. In the following charge, crystalline Se is formed
again, but its morphology changes significantly, as shown in Fig. 7.30d. Intimate
contact between Se and CNTs is formed.

In order to understand the redox mechanism of DPTS-Se, UPLC-QToF-MS was
used to characterize the charged products. Precise m/z values of these compo-
nents are shown in Fig. 7.31. Interestingly, multiple new compounds are discovered,
including PhSSeSPh, PhSSeSSPh, PhSSeSeSPh, and PhSSeSeSeSPh having them/z
of 298.973, 330.944, 377.317, and 458.772, respectively. This result indicates that
Se atoms are continuously inserted into the molecular structure of DPTS during the
charge process. It is known that lithium polyselenides are formed in the discharge–
charge process of Li–Se battery, resulting in shuttle effect and short cycling life.
When DPTS is present, it can capture some Se atoms altering the redox pathway
of Se, inhibiting the formation of lithium polyselenides, and thus improving cycling
stability of Li–Se battery.

Based on the above analysis, the redox process of DPTS-Se hybrid electrode in
lithium batteries is illustrated in Fig. 7.32a. At the first discharge plateau of 2.3 V,

Fig. 7.31 Total ion chromatograms of a DPTS-Se electrode after charge. The mass spectra of the
charged products: a PhSSeSPh, b PhSSeSSPh, c PhSSeSeSPh, and d PhSSeSeSeSPh. Reproduced
with permission from Ref. [28]. Copyright 2020, Wiley-VCH
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Fig. 7.32 a The redox reactions of the DPTS-Se cathode in a lithium cell. Cycling performance
of the Li/DPTS-Se cell at C/10 rate; inset: cycling performance of the Li/Se cell for comparison.
b The selected discharge and charge voltage profiles. Reproduced with permission from Ref. [28].
Copyright 2020, Wiley-VCH

the S–S bonds of DPTS firstly break to form PhSS· that reacts with Li+ to yield
PhSSLi. Meanwhile, the Se nanowires are transformed into Li2Se8. In the following
reduction steps at 2.1 and 2.0V, PhSSLi is further lithiated to PhSLi andLi2S. Finally,
the Li2Se8 would be reduced to the Li2Se. Upon the oxidation process, Li2Se, Li2S,
and PhSLi are delithiated, which could form the ·Se·, ·S·, PhS· radicals. Then they
are combined to form Se-doped organosulfides. Of course, some Se are converted to
crystalline Se at the end of recharge.

The cycling performance of the Li/DPTS-Se cell is shown in Fig. 7.32b, which
shows the initial capacity of 471.1 mAh g−1. After 250 cycles, the DPTS-Se still can
retain the capacity of 325.8mAhg−1. The capacity retention is 69.2%. In contrast, the
Li/Se cell shows low capacity and poor cycling stability. The rapid capacity decay
is caused by the dissolution of lithium polyselenides in electrolyte. The selected
voltage profiles of the Li/DPTS-Se cell are shown in Fig. 7.32c. The plateau at 1.9 V
corresponding to the formation of Li2Se is gradually shortened, indicating that Se is
continuously introduced into the structure of DPTS forming PhSSeSPh, PhSSeSSPh,
PhSSeSeSPh, and PhSSeSeSeSPh. Therefore, this strategy alters the redox pathway
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Fig. 7.33 a The scheme of a Li/Se-DPDSe cell. b Initial discharge–charge profiles of Li/DPDSe,
Li/Se, and Li/Se-DPDSe cells. c Cycling performance of Li/DPDSe, Li/Se, and Li/Se-DPDSe cells
at 0.3 C rate. d The charge and discharge profiles of the Li/Se-DPDSe cell at various cycles.
Reproduced with permission from Ref. [29]. Copyright 2020, Elsevier

of Se in lithium battery, leading to reduced formation of lithium polyselenides and
enhanced cycling stability.

Besides DPTS, Zhao et al. reported DPDSe is also effective in altering the redox
pathways of Se in lithium battery (Fig. 7.33a) [29]. Similarly, the Se was prepared
to nanowires and then fixed with CNTs as the composite electrode. The Li half
cell is evaluated with the electrolyte containing DPDSe, which exhibits two major
plateaus at 2.25 and 1.98 V with a slope between them (Fig. 7.33b). The two voltage
plateaus represent the formation of lithiumpolyselenides and lithiumphenyl selenide,
respectively. The following reduction is assigned to the formation of insoluble Li2Se.
Compared to DPDSe and Se, the Se-DPDSe provides higher capacity. As shown in
Fig. 7.33c, the Se-DPDSe composite cathode shows the initial capacity of 643 mAh
g−1 at 0.3 C rate and still retains 93.6% of the initial capacity after 250 cycles. The
Li/DPDSe and Li/Se cells deliver poor battery performance due to the soluble PhSeLi
and Li2Sex. It can be seen that the cycling performance of the Li/Se-DPDSe cell far
exceeds those of the Li/DPDSe and Li/Se cells. Some selected voltage profiles are
shown in Fig. 7.33d.

To investigate the redox mechanism of the Li/Se-DPDSe cell, in situ XRD was
performed and the pattern of the composite electrode in the first two cycles is shown
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in Fig. 7.34a. As the discharge progresses, the peak intensity of elemental selenium at
29.71° gradually decreases, indicating the transition to lithium polyselenides. During
the first charge, the peak reappears at the end of the charge voltage plateau at 2.25 V.
Its intensity gradually increases with charging. In the 2nd charge, this peak becomes
weaker, meaning Se is continuously consumed and exists in another state in the
following cycles. LC–MS was employed to verify the charged products of the cell.
The TICs of the charged products are shown in Fig. 7.34b, which show two strong
peaks at 6.785 and 6.770 min. The m/z values of 313.9157 and 391.8350 in the insets
correspond to DPDSe and DPTSe, respectively. This result confirms the continuous
conversion of Se into DPTSe leading to the disappearance of the Se peak in the XRD
pattern. Accordingly, the redox process is proposed in Fig. 7.35. In the discharge
process, the Se–Se bond in DPDSe is attacked by Li+ and e− to form PhSeLi. The

Fig. 7.34 a The in situ XRD pattern of the Se electrode in a Li/Se-DPDSe cell was collected during
the first and second cycles at 0.1 C rate with a sampling interval of 30 min. b TICs of the Se-DPDSe
electrode after 3 cycles at the charged state, representing the charge products of DPDSe and DPTSe,
insets are correspondingMS of the peaks at 6.785 and 6.770min. Reproduced with permission from
Ref. [29]. Copyright 2020, Elsevier
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Fig. 7.35 The scheme of proposed redox reactions of the Li/Se-DPDSe cell. Reproduced with
permission from Ref. [29]. Copyright 2020, Elsevier

elemental Se would be lithiated to lithium polyselenides. In the recharge process,
they are oxidized to PhSeSe·, PhSeSe·, and Se·. The Se radical can insert into the
structure of DPDSe to form DPTSe, which alleviates the formation and dissolution
of lithium polyselenides, promoting the improvement of the cycling performance of
the battery.

7.5.2 Polymers

The S–S bonds in the cyclic sulfur molecules can break and form sulfur radicals
at 120 °C, which can react with unsaturated bonds leading to “inverse vulcaniza-
tion” reported by Pyun and coworkers in 2013. Therefore, Gomez et al. reported
the prepared hybrid poly(SeS-DIB) by using S powder, 1,3-diisopropenylbenzene
(DIB), and element Se at 180 °C (Fig. 7.36a) [30]. Se was successfully added to
the molecular structure of organosulfide polymer. In order to identify the electro-
chemical properties of the Se-doped polymer, CV measurement of the cells was
performed. The Li/poly(S-DIB) cell shows the first cathodic peaks at 2.30–2.35 V
due to the formation of high-order lithium polysulfides (Fig. 7.36b). The following
second cathodic peak at 2.0 V represents the formation of low-order lithium polysul-
fides. While the Li/poly(Se0.1S0.9-DIB) cell possesses two distinguishable cathodic
peaks at 2.2 and 1.9V, corresponding to the formation of high-order Se-doped lithium
polysulfides and low-order Se-doped lithium polysulfides, respectively.

Then these polymers with various Se contents are used as the cathode materials
for lithium batteries. Firstly, the cells are performed at different C-rates including 0.2,
0.4, and 1 C rates (Fig. 7.37a). The cells with Se content of 2.5, 5, and 7.5 mol% have
higher capacities than that of the Li/P(S-DIB) cell. Whereas the cell containing 10%
Se provides a significant drop in the capacity. Figure 7.37b shows the voltage profiles
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Fig. 7.36 a Schematic representation of the inverse vulcanization process of S-Se hybrids. b CVs
of the Li/poly(S-DIB) 10% and Li/poly(Se0.1S0.9-DIB) 10% cells. The lower squares depict the
schematic reduction reactions for each step. Reproduced with permission from Ref. [30]. Copyright
2018, Wiley-VCH

of the cells with Se-doped polymers at 0.2 C rate, which have two characteristic
voltage plateaus corresponding to the reduction reactions of S at 2.3 and 2.05 V.
However, due to the small contribution of Se, the redox activity of Se is unnoticed.
Finally, the cycling performance of these polymers is shown in Fig. 7.37c. The
polymers with Se contents of 5 and 7.5% possess the initial specific capacities of
860 and 880 mAh g−1 at 0.2 C rate, respectively, and present the low capacity
losses of 0.14 and 0.4% over 100 cycles. The cycling performance of Se-containing
polymer cathodes is more superior than that without Se. Therefore, the hybrid S-Se
copolymers as cathode materials possess unique advantages.

In order to improve the capacity andCoulombic efficiency, Zhou et al. reported the
Se-doped poly(diallyl tetrasulfide) (PDATtSSe) with four S atoms and one Se atom
in the repeating unit (Fig. 7.38a) [31]. Diallyl disulfide (DADS) and SeS2 were used
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Fig. 7.37 a Effect of intensity current (C-units) for different poly(SexS1−x-DIB) electrodes on
discharge capacity andCoulombic efficiency.bVoltage profiles of the cellswith poly(SexS1−x-DIB)
electrodes at C/5 rate. c Long-term cycling performance of the cells with P(SexS1−x-DIB) polymer
electrodes at C/5 rate. Reproduced with permission from Ref. [30]. Copyright 2018, Wiley-VCH

as precursors to prepare the Se-doped compound which is then polymerized to form
PDATtSSe. The molecule weights containing different Se isotopes are delivered,
which indicate the presence of CH2 = CHCH2SSSeH (m/z = 182, 183, 184, 186,
and 188). The 1H NMR analysis also demonstrates the complete reaction of DADS
and SeS2 (Fig. 7.38b, c).

Then this polymer was used as the cathode material for lithium batteries. Firstly,
the surface of the Li foil after cycles are shown in Fig. 7.39a to reveal the shuttle
effect of PDATtSSe in the cathode. The smooth and uniformmorphology is observed,
indicating there are no high-order lithium polysulfides and polyselenides. Therefore,
the shuttle effect of PDATtSSe is limited that would result in high Coulombic effi-
ciency. The CV of the Li/PDATtSSe cell is shown in Fig. 7.39b. The two small
reduction peaks at 2.25, 2.12 V and the strong peaks at 2.07, 1.98 V can be seen that
are attributed to the cleavage of S–S and S–Se bonds. The followed oxidation peak
at 2.3 V corresponds to the delithiation process. The voltage profile in Fig. 7.39c
is consistent with the CV, showing the discharge capacity of 700 mAh g−1 at the
current density of 200 mA g−1. Meanwhile, the cell also has a high volumetric
capacity of 2457 mAh cm−3. The cycling performances of PDATtSSe are presented
in Fig. 7.39d, which presents stable performance for 400 cycles at 600mA g−1 with a
high capacity retention of 92%. Accordingly, the PDATtSSe containing S–Se bonds
shows improved performance.
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Fig. 7.38 a The synthetic mechanism of Se-doped PDATtSSe polymer as cathode for lithium
batteries, where m and n indicate the degree of polymerization. b The presence of molecule
CH2CHCH2SSSeH (m/z= 182, 183, 184, 186, and 188) was confirmed according to the abundance
of Se isotopes. c 1H NMR full spectra of the DADS monomer (green line) and PDATtSSe polymer
(red line). Reproduced with permission from Ref. [31]. Copyright 2017, Wiley-VCH

Se-doping has also been applied in sulfurized polyacrylonitrile. Chen et al.
researched SexS and PAN with different ratios are heated at 300 °C to prepare the
composites SexSPAN (x = 0.06, 0.09, 0.14), which possess unique electrochem-
ical properties and improved cycling performance in ether electrolytes [32]. The
Se0.06SPAN containing a catalytic amount of Se is used as cathode material in ether
electrolyte. The cycling performance of Se0.06SPAN is better than that of SPAN
reported in the literature. The capacity of 1156 mAh g−1 based on the mass of S
and Se in the composite is obtained in the 2nd cycle (Fig. 7.40a). Importantly, the
800 cycles with 0.029% loss per cycle hit the record in the reports on ether-based
electrolyte. In addition, the cell can also deliver the specific capacity of 546 mAh
g−1 based on the mass of the composite in the 2nd cycle and still retain 416 mAh g−1

even after 800 cycles. Because of the high conductivity of Se, it plays the role of a
rate accelerator and capacity contributor in the SPAN polymeric framework. The Li+

diffusion coefficients (DLi+) are calculated and shown in Fig. 7.40b. The DLi+ for the
reduction and oxidation peaks of the Li/SeSPAN cell are both higher than those of
the Li/SPAN cell, indicating the advantage of Se-doping. In addition, the Li/SeSPAN
cell has a smaller polarization voltage of 0.42 V than the 0.6 V of the Li/SPAN cell
(Fig. 7.40c). The reasons behind these results are shown in Fig. 7.41, the Li/SPANcell
has a slow reaction process accompanied by the formation of lithium polysulfides.
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Fig. 7.39 a SEM images of the lithium anode surface of the Li/PDATtSSe, Li/PDAPtS, and Li/S
cells with an electrolyte without LiNO3 cycled at the current density of 600mAg−1 after 100 cycles.
b CV of the Li/PDATtSSe cell at a scan rate of 0.01 mV s−1. c Voltage profile of the Li/PDATtSSe
cell at a current density of 200 mA g−1. d The cycling performance of the Li/PDATtSSe cell at
a current density of 600 mA g−1, the capacities are either based on the mass of PDATtSSe or
the mass of S and Se in PDATtSSe. Reproduced with permission from Ref. [31]. Copyright 2017,
Wiley-VCH

In contrast, the catalytic amount Se can enhance the redox conversion of polysul-
fides and reaction kinetics, thus leading to excellent electrochemical performance in
ether-based electrolyte.

In addition to the above-mentioned preparation methods of Se-containing poly-
mers, strategies of organic synthetic chemistry were also utilized to design and
prepare short chain polyselenosulfide copolymers, which was reported by Park et al.
(Fig. 7.42) [33]. This polymerwas synthesized through the substitution (SN2) reaction
using the sodium poly(seleno)sulfide and 1,2,3-trichloropropane (TCP). In this reac-
tion, the highly nucleophilic polysulfide anions Sn2− would attack the α-C (Cα-Cl)
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Fig. 7.40 a Cycling performance of the Li/Se0.06SPAN cell. The red curve is relative to the weight
of the S andSe in the composite,whereas the data represented by the blue curve are the corresponding
capacities based on the overall composite mass. b Improved electrochemical reaction kinetics, Li+

diffusion coefficients of reduction peaks of Se0.06SPAN and SPAN cathodes. c Discharge–charge
voltage curves of the Li/SPAN and Li/Se0.06SPAN cells. Reproduced with permission from Ref.
[32]. Copyright 2019, Nature Publishing Group

of TCP at 60 °C to form the covalent C-S bonds, which have the highly cross-
linked network structures and the theoretical capacity of the synthesized polymer is
1033 mAh g−1. Additionally, the sodium polysulfides were modified by inserting Se
atoms. Through the substitution reaction and polymerization, PTSeS nanoparticles
were prepared.

Then the battery performances of these polymers were performed. As shown in
Fig. 7.43a, the PTSeS and PTS deliver the obvious discharge plateaus at 2.4–2.1 V,
showing the specific capacities of 701 and 755 mAh g−1, respectively. In the CV
of the Li/PTSeS and Li/PTS cells (Fig. 7.43b, c), the first reduction peak at 2.18–
2.32 V represents the lithiation of middle S and Se. The following reduction steps at
1.8–2.18 V are attributed to the complete lithiation of S and Se to form Li2S/Li2Se.
Figure 7.43d presents the cycling performance of the Li/PTSeS and Li/PTS cells at
0.5 C rate. The Li/PTSeS cell delivers the initial capacity of 635.6mAh g−1 and 387.2
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Fig. 7.41 The scheme of the proposed reaction process. Small amount of Se-doping significantly
enhances the redox conversion of polysulfides and reaction kinetics, leading to ether compatibility
and superior performance of Li/Se0.06SPAN battery. Reproduced with permission from Ref. [32].
Copyright 2019, Nature Publishing Group

mAh g−1 after 500 cycles, which are higher than those of PTS. In summary, the Se-
dopingwith high conductivity could significantly improve the battery performance of
organosulfides such as cycling stability, activematerial utilization, and rate capability.

7.6 Summary and Outlooks

Organosulfide is a kind of potential cathodematerial. In particular, organic functional
groups have proven to have a profound impact on the properties and performance
of these materials. In recent years, organosulfides with different structures and func-
tional groups have been studied in lithium batteries. Although some progress on
organosulfides has been made in recent years, there is still a long way to go before
practicality. Future research should be focused on the following aspects (Fig. 7.44):
(1) Capacity: improve the theoretical capacity of organosulfides by increasing the
content of active sulfur in the molecular structure. (2) Output voltage: increase
the discharge voltage by introducing electron-withdrawing heterocycles or regu-
lating functional groups. (3) Tap density: the tap density of organosulfide should be
lower than that of inorganic materials, which could be increased by the coordination
of organosulfide with metal ions. (4) Shuttle effect: suppress the shuttle effect of
organosulfides by using metal oxides or sulfides to adsorb the discharge products
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Fig. 7.42 Scheme for the preparation of aqueous sodium poly(seleno)sulfide precursor solution
(Na2S4 and Na2SeS3) and following synthesis of PTSeS and PTS polymer nanoparticles via SN2-
based polycondensation with 1,2,3-trichloropropane (TCP). Reproduced with permission fromRef.
[33]. Copyright 2019, American Chemical Society

of organosulfides or using solid electrolytes. (5) Electrolyte additive: use organosul-
fides as electrolyte additives to improve battery performance of Li–S batteries. (6)
Conductivity: use conductive materials such as graphene and carbon nanotubes in
organosulfide electrodes. (7) Application: explore the application of organosulfides
in other metal (e.g., Na, K, Mg, or Zn) batteries and flow battery systems. (8) Mech-
anism: investigate the redox mechanism of organosulfides through advanced charac-
terization techniques and theoretical calculations. In summary, organosulfides are a
class of promising electrode materials with high energy density. More in-depth and
systematic research will promote the revival of organosulfides in several aspects of
the battery fields.
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Fig. 7.43 a Galvanostatic charge/discharge voltage curves with the current density of C/10 rate in
the voltage range of 1.7−2.7 V. b CV plots in the 2nd cycle at a scan rate of 0.1 mV s−1 in the
voltage range of 1.7−2.7 V and c the corresponding proposed electrochemical reaction mechanism
of PTSeS and PTS in lithium battery. d Cycling performances of PTSeS/CG-CNT and PTS/CG-
CNT in lithium batteries with high mass loading of ∼2 mg cm−2 at 0.5 C rate. Reproduced with
permission from Ref. [33]. Copyright 2019, American Chemical Society
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Fig. 7.44 Strategies to improve the performance of organosulfide cathode materials
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Chapter 8
Sulfur-Containing Polymer Cathode
Materials for Li–S Batteries

Yizhou Wang, Dong Zhou, and Guoxiu Wang

Abstract Due to high energy density and low cost of sulfur, lithium-sulfur batteries
are of great promise to substitute for lithium-ion batteries in a variety of applica-
tions, ranging from electric vehicles to portable electronics. Unfortunately, while
providing many advantages, sulfur also has several fatal problems, including poor
electronic conductivity, huge volume variation upon charge/discharge, and shuttle
effect of polysulfides. Utilizing sulfur-containing polymers rather than elemental
sulfur as cathode materials for lithium-sulfur batteries received tremendous atten-
tion in recent years. Sulfur species are confined in sulfur-containing polymers via
covalent bonds, which can greatly alleviate the shuttle effect and thus render lithium-
sulfur batteries improved discharge capacity, enhanced rate capability, and high
cycling stability. In this chapter, a comprehensive review on the recent develop-
ment of sulfur-containing polymer cathodes is provided. Different electrochemical
behaviors and different molecular structures of sulfur-containing polymer cathode
materials are systematically summarized. Furthermore, the optimization strategies
for sulfur-containing polymer cathodes are discussed in detail. Finally, the remaining
problems and future prospects for sulfur-containing polymer cathodes are outlined.

Keywords Lithium-sulfur batteries · Sulfur-containing polymer cathodes ·
Polymeric sulfur · Shuttle effect

8.1 Introduction

As mentioned in above chapters, lithium-sulfur (Li–S) batteries using sulfur as
cathode materials possess many merits (e.g., low cost, low toxicity, and high
capacity), and received widespread attention in the recent decade. However, Li–S
batteries have not achieved widespread applications yet due to huge intrinsic prob-
lems [1]. Most of these problems occur in the cathode of Li–S batteries. Specifically,
(1) sulfur possesses extremely low electronic conductivity (5 × 10–30 S cm−1); (2)
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sulfur experiences huge volume change (ca. 80%) while reducing to Li2S during
discharge; (3) the charge/discharge intermediates, Li polysulfides, are readily to
dissolve in the electrolyte and shuttle to the anode side under electric field effect,
which leads to the corrosion of Limetal anode and irreversible loss of battery capacity
[2]. The above problemswould deteriorate the electrochemical performances of Li–S
batteries from various aspects, including battery capacity less than expected, high
self-discharge, and rapid capacity decay [3]. Therefore, near half of the research on
Li–S batteries is focused on the cathode materials in order to solve these problems.
Commonly used modification methods for Li–S battery cathode materials include
applying carbonaceous materials to encapsulate sulfur [4], using electrocatalysts to
boost sulfur’s redox kinetics [5], replacing elemental sulfur with Li2S or Li polysul-
fides [6], and confining sulfur into organicmolecules by covalent bonds.Among these
strategies, confining sulfur into organic molecules by chemical bonds to form sulfur-
containing polymer as cathode material is a promising strategy to boost the perfor-
mances ofLi–Sbatteries, since sulfur-containingpolymer possess various advantages
while being used as cathode material [7]. The formed covalent bonds between sulfur
species and polymer chain can strongly limit polysulfides from dissolution, which
can suppress the shuttle effect and hence improve the cycling performances of battery.
The sulfur chains in the sulfur-containing polymers can achieve a uniform disper-
sity that is able to avoid the agglomeration of sulfur species. Moreover, the polymer
chain can be designed with different functional groups to endow the polymer with
special characteristics. However, generally the polymer chains in sulfur-containing
polymers do not make any contribution to the battery discharge capacity. Thus, it
is important to increase the sulfur content in sulfur-containing polymer cathodes.
For now, the sulfur content in sulfur-containing polymers can reach a value higher
than 95%, which enable them to obtain both high specific capacity and stable cycle
performance [8].

In the past several decades, great progress has been made in research on sulfur-
containing polymer cathodes. These sulfur-containing polymer cathodes played a
huge role in promoting the research of Li–S batteries and even non-Li metal-sulfur
batteries [9, 10]. Figures 8.1 and 8.2 show overviews of this chapter, including
different sulfur-containing polymer cathodes and different strategies to further boost
the performances of these polymer cathodes. In this chapter, we introduce the elec-
trochemical mechanisms of different sulfur-containing polymer cathodes at first.
Subsequently, according to the electrochemical mechanisms, we summarize sulfur-
containing polymer cathodes by different types, including the polymers based on
conventional redox chemistry or solid-phase conversion. Moreover, we systemati-
cally discuss the strategies to further optimize the electrochemical performances of
sulfur-containing polymer cathodes, e.g., adding conductive additives, introducing
reaction accelerators, and applying quasi-solid-state or solid-state electrolytes. In the
end of this chapter, we provide the future perspectives on sulfur-containing polymer
cathode research.
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Fig. 8.1 An overview of different sulfur-containing polymer cathode materials for Li–S batteries.
The content for unsaturated hydrocarbon-derived, thiol-derived, covalent triazine framework-based,
sulfurized polyacrylonitrile, others was reprinted with permission from Ref. [11] (Copyright 2013
Nature Publishing Group), Ref. [12] (Copyright 2016 Nature Publishing Group), Ref. [13] (Copy-
right 2019 American Chemical Society), Ref. [14] (Copyright 2018 American Chemical Society),
Ref. [15] (Copyright 2017 Wiley-VCH), respectively

8.2 Electrochemical Mechanisms of Different
Sulfur-Containing Polymer Cathode Materials

Sulfur-containing polymers are composed of polymer molecular chains and sulfur
segments. Generally, the number of sulfur atoms in sulfur bridge bonds can determine
the sulfur content of the polymer, and also have a significant effect in the electro-
chemical behaviors of the sulfur-containing polymer cathodes [18]. In the current
research, two typical electrochemical reaction processes can be observed in sulfur-
containing polymer cathodes, e.g., conventional redox chemistry and solid-phase
conversion.
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Fig. 8.2 An overview of different optimization strategies for Li–S batteries using sulfur-containing
polymer cathodematerials. The content for conductive polymers and heteroatomswas reprintedwith
permission from Ref. [16] (Copyright 2020 American Chemical Society) and Ref. [17] (Copyright
2018 American Chemical Society), respectively

Conventional redox chemistry. Sulfur-containing polymer cathodes with conven-
tional redox chemistry deliver similar electrochemical behaviors as elemental sulfur
cathodes. With generally greater than or equal to 6 sulfur atoms in the sulfur
bridge bond, the polymers undergo the electrochemical reactions as shown in
Fig. 8.3, e.g., sulfur chain within polymer backbone (solid phase) → Li polysul-
fides (liquid phase) → Li2S (solid phase) [19]. Figure 8.3b exhibits the typical
charge–discharge curves of a sulfur-containing polymer, poly(sulfur-random-1,3-
diisopropenylbenzene) (poly(S-r-DIB)), with conventional redox chemistry mecha-
nism [11]. The discharge curve showed two obvious discharge platforms around 2.2
V and 2 V, representing a solid–liquid transformation and a liquid–solid transforma-
tion, respectively. This is very similar to the electrochemical properties of elemental
sulfur.

Solid-phase conversion. When the sulfur atoms in the sulfur bridge bond is less
than or equal to 4, usually the formation of Li polysulfide is not involved in the
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Fig. 8.3 a Schematics showing the electrochemical reaction process of sulfur-containing polymer
cathodes with conventional redox chemistry. b Typical charge–discharge curves of Li–S batteries
with poly(S-r-DIB) cathodes at 0.1 C. The electrolyte used for tests was 0.38 M lithium
bis(trifluoromethane)sulfonimide (LiTFSI), 0.31 M LiNO3 in 1,3-dioxolane (DOL)/1,2-dimethoxy
ethane (DME) (1: 1 by volume). Reprinted with permission from Ref. [11]. Copyright 2013 Nature
Publishing Group. c Schematics showing the electrochemical reaction process of sulfur-containing
polymer cathodes with solid-phase conversion. d Typical charge–discharge curves of Li–S batteries
with SPAN cathodes at 0.4 C. The electrolyte used for tests was 1 M LiPF6 in ethylene carbonate
(EC)/diethyl carbonate (DEC). Reprintedwith permission fromRef. [20]. Copyright 2015American
Chemical Society

electrochemical reaction process, and the polymers experience solid-phase conver-
sion and finally generate Li2S (Fig. 8.3c) [19]. Figure 8.3d shows representative
charge–discharge curves of a sulfur-containing polymer (sulfurized polyacrylonitrile
(SPAN)) with solid-phase conversion mechanism [20]. In the first discharge, such
polymers generally involve an activation process to generate a cathode electrolyte
interphase (CEI) layer on sulfur surface, and the discharge voltage is lower than that
in subsequent cycles. In subsequent cycles, unlike elemental sulfur possesses two
obvious discharge plateaus, such polymers only deliver a slope within 2.2–1.5 V
during the discharge curve, indicating a continuous solid–solid conversion process.
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8.3 Sulfur-Containing Polymer Cathode Materials
with Different Electrochemical Mechanisms in Li–S
Batteries

8.3.1 Sulfur-Containing Polymers Based on Conventional
Redox Chemistry

Sulfur-containing polymer cathodeswith conventional redox chemistry are discussed
by molecule structures (i.e., unsaturated hydrocarbon-derived, thiol-derived, and
covalent triazine framework-based) in this section. Generally, these polymers have
long sulfur molecular chains (usually >4 atoms) in the backbone, and can exhibit
similar electrochemical behaviors like elemental sulfur. Meanwhile, due to the exis-
tence of these relatively long sulfur chains, such polymers are readily to achieve
high sulfur content, which is beneficial for the energy density of Li–S batteries.
Furthermore, since the molecular structure of sulfur-containing polymer has a huge
impact on its chemical properties, sulfur-containing polymerswith differentmolecule
structures are discussed.

8.3.1.1 Unsaturated Hydrocarbon-Derived Polymers

Copolymerizing unsaturated hydrocarbon molecules with elemental sulfur is a very
widely adopted strategy for synthesizing sulfur-containing polymers [21]. In this
strategy, these unsaturated hydrocarbon molecules are worked as crosslinkers to
bind sulfur chains. Specifically, at an elevated temperature, elemental sulfur expe-
riences a ring-opening reaction and forms diradical segment, which can readily
graft on the unsaturated bonds of unsaturated hydrocarbon molecules [22]. Such
copolymerization reaction can obtain a highly crosslinked sulfur-organic molecule
copolymer network. The sulfur-containing polymers synthesized using this method
can achieve a high sulfur content (>95%) [8], and exhibit similar electrochemical
behaviors as elemental sulfur. The copolymer network is able to effectively confine
sulfur by covalent bonds, and thus limit the shuttle effect of Li polysulfides [23].
Regarding this strategy, a variety of olefinic molecules have been reported to be
used as crosslinkers to synthesize sulfur-containing polymers [24]. Chung et al.
reported poly(S-r-DIB) as cathode material for Li–S batteries [11]. As shown in
Fig. 8.4a, poly(S-r-DIB)was synthesized via a free-radical copolymerization process
between 1,3-diisopropenylbenzene (DIB) and diradical sulfur segments at 185 °C.
This process required no additional initiator or organic solvents. By controlling the
amount of DIB and elemental sulfur, sulfur content of the obtained copolymer could
be readily controlled from 50 to 90%. While used as cathode materials for Li–S
batteries, such copolymer (with a sulfur content of 90%) exhibited good electro-
chemical activity, and yielded a specific capacity of ca. 800 mAh g−1 after 100
cycles at 0.1 C (Fig. 8.4b).
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Fig. 8.4 a Schematic illustration of the process of poly(S-r-DIB). bCycling performance of a Li–S
battery using poly(S-r-DIB) (sulfur content: 90%) cathodes at 0.1 C. Reprinted with permission
from Ref. [11]. Copyright 2013 Nature Publishing Group
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After that, Hoefling et al. further researched the electrochemical reaction process
of DIB-sulfur copolymers [25]. Figure 8.5a shows the 13C solid-state nuclear
magnetic resonance (NMR) spectra ofDIB-sulfur copolymerswith different contents

Fig. 8.5 a Ex-situ 13C{1H} cross polarization (CP)/magic angle spinning (MAS) NMR spectra of
S-DIB-50 and S-DIB-10 cathodes discharged to various states. b Schematic illustration showing
the reaction processes of DIB-sulfur copolymers with different sulfur content. Reprinted with
permission from Ref. [25]. Copyright 2018 American Chemical Society
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ofDIB (50%DIB, denoted asDIB-S-50; 10%DIB, denoted asDIB-S-10) at different
discharge state after one formation cycle. Long-chain sulfur segments (C-Sx-C, x ≥
∼5, denoted as long-S), medium-chain sulfur segments (C-Sx-C, x≈ 3–4, denoted as
mid-S), and short-chain sulfur segments (C-Sx-C, x ≈ 1–2, denoted as short-S) can
be clearly identified in the spectra. It can be observed that the signal of long-S only
exhibited in the spectra of DIB-S-10, and the signal strength of short-S in DIB-S-50
is much higher than that in DIB-S-10. Thus, the reaction routes of different cathode
materials were supposed to be as exhibited in Fig. 8.5b. The sulfur content had a
great influence on electrochemical behaviors of DIB-sulfur copolymer, and a higher
sulfur content would result in a larger proportion of Li2S in discharge products.

In addition, special functional groups (e.g., thiophene groups [26]) can be intro-
duced to render polymers with special properties, such as improved electronic
conductivities and enhanced chemical confinement [10, 27]. For example, Kang et al.
tested four different crosslinkers (i.e., tetra(allyloxy)-1,4-benzoquinone (TABQ),
2-allyloxy-naphthoquinone (ANQ), 1,4-bis(allyloxy)-anthraquinone (BAAQ), and
triallyloxy-triazine (TATA), as shown inFig. 8.6a)-derived sulfur-containing polymer
cathodes in Li–S batteries [28]. Among these materials, sulfur-TABQ copolymer
(poly(S-TABQ), as shown in Fig. 8.6b) retrieved the best electrochemical perfor-
mances, since it could provide strong polar interactionswith polysulfides by the abun-
dant heteroatoms in themolecule structure. As a result, poly(S-TABQ) yielded a high
capacity of ≈1300 mAh g−1 at 0.1 C, and this capacity kept stable during 100 cycles
(Fig. 8.6c), which is much better than sulfur-TATA copolymer (poly(S-TATA)) and
elemental sulfur. Oschmann et al. used o-dichlorobenzene (OCB) as the crosslinker
and synthesized a thiophene-based structured sulfur-containing polymer for Li–S
batteries (Fig. 8.6d) [29]. The unique structure of the as-synthesized sulfur-poly(3-
hexylthiophene-2,5-diyl) (S-P3HT) copolymer provided strong chemical confine-
ment to sulfur species via the polythiophene segment, and effectively lowered the
electrical resistance of cathode. By applying such copolymer together with elemental
sulfur as cathode materials, the as-developed Li–S battery delivered lower overpo-
tential (determined from the potential difference between charging and discharging)
and higher specific capacity compared to elemental sulfur cathode and simplymixing
sulfur and P3HT as cathode (Fig. 8.6e).

Since carbon–carbon triple bonds can provide more reactive sites for polymeriza-
tion with sulfur segments than carbon–carbon double bonds, some literatures used
alkyne-based monomers as the crosslinkers to realize a high sulfur content in poly-
mers [30]. Sun et al. synthesized a sulfur-containing polymer derived from sulfur
and 1,3-diethynylbenzene (DEB), which possessed a cage-like semi-interpenetrating
network (semi-IPN) structure (Fig. 8.7a) [31]. With 20 wt% DEB as crosslinker, the
copolymer yielded a sulfur content of 75.7 wt%. Suchmaterial exhibited a good elec-
trochemical activity, and it can be further improved by adding carbon black during
the polymerization process (Fig. 8.7b). Dirlam et al. reported a sulfur copolymer
derived from 1,4-diphenylbutadiyne (DiPhDY) [32]. Interestingly, the copolymer-
ization of sulfur and DiPhDY induced the formation of a thiophene-based structure,
as indicated in Fig. 8.7c. Such copolymer could be synthesized with a high sulfur
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Fig. 8.6 aMolecular formula of TABQ,ANQ,BAAQ, andTATA.bProposedmolecular formula of
poly(S-TABQ). cCharge–discharge profiles of poly(S-TABQ), poly(S-TATA), and elemental sulfur
in different cycles at 0.1 C. Reprinted with permission from Ref. [28]. Copyright 2018Wiley-VCH.
d Synthesis procedure of S-P3HT. e Charge–discharge profiles of Li–S batteries with different
cathode materials. Reprinted with permission from Ref. [29]. Copyright 2015 American Chemical
Society

content of 90 wt%, and meanwhile provide good electrochemical performance as
shown in Fig. 8.7d.

Applying natural materials as the crosslinkers for sulfur-containing polymers
can further improve the environmental friendliness and cost effectiveness of Li–
S batteries. Wu et al. reported a sulfur-limonene copolymer as the cathode material
for Li–S batteries (Fig. 8.8a) [33]. Limonene can be easily obtained from orange
and lemon peels, and has the advantages of abundant reserves, low price, envi-
ronmentally friendliness and large-scale preparation. The covalent bonds formed
between sulfur segments and D-limonene molecules effectively limited the disso-
lution and shuttle effects of Li polysulfides, and thus such copolymer exhibited
favorable electrochemical performances while coupling with carbon black or carbon
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Fig. 8.7 a Synthesis process of S-DEB copolymer. b Cyclic voltammetry (CV) curves of S-DEB
copolymer cathode and C-S-CB cathode (C-S-CB refers to the S-DEB copolymer with carbon
black added during synthesis). Reprinted with permission from Ref. [31]. Copyright 2014 Royal
Society of Chemistry. c Synthesis process of S-DiPhDY copolymer. d Charge–discharge curves
of S-DiPhDY copolymer at different cycles at 0.2 C. Reprinted with permission from Ref. [32].
Copyright 2015 Royal Society of Chemistry

sphere, as shown in Fig. 8.8b. The proposed reaction mechanism for sulfur-limonene
copolymer is shown in Fig. 8.8c. During the initial discharge, the polysulfide bridge
bonds in copolymer transformed into –SLi bonds and dispersed Li2S nanoparti-
cles. In the following cycles, these dispersed Li2S nanoparticles were reversibly
converted into S8, which also explained that the electrochemical reaction process
of sulfur-limonene copolymer was similar to elemental sulfur. Moreover, commer-
cial vegetable oils (including linseed oil, sunflower oil, olive oil) were reported to
copolymerize with elemental sulfur to develop polymer cathodes for Li–S batteries
(Fig. 8.8d) [34]. With a sulfur content of 70 wt%, this highly environmental-friendly
material (linseed oil-sulfur copolymer) achieved a capacity of ≈450 mAh g−1 after
100 cycles (Fig. 8.8e).



306 Y. Wang et al.

Fig. 8.8 a Synthesis route of sulfur-limonene copolymer. bCycling performances of Li–S batteries
with different cathodematerials. SLP refers to sulfur-limonene polymer, CS refers to carbon sphere,
CB refers to carbon black, and S refers to elemental sulfur. c Proposed reaction mechanism of
sulfur-limonene copolymer during charge and discharge. Reprinted with permission from Ref.
[33]. Copyright 2018 Wiley-VCH. d Synthesis procedure of sulfur-containing polymers derived
from vegetable oils and elemental sulfur. e Cycling performance of Li–S batteries using different
cathode materials. LSO refers to linseed oil. Reprinted with permission from Ref. [34]. Copyright
2017 Wiley-VCH

8.3.1.2 Thiol-Derived Polymers

Thiol-based molecule is another widely used monomer for copolymerizing sulfur-
containing polymers. Since the connection between sulfur atom and hydrogen atom
in thiol groups (–SH) is weak, thiol-derived sulfur-containing polymers are readily
to be synthesized with a three-dimensional (3D) porous nanostructure [19]. Kim
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et al. reported a trithiocyanuric acid (TTCA)-derived polymer cathode material for
Li–S batteries [12]. The material preparation process was shown in Fig. 8.9a. Briefly,
TTCA porous template was first synthesized by crystallization and heat treatment,
then elemental sulfur was melt-infiltrated in the TTCA template and ring-opening
polymerized on the thiol surface. Different solvents used for TTCA crystalliza-
tion resulted in different crystal morphology. Dimethyl formamide (DMF)/water
co-solvent leaded to TTCA rectangular tubes (noted as TTCA-I), while acetone
induced TTCA splice plates (noted as TTCA-II). The strong chemical binding
between TTCA segment and sulfur species and the 3D interconnected nanostruc-
ture of such copolymer could effectively limit the shuttle effect and enable the

Fig. 8.9 aSchematic illustrationof the preparationof sulfur-TTCAcopolymer.bCharge–discharge
profiles of S-TTCA-I cathodes versus sulfur-carbon cathodes at 0.2 C. c Cycling performances of
Li–S batteries with different cathode materials at 0.2 C. Reprinted with permission from Ref. [12].
Copyright 2016 Nature Publishing Group
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Li–S battery to deliver a decent electrochemical performance (Fig. 8.9b, c), which
yielded a stable capacity of ≈1000 mAh g−1 in 100 cycles (based on the mass
of sulfur). Je et al. reported a sulfur-embedded polybenzoxazine (S-BOP) which
was derived from hexahydro-1,3,5-triphenyl-1,3,5-triazine (TPTA), 4,4-dihydroxy-
diphenyldisulfide (DHPDS) and elemental sulfur (Fig. 8.10d) [35]. The discharge

Fig. 8.10 a Synthesis scheme of S-BOP. ROP refers to ring-opening polymerization. b Charge–
discharge curves of S-BOP at a current density of 720 mA g−1. Reprinted with permission from
Ref. [35]. Copyright 2016 American Chemical Society
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curves of S-BOP exhibited two distinct plateaus, indicating its similar electrochem-
ical behaviors with elemental sulfur (Fig. 8.10e). With a sulfur content of ≈72 wt%,
S-BOP obtained a stable capacity of ≈600 mAh g−1 (based on the mass of sulfur)
after 1000 cycles.

8.3.1.3 Covalent Triazine Framework-Based Polymers

Covalent triazine framework (CTF) is a type of microporous polymer that possess
narrow distributed pore size, high specific surface area (up to 3000 m2 g−1), and
moderate conductivity [36]. The unique property of CTFs enabled them to be widely
used in a variety of applications, ranging from gas adsorptions to catalysis [37].
When applying elemental sulfur as mediator in the polymerization process of CTF,
the as-developed sulfur-CTF copolymer can achieve a high sulfur content and can be
directly used as the cathode active materials for Li–S batteries. For now, a series of
monomers (e.g., 1,4-dicyanobenzene [37], perfluorinated aromatic nitrile [38], 2,2′-
((perfluoro-1,4-phenylene) bis(methanyl-ylidene)) dimalononitrile [39]) have been
used to copolymerize with sulfur to synthesize sulfur-CTF copolymer. Talapaneni
et al. first reported the application of sulfur-containing CTFs as cathode material in
Li–S batteries (Fig. 8.11a) [37]. The S-CTF copolymer (S-CTF-1) was synthesized
via a sulfur-mediated trimerization of 1,4-dicyanobenzene. Such copolymer not only
provided strong chemical binding and large void space for sulfur, but also enabled
regular sulfur distribution and good electronic/ionic conductivity. As a result, the
sulfur-containing CTF with a sulfur content of 62 wt% delivered distinct discharge
platforms similar to sulfur (Fig. 8.11b), and yielded a stable capacity of ≈500 mAh
g−1 (based on themass of S-CTF-1) during 50 cycles (Fig. 8.11c). Applying electron-
withdrawing groups (e.g., fluorine) to functionalize aromatic molecules can enhance
their electron deficiency and thus facilitate of nucleophilic addition reactions of
sulfur chains on them, which can greatly increase the sulfur content of the sulfur-
CTF copolymer [40]. Regarding this strategy, Je et al. reported perfluorinated aryl
cyanide as the monomer for the synthesis of sulfur-containing CTFs [40]. As shown
in Fig. 8.11d, since the fluorine-substituted sites provided provides a large number of
active sites for addition reaction of sulfur species (SNAr), the as-synthesized S-CTF
copolymer retrieved a high sulfur content of 86 wt%. Such copolymer yielded a
capacity of ≈500 mAh g−1 (based on the mass of sulfur) after 300 cycles at 1 A g−1,
and this good cycling stability could be indicated by the highly reversible signals
of C–C, C–S, and Li2S in S 2p X-ray photoelectron spectroscopy (XPS) spectra
(Fig. 8.11e).

Beyond the above-mentioned three molecular structures, various conventional-
redox-chemistry-based sulfur-containing polymers can also be obtained via addition
(e.g., on thiocarbonyl [41]), substitution (e.g., on halogen bonds [42]) or coupling
[43] of sulfur chains. These polymers can also combine sulfur chains in the polymer
backbone via covalent bonds to chemically limit the shuttle effect of Li polysulfides,
and thus enable enhanced electrochemical performances of Li–S batteries.
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Fig. 8.11 a Synthesis scheme of S-CTF-1. The inset in in the lower right corner is the photo
of as-synthesized S-CTF-1. b Typical charge–discharge curves of S-CTF-1 at 0.05 C. c Cycling
performances of S-CTF-1 and KB-S (namely Ketjen Black and elemental sulfur with a weight ratio
of ≈1: 1). Reprinted with permission from Ref. [37]. Copyright 2016 Wiley-VCH. d Synthesis
scheme of sulfur-CTF copolymer from elemental sulfur and perfluorinated aryl cyanides. e Ex-situ
S 2p XPS spectra of the sulfur-CTF copolymer at different charge–discharge state. Reprinted with
permission from Ref. [40]. Copyright 2017 Wiley-VCH
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8.3.2 Sulfur-Containing Polymers with Solid-Phase
Conversion

In terms of sulfur-containing polymerswith solid-phase conversion, the sulfurmolec-
ular chains in the polymer backbone contain fewer sulfur atoms (usually ≤4), and
the electrochemical behaviors are very different from elemental sulfur. For example,
for solid-phase-conversion polymers, there is only one slope instead of two obvious
plateaus in the discharge curve, and the battery operation donot involve the generation
of high-order polysulfides [19]. Due to this characteristic, solid-phase-conversion
sulfur-containing polymers can achieve excellent cycling stability. However, the
short sulfur molecular chains also lead to a relatively low sulfur content. There-
fore, increasing the sulfur content as high as possible is an essential pursuit for the
research on the solid-phase-conversion sulfur-containing polymers.

8.3.2.1 Sulfurized Polyacrylonitrile

Sulfurized polyacrylonitrile (SPAN) is a very important cathode material for Li–S
batteries. SPAN is also named as pyrolyzed polyacrylonitrile-sulfur (pPAN-S) or
S@pPAN [44]. Since it was first reported by Wang et al. in 2002 [45], the appli-
cation of SPAN in Li–S batteries has attracted intensive research interests in recent
two decades. SPAN has a variety of advantages, including inhibited shuttle effect,
tiny self-discharge, and good compatibility with carbonate electrolytes, which make
SPAN a highly stable cathode material for Li–S batteries and even other alkali-metal
sulfur batteries (e.g., sodium-sulfur batteries [46], and potassium-sulfur batteries
[10]). The basic synthesis process of SPAN is shown in Fig. 8.12a [47]. Typically, at
a reaction temperature of ≈300 °C, the high polar nitrile groups in polyacrylonitrile
(PAN) molecule cyclize into a heterocyclic compound, and meanwhile this hete-
rocyclic compound is dehydrogenated by molten sulfur. After this reaction, SPAN
molecule with sulfur chains existing as bridge bonds covalently bonded to carbon
atoms is obtained. As shown in the 13C solid-state NMR spectra of SPAN and PAN
(Fig. 8.12b), only two different 13C locations were detected in PAN, while three
different 13C locations were detected in SPAN due to the existence of C − S bond
[14]. For now, there are two possible structures for SPAN, as shown in Fig. 8.12c.
The sulfur chains in structure I exist as intermolecular bridge bonds, while the sulfur
chains in the structure II exist as intramolecular bridge bonds. Wang et al. proposed
that structure I is the active units in SPAN based on their solid-state NMR experi-
mental data and the density functional theory (DFT) calculation [14]. Based on these,
they speculated that the S–S bonds in SPAN broke to irreversibly convert into thiyl
radicals to form a highly stable conjugative structure during the first discharge, and
Li could be reversibly stored at the negative locations of these thiyl radicals and
nitrogen atoms via ion-coordination bonds (Fig. 8.12d) [14].

Compared to conventional sulfur@carbon cathode which suffered from limited
electronic conductivity and severe polysulfide dissolution (Fig. 8.13a), SPANcathode



312 Y. Wang et al.

Fig. 8.12 a Proposed structural evolution of SPAN during synthesis process. Reprinted with
permission from Ref. [47]. Copyright 2013 American Chemical Society. b Experimental 13C
CP/MAS solid-state NMR spectra of SPAN and PAN. The inset in the upper right corner indi-
cates the corresponding different 13C locations in every unit of the SPAN molecular structure. c
Proposed two possible molecular structure of SPAN. d Proposed working mechanism of SPAN as
Li–Sbattery cathodematerials. Reprintedwith permission fromRef. [14].Copyright 2018American
Chemical Society

not only possesses a conductive polymer matrix that can ensure good electronic
conductivity and avoid the aggregation of sulfur species, but also can react with
carbonate solvents to generate a CEI layer which can prevent sulfur species from
dissolution (Fig. 8.13b) [48]. Thus, most research on applying SPAN as Li–S battery
cathode material was conducted in carbonate-based electrolytes due to the high
stability [49–51]. In contrast, conventional Li–S batteries utilizing elemental sulfur as
cathode material would suffer from a rapid capacity fading in carbonate electrolytes,
mainly due to the substitution reaction or nucleophilic addition can readily occur
between nucleophilic sulfide anions and carbonate solvents [52]. Xu et al. reported
various carbonate-based electrolytes for SPAN||Li metal batteries [53]. Compared
to conventional carbonate electrolytes (LiPF6 in EC-DMC) that had low compati-
bility with Li metal anode and delivered obvious capacity decay during 400 cycles,
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Fig. 8.13 a and b Schematic illustration indicating the reaction mechanisms of elemental
sulfur@carbon cathode (a) and SPAN cathode (b). Reprinted with permission from Ref. [48].
Copyright 2020 Wiley-VCH. c Cycling performances of Li–S batteries using SPAN cathodes in
various carbonate-based electrolytes and d the corresponding charge–discharge curves of that in
Li-ODFB/EC-DMC-FEC electrolyte. Reprinted with permission from Ref. [53]. Copyright 2016
Wiley-VCH. e Schematic showing the fast reaction kinetics of Se-doped SPAN cathode in DOL-
DME electrolyte. f Rate performances of such cathode in 1 M LiTFSI in DME and DOL (1: 1 by
volume) with 2 wt% LiNO3 electrolyte. Reprinted with permission from Ref. [54]. Copyright 2019
Nature Publishing Group

1 M lithium oxalyldifluoroborate (LiODFB) in EC-dimethyl carbonate (DMC)-
fluoroethylene carbonate (FEC) (4.5: 4.5: 1 by volume) electrolyte exhibited good
compatibility with Li metal anode and yielded a stable specific capacity of ≈1400
mAh g−1 (based on the mass of sulfur) during 600 cycles at 1 C (Fig. 8.13c, d).
Generally, SPAN suffers from rapid capacity decay in ether-based electrolytes, since
the solution of low-order polyfulfides (Li2Sn (n ≤ 4)) in ethers still exists and can
lead to subsequent shuttle effect [54]. Recent reports showed that SPAN could also
retrieve a stable cycling performance by boosting the redox reaction kinetics [54]
or accelerating the charge transfer [39]. Chen et al. reported a selenium (Se)-doped
SPAN as cathode materials for Li–S batteries with both carbonate-based electrolytes
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and ether-based electrolytes [54]. Since the Se doping greatly improved the reaction
kinetics of SPAN, the Li polysulfide dissolution was effectively limited in ether-
based electrolytes (Fig. 8.13e). As a result, with a typical ether-based electrolyte
(1 M LiTFSI in DME and DOL (1: 1 by volume) with 2 wt% LiNO3 addition),
the Li–S battery using such cathode delivered stable electrochemical performance
and even delivered a capacity of ≈750 mAh g−1 (Based on the mass of sulfur and
selenium) at 10 A g−1 (Fig. 8.13f).

8.3.2.2 Others

In addition to SPAN, there are a variety of solid-phase-conversion sulfur-containing
polymers being reported as Li–S battery cathodes. By adjusting the ratio of elemental
sulfur during synthesis, the atom number of sulfur chains in the sulfur-containing
polymer can be well controlled. Fewer atoms in the copolymer sulfur chains involve
fewer discharge intermediates, and render simpler electrochemical reactions, which
can further suppress the shuttle effect and facilitate the reaction mechanism study
[19]. Preefer et al. reported a crosslinked disulfide active material for Li–S battery
cathodes [15]. This material contained sulfur and carbon atoms in a ratio of 1: 1,
and was expected to host six Li ions per C6S6 monomer unit (Fig. 8.14a). The
Raman spectrum in discharge state showed the significant suppression of S–S bond
signal together with the rise of Li–S bond signal, indicating the electrochemical
reactions of the disulfide bonds in the polymer network (Fig. 8.14b). This unique
molecular structure inhibited the formation of polysulfide intermediates and could
deliver a stable capacity of ≈150 mAh g−1 during 200 cycles. Later on, Gomez
et al. synthesized poly(anthraquinonyl sulfide) (PAQS)-based polymerswith different
sulfur chain lengths, and investigated its influenceon the electrochemical behaviors of
Li–S batteries [18]. As shown in Fig. 8.14c, the PAQS-based polymer with one sulfur
atom in sulfur chain undergone very different Li storage mechanism and delivered
obvious different electrochemical behaviors compared to that with nine-atom sulfur
chain. Fewer atoms in a PAQS-based polymer sulfur chain would inevitably reduce
the sulfur content and specific capacity of Li–S batteries, but the cycle stability of the
battery could be significantly improved due to avoided dissolution of Li polysulfides.
Hence, it is important to regulate the number of atoms in the polymer sulfur chain
for a balance between stable cycling performance and high specific capacity.

8.4 Optimization Strategies for Li–S Batteries Using
Sulfur-Containing Polymer Cathode Materials

Confining sulfur to the polymer backbone via covalent bonds can greatly limit the
dissolution and shuttle of sulfur species. However, these sulfur-containing polymer
cathodes might still suffer from problems such as limited electronic conductivity
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Fig. 8.14 a Synthesis route of the crosslinked disulfide active material. b Raman spectra of such
materials in different state: pristine powders, casted pristine electrodes, charged state, and discharged
state.Reprintedwith permission fromRef. [15].Copyright 2017Wiley-VCH. cCVcurves and corre-
sponding reaction mechanisms of PAQS-based polymer with one-sulfur-atom chain (upper panel)
and nine-sulfur-atom chain (lower panel). Reprinted with permission from Ref. [18]. Copyright
2018 American Chemical Society

or sluggish reaction kinetics. Moreover, when assembling full batteries, Li metal
anodes, as commonly used anodes, face additional problems such as dendrite forma-
tion, which severely deteriorates the electrochemical performances of the Li–S full
batteries. Regarding these issues, a series of strategies can be adopted to improve
the electrochemical performances of Li–S batteries using sulfur-containing polymer
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cathodes. In this section, these strategies are detailly discussed by the following three
categories, including adding conductive additives, introducing reaction accelerators,
and applying quasi-solid-state or solid-state electrolytes.

8.4.1 Adding Conductive Additives

8.4.1.1 Compositing with Carbonaceous Materials

Applying carbonaceous materials to improve the electrochemical performances of
sulfur-containing polymers is a widely used strategy. Carbonaceousmaterials can not
only improve conductivity of polymer cathode, but also accommodate the volume
change of the polymer cathode during battery operation and provide additional phys-
ical confinement to limit shuttle effect [55]. A general strategy to introduce carbona-
ceous materials is applying them as substrates for the copolymerization process of
sulfur-containing polymers. These carbon materials reported to be used as copoly-
merization substrates include porous carbon [56], carbon nanotubes (CNTs) [57, 58],
and graphene oxide (GO) [59]. Ding et al. reported a two-step synthesized porous
carbon–sulfur-containing polymer composite for Li–S batteries [60]. They used a
conventional melt-infusion method to load elemental sulfur in commercial conduc-
tive carbon black, then added DIB to copolymerize with the embedded elemental
sulfur (Fig. 8.15a). The porous carbon framework provided good electronic transfer
to sulfur species and physical confinement that could further mitigate the shuttle
effect of polysulfides, and meanwhile the polymer backbone limited the aggregation
of insoluble Li2S species so that their irreversible deposition could be effectively
limited. As a result, such composite material delivered favorable specific capaci-
ties of ≈1100 mAh g−1 at 0.2 C and ≈700 mAh g−1 at 5 C (based on the mass of
sulfur, Fig. 8.15b). It is also feasible to load monomers on the carbonaceous mate-
rials first, and then to introduce sulfur to complete the copolymerization process [56].
Regarding this strategy, Yin et al. synthesized a SPAN/graphene nanosheet (GNS)
composite cathode for Li–S batteries (Fig. 8.15c) [44]. The as-synthesized SPAN
nanoparticles were anchored on the GNS surface with diameters less than 100 nm.
The GNS in the composite materials could act as a nanosized current collector and
enhance the electrochemical performances of the battery. When the content of GNS
in the composite was ≈4 wt%, such composite material yielded a capacity of ≈1200
mAh g−1 after 50 cycles at 0.1 C (Fig. 8.15d). Furthermore, Chang et al. applied a
chemical graftingmethod to synthesize covalently-grafted polysulfur-graphene sheet
nanocomposites (polySGNs) for Li–S battery cathode materials [61]. The reduced
GO (rGO) they used for copolymerization was functionalized with vinyl groups,
which could ensure the good dispersibility of rGO nanosheets in the as-synthesized
composite material (Fig. 8.15e). The rGO nanosheets formed large-sized covalently
bondedLi polysulfide-graphene sheet composites. Such compositeswouldnot shuttle
through the separator due to the size effect, and could deposit onto the separator at
cathode side to form a conductive coating layer. Consequently, Li–S batteries using
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Fig. 8.15 a Schematic illustrations of synthesis process of porous carbon–sulfur-containing
polymer composite and their discharge process in Li–S batteries. C/S refers to carbon/sulfur
composite, and C/PS refers to carbon/polymeric sulfur composite. b Charge–discharge profiles
of such composite materials in Li–S batteries at different current densities. Reprinted with permis-
sion from Ref. [60]. Copyright 2015 American Chemical Society. c Synthesis route of SPAN/GNS
composites. d Cycling performances of SPAN/GNS composites with different mass ratio of GNS.
Reprinted with permission from Ref. [44]. Copyright 2012 Royal Society of Chemistry. e Proposed
molecular structure and photo of PolySGNs. The bold black lines refer to rGO nanosheets. f
Cycling performances of Li–S batteries with different cathode materials. PolyS refers to sulfur-
DIB copolymer. Reprinted with permission from Ref. [61]. Copyright 2018 American Chemical
Society

such composite cathode materials delivered a capacity of ≈650 mAh g−1 (based on
the mass of sulfur) after 100 cycles at 0.2 C with a sulfur loading of 3.7 mg cm−2,
muchbetter than theLi–Sbatteries using sulfur-DIBcopolymer cathodes (Fig. 8.15f).

Furthermore, Hu et al. reported CNT-encapsulated sulfur-containing polymers for
Li–S batteries. As shown in Fig. 8.16a, the CNTs were synthesized via a chemical
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Fig. 8.16 a Schematic illustration of the preparation process of S-DIB@CNT cathode materials.
b Scanning electron microscope (SEM), c transmission electron microscope (TEM), and d element
mapping images of suchmaterial. Reprintedwith permission fromRef. [58]. Copyright 2017Wiley-
VCH

vapor deposition (CVD) method on an anodic aluminum oxide template (AAO),
and then S-DIB copolymer was thermally infiltrated into CNTs. Such composite
materials possessed unique structure where sulfur copolymers were filled inside
CNTs (Fig. 8.16b–d). The CNT shell provided efficient electron transfer pathway
and well accommodated the volume expansion of sulfur species during discharging.
As a result, the as-developed Li–S batteries obtained a high capacity of ≈880 mAh
g−1 (based on themass of sulfur) after 100 cycles at 1C. In addition, sulfur-containing
polymers can be prepared into a freestanding electrodewith the introduction of CNTs
or graphene, which can avoid the application of binders and thus increase energy
density of Li–S batteries [39, 62]. Shen et al. prepared inks composed of GO, sulfur,
and DIB, and applied a 3D printing technique to convert the inks into freestanding
electrodes (Fig. 8.17) [62]. Such electrode delivered good structural integrity, and
yielded an initial capacity of ≈800 mA h g−1 at 50 mA g−1.

8.4.1.2 Grafting Conductive Polymers

Grafting conductive polymers on sulfur-containing polymers is another way to
improve the conductivity of polymer cathodes. Conductive polymers are polymers
with highly π-conjugated polymeric chains. These conductive polymers include
polyacetylene, polyaniline, polypyrrole, polythiophene, poly(phenylenevinylene).
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Fig. 8.17 Schematic illustration of a 3D-printing-achieved freestanding sulfur-containing polymer
cathode. Reprinted with permission from Ref. [62]. Copyright 2017 Wiley-VCH

Their electronic conductivities at neutral state are very low (generally <10–5 S
cm−1), but can be greatly improved to a value as high as 104 S cm−1 via doping
[63]. Grafting these highly conductive polymers with sulfur-containing polymers
can facilitate the transfer of electrons to the sulfur chains, and thus improve the
Li–S battery performance. Kim reported a well-designed polymer structure, one-
dimensional charged polypyrrole-incorporated sulfur-mediated CTF (cPpy-S-CTF,
Fig. 8.18a), for Li–S battery cathodes [16]. The one-dimensional charged polypyrrole
chains embedded in the two-dimensional sulfur-CTF copolymer improved the ionic
and electronic conductivity, and thus the reaction kinetics and the rate capability of
the sulfur-containing polymer cathodes were effectively enhanced (Fig. 8.18b).

8.4.2 Introducing Reaction Accelerators

8.4.2.1 Doping with Heteroatoms

In addition to improving electronic conductivity, enhancing reaction kinetics is also
an important strategy to boost the electrochemical performances of sulfur-containing
polymer cathodes. Applying heteroatoms to dope sulfur molecular chains in the
polymer molecular structure can effectively achieve this goal [64]. Heteroatom
doping in the sulfur chains can facilitate the formation of low-order Li polysul-
fides, since the heteroatom-sulfur bond can cleave during battery discharge [65]. In
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Fig. 8.18 a Proposedmolecular structure of cPpy-S-CTF. bRate performance of cPpy-S-CTFwith
different weight ratio of cPpy. Reprinted with permission from Ref. [16]. Copyright 2020 American
Chemical Society

addition, the doping of heteroatoms (e.g., Se [54], tellurium (Te) [66]) can provide an
improved electronic conductivity and a faster Li ion diffusion in the sulfur-containing
polymer. For example, Dong et al. synthesized Se sulfides via co-heating elemental
sulfur and SeS2, and used them to copolymerize with DIB to obtain S-SeS2-DIB
copolymer (Fig. 8.19a) [17]. Solid-state NMR and XPS tests were used to prove the
introduction of Se elements in the polymer molecular structure. The as-developed
copolymers were melt-infused in porous carbon for battery testing. With 10 wt%
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Fig. 8.19 a Synthesis route of S-SeS2-DIB copolymer. b Rate performances of Li–S battery cath-
odes using such copolymer with different content of SeS2. Reprinted with permission from Ref.
[17]. Copyright 2018 American Chemical Society. c Synthesis process and proposed molecular
structure of Te-doped SPAN. d Typical charge–discharge curves of Li–S batteries with different
cathodes at 0.5 A g−1. Reprinted with permission from Ref. [66]. Copyright 2019 Elsevier

SeS2 addition in the copolymer synthesis, Li–S batteries delivered greatly improved
rate performances (Fig. 8.19b). Similarly, Li et al. substituted Te-doped sulfur for
elemental sulfur in SPAN synthesis, and obtained Te-doped SPAN (TexS1-x@pPAN,
Fig. 8.19c) [66]. Electrochemical tests and theoretical calculation indicated that the
doping of Te elements reduced Li ion diffusion barrier and promoted charge transfer
during battery operation. As shown in Fig. 8.19d, with a Te0.04S0.96@pPAN cathode,
the overpotential was effectively reduced from 0.52 to 0.35 V, indicating that Te-
doping facilitated the reaction kinetics and reduced the reaction overpotential in
Li–S batteries.

8.4.2.2 Introducing Electrocatalysts

Introducing electrocatalysts (materials with high electrocatalytic activity) at cathode
can also effectively improve the reaction kinetics of sulfur-containing polymer cath-
odes. This strategyhas beenwidely applied in the researchon conventional elemental-
sulfur-based Li–S batteries, and a variety of materials (e.g., transition metal single
atoms [67], transition metal sulfides [68]) were reported to possess high electrocat-
alytic activity to accelerate the conversion reaction between elemental sulfur and
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Li2S. In this regard, Liu et al. synthesized a NiS2-modified SPAN cathode via adding
NiCO3 in the SPAN preparation process [4]. NiS2 not only provided strong affinity
toward sulfur species, but also reduced the impedance of polymer cathode. Due to
the accelerated conversion reactions of sulfur species, the as-prepared Li–S batteries
using such composite cathode achieve an improved capacity of ≈1180 mAh g−1

(base on the mass of sulfur) at 2 A g−1.

8.4.3 Applying Quasi-solid-State or Solid-State Electrolytes

8.4.3.1 Applying Quasi-solid-State Electrolytes

Gel polymer electrolytes in quasi-solid state generally are composed of polymers
as scaffolds and liquid electrolytes as plasticizers. The application of gel polymer
electrolytes can provide much better contact at electrolyte|electrode interface than
solid-state electrolytes, and meanwhile it can avoid the leakage risks of liquid elec-
trolytes [5]. When gel polymer electrolytes are applied in Li–S batteries, they can
prevent the dissolution of Li polysulfides andmechanically limit the Limetal dendrite
growth. Liu et al. reported a Li–S battery based on a SPAN cathode, a Li metal
anode and a polyvinylidene fluoride (PVDF)-polymethyl methacrylate (PMMA)-
based gel polymer electrolyte [69]. Compared to conventional liquid electrolytes, the
gel polymer electrolytes could block the diffusion of Li polysulfides and construct
a stable solid electrolyte interphase (SEI) on Li metal anode (Fig. 8.20a). Consid-
ering practical application of Li–S batteries might involve heat generation which
could trigger aggravated severe polysulfide dissolution and severe safety hazards, the
cycling performances of Li–S batteries were investigated under 60 °C (Fig. 8.20b).
The SPAN-based Li–S batteries with a conventional liquid electrolyte (1 M LiPF6
in EC: DMC (1: 1 by volume)) suffered from rapid capacity decay within 40 cycles,
while the batteries using gel polymer electrolyte delivered greatly improved cycling
stability with a capacity of >300 mAh g−1 (based on the mass of SPAN) during 100
cycles.

8.4.3.2 Applying Solid-State Electrolytes

Solid-state electrolytes could not only avoid polysulfides dissolution and limit Li
dendrite growth, but also provide Li–S batteries with unparalleled safety since
their application could eliminate the safety risks of conventional liquid electrolytes
(e.g., liquid leakage, flammability) [70, 71]. Solid-state electrolytes used in couple
with sulfur-containing cathodes include three types: solid polymer electrolytes
(e.g., poly(ethylene oxide) (PEO)-based electrolytes), solid inorganic electrolytes
(e.g., sulfide-based electrolytes [72]), and solid composite electrolytes [73]. Gracia
et al. reported an all-solid-state Li–S battery based on sulfur-divinylbenzene (DVB)
copolymer cathode, Li metal anode, and LiTFSI-PEO solid-state electrolyte [74].
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Gel polymer electrolyte

Liquid electrolyte
Gel polymer electrolyte

a

b

Fig. 8.20 a Schematic illustration of SPAN-based Li–S batteries using different electrolytes: liquid
electrolytes (left column) and gel polymer electrolytes (right column). b Cycling performances of
SPAN-based Li–S batteries using different electrolytes at 250 mA g−1 under 60 °C. Reprinted with
permission from Ref. [69]. Copyright 2019 Elsevier
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Since the application of PEO-based solid-state electrolyte and polymeric sulfur
cathodeboth had strong effects on suppressing polysulfide shuttling, the as-developed
Li–S battery delivered a decent capacity of ≈700 mAh g−1 after 50 cycles at 0.1 C
under 70 °C. Wang et al. reported a surface modified Li1.3Al0.3Ti1.7(PO4)3 (LATP,
a lithium super ionic conductor (LISICON)-type solid-state electrolyte) solid-state
electrolyte for SPAN-based Li–S batteries (Fig. 8.21a) [75]. The surface modifica-

Fig. 8.21 a Schematic illustration of a Li–S battery using SPAN cathode and SPE-LATP-SPE
sandwiched solid-state electrolyte. SPE refers to the surface solid polymer electrolyte coating layer.
b Charge–discharge profiles of such battery in different cycles at 0.1 C under 75 °C. Reprinted with
permission from Ref. [75]. Copyright 2020 Elsevier
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tion was realized via a solid polymer electrolyte layer with compositions of PEO
and LiTFSI (molar ratio of ethylene oxide: Li = 8: 1), which provided improved
interfacial contact and avoid the side reaction between Li metal and LATP. Such
batteries delivered good electrochemical performances at a relatively high tempera-
ture. In cycling tests under 75 °C, the as-developed batteries delivered a capacity of
784 mAh g−1 (based on the mass of sulfur) after 120 cycles at 0.1 C (Fig. 8.21b).

8.5 Summary and Outlook

Low-cost and environmentally benignLi–Sbatteries are regarded as promising candi-
dates for future high energy-density energy storage systems. Sulfur-containing poly-
mers have attracted intensive attention in Li–S battery cathode research, since they
can effectively alleviate the notorious shuttle effect and thus significantly increase
the lifespan of Li–S batteries. In this chapter, we provide a systematical summa-
rization in sulfur-containing polymer cathodes and their different electrochemical
behaviors (i.e., conventional redox chemistry and solid-phase conversion) in Li–S
batteries. Furthermore, we detailed the improving strategies for sulfur-containing
polymer cathodes in Li–S batteries, including adding conductive additives (e.g.,
carbonaceous materials, conductive polymers), introducing reaction accelerators
(e.g., heteroatoms, electrocatalysts), and applying quasi-solid-state or solid-state
electrolytes. For now, although the research on sulfur-containing polymers greatly
promoted the development of Li–S batteries, some problems such as limited mecha-
nism understanding and insufficient practical application tests still exist and urgently
need to be solved. Therefore, future research on sulfur-containing polymer cathodes
in Li–S batteries should be concentrated in the following directions:

(1) More in-depth research needs to be conducted to further investigate the
working mechanisms of sulfur-containing polymer with different morphology,
heteroatoms, functional groups, etc. Sulfur-containing polymers with precisely
designed molecular structure and better electrochemical performance should
be developed during this process. Multiple advanced testing equipment can
be used to facilitate the research, e.g., in-situ solid-state NMR, in-situ XPS,
in-situ Raman spectra.

(2) Generally, the addition of polymer molecular structure can improve the cycle
stability of Li–S battery cathodes, but meanwhile it could reduce the energy
density and/or increase the polarization of the batteries. Therefore, optimized
polymer structures coupled with few-amount addition of conductive additives
or electrocatalyst needs to be further developed to effectively balance the cycle
stability and energy density of Li–S batteries.

(3) While applying the sulfur-containing polymers at cathode, attentions should
be paid to the anode performances, since Li metal anodes as the frequently
used anodes face many problems that result in fast battery capacity decay as
well. If necessary, 3D current collectors or artificial protecting layers should be
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employed atLimetal anode to better evaluate the electrochemical performances
of sulfur-containing polymer cathodes. In addition, beyond-Li metal anodes,
e.g., lithiated graphite or silicon, can be studied more in couple with sulfur-
containing polymer cathodes in Li–S batteries to achieve higher safety.

(4) When evaluating electrochemical performances of sulfur-containing polymer
cathodes, specific conditions including high sulfur mass loading and lean
electrolyte dosage need be considered to better meet the practical applica-
tion requirements. In addition, soft-packaged battery configuration needs to be
adopted in testing of Li–S batteries using sulfur-containing polymer cathodes.

(5) Considering future practical applications, battery safety is a critical issue
for Li–S batteries. Thus, developing electrolytes with higher safety is very
important. This can be realized by inflammable liquid organic solvents, flame-
retardant additives, and highly concentrated electrolytes. Furthermore, quasi-
solid-state and solid-state electrolytes with non-leakage property and much
higher safety need to be applied more in research on sulfur-containing polymer
cathode-based Li–S batteries.

Although the research on sulfur-containing polymer cathode is still in its infancy
and many problems need to be solved, the much-improved electrochemical perfor-
mances of sulfur-containing polymer cathodes (compared to elemental sulfur) endow
them to be promising cathode materials for Li–S batteries. Considering the rapid
development of sulfur-containing polymer cathodes in recent years, sulfur-containing
polymer cathodes can play an important role in next-generation Li–S batteries and
other sulfur-based batteries.
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Chapter 9
Advanced Characterization Techniques
and Mechanistic Understanding

Cheng Zhou, Binbin Shuai, Xu Xu, and Liqiang Mai

Abstract With the in-depth research and rapid development of lithium sulfur (Li–S)
batteries, great breakthroughs have beenmade in electrochemical performance, espe-
cially in cycle life and energy density. Behind a lot of success is inseparable from the
support of advanced characterization technologies, which provide important struc-
tural and chemical properties analysis. In this chapter, we will focus on the special
contributions brought by the various in situ/operando characterization techniques in
the history of the development of Li–S batteries. And finally, we look forward to
the fact that even though the commercialization of Li–S batteries is still limited by a
sort of factors, we believe that in situ/operando characterization techniques will keep
playing an irreplaceable role towards this ultimate purpose.

Keywords In situ/operando characterization · Polysulfide conversion ·
Electrochemical mechanism

9.1 Introduction

It is well known that running lithium sulfur (Li–S) batteries work in enclosed envi-
ronments, which are considered black boxes, and researchers need to take apart
the battery and check the electrode status during charge or discharge. However,
the lithium metal anode used and the polysulfides produced in Li–S battery are
very unstable in air, which makes the ex situ characterization very difficult, and the
characterization results are not very consistent with the actual situation.

In 2017, Mai et al. delivered an important comment, calling for the use of
advanced in situ characterization techniques for real-time monitoring of battery
capacity degradation and reaction process [1]. In recent years, a large number
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Fig. 9.1 Different in situ characterization techniques for understanding the reactions inLi–S battery

of in situ/operando characterization techniques have also been used to reveal the
structural and chemical composition changes of Li–S batteries during cycling.
Different from ex situ characterizations, which requires the battery to be disassem-
bled after being charged or discharged to a specific voltage for characterization,
“in situ” means to monitor the battery in real time during the battery cycle without
affecting the normal cycle of the battery [2]. Based on the information reflected
by different in situ characterization techniques, these characterization methods can
be divided into three categories (Fig. 9.1): (1) Test phase transformation, including
X-ray diffraction (XRD), (2) Observe morphology evolution, including transmis-
sion electron microscopy (TEM), atomic force microscopy (AFM), transmission
X-ray microscopy (TXM), X-ray tomography (XRT), (3) Detect polysulfide inter-
mediate phases, including Raman spectroscopy, ultraviolet visible (UV–Vis) absorp-
tion spectroscopy, X-ray absorption near-edge structure (XANES), nuclear magnetic
resonance (NMR), high-performance liquid chromatography (HPLC), X-ray photo-
electron spectroscopy (XPS), X-ray radiography (XRR), electron paramagnetic reso-
nance (EPR), and Fourier transform infrared (FTIR). These in situ characterization
techniques reveal the composition changes of electrode materials, electrolyte and
interface during the charge/discharge process, which deepen our understanding of
the reaction mechanisms of Li–S battery [3]. As shown in Table 9.1, different charac-
terization techniques have one or more unique functions, which can’t be replaced by
other characterization techniques. Based on this principle, this chapter summarizes
the foundationworks and the recent advances of different in situ characterization tech-
niques in Li–S battery, including the application of in situ techniques and the devel-
opment of novel in situ devices. The testingmechanisms of different in situ/operando
characterization techniques and the existing problems are also summarized. Finally,
possible solutions and other characterizationmethods are proposed. This chapter will
provide a deep understanding of the application of in situ/operando characterization
techniques in Li–S battery, and provide a certain reference for the development of
high-performance Li–S battery.
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Table 9.1 In situ/operando parameters for Li–S battery research

Technology Unique applications

XRD Phase change between crystal sulfur and lithium sulfide during charge and
discharge

TEM High-resolution morphological evolution of solid-phase sulfur and Li2S

AFM The formation of SEI

TXM Distribution of sulfur

SEM Changes in morphology during the charge and discharge cycle

XRT Three-dimensional distribution of sulfur

XANES Detection of amorphous solid phase and lithium polysulfide

Raman Qualitative detection of long-chain polysulfide secondary anions

UV–Vis The difference between long-chain and short-chain polysulfide

NMR Detection of polysulfide species and monitoring of lithium microstructures

HPLC Quantitative analysis of dissolved polysulfide and sulfur

FTIR Characterizing the surface species including fragmented molecules, functional
groups, and radicals of the electrodes

XRR Macro-structure evolution

EPR/ESR Detection of free-based species, especially free-based S3–

XPS The chemical properties of interfaces have evolved

9.2 In Situ/Operando XRD

As we know, XRD is one of the earliest and most widely used techniques for in situ
characterization of the phase transformation in electrode materials for Li-ion battery,
as well as for Li–S batteries. The earliest application of in situ XRD in Li–S battery
can be traced back to 2012 [4]. Cui et al. found that the crystalline Li2S is not detected
by in situ methods (Fig. 9.2a–e). The authors also proved that the preparation method
of cathode will greatly affect the recrystallization process of sulfur. In particular,
Cañas et al. reported that in the lower discharge plateau at 1.8V, a crystalline Li2Swas
formed in the discharge state (60%). In the subsequent charging reaction, Li2S fully
reacts and sulfur recrystals [5]. Similarly, Demir-Cakan et al. [6] andWalus et al. [7]
have also reportedLi2S crystallization on the cathode in the lower discharge platform.
The inconsistent results may be caused by different in situ devices and composite
cathodes. As we know, it is difficult to detect Li2S2 ions in conventional ether-based
electrolyte. In 2016, the crystalline Li2S2 ions was firstly detected by Paolella et al.
with a high concentration electrolyte [8]. In addition, Alloin et al. found that the α–S8
coexisted with β–S8 during charging. They also considered that most of the discharge
products are Li2S or Li2S2 [9]. The phase transformation of S8 with different crystal
structure was also confirmed by other works by in situ XRD [10].

For a long time, itwas difficult to directly observe the polysulfides producedduring
cycling with in situ XRD characterization. Many studies have made great efforts to
monitor the appearance of polysulfides directly by in situ XRD. The typical work for
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Fig. 9.2 Schematic and examples of in operando XRD measurements of Li–S batteries. a–e The
battery was cycled with a sulfur/Super P composite electrode material at C/8. a XRD pattern at the
start of the discharge process.bXRDpatterns for the region ofQ–spacemarked by the red box in (a).
c The corresponding voltage profile. d Integrated diffraction–peak intensities of elemental sulfur,
and the corresponding voltage profile. f–h The battery was investigated by using fumed SiO2 as an
electrolyte additive to exploit its adsorption of polysulfides during the first cycle of the Li–S battery
at a C/50 rate. f Waterfall representation of theXRDpatterns. g The corresponding discharge/charge
curve. h XRD contour plot of the data shown in (f), with the same discharge/charge curve as shown
in (g) (a–e Adapted with permission from Ref. [4], Copyright (2012) American Chemical Society.
f–h Reprinted with permission from Ref. [11], Copyright (2017) Macmillan Publishers Ltd.)
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directly observing polysulfides was reported by Villevieille et al. By adding fumed
SiO2 into the electrolyte, the intermediate polysulfides can be attached to the surface
of glass fiber, and the corresponding relationship between the formation of different
polysulfides and voltage can be directly observed by in situ XRD (Fig. 9.2f–h) [11].
Using this approach, the polysulfides became visible under X-rays. On the other
hand, the fumed SiO2 can be served as an electrolyte additive, which enable efficient
adsorption of soluble polysulfides [12], which will greatly promote the development
of in situ XRD in the mechanism research of Li–S battery.

9.3 In Situ/Operando Morphological Characteristic
Techniques

The form of electrode material is the key factor to optimize the performance of Li–S
battery. So far, many model batteries were used for in situ/operation technologies,
and they are assembled by working electrode and electrolyte in advanced equipment
to study the interface reaction process. Because the electrochemical reaction can
be better observed in the nanoscale, the electron microscope plays a decisive role
in monitoring the morphological changes of the electrode microstructure, including
TEM, AFM, SEM, TXM, XRT, and so on.

9.3.1 TEM

In situ TEM technology can obtain the real-time information of electrode in the
process of electrochemical reaction at high spatial resolution, mainly observing the
evolution of microstructure. In situ TEM has been applied in the study of Li–S
battery to observe the transformation of solid sulfur and Li2S [13]. For example,
due to the good flexibility and strong van der Waals force between layers of two-
dimensional materials, Tang et al. studied the detailed discharge/charging process of
sulfur particles captured by MoS2 sheet using in situ TEM [14], in which the setup
of in situ TEM is similar to that reported previously (Fig. 9.3a). During discharging
and charging, the morphological changes of the MoS2–encapsulated sulfur ball are
highly reversible, as shown in Fig. 9.3b. At the same time, they found that the active
sulfur particles can be hermetically confinedwithin this two-dimensional material. In
2016, Kim et al. reported their dynamic study on the lithification of sulfur particles in
carbonnanotubes [15]. Through their in situTEMstudy, the authors proved that sulfur
could be directly converted to Li2S (Fig. 9.3c), without the formation of intermediate
products, such as lithium polysulfide with high solubility. Their research is of great
significance to solve the key problems of Li–S battery. Subsequently, Xu et al. also
found that the porous carbon nanofiber/sulfur composite cathode material had a
phenomenon of volume expansion at high rate of charge and discharge (Fig. 9.3d),
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Fig. 9.3 a Schematic of the in situ TEM experiment setup with MoS2-encapsulated hollow sulfur
spheres. b Selected real-time images of the electrode material evolution during the typical lithi-
ation–delithiation process of MoS2-encapsulated hollow sulfur spheres to demonstrate the high
reversibility. c In situ TEM images adopted with S confined in a carbon nanotube during lithiation
reaction and their corresponding EDP patterns. d Collected in situ TEM images and corresponding
SAED patterns with PCNF/A550/S, where the letters a, d present the initial state, letters b, e
present full lithiation, letters c, f present high resolution TEM images of lithiated PCNF/A550/S (c)
PCNF/A750/S (f) (a, b Reproduced with permission from Ref. [14], Copyright (2017) American
Chemical Society. c Reproduced with permission from Ref. [15], Copyright (2015) Wiley-VCH. d
Reproduced with permission from Ref. [13], Copyright (2017) Wiley-VCH.)

which provided a new understanding of the relationship between charge/discharge
rate and volume expansion [13].

Due to the instability of sulfur in the vacuum environment of traditional electron
microscope, especially the open-hole structure of in situ TEM, sulfur sublimates
and redeposits in the vacuum environment. Therefore, it is inaccurate to characterize
the sulfur distribution at the nanometer level in Li–S battery by traditional electron
microscope [16]. In order to solve this problem, cryoTEMcanaccurately characterize
the multi-scale sulfur cathode because it can inhibit the sublimation of sulfur [17].

9.3.2 AFM

In situ TEM technology mainly aimed to the direct observation of sulfur specia-
tion evolution, while in situ AFM can be easily incorporated into the environmental
conditions that simulate nanoscale cellular environment, and can be used to observe
the evolution of surface morphology. In addition, in situ AFM can offer a way to
detect SEI layers during battery cycles [18]. In 2016, Wan et al. used in situ AFM
technology to detect nucleation, growth, and dissolution of polysulfides. The re-
deposition process of the insoluble Li2S happens on the interface between cathode
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and electrolyte (Fig. 9.4) [19]. In addition, the authors combine X-ray photoelec-
tronic energy spectrum (XPS) and Raman spectra, to supply an in-depth study
of the structural–reactive dependence and performance attenuation mechanisms of
Li–S batteries. Their conclusions provide visualization of interface structures and
meaningful guidance on better electrode designed for Li–S batteries.

In 2019, Kiran et al. [20] reported the using of the atomic force microscope scan-
ning electrochemical microscopy technology, which can observe the redox reaction
at the interface of Li–S battery in real time with nanometer resolution. Because Li2S
particles will form conductive region and insulating region in the oxidation process,
it can be directly distinguished by in situ electrochemistry and AC phase pattern.
During the charging process of Li–S battery, the conductive part dissolves and the
insulating part (Li2S) reacts with the intermediate product. The main reason for
capacity degradation is that the active polysulfides change into insulating products
at high oxidation potential and accumulate in the cycle process, which leads to the
decrease in utilization rate of active materials. By using this technique, the change
of tip current was found in the particle region of Li2S/Li2S2, and the AC contrast
pattern of this region was further analyzed. The results show that the distribution of
Li2S/Li2S2 is not uniform (Fig. 9.5).

Fig. 9.4 a–f In situ AFM surface topography images at different potentials (Adapted with
permission from Ref. [19], Copyright (2016) Wiley-VCH.)
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Fig. 9.5 AFM–SECM imaging of Li2S/Li2S2 on carbon surface during oxidation: simultaneous
heigh (firs row), current (second row), and phase shift (third row) mapping of Li2S/Li2S2 surface.
First column images (a, e, i) correspond to Li2S/Li2S2 [galvanostatically deposited] on glassy
carbon before oxidation; second, third, and fourth column images correspond to the Li2S oxidation
at different substrate potentials of 2.5 (b, f, j), 2.6 (c,g,k), and2.7V (d,h, l) versusLi/ Li respectively;
Etip = 2.6 V. Reproduced with permission from Ref. [20], Copyright (2019) American Chemical
Society

9.3.3 TXM

The transmission X-ray microscope (TXM) is a non-destructive three-dimensional
images approach. Because X-ray can penetrate almost all samples, the sample that
can be imaged by TXM is thicker than that of TEM,while overcoming the limitations
of high spatial resolution of in situ TEM in a small field of view. The application
in energy devices can provide high-resolution X-ray images of electrode during
battery cycle without damaging the active materials, and can reflect some additional
information [21]. The in situ TXM was firstly established by Cui et al. in 2012 to
track the dissolution and curing of composite sulfur cathodes during constant current
(CC) charge–discharge cycle, where sample splints show the in operando of TXM
for Fig. 9.6a. Surprisingly, by analyzing the dimensional changes of individual sulfur
particles in the cycling battery by TXM, the authors found that the change in the size
of the sulfur particles was very small, which was very different from the expected
dissolution of lithiumpolysulfide substances [4].As shown in Fig. 9.6c, under various
potentials during the discharge process,where the letters a–i correspond to themarked
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Fig. 9.6 a Sample holder plates of in operando TXM. b Discharge and charge process voltage
profiles versus specific capacity of a Li–S battery cycled at C/8, where the letters a–i correspond to
the capacities at different voltages. c In operando TXM images of a sulfur composite particle during
electrochemical cycling, where the letters correspond to the points labeled a–i in (b) (Adapted with
permission from Ref. [4], Copyright (2012) American Chemical Society.)

points in Fig. 9.6b, respectively. In addition, in 2014, based on operating TXM [22],
Lin et al. detected that active sulfur particles exhibit complex dimensional variations
in cycling batteries. The authors observed that the dissolution and re-deposition
of polysulfides caused the intense contraction and expansion of sulfur particles,
respectively. In addition, they suggested that the dissolution rate of polysulfides
depends on the chemical metering of lithium, and the re-deposition of polysulfide is
limited by the nucleation. They also reported a widespread accumulation of lithium
polysulfide, resulting in significant changes in the size of active sulfur particles and
poor cycle stability.

9.3.4 XRR

X-ray reflectometry (XRR) is an analytical method to determine the thickness,
density, and roughness of the material by means of total reflection at or below the
critical angle when X-rays are irradiated on the plane of the material at a grazing
angle. The X-rays reflected at different interfaces interfere with each other and lead
to the oscillation pattern, so that the longitudinal and transverse characteristics of the
multilayers can be determined. A multi-dimensional device that combines electro-
chemical impedance spectrum (EIS), CC charging-discharging, and X-ray chemistry
was proposed by Risse et al. to study Li–S batteries (Fig. 9.7a) [23]. On the basis of
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Fig. 9.7 a Schematic setup of the operando battery combining operando X-ray radiography with
electrochemical impedance spectroscopy and galvanostatic charge/discharge cycling. b A multi-
dimensional operando analysis of the first five cycles at C/10. The numbers in the voltage–time curve
with the respective electrochemical capacities (blue bars), overall transmittance, Warburg coeffi-
cient, solution resistance and the distribution of relaxation times, corresponding to the radiography
images points labeled 1–10 on the left (Reproduced with permission from Ref. [23], Copyright
(2016) Royal Society of Chemistry.)

this device, the authors obtained ray photographic images and voltage–time curves,
as well as their respective electrochemical capacities (blue bars), total transmis-
sion rates, Wahlberg coefficients, solution resistance and relaxation time distribution
(Fig. 9.7b). Thewhole study clearly demonstrates themulti-dimensional power of the
operations study of the Li–S battery system. Yang et al. [24] also reported their find-
ings by applying operational measurements through a similar approach developed
by Risse et al.

9.3.5 XRT

X-ray topography (XRT) mainly provides information about the spatial distribution
of defects in crystals, and is very sensitive to the stress field which was caused
by defects. Yeremukhambetova et al. characterized the morphology of active sulfur
particles by multi-scale 3D in situ tomography and the microstructure changes of
active sulfur particles during battery cycle [25]. They believed that XRT can be
used as an effective characterization technique for designing and optimizing cathode
materials for Li–S batteries. In 2018, the morphology and crystal structure evolution
of sulfur particles during cycle were observed by Yu et al., which combined in
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operando XRD and XRM along with XRT [26]. The dissolution and reforming of
active sulfur particle clusters can be obviously observed during the battery cycle. At
the same time, they also proved that current density and temperature play an essential
role in the size of sulfur clusters and Li2S particles for the first time. This work also
expands the new ideas for the development of Li–S batteries.

9.3.6 Other Morphological Characteristic Techniques

In situ/operando SEM can real-time reflect the morphological changes of the elec-
trode materials in the battery during the charge–discharge cycle, in order to further
understand the priority sites of the electrode reaction. Marceau et al. understood
the degradation mechanism of polysulfides in Li–S batteries by means of in situ
SEM and operating UV–Vis characterization [27]. Zhang et al. and Cui et al. have
discovered a new type of highly nitridated graphene/Li2S active material as cathode
for Li–S batteries, which can remain highly stable for thousands of cycles. Using
the designed in situ SEM device, the authors observed that active Li2S particles on
graphene became smaller during charging process of the cathode material, which is
mainly due to the dissolution of polysulfides. In addition, they found that the design of
electrode and charging protocols could provide promising solutions for the practical
application of high–energy density Li–S batteries [28].

Neutron diffraction (ND) [29] is the scattering of atomic-scale neutrons in the
internal structure of materials, which is a supplement to XRD technology. Neutrons
are scattered by the nucleus, so ND can provide better contrast for light atoms thanX-
ray, which is scattering through the electron densities outside the nucleus. Neutron
reflectometer (NR) is a kind of equipment suitable for neutron scattering. At the
critical angle below the total internal reflection, NR regards the scattering length
density as a mapping function of the depth of neutron penetration into the material.
NR can be used to observe and monitor the growth of thin-film. For example, NR
is used to monitor the formation and volume changes of the SEI layer during the
charge–discharge cycle of the batteries. In addition, because of the higher penetra-
tion depth of neutrons in the solid states, both electrochemical andNDmeasurements
can be performed directly on cells to obtain information about electrode active mate-
rials. Therefore, in situ ND provides a new way to solve the long-standing technical
problems in Li–S batteries.

The measurement of in situ mechanical properties is also used in the sulfur cath-
odes of Li–S batteries. Zhang et al. [30] linked it to the structural evolution by
measuring the stress evolution on the sulfur cathode of the cell during the cycle.
They found that significant stress occurred during the nucleation and growth of solid
Li–S phases transition, including the irreversible stress caused by the structural rear-
rangement of the battery during the first cycle. However, the battery shows highly
reversible elastic properties in the subsequent charge–discharge cycles. This shows
great potential of long cycle in practical applications.
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9.4 In Situ/Operando Detection and Tracking of Soluble
Polysulfides

In the cycle of Li–S batteries, sulfur participates in the reaction and reacts with
lithium, which will generate various polysulfides. In these reaction products, except
the sulfur, Li2S and Li2S2, other polysulfides will dissolve in the ether-based elec-
trolyte. Because the reactions in Li–S batteries are complex, it is extremely important
to explore all the chemical reaction routes. Therefore, it is important to understand
the particular chemical changes of different long-chain polysulfides and reaction
between polysulfides and electrodes. The dissolution of polysulfides will reduce the
content of active materials, and ultimately lead to a decrease in the electrochemical
performance of the Li–S battery. At the same time, the dissolution of polysulfides
will help the reduction process of sulfur [31]. Therefore, it is very important to
have a deep understanding of the nature of lithium polysulfide and its dissolution
mechanism in ether-based electrolytes. In this part, some in situ/operando detection
methods that could specifically detect polysulfides are introduced, mainly involving
XAS, UV–Vis, Raman, NMR, HPLC, and ART FTIR.

9.4.1 XAS

XAS measures the X-ray absorption coefficient of a material using X-ray photon
energy as a variable to reveal information about specific elements in Li–S battery,
and has no hardness requirements for whether the sample is a crystal. Because of the
strongX-ray penetrating ability, the overlap of the absorption regions of various target
atoms in the spectrum is not high, and it has a wide range of applications in various
fields. The tested samples can be powder, liquid, and gaseous samples. This technique
can help people better understand the real-time information about some elements in
the battery, and to determine electrode material elements or chemical composition
changes during the charge and discharge [32]. TheXAS spectrumconsists of the front
edge, XANES, and extended X-ray absorption fine structure (EXAFS). XANES is
commonly used to study the composition of various substances in Li–S batteries,
and EXAFS provides local structural information. Gorlin et al. designed a special
XANES setup, which placed the X-ray wicket on the side of the battery (Fig. 9.8a, b)
to ensure that chemistry information between cathode and partition can be detected
fully [32]. In order to accurately monitor S or lithium polysulfides, Nazar et al.
prepared and calibrated the reference standards of S8, S62−, S42−, S32−, and S2−
(Fig. 9.8c), and XANES results revealed the mechanism of sulfur oxidation. In addi-
tion, a three-platform reduction reaction can be observed when operating XANES
compared to batteries using conventional ether-based electrolytes (Fig. 9.8d). And
the concentration measured by XANES proved the appearance of S32− in the DMA
(Fig. 9.8d, e) and cracking of the S62− [33]. In the XANES analysis (Fig. 9.8e) [34],
there is a typical pre-peak that demonstrates the presence of free-based anions (S32−)
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Fig. 9.8 In situ XANES tests of Li–S batteries. a Schematic of the spectra–electrochemical in
operando battery, corresponding to its individual components. b schematic of the in operando
XANES setup that allows detection of X-ray fluorescence from all layers in the cell. c A linear
combination analysis of sulfur K-edge XANES based on charge/discharge cycling, four compounds
(α–S8, S62–, S42–, and Li2S) were utilized as reference materials. d In situ XANES during the
electrochemical cycle and the proposed reaction mechanism for Li–S cells. e Experimental in
operando XANES around 340 mA h g–1 collected during discharge in Li–S batteries using DMA
or DOL: DME electrolytes compared, with S3– and S62– as reference materials (a, b Reproduced
with permission from Ref. [32], Copyright (2015) Manchester Nh: Electrical Society; c, d reprinted
with permission from Ref. [33], Copyright (2013) American Chemical Society; e reproduced with
permission from Ref. [34], Copyright (2015) Wiley-VCH.)

in Li–S batteries. In the absorption spectrum of a variety of polysulfides, only two
types of polysulfides ions are used to quantify the batteries. In operational XANES
research, a great deal of effort should be invested in developing and calibrating a
comprehensive absorption spectrum, which is significant for further research.

9.4.2 Raman

In the detection method of Li–S battery, Raman can qualitatively or quantita-
tively detect lithium polysulfides in electrolyte, which is an important reference
for analyzing chemical reactions in batteries. Usually, the characteristic peaks of
polysulfides and free base anions are below 550 cm−1 [35]. The basic frequency of
S8 is near 219 and 474 cm−1 [36]. Raman can also detect high-priced polysulfides.
The characteristic peaks of free-based anions are approximately 525–535 cm−1 [30].
An operational Raman device (Fig. 9.9a) was designed by Hannauer et al. to monitor
the evolution of various possible polysulfide.

As shown in Fig. 9.9b, the Raman spectrum obtained from the first cycle of the
positive carbon/sulfur composite cathode is demonstrated [37]. Dong et al. devel-
oped the cathode materials of Li–S battery based on Lewis. Combined with Raman
spectroscopy and density functional theory (DFT), they understood the complex
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Fig. 9.9 In situ Raman measurements of a Li–S battery. a Schematic of the in situ Raman exper-
iment set–up of positive carbon–sulfur (C/S) composite electrodes. b real-time Raman spectra,
corresponding to the Li–S battery electrochemical response at C/60 during the first discharging–
charging cycle. c–f The battery was cycled with N–doping super P carbon/sulfur. c and e In situ
Raman spectra obtained during discharge and charge reactions, respectively. d and f The obtained
in situ Raman spectra, corresponding to (c) and (e). g, h The battery was cycled with the posi-
tive electrode of nanosulfur particles on Ni foam at C/10. g The discharge and charge processes; h
collected in situ Raman spectra from the points labeled a–g in (g) of a Li2S powder (a, bReproduced
with permission from Ref. [37], Copyright (2015) Wiley-VCH. c–f reproduced with permission
from Ref. [30], copyright (2015) American Chemical Society. g, h reproduced with permission
from Ref. [35], Copyright (2015) American Chemical Society.)

chemical properties of Li–S batteries. Li2S8 is not detected in the redox reaction of
the charge and discharge cycle of Li–S batteries, and the polysulfides completely
change to Li2S6 and stop the reaction as shown in Fig. 9.9c–f [30]. Chen et al. also
shed light on the sulfur redox of Li–S batteries with S nanodots electrical deposition
in nickel foam as composite cathode. By using the in situ Raman spectrum, several
charging/discharging cycles (Fig. 9.9 g, h) show a reversible reaction between S and
Li2S [35]. Hagen et al. [38] investigated the formation of lithium polysulfide in Li–S
battery system (4.6 mg cm−2 sulfur loading) with an electrolyte (0.7 m LiTFSI in 2:1
DME: DIOX) via in situ Raman. By cross-checking reference Raman peaks from
the literature and DFT calculations, in situ Raman measurements prove that various
lithium polysulfide phases are dependent on the state of charging. It is of interest that
they could not detect three major peaks of S8 in all the CNT–S electrodes but still
claimed that S8 occurred.
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9.4.3 UV–Vis

Unlike Raman spectroscopy that uses scattered light, UV–Vis spectra are formed
by the different absorption degrees of substances to ultraviolet and visible light,
and it has powerful analytical capabilities for solution-based electrochemical reac-
tions. Usually, S8 or element S shows a feature absorption peak at 270–280 nm [39].
Between 350 and 500 nm, the free-based S3– has a relatively strong absorption of
620 nm [40]. For the purpose of obtaining in operando UV–Vis absorption spectral
information from Li–S batteries, Dominko et al. designed the reflection configu-
ration for the first time [41]. Qualitative and quantitative analyses are achieved by
dividing the spectral solution of chemically synthesized lithium polysulfides. After
that, Marceau et al. further used SEM and UV–Vis to detect and identify the forma-
tion of sulfur species [27]. Therefore, it is of great help to a deeper understanding
of Li–S batteries. Their findings suggest that the discharging and charging processes
are not completely reversible and are carried out in different ways. In 2017, Yan
et al. assembled a battery with a special sealed glass window (Fig. 9.10b) and used
reflection mode (Fig. 9.10a) to detect lithium polysulfides in electrolytes during
the discharging/charging cycle [40]. The author dissolved the stoichiometric ratio
of lithium sulfide and sulfur in 1 M bis(trifluoromethanesulfonyl)imide (LiTFSI)
lithium electrolyte with 1,3-dioxolane (DOL) and 1,2-dimethyl Oxyethane (DME)

Fig. 9.10 a–f In operandoUV–Vis spectra detected during the first discharge of a Li–S battery a the
battery unit with a sealed glass window for in operando UV–Vis setup. b The cell configuration with
a sealed glass window for in situ experiment c photographs of four different dissolved polysulfides
(Li2S8, Li2S6, Li2S4, Li2S2) d the collected discharge voltages were used for the in situ UV–Vis
mode. e–f The “standards” of reflectance and the corresponding first-order derivative curves of
different polysulfides (Li2S2, Li2S4, Li2S6, and Li2S8) at the concentration of 20 × 10−3 m,
respectively ((a), (d) Adapted with permission from Ref. [40], (b, c) (e, f) Adapted with permission
from Ref. [42], Copyright (2017) American Chemical Society.)
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(1:1 v/v) to make standard samples. Long-chain and short-chain polysulfide stan-
dard sample (Fig. 9.10c) made a clear distinction in color. They found that the UV–
Vis spectrum corresponding to long-chain polysulfides is in the long-wave region.
Combinedwith the research of Yan et al., it is worth noting that the selected discharge
voltage will be applied to the customized battery during the in situ UV–Vis measure-
ment, (Fig. 9.10c) and that in UV–Vis spectral analysis, the absorption wavelength
of the measurement reflectivity is used as a function of the battery state. Focusing on
the position of the first derivative of the ultraviolet–visible spectrum (Fig. 9.10d, e),
it can be concluded that the main positions of long-chain polysulfide Li2S8 and Li2S6
are 570 nm and 535 nm, respectively. As the battery is discharged, medium-chain
polysulfide Li2S4 is derived at 510 nm, while the short Chain polysulfides Li2S2
are mainly located at 450 nm locations. The difference is that Lu et al. revealed the
solvent–dependent Li–S redox pathway in the operating UV spectra. It should be
noted that the redox reaction of sulfur is significantly different between two different
solvents [42]. These studies can provide valuable insights into the basic research of
lithium battery applications. Similarly, Yan et al. recently reported a new strategy
that Graft heme molecules to three functionalized carbon nanotube systems (CNT
s-COOH, CNT s-OH, and CNT s-NH2) to synthesize new biomimetic molecular
catalysts. Using in situ UV technology, they found that this structure helps the catal-
ysis and conversion of polysulfides. Although the advancement of in situ UV–visible
spectroscopy technology has helped researchers better understand the mechanism of
Li–S batteries, there is still a need to standardize the absorption peaks so that more
accurate data can be collected to guide researchers in their research.

9.4.4 NMR

NMR is a branch of spectroscopy. NMR is used to analyze objects by absorbing a
certain frequency of radiofrequency radiation through resonance. It has a wide range
of applications and can be applied to semi-solid and micro samples in addition to
conventional solid and liquid materials. 7Li NMR is used to detect 7Li signal (spin
= 3/2, 92.5% abundance), mainly due to its high sensitivity to 7Li nuclei, the 7Li
signal can be captured faster than the discharge–charge cycle on a timescale. In the
research of Li–S batteries, in situ and ex situ 7Li NMR iswidely used for the detection
of polysulfides [43]. The most significant advantage of in situ NMR is that it can
dynamically observe the growth and exfoliation of lithium on the microscopic scale.
Liu et al. assembled a special indoor cylindrical micro-battery (Fig. 9.11a) that can
use in situ NMR spectroscopy to record the phase evolution of a lithium metal anode
entangled with parasitic reactions (Fig. 9.11b, c) [44]. Seshadri et al. used in situ
NMR to directly observe the soluble polysulfides that cause the capacity decline of
Li–S batteries during battery discharge, (Fig. 9.11a, e) and also confirmed that Li2S
was formed at the beginning of the first discharge platform [45]. Hereafter, in 2017,
Wang et al. reported a comprehensive method for quantitatively detecting changes
in all polysulfide species produced during the cycling of Li–S batteries, which also
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Fig. 9.11 a Schematic of in situ NMR experiments setup with an inhouse cylindrical micro-
battery. b Obtained time sequence 7Li NMR spectra in an operating Li–S micro-battery during
discharge/charge. c Main peaks were extracted at different times by fitting the spectra. d, e A Li–S
battery was cycled at C/20. d In situ 7Li NMR signal overlaid on the electrochemical discharge
curve. e The changes in chemical shift and integrated intensities as a function of discharge (a–
c Reprinted with permission from Ref. [44], Copyright (2015) American Chemical Society; d–f
reprinted with permission from Ref. [45], Copyright (2014) American Chemical Society.)

used in situ NMR spectroscopy [46]. They observed the precipitation of lithium
metal during battery charge and discharge cycles, and the mossy lithium produced
over time. These tests have provided more ideas for the development of electrolytes,
sulfur cathode research, and lithium metal protection strategies in the development
of Li–S batteries.
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9.4.5 HPLC

HPLC is a useful separation technology that has been widely applied to identifi-
cation and quantification. Recently, using this technique, researchers were able to
identify dissolved polysulfides ions in the electrolytes of Li–S batteries [47]. A scien-
tific study on lithium polysulfides intermediates and S8 molecule were reported by
Zheng et al. in real-time quantitative measurement with HPLC technology during
discharge and charge [48]. Changes from elemental sulfur to intermediates lithium
polysulfide species to insoluble Li2S can be distinctly defined as discharge reac-
tions (Fig. 9.12a–c). During the charging process (Fig. 9.12d–f), it is significant to
conclude that Li2S was straight oxidized to Li2Sn and oxidized to S later. Signifi-
cantly, their research provides valuable additions to guidance on other techniques
and further helps people understand the redox kinetic process of Li–S batteries in a
comprehensive and promising way.

9.4.6 FT–IR

Porter et al. and Kalra et al. provided innovative electrochemical devices to make the
in situ infrared analysis of Li–S batteries (Fig. 9.13a, top panel) [49]. As Fig. 9.13a
shows, a commercial ATR FT–IR instrument is put in the bottom part of the cell. In
order to clearly observe the transformation of the polysulfides by porous nature of the
cathode layer, the in-situ Li-S battery was assembled by the argon-filled atmosphere.
A stainless steel plate and Cu foil disc with a 2 mm hole cut in the center was
placed on top of a convex diamond crystal. The Cu foil disc here was rolled as the
current collector. Then assembled the cathode, pure lithium foil anode and Celgard
separator layer by layer into the CR2032 type cell. The electrolyte volume, cathode,
sulfur loading is the major parts of a traditional Li–S battery, and the in situ Li–S
battery assembly is almost consistent with these key components. When the infrared
beam undergoes complete internal reflection in the diamond crystal, the evanescent
wave penetrates the medium outside the crystal. The penetration depth of the wave
is affected by some factors, such as the wavelength and the incident angle of the
IR beam, the refractive indexes of the crystal and the medium used (Fig. 9.13b,
bottom panel) [50]. The effective penetration depth of the evanescent wave into the
working electrode is B20 mm, which can ensure detect the polysulfides in a Li–S
coin cell. The quantitatively measure polysufides as a function of in operando FTIR
spectra. Therefore, it is necessary that effective measures should be taken to detect
polysulfides in the coin cell by using ATR FT–IR spectroscopy. The holed structure
of cathode need to be provided and sealed with the diamond crystal, the electrode
design also accommodates anode layer with the in operando FTIR spectroscopy.
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Fig. 9.12 The battery was cycled at C/70. a Discharge profile of the Li–S battery with sampling
points (red squares from D1 to D12) during operation. b The corresponding HPLC chromatograms
with (a). c Standard chromatographic peak for each parasitic polysulfide species (R = CH3) from
real-time HPLC results during discharging. d Charge profile of the Li–S battery with sampling
points (red squares from C1 to C11) during operation. e The corresponding HPLC chromatograms
with (d) and f standard chromatographic peak for each parasitic polysulfide species (R = CH3)
from real-time HPLC results during charging (Adapted with permission from Ref. [48], Copyright
(2016) American Chemical Society.)
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Fig. 9.13 Development of
the in situ FT–IR
electrochemical cell for Li–S
battery investigation. a Top
panel: schematic
representation of the in situ
ATR FT–IR
spectro–electrochemical cell.
Bottom panel: Illustration of
the battery’s configuration
and the diamond window, the
IR beam input and that
reflected through the ATR
crystal, absorbed by the
electrolyte in a porous
cathode. Reproduced with
permission from Ref. [49].
Copyright 2017, Elsevier
Ltd. b Schematic of the
in situ infrared
spectro–electrochemical
experiment with a Li–S cell
on the ATR crystal of the
FT–IR spectrometer.
Reproduced with permission
from Ref. [50]. Copyright
2018, American Chemical
Society. Tutorial Review
Chem Soc Rev Pub

9.4.7 EPR

EPR technology can probe and stable the reaction intermediates with unpaired elec-
trons by using the spin traps. Among the Li–S battery, it is reported that the appli-
cation of in situ EPR technology can directly observe the transformation process
of S3– free fundamentals in the Li–S batteries. Typically, Wang et al. [51] designed
an in situ EPR device setup to directly observe the transformation of sulfur radicals
during charge/discharge process. It is found that the concentration of S3– radicals is
changing regularly with the potential fluctuation, providing significant evidences on
sulfur radicals that participate in thevarious inner reactions inLi–Sbatteries, resulting
in two totally different reaction paths during electrochemical process (Fig. 9.14). The
unique radicalmechanismmay offer some diverse views to understand the generation
transformation among sulfur radicals and the electrolyte, stimulatingmore innovative
designs to explore Li–S system.
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Fig. 9.14 a EPR cell design for in situ testing and capturing of radical resonance signals generated
throughout the operation of Li–S batteries. b 3D plot of in situ S3– EPR spectra in a functioning Li–S
EPR cell versus time during CV scan. c The concentration evolution of S3– radicals at different
time (potentials). d Corresponding CV curves collected concurrently from Li–S EPR cell. Both
(c) and (d) start from the second cycle with the first cycle information in supplementary information
(Reproduced with permission from Ref. [51], Copyright (2015) Electrochemical Soc Inc.)

9.5 Summary and Outlook

At present, the study on the exploring of electrochemical pathways and their interac-
tions between components in Li–S batteries stays at a relativelymature stage. Various
techniques may guide the further research of next generation Li–S systems, realizing
more energy storage and long cycle life to practical application. Due to ease of acces-
sibility and low-loss, ex situ technology is mainly used. However, existing the essen-
tial post-processing and time delays, the resultsmay not be accurate enough. In recent
years,many effectivemeasureswere taken to in-depth exploring of the reactionmech-
anism by the in situ/operando technology. In situ/operando numbering techniques
always need expensive instruments and complicated experimental devices, which
can be unacceptably costly and inconvenient for researchers, so their widespread
use remains limited. Despite the challenges remained, we are optimistic that Li–
S batteries will be in-depth understanding of the theory and realized the practical
application as soon as possible.We are confident that in situ/operando signation tech-
nology will continue to act as the key factor on achieving this goal. In the future, the
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design and construction of micro/nanodevices to in situ that characterize the prop-
erties and structural changes of electrode materials is a very worthwhile exploration
and development direction.
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Chapter 10
Computation and Simulation

Ying Ma

Abstract Lithium–sulfur (Li–S) batteries offer an exceptionally high energy density
and have been the subject of intensive research and development efforts. Although
significant progresses have been made, a few critical challenges must be addressed
to achieve the full potential of Li–S batteries. Computer simulations have played an
ever-increasing role in revealing the atomistic origins of these challenges, and new
materials are being developed through combined experimental and computational
efforts. This chapter introduces the basic principles of various computational tech-
niques, focusing on atomistic simulations. The capabilities of computer simulations
are demonstrated at three different levels ranging from simple structural optimiza-
tion to themore advanced computationalmaterials screening and selection. Emerging
areas of research in Li–S research and the role of computer simulations are briefly
introduced.

Keywords Lithium–sulfur batteries · Computer simulation · Multiscale
modeling · Computational materials screening

10.1 Introduction

Lithium-ion batteries (LIBs) have revolutionized our society. Devices that are
powered by LIBs become part of our daily lives [1, 2]. In fact, a Nobel prize for
their development has long been anticipated, and the 2019 award of the Nobel Prize
in Chemistry to John Goodenough, Stanley Whittingham, and Akira Yoshino attests
firmly the great benefit to humankind empowered by LIBs. Unfortunately, even the
most advanced LIB systems today have their limitations, the greatest one being
their limited energy density (currently around 210 Wh kg−1; 650 Wh l−1). A ten-
fold increase in energy density is needed to match that of gasoline [3], which is
unlikely due to structural limitations of currently used electrode materials. New
battery chemistry has to be explored.
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Sulfur (S), one of themost abundant elements on earth, offers a theoretical capacity
of 1672 mAh/g, the highest among all known solid cathode materials [4]. The theo-
retical gravimetric energy density of lithium–sulfur (Li–S) systems is around ~2,600
Wh/kg with an open-circuit voltage of around 2 V. Not surprisingly, S has been the
subject of extensive research efforts [5–15]. Interestingly, even though the concept of
elementary S as a cathode material was originated [16] before the introduction of the
first intercalation cathode for LIBs [17], research and development on S have largely
stopped due to a number of intrinsic issues of S. The breakthrough came in 2009
when Nazar and coworkers developed highly ordered, nanostructured, mesoporous
carbon (C) to encapsulate S [18]. Their success rejuvenated research efforts in S,
which is apparent from the 4277 citations (from Google Scholar) received by their
original paper so far. A recent literature survey indicated that out of all published
papers on Li–S systems from 1960 to 2020, 96% appeared after the 2009 paper [19].

The excitement onS is understandable, given its exceptionally high energydensity.
However, the hope for commercialized Li–S batteries remained slim [20]. Only
recently, Oxis Energy, a UK-based startup company, has developed Li–S pouch cells
with a maximal density of 400 Wh/kg, while aiming at a 500 Wh/kg system by
the end of 2020 (https://www.oxisenergy.com). These energy densities, although
encouraging and impressive, fall far short of the theoretical one.

The difficulty with the Li–S system roots in the unique electrochemical prop-
erties of S. Fundamental principles and challenges of Li–S batteries, together with
various experimental techniques to alleviate these challenges, have been discussed
in previous chapters. This chapter will focus on the computational aspect of Li–S
research. Various computational techniques will be introduced, along with examples
that showcase both the advantages and limitations of a computational approach.

10.2 The Gibbs Free Energy and Cell Potential

Detailed electrochemical principles of the Li–S system have been discussed in
Chap. 1. Here, we will review briefly important concepts relevant to computer
simulations. Overall, the electrochemical reaction of S with Li can be written as

2Li + S ↔ Li2S. (10.1)

Under working conditions of normal battery operations, Li, S, and Li2S crystal-
lize in body-centered cubic (BCC), orthorhombic, and face-centered cubic (FCC)
structures, respectively. The forward reaction is accompanied by a decrease in the
Gibbs free energy, which is the maximum amount of non-expansion work that can be
extracted. In the case of batteries, the reduction in the Gibbs free energy is converted
to electrical work, and the open-circuit voltage, VOC , is given by the Nernst equation,
as follows:

https://www.oxisenergy.com
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VOC = −�Gr

nF
, (10.2)

where �Gr is the change in the Gibbs free energy for the forward reaction in (10.1),
F is the Faraday constant, and n is the number of charges transferred. Equivalently,
VOC can also be expressed as the difference in the chemical potential of Li between
the cathode and the anode:

VOC = −μC
Li − μ0

Li

F
, (10.3)

whereμC
Li is theLi chemical potential in the cathode, andμ0

Li is the chemical potential
of Li in the anode (the Limetal). In practice, the change in the internal energy,�Er , is
often calculated instead because the contributions from the PV and the entropy terms
are negligible [21]. Computational methods to evaluate directly entropy and Gibbs
free energy change at finite temperatures also exist for more accurate calculations
[22, 23].

Equations (10.2) and (10.3) form the basis for theoretical calculation of cell
voltage for solid-state cathode materials including layer structured intercalation
compounds [24–26] where lithium ions (Li+) are inserted or extracted and the host
structure remains stable. For example, consider the reaction given in Eq. (10.4) where
an intercalation compound charges and discharges stably in between Li composition
x1 and x2 (x2 > x1):

Lix1MA2 + (x2 − x1)Li ↔ Lix2MA2. (10.4)

The Gibbs free energy change is given by

�Gr = GLix2MA2 − GLix1MA2 − (x2 − x1)GLi . (10.5)

If the structures at the two intercalation limits are known,Eqs. (10.5) and (10.2) can
be applied to evaluate the average redox potential between the two limits x1 and x2.

The redox reaction in S, however, is not confined to the solid state, and S is
not an intercalation material. In fact, crystalline S is composed of octa-atomic ring
molecules, which break up and react with Li+, forming various intermediate species
that dissolve in the electrolyte. Overall, the reaction sequence is given by

S8 → Li2S8 → Li2S6 → Li2S4 → Li2S3 → Li2S2 → Li2S (10.6)

Note that the above sequence should not be understood as the actual redox
sequence in S. Rather, it reflects the overall stoichiometry as S is reduced. Some
of the intermediates are dissolvable in electrolyte, leading to the notorious polysul-
fide shuttle. A large portion of research efforts in Li–S systems has been devoted to
alleviating the shuttle effect and the associated challenges.
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Fig. 10.1 The
thermodynamic cycle to
calculate absolute free
energy of reduction

Given the fact that polysulfides exist in the molecular form, the applicability of
Eqs. (10.2) and (10.3) is questionable. The reference to S as the “cathode” material
is not that meaningful because crystalline S is the initial reactant only. The formation
of various intermediate species that often form a liquid mixture with the electrolyte
necessities a different approach to calculate the reaction voltage. Assume that a
reaction intermediate A is formed and subsequently reduced through the following
reaction:

Asol + e− → A−
sol (10.7)

Note that subscript “sol” indicates that the species is dissolved in the electrolyte
solution. Equation (10.7) is the half-cell reaction at the cathode. The Gibbs free
energy change associated with this equation is defined as the absolute free energy
of reduction, �Gred , which can be determined through the thermodynamic cycle
shown in Fig. 10.1.

The gas-phase reduction free energy, �Gred
g , is the electron affinity of species

A (in the gas phase), corrected by finite-temperature (normally 298 K) contribution
to the free energy. �Gsol(A) and �Gsol

(
A−)

are the solvation free energies of the
neutral and reduced A. Since electrons are always defined to be a gas-phase species,
their free energy contribution cancels out [27]. Thus, the absolute free energy of
reduction is given by

�Gred = �Gred
g + �Gsol

(
A−) − �Gsol(A). (10.8)

Using the normal hydrogen electrode (NHE) as the anode, which has a reduction
potential of 4.28 V [28], the overall cell potential, which is the difference between
the reduction potential at the cathode and the anode, can be calculated by

VOC = −�Gred

F
− 4.28. (10.9)

If Li/Li+ redox couple is used as the reference electrode, whose reduction potential
is 3.04 V lower than NHE, the cell potential is then

VOC = −�Gred

F
− 1.24. (10.10)
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Equations (10.9) and (10.10) are widely used in calculating the cell potentials
of various molecular species [29, 30], although different constants may appear if
different reference electrodes are used.

It is noted that Li–S systems are much broader than using S as the cathode and Li
as the anode. For example, the final reduced product, Li2S, can also be used as the
starting cathodematerials. Except for an initial activation barrier, the electrochemical
behaviors of Li2S are similar to those observed in S in subsequent cycles [31]. A
quasi-solid-state reaction has been proposed for smaller S molecules confined in
a microporous carbon matrix [32]. Alumina–sulfur (Al–S) battery has also been
studied, and the redox behaviors are observed to be similar to that of the Li–S system
[33]. Regardless of the various forms used for S-based cathode materials, as well as
other choices for the anode, the underlying electrochemical principle is the same.
The challenges facing these systems are also similar: a fundamental understanding of
the formation, dissolution, diffusion, and mitigation of polysulfide species remains
the key aspect of S chemistry. The rest of this chapter will be devoted to a discussion
of different computational techniques and their importance in revealing fundamental
insights that are not always accessible by experiments.

10.3 Computational Methods: Principles and Limitations

10.3.1 Introduction and Definitions

The growth of computer simulation is intervened with the development of computa-
tional hardware and software. Today, the most powerful supercomputers can perform
~1017 operations per second, and the first exaflop (~1018 operations per second)
system is expected to be deployed in 2021. At the same time, computer modeling of
materials has grown from earlier simulations of hard-sphere models to sophisticated
electronic structure calculations. In fact, computational materials simulations are one
of the top applications running on high-performance computing clusters around the
world.

The advantages of a computational approach tomaterials research are obvious. For
one thing, computational research is highly cost-effective, and for another, conditions
that are inaccessible to experiments, for example, extremely high pressure, are simply
adjustable parameters in a computer simulation. Most notably, the predictive power
of computational modeling, i.e., predicting the structure and properties of a material
before experimental discovery, has enabled a new paradigm in materials research, as
exemplified by the Materials Genome Initiative (MGI) that calls for the integration
of computational and experimental materials research toward expedited materials
discovery.

Although the computational materials scoreboard keeps growing, designing new
materials entirely on a computer is only theoretically possible, at least in the foresee-
able future. For Li–S systems, computationally designed electrodes, interlayers, or
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electrolyte additives that lead to an industrially applicable high energy density and
long cycle lifeLi–Sbattery have yet to be seen. The limited success, althoughpartially
due to the extremely complicated redox behaviors of S, is rooted in the intrinsic limi-
tations of various computational techniques. The purpose of this section is to present
the basic principles of different techniques and discuss their respective limitations.
It is hoped that the readers will be able to choose appropriate techniques for their
own problems and interpret the results judiciously.

To avoid any unnecessary confusions, we will start by defining a few different
structures, including the following.

Electronic structure: the distribution of electrons, or the electronicwave functions,
and the corresponding energies. They are the eigenfunctions and eigenvalues of
the electronic Hamiltonian eigenvalue equation (see Sect. 10.3.2). Instead of wave
functions, some methods report the electronic density, which is simply the modulus
square of the electronic wave function. For crystalline solids, the electronic structure
is often represented by a plot of the energy band structure. Electronic structures
are directly responsible for various physical and chemical properties of materials
including bonding, optical excitation, and magnetic responses.

Atomistic structure: the chemical composition, arrangement, and movement of
atoms in a system. If the systemof study is amolecule, it is equivalent to themolecular
structure; if the system is a crystal, it is equivalent to the crystalline structure. It
can also be used to refer to the atomic arrangement along a surface, interface, grain
boundaries, and defects. Some computationalmethods provide details regarding both
the electronic and the atomistic structures, while other methods concern only the
atomistic structures. In computational materials, atomistic structure (or sometimes
atomic structure) does not concern the internal structure of atoms.

Microstructure: structures that can be revealed by an opticalmicroscope, including
the arrangement of different phases, grains, or pores. No details regarding atomistic
or electronic structure are available in a microstructure analysis.

These structures are different from the macroscopic structure of a battery, which,
in a simplified representation, includes the cathode and the anode immersed in the
electrolyte. However, as we will see, it is these structures that dictate the overall
performance of the battery. To obtain a fundamental understanding of their impacts
on battery performance is a profound scientific challenge that can only be achieved
through a coherent effort involving experiments, theories, and computer simulations.

10.3.2 Ab Initio Computer Simulation Methods

“Ab initio” means “from the beginning”, and an ab initio, or first principles, calcula-
tion indicates that it is based on the most fundamental principles and no adjustable
parameters are used.When dealingwithmaterials, which are a collection of electrons
and nuclei, the governing principle is quantum mechanics. Thus, we will start from
the many-body Schrödinger equation [34], given as follows:



10 Computation and Simulation 361

i�
∂�(r, R, t)

∂t
= Ĥ�(r, R, t) (10.11)

where Ĥ is the Hamiltonian operator, � is the reduced Planck’s constant, and�(r, R)

is the wave function, which is a function of electronic coordinates r and nuclear coor-
dinates R. Solutions to Eq. (10.11) could give the time evolution of the wave function
and thus themacroscopic properties of the system. Inmany cases, Ĥ does not depend
on time explicitly, and Eq. (10.11) reduces to the time-independent Schrödinger
equation:

Ĥ�(r, R) = E�(r, R). (10.12)

Unfortunately, neither Eq. (10.11) nor (10.12) is solvable except for a limited
number of simple systems and various approximations must be applied. Even after
approximations, analytical solutions are not possible, and we have no choice but to
find numerical ones. For this reason, modern computers are of enormous value and
computer simulations are becoming increasingly important.

The first step is often to separate the nuclear and electronic motion, which is
known as the Born–Oppenheimer approximation,

�(r, R) = χ(R)φ(r, R), (10.13)

where χ(R) and φ(r, R) are nuclear and electronic wave function, respectively. In
the spirit of the Born–Oppenheimer approximation, the electronic wave functions are
solved by treating nuclear coordinates constant. Equation (10.12) transforms into the
eigenvalue equation of the electronic Hamiltonian, He(r, R):

He(r, R)φ(r, R) = E(R)φ(r, R). (10.14)

Equation (10.14), under the present form, is still not solvable. Developing accurate
and efficient algorithms to solve Eq. (10.14) is at the core of computational chemistry
and solid-state physics; each developed its own flavor of method. In computational
chemistry, the behavior of atoms and molecules is of interest, and the concept of
the linear combination of atomic orbitals (LCAO) is intuitive and powerful. Not
surprisingly, the efforts in computational chemistry have been focused on deter-
mining the best wave function of the system starting from atomic wave functions.
In the Hartree–Fock (HF) theory, which is widely used in computational chemistry,
the many-electron wave function is approximated by the so-called slater determi-
nant orbitals that are formed by one-electron orbitals. Application of the variational
principle leads to the well-known Hartree–Fock equation which must be solved
in a self-consistent manner starting from an initial guess of the one-electron wave
functions [35, 36]. A basis set, which is a set of functions, e.g., Gaussian-type and
Slater-type, is used to represent the one-electron wave functions. In general, the use
of a larger basis set brings more flexibility to represent different features of the “true”
wave functions, which leads to an increase in the accuracy of the calculation as well
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as the associated computational cost. The accuracy of the HF theory is limited to the
use of an infinite basis set, known as the HF limit. However, even if an infinite basis
set is used, the HF limit is not the true ground state energy of the system because elec-
tron correlation is neglected, and the difference is known as the “correlation energy”
[37]. Neglecting the correlation energy is acceptable for processes where molecular
bonding remains stable because the correlation energies are expected to cancel out
systematically. If bond breaking and formation are involved, for example, in elec-
trochemical conversion of S, neglecting the correlation energy can be detrimental
and one needs to resort to “post” HF methods including Møller–Plesset perturbation
methods in the second (MP2), third (MP3), and fourth (MP4) order, the configuration
interaction (CI) method, and the quantum chemistry composite methods such as the
Gaussian-n theory (G2, G3, and G4) and the complete basis set (CBS) method [38].

In solid-state physics or theoretical condensed matter physics, the systems of
interest are solids. Given the inherent translation symmetry of crystalline solids and
the resulting Bloch’s theorem [36, 39], the choice of using plane waves to construct
crystal wave functions is a natural one (non-crystalline solids are studied with a
larger supercell with periodic boundary conditions). The advent of the density func-
tion theory (DFT) [40, 41] shifted the focus further away from the wave functions
to electron density, which is far more manageable. Following a similar variational
process, one arrives at the Kohn–Sham equation [36], which includes explicitly the
exchange and correlation effects through the so-called exchange–correlation func-
tional, Vxc. This is a major advantage over the HF method, although the exact form
of Vxc is unknown. Widely used approximations of Vxc include the local density
approximation (LDA) [42] and the generalized gradient approximation (GGA) [43].
For more accurate calculations, various corrections are available depending on the
nature of the system studied. For example, the DFT + U (LDA + U or GGA +
U) method may be needed for strongly correlated systems [44, 45], and non-local
correlation functionals that describe dispersion interactions are needed if the van der
Waals interactions are important [46]. In this sense, DFT methods are not entirely
“ab initio”, because empirical parameters do appear in some of the popular func-
tionals. Such a distinction is not a critical one, nonetheless, the use of “ab initio” has
been habitually avoided for DFT calculations.

In DFT calculations, there is no clear route to improve the accuracy, because it
requires an extensive effort to refit the exchange–correlation functional. In contrast,
one can always try to improve an HF calculation by resorting to, for example, a larger
basis set. Once a suitable exchange–correlation functional is chosen, the Kohn–Sham
equation can be solved using a similar approach as that in the case of the HF equation.
Staring from an initial wave function (and thus electron density) constructed from a
plane wave basis set, the energy of the system is minimized iteratively until a preset
convergence criterion is satisfied. The use of a plane wave basis set is mostly out
of convenience, and other types of basis sets can also be used as long as Bloch’s
theorem is satisfied [47, 48].

As pointed out earlier, electron exchange and correlation are included in a DFT
calculation through the exchange–correlation functionals. As a result, the DFT
method enjoys a reasonably good accuracy at a lower computational cost as compared
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to the HFmethod and is now the leadingmethod for electronic structure calculations.
It should be noted that both Hartree–Fock and DFT are ground-state methods, which
is evident because both are derived following a variational procedure. For the study
of electrochemical storage, excited states are involved and one may need to resort
to, for example, post-HF methods and time-dependent DFT (TD-DFT) method.

Up to now, we have focused on solving Eq. (10.14) for a fixed nuclear coordinate.
The process can be repeated for different values of R, leading to an effective poten-
tial, E(R), on which nuclei can move (note a term stemming from nuclei–nuclei
interactions should be added). The effective potential, known as the Born–Oppen-
heimer or adiabatic potential energy surface (PES), can be plugged into the nuclear
eigenvalue equation, thus fully solving Eq. (10.12) (within the Born–Oppenheimer
approximation). In many applications, quantum effects in nuclear dynamics can be
neglected [49] and the dynamics of the nuclei is given by the classical Newton’s
second law of motion:

MR̈ = −∂E(R)

∂R
. (10.15)

Energies appearing in Eq. (10.15) are the effective potential obtained by solving
Eq. (10.14), and the negative gradient of the energy is simply the force acting on
the nuclei, which can be calculated following the Hellmann–Feynman theorem [50].
Such a quantum mechanical treatment of electrons and a classical description of
nuclear dynamics enables the study of various chemical processes at finite temper-
atures. This group of methods is known as ab initio molecular dynamics (AIMD)
simulations [51, 52], and two distinct flavors of implementation exist [53, 54]. It is
also worthwhile to point out that the Hellmann–Feynman force can be used to find
the equilibrium geometry of materials using minimization algorithms that relax the
structure to the energy minimum, or zero force.

10.3.3 From “Ab Initio” to Empirical Force Fields

The computational cost of AIMD simulations remains high because Eq. (10.14)
must be solved “on the fly”, which has limited its use to systems of relatively small
size (<~1000 atoms). If the potential energy surface, or E(R), can be determined
beforehand for a wide range of nuclear configurations, then solving Eq. (10.14) is no
longer needed and the computational cost will be greatly reduced, which is the basic
principle of the classical molecular dynamics (MD) simulations [55]. In practice,
the potential energy surface is described by an empirical force field, which is a set
of functions describing pairwise, sometimes enhanced by three-body and four-body
corrections, interactions between atoms. A number of parameters appear in the force
field, which can be determined empirically by fitting calculated properties to experi-
mental data. First principles interatomic potentials are also becoming popular, where
the force field is fitted against potential energies or forces from electronic structure
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calculations of a few different nuclear configurations. It is not possible to include all
different experimental data, or all possible nuclear configurations, in the fitting of the
force field. As a result, classical MD simulations are subjected to limited transfer-
ability. Before performing a classical MD simulation, the validity of the force field
must be verified. Nonetheless, MD simulations enjoy the greatly reduced computa-
tional cost and have been widely used to study problems in chemistry, biochemistry,
and materials science.

For the study of electrochemical systems, the ability to describe bond breaking
and formation, as well as the associated changes in valence states of ions, is essen-
tial, which is beyond the scope of traditional classical MD simulations. Charge
transfer potentials, or reactive force fields, including the charge-optimized many-
body (COMB) potentials [56], the reactive force field (ReaxFF) [57], and the
dynamically adaptive force field approach [58], are developed for this purpose,
although parameterization of these potentials is challenging. The atomic charges in
these potentials are generally determined based on the electronegativity equalization
principle [59, 60], which requires multiple iterations for each ionic configuration,
leading to a significant increase in the computational cost compared to traditional,
fixed-charge MD simulations.

10.3.4 Different Scales in Computer Simulations

Computational techniques discussed so far (Sects. 10.3.2–10.3.3) are, in general,
referred to as atomistic simulation techniques because these methods deal with elec-
tronic and/or atomistic structures directly. In other words, such computational studies
often trace the properties of materials to their electronic and/or atomic origins. If
electronic structure calculations are involved, the typical simulation time and system
size are around the order of 10−12 s and 102 atoms, respectively. These measures
increase to 10−9 s and 105 atoms for classical MD simulations. The growing power
of supercomputers has enabled MD simulations of billions of atoms [61, 62], as well
as simulations at the microsecond scale [63, 64].

The time and length scales accessible by atomistic simulations, given the computa-
tional resources available today, are still far away from macroscopic reality. Indeed,
based on their typical system sizes, most atomistic simulations study problems at
atomic or nanoscopic scales. Various methods are developed to further increase the
time and length scales. For example, in the coarse-grained method, a group of atoms
is represented by a “pseudo-atom” to reduce the degree of freedom of the problem
[65]. In phase field modeling, the focus becomes the microstructure evolution of the
material [66], instead of electronic or atomistic structures. This group of computa-
tional techniques is known as mesoscale methods. Note that microstructure has been
conventionally used in materials science and engineering, which is a subject at the
mesoscale in computer simulations.

For many engineering applications, a knowledge of the electronic, atomistic, or
microstructures is not relevant. As such, these structural features are approximated
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by a continuous medium. A system is composed of multiple media with different
properties, and their temporal and spatial evolutions are governed by a few consti-
tutive equations that are often in the form of partial differential equations. These
equations are then solved numerically using, for example, finite element or finite
difference methods. These continuum-level methods expand the scope of computer
simulations to the macroscopic scale, the scale at which important battery perfor-
mances, for example, rate capability, cycle stabilities, and internal resistance, can be
evaluated. In the extreme case where a fast response is needed, for example, in a
real-time battery management system, further simplifications are made and mathe-
matical or equivalent circuit models are used [67]. Even though electronic and atom-
istic structures do not appear in macroscopic simulations, the importance of such
fine structures is embedded in the physical properties of the medium, for example,
density, porosity, energetics, electronic and ionic conductivity, and diffusivity of
different species, which can be determined either experimentally or computation-
ally. Sometimes, such data are not readily available and are often obtained by fitting
to experimental data, which limits the applicability of macroscopic models.

As can be seen from the above discussion, the gradual increase in the time and
length scales leads to the gradual loss of structural information. Ideally, a perfor-
mance issue of a material system can be traced back to the properties of its compo-
nent, which can be further traced back to the electronic or atomistic structure of the
component, thus establishing the structure–property–performance relation. If such
a relation exists, one can then design, compute, and predict the macroscopic perfor-
mance of a material system entirely based on its chemical composition. However,
such a “Materials by design” approach is still a “dream” of materials research and
will remain so in the foreseeable future. On the one hand, we simply don’t have
the computational resources to perform an electronic or atomistic calculation on a
macroscopic scale; on the other hand, the direct link between some of the important
engineering parameters, for example, corrosion resistance, viscosity, hardness, cycle
stability (in the case of batteries), among others, and the electronic and atomistic
structures has yet to be established.

Although an all-embracing computational method is at present not available, the
so-called multiscale modeling approach has become popular [68]. In a multiscale
model, material properties on a larger scale can be built upon information from
a finer scale. For example, data obtained from atomistic simulation, including the
Gibbs free energies of bulk phases and interfacial energies, are fed to a phase field
model, enabling a first principles phase field method [69]. Other modes of operation
also exist, all involving data exchange at different scales. The workflows of various
multiscale models, as well as those of the stand-alone models, are demonstrated in
Fig. 10.2. At present, bridging the gap between computational methods at different
scales remains one of the foremost challenges in computational materials science.
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Fig. 10.2 Workflows of a stand-alone models, b multiscale models based on sequential linking
(MSMSL), c multiscale models based on iterative coupling (MSMIC), and d multiscale models
based on tight coupling (MSMTC). “PE” refers to “physical equation” (mathematical equation
based on a fundamental physics theory which defines the relations between physics quantities of an
entity) and “MR” to material relation (materials specific equation providing a value for a parameter
in the physics equation). Reproduced from Ref. [68]. Copyright 2019 American Chemical Society

10.3.5 Choose an Appropriate Simulation Method

We have outlined a collection of computational tools at different time and length
scales. Choosing the best tool requires an understanding of both the calculation to be
performed and the tool itself. The available computational resource is an important
consideration as well. Furthermore, non-“ab initio” methods are often restricted
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by the available input data. For example, performing a classical MD simulation is
meaningless if the force field is not available or verified; themicrostructural evolution
predicted from a phase field modeling could be erroneous if the interfacial and bulk-
free energies are wrong. Sometimes, assumptions that are specific to the system
studied are introduced, and these models must be cautiously verified before applying
to a different system. In general, ab initio methods, either wave function-based or
DFT-based, are preferred if an atomistic understanding is desired. On the other hand,
if the overall device performance is needed, macroscopic methods are preferred.
In the case of Li–S systems, the lack of a fundamental understanding of various
molecular species that appear during charge and discharge remains the most critical
issue. Thus, our computational efforts should emphasize atomistic simulations that
help to improve our fundamental understandings of the S chemistry.

10.4 Computational Studies of Sulfur-Based Battery
Systems

The increasing popularity of computer simulations is evident in virtually all branches
of materials research. More and more experimental studies include some forms of
computational work, ranging from simple structural characterization to complex
computational prediction. Not surprisingly, such a trend is also observed in the study
of Li–S and related systems. Most computational studies in Li–S systems are at the
microscale revealing electronic or atomistic structure; mesoscale and macroscale
modelings are relatively scattered. Arguably, it is due to the unique S chemistry
involving the formation, dissolution, and diffusion, which necessitates a microscopic
understanding of these elementary processes.

In this section, we will demonstrate how various computational methods can
be used to study S-based battery systems, with an emphasis on the microscopic
mechanisms of the electrochemical conversion of S. Based on the role of the compu-
tations, we will break our discussions into three categories, structures and ener-
getics, mechanistic studies, and predictive studies. Such distinctions are made only
for the purpose of illustrating the different levels of sophistication of computational
studies. In fact, studies from different categories are often interdependent: mecha-
nistic studies are based on a knowledge of the structural and energetic characteris-
tics of the system, while computational predictions require an understanding of the
underlying mechanisms.

10.4.1 Structures and Energetics

Almost all computational materials studies start from determining the molecular or
crystalline structures, as well as their energies, of the systems of interest, although
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pure structural and energetic calculations are rare. Computationally, if a reasonable
initial structure is known, then structural optimization is relatively straightforward.
Efficient algorithms exist to find the equilibrium structure, which is defined as the
structure corresponding to the global minimum on the PES. In practice, experi-
mental data, if available, are often used as the initial structure for computational
structural relaxation. Structural optimization without any prior knowledge can be
challenging, although it is, at least in principle, possible to predict crystal struc-
tures at any given thermodynamic conditions entirely based on the composition of
the material [70]. Atomistic computational techniques, including ab initio methods
and classical force field methods, are the natural choice for structural optimization.
However, the resulting structure depends sensitively on the quality of the interatomic
potentials if a force field method is used. As a result, ab initio methods are often
preferred, especially for accurate structural determination.

10.4.1.1 Crystalline Materials

If the electrochemical reaction of S follows that given in Eq. (10.1), then there are
three crystalline solids, and their structures are all well-known. Elemental S crystal-
lizes in an orthorhombic structure composed of cyclo-octasulfur (S8) rings, known as
α-S, at room temperature. Both Li and Li2S are cubic. Table 10.1 lists the structural
parameters determined from DFT calculations, together with the experimental data.
Note that because van derWaals interactions are expected to be important between S8
rings, the DFT calculations were performed using a van derWaals density functional
[71]. The accuracy (error <1%) is noteworthy. Note that the accuracy of the results
depends on the exchange–correlation functionals used, and in general, an error of
<3% is expected for DFT structural optimizations.

The bulk modulus can be conveniently obtained by performing structural relax-
ations at a few different volumes. The obtained energy–volume relation is then fitted
to an equation of state and the bulk modulus is given by

B = V
∂2E

∂V 2
. (10.16)

Table 10.1 Structural parameters and bulk modulus of α-S, Li, and Li2S from DFT calculations.
Experimental data are given in parentheses

Space group Lattice parameters (Å) Bulk modulus
(GPa)a b c

α-S Fddd 10.38 (10.46
[72])

12.80 (12.86
[72])

24.52 (24.48
[72])

10.8 (14.5 [73])

Li Im ¯̄3m 3.45 (3.48 [74]) – – 13.7 (12.9 [75])

Li2S Fm ¯̄3m 5.71 (5.69 [76]) – – 40.8 (45.7 [77])
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The calculated bulk moduli are also listed in Table 10.1. Note that the error is
much larger than that of the lattice parameters. In fact, the error in bulk moduli from
DFT calculation can be as high as 30%, although it is not an essential parameter for
battery performance.

The equilibrium energy is the total energy of the system at the equilibrium struc-
ture. Such energies from DFT calculations are the internal energy of the system at
zero temperature and zero pressure. Contributions from the PV term and the entropy
term at finite temperatures are often negligible. Thus, the change of the Gibbs free
energy for reaction (10.1) can be approximated and the open-circuit voltage is calcu-
lated to be 2.2 V. This is in the correct range of the observed voltage, although the
experimental voltage profile is far from a single plateau at 2.2 V, indicating a much
more complex reaction than what is given by Eq. (10.1). Computationally, the reac-
tion voltage can also be calculated at a finite temperature. For example, vibrational
contributions to the enthalpy and entropy can be calculated within the harmonic
approximation [77], where the vibrational frequencies are obtained by calculating
the phonon spectrum [78]. The calculated entropy contribution to the cell potential
is less than 0.05 V [77], which is, indeed, negligible.

Other crystalline phases have also been reported in Li–S batteries. At ambient
conditions, β-S, which is monoclinic, exists at temperatures above 95 °C, although
recent experiments suggested the formation of β-S at room temperature during
cycling of carbon fiber–S composites [79]. Li2S2 is another interesting crystalline
phase, which is believed to be a reaction intermediate and is not thermodynamically
stable [77]. Consequently, no experimental structural information is available. As
has been pointed out earlier, it is possible to determine the crystal structure entirely
based on the composition. Indeed, an evolutionary algorithm [80] was used and the
seven most promising structures were predicted, as shown in Fig. 10.3 [81]. The two
lowest structures are very close in energy with a reaction voltage of around 2.1 V
versus Li/Li+, which matches the lower voltage plateau observed in Li–S systems.
Subsequently, the transient existence of Li2S2 was observed, and the experimental
X-ray diffraction pattern (XRD)matches well with that from calculated pattern using
the minimal energy structure [82], as given in Fig. 10.4. The fitted lattice parameters
were also in close agreement with those from computational prediction. An error of
less than 3% was reported, which is within the accuracy of the DFT method.

As long as the reaction participants remain in the crystalline states, the approach
described here can be applied to determine their structures and the corresponding
reaction voltage. However, some of the S-based systems have a liquid cathode, for
example, in the case of a Na–S battery [83], and onemay need to calculate the molec-
ular structures of various species involved in the reaction. Furthermore, amorphous
materials have been used as the cathode [84]. The reaction product, Li2S, is often
found to exist in an amorphous form as well, which is evident from the missing peaks
on its XRD pattern [85]. DFT calculations on such systems are more challenging
due to increased system sizes.
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Fig. 10.3 The total energies of the seven most promising Li2S2 structures. Yellow and blue circles
represent S and Li atoms, respectively. Reprinted with permission from Ref. [81]. Copyright 2014
Elsevier

Fig. 10.4 a Comparison
between the simulated (black
lines) and the observed XRD
patterns (blue and red); b
Li2S2 crystal structure
(sulfur in yellow and lithium
in green); c schematic
diagram showing the lattice
parameter differences in
fitted (thin black frame) and
calculated (red frame) data.
Reprinted with permission
from Ref. [82]. Copyright
2016 Elsevier
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10.4.1.2 Molecular Species

Except for the end members of the reaction, almost all the reaction intermediates,
for example, those given in Eq. (10.6), are not in the crystalline state. The α-S itself
is a molecular solid composed of S8, and the reduction of S comes down to the
reduction of S8. The electrochemical behavior of S is expected to be dominated by
the structure, orientation, and bonding of S8 rings and variousmolecular intermediate
species. The appropriate tool to study suchmolecular behaviors are ab initio methods
including wave function-based and density-based methods. AIMD and classical MD
simulations are also important in the study of structural evolutions of molecular
species, although the applicability of classicalMD simulations is limited by available
interatomic potentials.

Like polymorphism in crystals, isomerism is a similar concept that refers to struc-
tural variations in molecules. The first task in a computational study of molecular
species is often to find the minimal energy isomer. Ab initio calculations have found
that the crown-shaped structure with D4d symmetry is the global energy minimal
of S8, although a few other structures are close in energy [86]. Upon lithiation, the
S8 rings are expected to open and bond with incoming Li+, forming various lithium
polysulfides Li2Sn (1 ≤ n ≤ 8). The overall reaction sequence is given byEq. (10.6),
and the equilibrium geometry predicted from a high-level quantum chemical calcu-
lation is given in Fig. 10.5 [87]. For 2 ≤ n ≤ 8, the minimal energy structure is
found to be cyclic.

One important factor to consider in determining the equilibrium molecular struc-
tures is the effect of the electrolyte. Various molecular species appearing in a liquid
electrolyte interact with lithium polysulfides, which may result in a change in the
equilibrium geometry as compared to that in the gas phase. There are two different
models in addressing the so-called solvation effect. In the explicit models, the solvent
molecules are included in the calculation explicitly, whereas in the implicit models,
the solvent is modeled by a continuous medium with empirically determined dielec-
tric properties. The use of an explicit model is obviously limited by the computational
cost associated with the increased system size, while the application of an implicit
model needs to be carefully verified because of the empirical parameters involved. It
is interesting to note that the equilibrium geometries given in Fig. 10.5 are obtained
for the gas-phase molecules (single molecules in vacuum) without considering the
solvation effects. Similar results have been reported using an implicit solvationmodel
[88], while an explicit model predicts a linear geometry for Li2S6 and Li2S8 [89].
Such a discrepancy suggests the intricacy of the computational study of molecular
species in solvents. Continued efforts are clearly required.

The importance of the solvation effect is also manifested in the calculation of
the redox potential. Equation (10.10) is often used to calculate the redox poten-
tial for molecular species, however, the calculation of the redox Gibbs free energy
involves the calculation of solvation free energies of both neutral and charged species
(Fig. 10.1), which depends sensitively on the solvation model used. It is normal to
have a mean unsigned error of around 0.2 V for the calculated reduction or oxidation
potentials, and in some instances errors of >0.5 V were observed [90], which makes
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Fig. 10.5 Optimized geometries, structural parameters of Li2Sn (2 ≤ n ≤ 8) clusters. Purple and
yellow balls denote lithium and sulfur atoms, respectively. Reprinted with permission from Ref.
[87]. Copyright 2019 American Chemical Society

direct comparison with experimental measurement infeasible. It is also important to
note that contribution from the entropy term is not always negligible in molecular
species, although computational methods are available to evaluate entropy and thus
the Gibbs free energy of a given thermodynamic process [22, 23]. Nonetheless, a
comparison of the reduction potentials of different species can provide useful insight
regarding the reaction sequence, assuming that there is a systematic cancelation of the
errors. In fact, carefully performed computations often predict reduction potentials
that are within the range of observed cell voltage [29, 88].

The structural evolution of various molecules in the electrolyte solution is also
of interest, which could provide important insight into the S redox chemistry. Ab
initio molecular dynamics simulations showed that the energy and S–S bond length
fluctuate with an energy span of 0.5 eV, as shown in Fig. 10.6 [29], which may
lead to the fragmentation of the eight-member ring. However, energy calculations
suggested that the S8 rings are quite stable, and the fragmentation free energies range
from 0.87 to 2.56 eV [29]. On the other hand, S4 is the least stable that promises high
electrochemical reactivity. AIMD simulations have also been performed to study
the structural evolution of Li2S6 and Li2S8, where the electrolyte molecules were
included explicitly in the first solvation shell, and a polarized continuum model was
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Fig. 10.6 Left: energy and S–S bond length extracted from ab initio molecular dynamics trajecto-
ries. Right: minimal energy structure as the initial structure (0 fs) and snapshots at 100, 150, and
200 fs. Reprinted with permission from Ref. [29]. Copyright 2014 American Chemical Society

used to represent the rest of the liquid electrolyte [91]. Strong interactions between
lithium and oxygen atoms in the electrolyte molecules are observed, which suggests
that a stronger interaction between lithium and the cathode material is needed to
achieve efficient trapping of lithium polysulfides.

Recently, organosulfides have attracted wide attention to be used as a possible
cathode material, and the reduction of organosulfides shares many common char-
acteristics with that of S [92–95]. A detailed discussion of organosulfides can be
found in Chap. 7. These molecules are mixed with the electrolyte solution, forming
a catholyte. Solvation models discussed above can be applied similarly to study
the structures of organosulfides and predict their reduction potentials. Alternatively,
the LUMO levels of different organosulfide molecules can be calculated (under the
same theory level) to estimate the reaction voltage because the LUMO levels corre-
late approximately with the reduction potential [96–98], although such an estimation
is only qualitative and deviations have been reported [99].

10.4.1.3 Surface and Interface

In computational studies of crystalline solids, the periodic boundary condition is often
applied, which implies an infinite solid with no terminations. In reality, a crystalline
solid terminates at various surfaces determined by the surface energies. Furthermore,
an electrochemical reaction must initiate from the surface of the material. In the case
of S, the initial lithiation leads to the reduction of S8 rings that are close to the surface.
It is thus important to understand the surface properties of S.Computationally, surface
energies are often subject to a convergence problem, which can be alleviated by



374 Y. Ma

Fig. 10.7 Equilibrium shape
of α-S. a Neglecting the
solvation effect; b including
the solvation effect.
Reprinted with permission
from Ref. [77]. Copyright
2015 American Chemical
Society

constructing two-dimensional surface slabs with varying thickness [100]. Note that
surface energies are also impacted by the solvation effects. Once the surface energies
are known, the Wulff construction can be used to determine the equilibrium shape
of the crystal that participates in the reaction. Figure 10.7 compares the equilibrium
shape of α-S with and without the solvation effects [77]. In both cases, the (110) facet
has the largest fraction of the total surface area, although contributions from (100)
and (001) are also obvious. Overall, the effect of solvation appears to be minor in
terms of the equilibrium shape of S. In the case of Li2S, the energy of (111) surface
is significantly smaller, which leads to an equilibrium shape dominated by the (111)
surfaces [77].

Different surface orientations lead to different lithium diffusivity into the surface,
which is evident from the calculated surface diffusion barriers. Note that in interca-
lation compound, lithium diffusivity in the bulk of the cathode material is a critical
parameter that determines the rate capability of the cathode. In the case of S, the
bulk diffusivity is less relevant because S, as a conversion compound, does not main-
tain the structural integrity, and the focus has been shifted to the diffusion of various
polysulfide and lithium polysulfide species, whichwill be discussed in Sect. 10.4.2.1.
However, the surface diffusion barrier is of importance because it provides insights
on the initiation of the electrochemical conversion in S. Figure 10.8 depicts the energy
variation of a Li+ into various S surfaces, indicating the existence of a driving force
during lithiation, although the magnitude of this driving force depends on the surface
orientation.

From Fig. 10.8, it is clear that the (001) surface, which is one of the main orien-
tations appearing in an S particle, enjoys a larger driving force than other surface
orientations. Given the existence of this driving force, Li+ ions are expected to diffuse
into a few angstroms into the surface. It is then of interest to understand how the
surface structure responds to incoming Li+, which has been studied by AIMD simu-
lations [101], and the structural evolution at different stages of lithiation is given
in Fig. 10.9. Dimethoxyethane (DME) molecules were included in the simulation
to provide a more realistic physical picture of the process. Several notable features
are observed. Firstly, lithiation leads to the ring opening of S8 molecules, which is
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Fig. 10.8 Energy variation
of a Li+ along a diffusion
path into S with different
surface orientations. A
driving force is observed for
Li+ insertion (lithiation). Red
line gives the location of the
surface. A few angstroms
into the surface, the
interfacial barrier transitions
into the regular, bulk barrier

expected, although the molecules formed as a result of lithiation are far more compli-
cated than those described by Eq. (10.6). Secondly, S8 molecules in the second layer
are almost intact, indicating a layer-by-layer conversion process. Thirdly, dissolu-
tion of polysulfides into the electrolyte is obvious, especially at the later stage of the
reaction. It is again expected, and such an AIMD simulation provides an atomistic
resolution of the elementary processes that determines the overall S chemistry.

Because electrolyte was included in the above simulation, it is, although rather
simplified, an interfacial system. Experimentally, various forms of C are used to
form the S–C composite cathode, which provides the necessary electronic conduc-
tivity to overcome the insulating nature of S. Consequently, various C–S interfaces
form inside the cathode. Because C does not participate in electrochemical conver-
sion directly, it is often neglected in computer simulations. However, the C hosts are
often doped with, for example, oxygen (O), nitrogen (N), or decorating inorganic
nanomaterials, to provide chemisorption of polysulfide species, which is, again, an
interfacial phenomenon [102–104]. Neglecting such a contribution certainly misses
out on important physics. In fact, the concept of “interfaces” in Li–S systems is
exceedingly broad, and interfaces form between various components, including, but
not limited to, the active material (S), the C host (including various dopants) [102],
coating materials [105], interlayers [106], catalytic substrates [107], and the elec-
trolytes (liquid or solid) [108]. These interfaces are often designed to control the
electrochemical reaction in S. Regardless of the interfacial structures or materials
involved, there are at least three common design principles. First, the interface must
be able to bind various polysulfide species to minimize the shuttle effect and loss
of active materials. Second, it should allow for fast lithium diffusion for uniform
reaction. Finally, it should have sufficiently high electrical conductivity for fast reac-
tion kinetics. Figure 10.10 depicts an example three-phase interface formed between
the C matrix, a catalytic center, and the electrolyte. The role of the catalytic centers
is also shown. Such interfacial systems are beyond the accessible length scales of
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Fig. 10.9 Representative atomistic structure of the S8 (001)/electrolyte interface during different
stages of the reaction. Reprinted with permission from Ref. [101]. Copyright 2018 American
Chemical Society

ab initio methods at present. Atomistic simulations based on empirical force fields
are the appropriate tool, although high quality interatomic potentials required to
describe a large number of chemical species that may appear at these interfaces
are not always available. Nevertheless, valuable insights can be obtained by calcu-
lating, for example, binding energies with polysulfides and lithium diffusion barriers
without modeling the entire interfacial structure, which will be discussed in more
detail in Sect. 10.4.3.
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Fig. 10.10 a Schematic illustration of the controllable Li2S nucleation and uniform growth on
a collaborative triple-phase interface with strong adsorption, high electrical conductivity, high
reactivity, and uniform distributed nucleation sites, and b the mechanism of lithium polysulfide
redox reaction and Li2S nucleation. Reprinted with permission from Ref. [104] Copyright 2019,
Wiley-VCH

10.4.2 Mechanistic Studies

In Sect. 10.4.1, we briefly discussed how computer simulations can be used to obtain
an atomistic understanding of the structural properties relevant toLi–S systems.Here,
we will shift our emphasis to mechanistic studies. As we have pointed out earlier,
there is no clear distinction between a structural and a mechanistic study; struc-
tures and energetics are themselves important information to achieve a mechanistic
understanding of the S chemistry.

10.4.2.1 Polysulfide Dissolution, Transport, and Clustering

Alleviating polysulfide shuttle is at the heart of a successful Li–S battery. A great
number of studies have been devoted to an understanding of the physical and chem-
ical phenomena associated with polysulfides, and new techniques have been devel-
oped to control the growth and diffusion of polysulfides, leading to an improved
cycling performance of the Li–S battery. Computationally, one can calculate the
Gibbs free energy of dissolution. Figure 10.11 plots the Gibbs free energy of disso-
lution of lithium polysulfide species (dianion and radical) in dimethylformamide
(DMF) and diethylene glycol dimethyl ether (Diglyme); both are frequently used
in Li–S batteries. In the case of DMF, only Li2S2 (dianion) and Li2S (radical) show
positive free energy of dissolution, which is consistent with our knowledge that Li2S2
is insoluble while longer lithium polysulfides are soluble. The enthalpy of dissolution
is always negative, which is expected due to the strong interactions between lithium
and polar solvent molecules. For longer polysulfide species, the entropy contribution
is also negative, but smaller in magnitude than enthalpy, resulting in a negative free
energy of dissolution. In the case of diglyme, however, the entropy contributions are
comparable to that of the enthalpy. As a result, the free energies of dissolution for
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Fig. 10.11 Thermodynamics of dissolution of various lithium polysulfides in (top) DMF and
(bottom) diglyme. Adapted from Ref. [110] by permission of the PCCP Owner Societies

dianions decrease in magnitude, and become positive for radical species, indicating
the possibility to prevent polysulfide dissolution by using appropriate solvents. Such
a study is interesting, although is rather simplified. The electrolyte solution is often
a mixture of multiple solvents and salts, which should be properly accounted for to
obtain accurate free energies of dissolution.

The dissolution of polysulfides is a rather complicated process, whichmay involve
multiple intermediate species, both charged and neutral, as suggested byAIMDsimu-
lations [101]. Disproportionation of polysulfides or side reactions are also possible,
resulting in complex chemical equilibria involving the co-existence of many species
that might evolve during charge and discharge [109]. The best strategy to tackle
this challenge is by combining experimental and computational efforts. If there are
some characteristic properties of amolecule that can be experimentallymeasured and
computationally predicted, then a match between experimental and computational
data provides direct evidence of the existence of this molecule. Caution should be
taken, however, when there is a mismatch, which can be a result of many factors
including the difference in the experimental and computational setups.
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There are a number of characteristic properties that can be probed both experi-
mentally and computationally, including vibrational frequencies, electronic excita-
tions, magnetic resonance (nuclear or electron spin), etc. A detailed discussion of
various experimental techniques and their applications in Li–S research can be found
elsewhere [111]. Because all these properties are a result of the electronic and atom-
istic structures, ab initio methods are the appropriate techniques, although classical
force field methods with high-quality interatomic potentials can also generate reli-
able vibrational spectra. For example, vibrational frequencies have been assigned to
a compendium of species through a combined DFT calculation and in situ Raman
spectroscopic study, which provides a useful reference to interpret experimental data
[112]. As another example, by comparing experimental and calculated 6Li and 17O
chemical shifts in nuclear magnetic resonance (NMR)measurements, it is concluded
that the dissolution of Li2Sn was triggered by lithium exchange between solvent
molecules and Li2Sn [89]. This provides a dynamic view of the microscopic process
of dissolution that is absent in energetic calculations discussed above.

If the dissolution is inevitable due to, for example, the use of a particular elec-
trolyte solution, it is then important to understand the diffusion of polysulfide species
in the electrolyte solution and its impact on the electrochemical performance.Compu-
tationally, diffusivities of various species in a solution can be calculated from the
mean square displacements obtained from either ab initio or classical MD simula-
tions, although the results may suffer from statistical errors if the system size is too
small or the simulation time is not sufficiently long [113]. Figure 10.12 compares the
calculated self-diffusion coefficients from MD simulations to those measured using
pulse field gradient nuclearmagnetic resonance [114, 115], and the agreement is quite
impressive. If performed carefully, different studies seem to arrive at similar conclu-
sions [89, 114, 115], even though different computational techniques were used. It is
observed that the diffusion coefficients of Li+ and polysulfide anions decrease with
the addition of salt and increased polysulfide chain length. Lower order polysulfides
tend to cluster, which could slow down the reaction kinetics. The addition of salts
can effectively inhibit clustering, but at the same time also lead to a notable increase
in the viscosity of the electrolyte solution.

Overall, both experimental and computational evidence suggests the critical role
of subtle interaction among Li+, polysulfide anions, solvents, and salts in deter-
mining the dissolution, transport, and clustering of polysulfides, although our current
understanding is far from complete. Experimentally, in situ experimental techniques
are preferred to reproduce the working environment in a Li–S cell, although an
in situ measurement is not always possible and may require a complicated setup
[111]. Computationally, approximations, for example, various solution models, must
be made due to the complex chemical and physical processes involved, and these
approximations must be carefully evaluated and may lead to the omission of impor-
tant insights. At present, a fundamental understanding of the dissolution, trans-
port, and clustering of polysulfides, as well as their impacts on the electrochemical
performance of Li–S batteries, has yet to be further developed.
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Fig. 10.12 a Long-time self-diffusion coefficients D of all species in 0.25 M of the polysulfide as
obtained fromMDsimulations (empty symbols) and pulse field gradient nuclearmagnetic resonance
measurements [114] (black filled symbols). b Diffusion coefficients of Li+ in different polysulfide
solutions as a function of polysulfide concentration from MD simulations. c Diffusion coefficients
of Li+ as a function of Li2S6 concentration in the presence of different amounts of lithium bistri-
flimide (LiTFSI) fromMD simulations. Reprintedwith permission fromRef. [115]. Copyright 2019
American Chemical Society

10.4.2.2 Reaction Sequences

Starting fromS8, lithiation leads to the gradual reductionofS and formationof various
lithium polysulfides. If liquid electrolyte is used, higher order lithium polysulfides
(Li2S8 and Li2S6) are expected to dissolve into the solution, and continued reduction
takes place in the liquid phase that requires charge transfer at the electrolyte/cathode
interface. As discussed in Sect. 10.4.2.1, the liquid state reaction is complicated by
subtle interactions among many species presenting in the liquid. Besides the reduc-
tion reaction, other types of reactions, for example, the fragmentation reactions of S
and association/dissociation of and lithium polysulfides, are also possible. Computa-
tionally, it is possible to calculate the reduction potentials for all possible species and
compare those with experimental data. However, the calculated reduction potentials
are subject to intrinsic errors associated with various computational models, and it
is also possible that different species give reduction potentials that are similar within
computational uncertainty and thus cannot be resolved. For example, a high-level
quantum chemical study predicted reduction potentials of Li2S8 and Li2S7 that differ
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by merely 0.05 V, while the reduction potentials of Li2S6 and Li2S5 are numerically
the same [29]. A similar problem also exists in experimental studies: signals from
various characterization techniques often overlap and cannot be assigned [111].

Given these difficulties, an unambiguous identification of the reaction sequence,
that is, the formation of various polysulfide species and the associated structural
change, during charge and discharge, is not currently available. Nonetheless, the
following sequence is generally accepted and ascribed to the characteristic two-
plateau voltage profile during discharge. The higher plateau is related to S8 reduction
to long-chain polysulfides, the lower plateau is dominated by the reduction to Li2S2
and Li2S, and the slope region in between is associated with the formation of S2−4 .
The charging process starts with extracting lithium from Li2S with an initial voltage
barrier and S8 forms at the end of charging. The path traveled during charging is not
simply the reverse of that during discharging, and the recrystallized S differs from
the starting material in both amount and structure [111].

If the reaction is confined inside the cathode, i.e., there isminimal or no polysulfide
dissolution, then a distinct quasi-solid-state reaction is observed, which has been
attributed to smaller Smolecules [32] or the formation of a solid electrolyte interphase
[116]. Such a system can be studied by classical MD simulations with a reactive
force field. Application of the ReaxFF approach [57], which is among the most
popular reactiveMDmethods, has revealed some interesting atomistic features [117,
118]. The voltage profile generated from reactive MD simulations agrees with the
general trend observed experimentally [117], suggesting the applicability of such
an atomistic simulation approach. The calculated volume expansion due to lithium
insertion also agrees well with experiments [117]. Notably, through structural (ring
and fragment) analysis, a broad distribution of sulfur molecules (Sn), lithium sulfide
(LixS), and lithium polysulfide (LixSy, y > 1) was observed for Li2S and Li2S8
nanoparticles [118]. This is significant, as it suggests that the Li–S speciation is
similarly complicated even without liquid electrolyte, and the local atomic structure,
due to the formation of various species, can be equally challenging to characterize
experimentally.

10.4.3 Predictive Studies

The ability to predict new physical or chemical processes that have not been exper-
imentally observed or are not experimentally accessible is the key advantage of
computational studies. This section will showcase such an ability in the study of
Li–S systems. Many predictive studies are also mechanistic in nature because appro-
priate predictions can only be made after obtaining a mechanistic understanding.
Experimental verifications, although not always possible, are desired.
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10.4.3.1 Polysulfide Trapping

Thepolysulfide dissolution, aswehave discussed earlier, is really a result of the strong
molecular interaction between polysulfides and the solvents. Various methods to trap
lithium polysulfides, including physisorption (absorption by dispersion interaction,
e.g., van der Waals bond), chemisorption (absorption by covalent/ionic bonding,
e.g., lithium bond [119]), and physical confinement (e.g., physical barriers and inter-
layers), have been proposed [120–122], and atomistic simulations are a natural choice
to study polysulfide trapping because binding energies can be readily calculated.
Not surprisingly, DFT calculations suggested a rather small interaction between
graphene, which is a popular material to construct the C–S cathode composite,
and lithium polysulfides [123]. Consequently, third-party agents, such as func-
tional groups and metal oxides, are added to the composite cathode to provide
a stronger anchoring effect. DFT calculations predicted that the binding strength
can be increased via two independent mechanisms, i.e., the Coulombic interaction
between Li+ and lone-pair electrons and hydrogen bonding, while the former domi-
nates [124]. In principle, it is possible to calculate the binding energies of all possible
third-party agents with lithium polysulfide, and an attempt was made to systemat-
ically quantify the anchoring strength of different substrates [125]. The stabilizing
potential,�PS−A, which describes the competition between adsorption of Li2S8 onto
the substrates and its solvation into the electrolyte, was introduced. Figure 10.13 plots
the optimized adsorption structure and the corresponding stabilizing potential, and
the negative values in the case of poly(vinylpyrrolidone) (PVP) and phosphorylated
chitosan (PCS) indicate the strong anchoring effects that can be used for effective
trapping of lithium polysulfides [125], which has yet to be experimentally verified.

Fig. 10.13 aOptimized adsorption structure ofLi2S8 ondifferent substrates.bThe calculated stabi-
lizing potential. Reprinted with permission from Ref. [125]. Copyright 2017 American Chemical
Society
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Calculated binding energies, in many instances, corroborate well with experi-
mental findings. For example, DFT calculations suggest that nitrogen-doped carbon
nanotubes (CNT) have binding energies with Li2S and Li2S4 that are 0.1–0.4 eV
stronger than pristine CNTs [102]. Experimentally, N-doped CNTs show higher
capacity, better reversibility, and increased stability due to the stronger affinity that
reduces the loss of active material [102]. When Li2S is charged back, an initial
potential barrier is often observed due to the insulating nature of Li2S. This potential
barrier increases from 3.41 V to 3.53 V if SnS2 is used as a substrate, and decreases
to 3.47, 3.25, 3.01, 2.91, and 2.88 V for Ni3S2, FeS, CoS2, VS2, and TiS2, respec-
tively [107]. Since the decomposition of Li2S involves breaking the Li–S bond, the
energy required for such a process on different substrates can be calculated by DFT
calculation, and the decomposition barriers are 1.03, 0.63, 0.56, 0.31, and 0.30 eV
for Ni3S2, FeS, CoS2, VS2, and TiS2, respectively [107], which correlates well with
themeasured charge potential. The only exception is SnS2, which has a small decom-
position barrier of 0.32 eV and a high charge potential of 3.53 V. Because the charge
process also involves electron transport, the insulating nature of SnS2 could be the
main reason for the high charge potential. In terms of the ability to anchor polysul-
fides, the binding strengths between Li2S6 and Ni3S2, SnS2, FeS, CoS2, VS2, and
TiS2 have been calculated to be 0.72, 0.80, 0.87, 1.01, 1.04, and 1.02 eV, respectively
[107]. The stronger polysulfides affinity, smaller decomposition barrier, and metallic
conductivity, all of which can be determined computationally, render higher capacity,
lower overpotential, and better cycling stability for VS2-, TiS2-, and CoS2-based
cathodes compared to pure C and S cathodes [107]. The correlation between compu-
tational data and experimental battery performance is encouraging. Notably, these
metal sulfides servemultiple roles including polysulfide trapping and catalytic oxida-
tion of Li2S. In fact, electrocatalysis has been considered as an effective approach to
promote the redox conversion of polysulfides and inhibit their shuttle [19, 104].

Computational screening of materials has become an important tool in materials
selection and design. In computational screening, materials with different structures
are constructed and their properties calculated, based on which predictive conclu-
sions can be drawn to inform materials selection. It is equivalent to many trial-and-
error experiments, although performed computationally through either sequential or
parallel calculations. In the case of polysulfide trapping, a computational screening
can be used to generate a database of binding energies of various polysulfide species
to different C hosts. Insights and/or trends from this collection of calculations can be
further used to propose new candidate materials for additional screening. In such an
attempt, a systematical DFT calculation of various heteroatom-doped nanocarbon
materials was performed. While it was observed that N and O outperform other
dopants, a few rules for strong anchoring effects are proposed, including the pres-
ence of a lone pair of electrons in the doping atom, a higher electronegativity of
the doping atom than that of C, etc. [120]. Such mechanistic conclusions enable a
predictive selection of other dopants, which will be subject to further computational
screening and experimental verification.
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10.4.3.2 Cathode Geometry

The S cathode is a composite material including both S and C in various forms, and
the latter is required to provide necessary electronic conductivity. The interactions
between C and polysulfides are mostly through van der Waals bonding, which is not
strong enough for polysulfide trapping. A tremendous number of studies have been
devoted to the development of new strategies for polysulfide trapping. Among these
efforts, introducing metal sulfide substrate or functional groups within the C host,
as those discussed above, involves modification of the cathode geometry. Similarly,
metal oxides, metal nitrides, metal carbides, metal phosphides, as well as ternary
and quaternary composites, have been proposed and tested [126, 127]. Here, we
will discuss a slightly different approach to encapsulate S. Instead of focusing on
the chemical interaction between the host and the polysulfide, the electrochemical
properties of S can also be controlled by altering the size and shape of the host
material, which provides a physical confinement of S and polysulfide species. As a
simple example, the pore sizes in porous C can be altered, and micropores have been
shown to confine S and inhibit dissolution of polysulfides, enabling a quasi-solid-
state reaction [32]. In practice, both methods are often combined to achieve maximal
performance. From a computational perspective, however, studying different sizes
and shapes of the host material is more challenging as compared to a calculation of
the binding energies. It is because that the geometry of the host, as well as S, must
be properly included in the calculation, which leads to a significant increase in the
system size for atomistic simulations. Reactive MD simulations are arguably best
suited to study such systems. For example, the ReaxFF approach has been applied to
study the electrochemical reaction of S confined in small graphene sheets [128]. The
formation of smaller S molecules as a result of S confinement has been observed.
As evident from Fig. 10.14a, the number of eight-member S rings (S8) decreases

Fig. 10.14 a Sulfur chain distribution during the ReaxFF simulation. b Partial radial distribution
function for sulfur and carbon at the end of isothermal stabilization. Reprinted with permission
from Ref. [128]. Copyright 2018 Wiley
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drastically in the first few hundred of picoseconds of the simulation, and many
isolated S atoms (S1) are observed. The pair distribution function analysis shows
that S atoms are bonded to C in the graphene sheet with a bond length of around
1.75 Å, as shown in Fig. 10.14b. Such structural characteristics of confined S lead
to a less pronounced volume expansion during lithiation and a different discharge
voltage profile, agreeing qualitatively with earlier experimental studies. A systematic
computational study of different sizes and shapes of the C host is highly desired,
which could provide important insights on the design of cathode geometry.

10.4.3.3 Selection of the Electrolyte

When choosing an appropriate electrolyte solution, there are a few important consid-
erations as well. Carbonate-based electrolytes, which are popular in Li-ion batteries,
find limited usage In Li–S systems due to their detrimental reactivity with polysul-
fides. In other words, the electrolyte solution should have good chemical stability
in the presence of other molecular species. Because batteries are charged and
discharged, electrochemical stability at the operating voltage is also an important
consideration, which is usually referred to as electrochemical windows. In general,
solvents with a high oxidation potential and a low reduction potential give a larger
electrochemical window and are preferred. A reasonably good solubility is required
as well because salts are often added to improve the overall performance. Computa-
tionally, some of these properties can be calculated with relative ease, for example,
the redox potentials. Other propertiesmay bemore involved, and a variety of different
factors need to be considered. For example, determination of stability requires an
understanding of the chemical environments, which may change during charge and
discharge. A multi-step, successive screening can be used to narrow down the candi-
date pool, and only a small portion would need the more focused study after the
screening. Figure 10.15 illustrates the general screening strategy of down-selecting
a pool of candidates based on successive property evaluations [30].

In Li–S systems, we have seen that the molecular interactions between the elec-
trolyte and various polysulfide species drive the dissolution process. Just as we can
screen different doping materials for polysulfide trapping, we can also screen elec-
trolyte molecules with minimal polysulfide interactions, which increases the number
of successive steps required for the down-selection shown in Fig. 10.15. A few
other properties, although important, have been left out in this kind of computa-
tional screen. Examples are ionic diffusivity and viscosity of the solution, which
are much more demanding computationally. That said, the ability of computational
screening in reducing the search space and predicting the most promising candidates
is invaluable.
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Fig. 10.15 Schematic of down-selection of candidate molecules for electrical energy storage appli-
cations based on high-throughput computations using quantum chemical calculations of specific
properties. Selected molecules based on screening can be subjected to further focused computa-
tional studies and proposed for synthesis and testing. Reprinted with permission from Ref. [30].
Copyright 2015 American Chemical Society

10.5 Summary and Outlook

Computer simulations have become an increasingly important tool in materials
research. A carefully performed computer simulation can provide valuable insights
at a resolution that is not always accessible by experiments. Recent efforts, such
as the Materials Genome Initiatives and the Integrated Computational Materials
Engineering, reflect the wide recognition of the power of computer simulations in
transformingmaterials research. The traditional trial-and-error experiments are being
replaced by, at least partially, materials selection through computational screening.

In terms of Li–S research, computer simulations play an even more critical role
due to the unique challenges facing Li–S batteries. The formation of various interme-
diate molecular species complicates the reaction pattern, requiring an understanding
of the electrochemical processes at the molecular level. Atomistic simulation tech-
niques provide the necessary resolution to address these challenges. The success and
versatility of atomistic simulations have been demonstrated in determining structures
and energetics of various species that appear in the reaction, providing mechanistic
understandings of the microscopic processes during the electrochemical conversion
of S, and predicting new materials and strategies to improve the electrochemical
performance of S.
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The combined experimental and computational efforts have enabled exciting
progresses in Li–S batteries, and their commercial applications have become a reality.
However, to achieve the full potential of Li–S chemistry, further research and devel-
opment are needed. Computer simulations will continue to be an integral part of
such efforts. In particular, a few emerging areas of research have gained momentum
recently, which could benefit greatly from a computational perspective. These areas
include the following:

• The use of organosulfides as cathode materials. Organosulfides are S containing
organic molecules that have shown promising electrochemical properties [129,
130]. In general, these molecules have a much shorter S chain than S8, thus
avoiding the various problems associated with long-chain polysulfides. The elec-
trochemical properties can be fine-tuned by using different functional groups.
Computer simulations have already been used to reveal the reaction sequences
and determine the redox potentials [92–94, 99, 131, 132], however, a system-
atic computer screening of various molecules to identify the most promising
candidates for further experimental verification is highly desired.

• The design of “all-in-one” cathodes. We have discussed various ideas to promote
a stable electrochemical reaction in S including physisorption and chemisorption
of polysulfides, electrocatalysis, and size and shape of the cathode. These ideas
can be integrated to design an “all-in-one” cathode [19]. Such a task brings new
challenges to a computational screening because multiple properties need to be
calculated and the system size is also increased.

• All-solid-state Li–S batteries. The use of solid electrolyte to construct all-solid-
state batteries has become a subject of intensive scientific interest, especially for
LIBs based on intercalation cathode materials due to safety and stability consid-
erations [133]. It is also appealing in Li–S systems because the dissolution of
polysulfides and the resulting shuttle effect can be effectively prohibited [134].
Similar to the computational screening of molecular species for liquid electrolyte,
materials for solid-state electrolyte can be subject to computational screenings to
expedite the materials discovery. However, many solid electrolyte materials are
not crystalline. In fact, polymers, composites and gels have all been proposed,
which inevitably leads to a significant increase in the computational cost. Crit-
ical properties related to solid-state electrolyte, such as ionic conductivity and
interface impedance, are also difficult to assess computationally.

It is worthwhile to note that research in all these areas involves large sets of
computational data, such as crystal and molecular structures, surface energies, inter-
face energies, binding energies, reduction and oxidation potentials, lithium diffusion
barriers, and ionic diffusivities. Ideally, these computational data should corroborate
with experimentally derived structural, physical, chemical, and electrochemical char-
acteristics. A coordinated, international effort to construct a comprehensive, robust,
and open database that contains both computational and experimental data could
provide a crucial boost to Li–S research. For example, the development of highly
accurate and predictive machine learning algorithms to identify new materials and
structures for Li–S batteries, which relies on robust training data sets, could benefit



388 Y. Ma

greatly from such a database. Unfortunately, at least in the field of Li–S research, the
creation of this database is long overdue and hindered by many non-scientific, and
sometimes political, barriers. Consequently, repeated, and even erroneous, data are
often reported, which is of no practical value.

Finally, we wish to point out that practical aspects are being emphasized when
evaluating materials for Li–S batteries. In other words, any new materials proposed
for Li–S batteries should be evaluated using industrial standards relevant to commer-
cial implementation. The following five critical metrics are proposed: S loading
>5 mg cm−2, C content <5%, electrolyte-to-sulfur ratio <5 μL mg−1, electrolyte-
to-capacity ratio <5 μL (mAh)−1, and negative-to-positive capacity ratio <5 in
pouch-type cells. Note that these metrics represent the minimal requirements if Li–S
batteries were to be competitive against LIBs that dominate the commercial market
today. Unfortunately, a realistic study involving these parameters is beyond the capa-
bility of present atomistic simulation techniques and is best addressedbymacroscopic
methods. In this regard, a multiscale modeling approach that provides a coherent
description from atomistic to macroscopic scale is highly desired. At present, a true
“Materials by Design” for Li–S batteries, where computational materials design
is driven by industrial applications and the materials as designed meet required
performance targets, remains elusive and can only be achieved by a collaborative,
international effort involving industry, academia, and governments.
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