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Rechargeable lithium—sulfur (Li-S) batteries have recently attracted global research interest due to their
high theoretical specific capacity and energy density. To improve the performance and cycling stability of
Li-S batteries, a clear understanding of the electrochemical reaction process and the degradation mecha-
nisms of the sulfur redox chemistry are extremely important. In the past few decades, various advanced
in situ/operando characterization tools have emerged, which have facilitated the understanding of the
degradation mechanisms and the further development of high-performance Li-S batteries. In this review,
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we have summarized recent significant advances in in situ/operando characterization techniques for Li-S
batteries. In particular, because of the existence of the soluble polysulfide species during the charge/dis-
charge process, many creative ideas have been introduced into in situ/operando characterization of the
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1. Introduction
1.1. Overview of Li-S batteries

To satisfy the continuously ever-increasing energy demands of
modern society, an increasing number of green, economic,
and efficient energy storage systems have been explored.' ™"
Among these, Li-S batteries are regarded as one of the most
promising candidates for the next-generation rechargeable bat-
teries owing to their high theoretical specific capacity
(1675 mA h g™*, based on the complete conversion of S to Li,S)
and thus high theoretical energy density (2600 W h kg™),
which is 3-5 times higher than that of the current state-of-the-
art commercial lithium-ion batteries (LIBs)."** Additionally,
sulfur is one of the most abundant elements on earth, which
is inexpensive, nontoxic, and environmentally friendly.'®>*
Despite these appealing advantages, the previously reported
electrochemical performance of Li-S batteries is less satisfied
as compared to the expectations, especially the poor cycling
stability caused by the low Coulombic efficiency, the dis-
solution and undesirable diffusion of polysulfides, and the
huge volumetric expansion during the charge/discharge
process.>®?

To overcome these considerable challenges of Li-S bat-
teries, we need to have a basic understanding of the charge/
discharge reaction mechanism. During the discharge process,
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electrochemical process in Li—S batteries.

the lithium metal is oxidized at the lithium anode (negative
electrode) to form lithium ions and electrons. The lithium
ions travel to reach the sulfur cathode (positive electrode) via
the electrolyte, whereas the electrons move to the positive elec-
trode through the external circuit (eqn (1)). At the positive elec-
trode, where sulfur reacts with the lithium ions and electrons
to form lithium sulfide (Li,S) (eqn (2)), while the opposite reac-
tions will occur during the charge process at the negative elec-
trode (eqn (3) and (4)), and the reaction of the total electro-
chemical process is presented (eqn (5)), as shown in Fig. 1a.

Lithiation (discharge) process:

Negative electrode: oxidation reaction (losing electrons)

Li — Lit +e” (1)
Positive electrode: reduction reaction (gaining electrons)
Sg + 16Li" + 16e~ — 8Li,S (2)

Delithiation (charge) process:
Positive electrode: oxidation reaction (losing electrons)

8LiyS — Sg + 16Li* + 16e~ (3)
Negative electrode: reduction reaction (gaining electrons)
Lit +e” — Li (4)
The overall electrochemical reaction:
Sg + 16Li — 8Li,S (5)

Typically, an ideal discharge curve consists of two poten-
tial plateaus, one at about 2.3 V vs. Li/Li', and the second one
at about 2.1 V vs. Li/Li",>"*** which represent the conver-
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Fig. 1 (a) Schematic of the electrochemical reaction mechanism
involved in a Li-S battery consisting of a sulfur cathode, separator and
lithium metal anode; (b) typical discharge/charge process for a Li-S
battery in an organic liquid electrolyte at room temperature.

sions of Sg to Li,S, (25% of the theoretical capacity of sulfur:
419 mA h g7') and Li,S; to Li,S (75% of the theoretical
capacity of sulfur: 1256 mA h g™'), respectively, as shown in
Fig. 1b.***” During the discharge process, Sg reacts with
lithium ions to form a series of intermediate lithium polysul-
fide species (Li,Sg, Li»Se, Li»S, and Li,S;3), which are soluble
in ether-based electrolytes. Furthermore, the reaction of
lithium polysulfides with Li" continues to form Li,S, and
finally the insoluble Li,S."> During the charge reaction, Li,S
is converted to Sg, also along with the generation of different
intermediate lithium polysulfides.’® Overall, the reversible
conversion of Sg undergoes a series of structural and compo-
sitional changes of complicated redox reactions, from solid to
liquid then back to solid. The term “dissolution-re-depo-
sition” is used to illustrate the electrochemical process of a
Li-S battery, which is considerably different from other
batteries.

1.2. The focus of this review

The chemical routes of the transition between sulfur and
lithium disulfide are clearly illustrated above. However, the
detailed steps involved in these route are much more compli-
cated, and it is still not clear how the chemical and physical
states of the electrode materials affect these steps during the
charge/discharge process. It is commonly known that a
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running Li-S battery works in a closed environment, which is
regarded as a black box, researchers need to open it and check
the state of the electrode during the charge or discharge
process, or after a given number of cycles. However, the
electrochemical reaction is extremely quick, and the working
electrodes are highly sensitive to the air, thus the standard ex
situ characterization results obtained by opening the box
might not be accurate.

In situ/operando characterization techniques can track the
electrochemical reaction processes while the system is func-
tioning, and eliminate the influence and uncertainty of the
post-treatment processes of the electrode materials, which
have been employed for the mechanism investigation of
lithium-ion batteries to date and have achieved great
success.*®?? Naturally, these techniques have been extended
to research into Li-S batteries. In recent years, various in situ/
operando characterization techniques for Li-S batteries have
been developed. Herein, the term “in situ” characterization
means the measurement is carried out during the charge/dis-
charge process of Li-S batteries. The electrochemical testing
may or may not be stopped during the process, which
depends on the requirement of the technique. While the
term “in operando” characterization means the measurement
is continuous during the battery testing process without
interruption.*® These in situ/operando characterization tools
aim to monitor the electrochemical reaction during the
charge/discharge process and obtain more detailed electro-
chemical information, including X-ray diffraction (XRD),
transmission electron microscopy (TEM), atomic force
microscopy (AFM), transmission X-ray microscopy (TXM),
X-ray tomography (XRT), Raman spectroscopy, ultraviolet
visible (UV-vis) absorption spectroscopy, X-ray absorption
near-edge structure (XANES), nuclear magnetic resonance
(NMR), high-performance liquid chromatography (HPLC),
X-ray photoelectron spectroscopy (XPS), X-ray radiography
(XRR), electron paramagnetic resonance (EPR)/electron spin
resonance (ESR) spectroscopy, and X-Ray fluorescence (XRF).
These in situ/operando characterization techniques greatly
promote the in-depth understanding of the internal electro-
chemical processes and the degradation mechanism of the
Li-S battery system. Nevertheless, there is still a lack of a com-
prehensive summarize and classify these
techniques.

In this review, we summarize the development of in situ/
operando characterization techniques for Li-S batteries by
classifying these techniques according to the different func-
tions and purposes (Fig. 2 and Table 1). It's worth noting that
many novel in situ/operando techniques with creative designs
have been employed for Li-S battery research, because the
intermediate polysulfides are soluble and thus difficult to
detect and track with conventional methods. Case research
studies are emphasized to illustrate the degradation mecha-
nism investigation of the system, as these can provide
efficient and valuable guidance for optimization and inno-
vation of the electrodes and electrolytes of high-performance
Li-S batteries.

review to
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Fig. 2 Schematic showing the applications of the in situ/operando
characterization tools for Li—S batteries, including the phase transform-
ation, morphology evolution, polysulfide intermediate phases and other
characterizations.

Table 1 A list of in situ/operando characterization techniques for Li—-S
battery research

Techniques Unique applications

XRD Phase transformation of crystalline sulfur and lithium
sulfide during charge and discharge process

TEM High-resolution morphological evolution of the solid
phase sulfur and Li,S

AFM Formation of SEI

TXM Distribution of sulfur

SEM Morphological changes during discharge-charge cycling
processes

XRT Steric distribution of sulfur

XANES Detection of amorphous solid phases and lithium
polysulfide species

Raman Qualitative detection of long-chain polysulfide dianions

UV-vis Distinguishment of long- and short-chain polysulfides

NMR Detection of the polysulfide species and the monitoring
of the lithium microstructures

HPLC Quantitative analysis of the dissolved polysulfide species
and sulfur

XRR Macroscopic structure evolution

EPR/ESR Detection of the radical species, especially free radicals
Sy

XPS Interfacial chemical property evolution

XRF The types and content of trace elements in materials

2. Phase transformation monitored
by in situ/operando XRD

During the past few years, the in situ/operando XRD technique
is the mostly employed characterization technique, and has
been widely applied to detect the solid phase formation/con-
sumption in Li-S batteries during the discharge and charge
process.”'™* In order to detect the discharge products, in
2012, Cui and co-workers reported in operando XRD character-
ization for Li-S batteries for the first time.** The authors
demonstrated that the recrystallization of sulfur on the
cathode after the charge process relied on the different prepa-

ration methods of the sulfur cathodes. Moreover, there was no

This journal is © The Royal Society of Chemistry 2017
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evidence of the formation of crystalline Li,S at the end of the
discharge process (Fig. 3a-e), which was not in agreement
with the most previously published ex situ XRD results.”*>°
The results showed that the observed crystallinity of Li,S
might be an artefact arising from the sample post-treatment.
Differently, several groups demonstrated the existence of crys-
talline Li,S through the lower discharge voltage plateau. In
particular, Caflas and co-workers reported the formation of
crystalline Li,S at a state of discharge (60%) in the lower dis-
charge plateau at 1.8 V. During the following charge reaction,
Li,S reacted completely and sulfur was recrystallized.’®
Similarly, Demir-Cakan et al.*’ and Walus et al.*° also reported
the formation of crystalline Li,S on the cathode at the lower
discharge plateau. These conflicting conclusions may result
from different experimental set-ups and cathode compo-
sitions. Recently, crystalline Li,S,, a transient species, was
detected by Paolella for the first time under a “solvent-in-salt”
electrolyte condition.’® In addition, Alloin and co-workers
reported the co-existence of a-Sg into p-Sg during charge and
Li,S during discharge, and they also claimed that the Li,S/
Li,S, mixture was the major discharge product.”® The phase
transformation between a-Sg and p-Sg was also found in other
reported researches.®*>

However, in these in situ/operando XRD studies, the appear-
ance of polysulfides was just presumed indirectly, whereas the
direct observation of polysulfides by XRD remained challen-
ging. In order to address this challenge, very recently,
Villevieille and colleagues reported the direct detection of dis-
charge intermediate products adsorbed on the surface of glass
fibres with fumed SiO, using an operando XRD technique,
which enabled them to interpret the mechanism of polysulfide
formation and the evolution of a Li-S battery (Fig. 3f-h).**
Using this approach, the polysulfides became visible under
X-rays. On the other hand, they demonstrated that fumed SiO,
was a potential electrolyte additive, which could greatly
improve the performance of Li-S batteries, because SiO, can
enable the organized adsorption of the long-chain polysul-
fides. Despite that the introduction of SiO, as a polysulfide
scavenger to improve the Li-S battery performance has been
demonstrated before,”” this work is certainly creative and very
significant for any future efforts in this field.

3. In situ/operando morphological
characterization techniques

The morphology of the electrode material in rechargeable Li-S
batteries is a critical factor for optimizing the performance. To
date, many in situ/operando techniques have been applied in
model batteries consisting of a working electrode, a counter
electrode and an electrolyte assembled within the advanced
equipment for the investigation of the interfacial reaction pro-
cesses. Electrochemical reactions often occur at the nanoscale,
so electron microscopy plays an indispensable role in monitor-
ing the morphology and uniformity of electrode microstruc-
tures, including TEM, AFM, SEM, TXM, XRT, etc.

Nanoscale, 2017, 9, 19001-19016 | 19003
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Fig. 3 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; (b) XRD patterns for the region of Q-space marked 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 SiO, 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 the XRD patterns; (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. 43, Copyright (2012) American
Chemical Society. (f-h) Reprinted with permission from ref. 41, Copyright (2017) Macmillan Publishers Ltd.)

3.1. TEM

The in situ TEM technique provides real-time comprehensive
information of the electrode during electrochemical reactions
at a high spatial resolution, such as the microstructure evol-
ution and the chemical composition changes.’®*° In situ TEM
has been employed in Li-S battery research to monitor the
morphological changes of the solid phase sulfur and Li,S.*" "
For instance, inspired by the unique flexibility and strong
interlayer van der Waals interaction of two-dimensional (2D)

19004 | Nanoscale, 2017, 9, 19001-19016

materials,*®®* Tang et al. used solution-exfoliated MoS, flakes

to capture sulfur particles, and studied the detailed discharge/
charge processes by utilizing in situ TEM,*" where the in situ
TEM set-up was similar to those in the previously reported
works (Fig. 4a).°*%>°® The morphology variation of the MoS,-
encapsulated sulfur spheres was highly reversible during the
discharge and charge processes, with an illustration of this
shown in Fig. 4b. Meanwhile, they revealed that the active
sulfur particles can be hermetically confined within this 2D
material. In 2016, Kim et al. reported on their dynamic investi-

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Schematic of the in situ TEM experiment set-up with MoS,-encapsulated hollow sulfur spheres; (b) selected real-time images of the elec-
trode material evolution during the typical lithiation—delithiation process of MoS,-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 per-
mission from ref. 61, Copyright (2017) American Chemical Society; (c) reproduced with permission from ref. 62, Copyright (2015) Wiley-VCH; (d)
reproduced with permission from ref. 63, Copyright (2017) Wiley-VCH.)
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Fig. 5 In situ AFM surface topography images at different potentials. (Adapted with permission from ref. 70, Copyright (2016) Wiley-VCH.)
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gations of the lithiation of sulfur active particles confined
within a carbon nanotube.®® With their in situ TEM study, the
authors demonstrated that it was possible that the S to be
directly transformed into Li,S (Fig. 4c) without the formation
of lithium polysulfide phases with a high solubility in the com-
monly used electrolytes, and their study may help to address
the ongoing issues in Li-S battery technology. Afterwards,
Xu et al. also reported the volume expansion of porous carbon
nanofibre/S composite cathode materials under high-rate con-
ditions using in situ TEM examination (Fig. 4d), which pro-
vided new and valuable insights into the correlation between
the electrochemical performance and the volume expansion.®?

3.2. AFM

The in situ TEM technique mainly highlights the direct obser-
vation of the morphology evolution, whereas in situ AFM ana-
lysis can readily incorporate environmental conditions that
mimic the cell environment at the nanoscale, and can be used
to track the evolution of the surface topography under such
conditions. Furthermore, in situ AFM can provide access to
probing the formation of the solid electrolyte interface (SEI)
layers during battery cycling.®® In 2016, Wan and co-workers
creatively employed the in situ AFM technique to probe the
dynamic nucleation, growth, dissolution and re-deposition
processes of insoluble Li,S, and Li,S at the positive electrode/
electrolyte interface in Li-S batteries (Fig. 5).”° Furthermore,
the authors combined other characterization techniques,
including X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy, to provide deep insights into the structure-reac-
tivity correlation and performance fading mechanism of Li-S

(a) Back plate

Front plate

Reference hole

Imaging hole

Potential vs. Li/Li" [V]
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batteries at the nanoscale. Their findings offered a direct visu-
alization of the interfacial structure and a constructive guide-
line to design better electrode materials for Li-S batteries.

3.3. TXM

The application of TXM in energy storage systems can provide
non-destructive, high-resolution (tens of nanometres) X-ray
images of the active electrode materials during electrochemical
cycling, and provide some extra chemical information.”"”?
Recently, the in situ TXM analytical technique was established
by Cui and co-workers for the application in Li-S batteries for
the first time, to track the dissolution and solidification of the
composite sulfur electrode during constant current discharge-
charge processes, where the sample holder plates of in oper-
ando TXM are exhibited in Fig. 6a. Surprisingly, from the TXM
analysis of the dimensional variations of an individual sulfur
active particle in a working battery, the authors observed very
little change in the sulfur particle size, which was considerably
different from what would be expected from lithium polysul-
fide species dissolution, resulting in the crystallization of Sg or
elemental S at the end of charging.”® The micrographs of a
sulfur composite particle at various potentials during the dis-
charge process are shown in Fig. 6c, in which the letters
correspond to the points marked as a-i in Fig. 6b. In addition,
in 2014, Lin et al. reported that S particles exhibited compli-
cated dimensional changes in working batteries based on
in operando TXM.” The authors observed an intense shrinkage
and expansion of S particles caused by polysulfides dissolution
and re-deposition, respectively. Furthermore, they claimed that
the dissolution rate of lithium polysulfides depended on the

Specific Capacity [mA hg™)

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Fig. 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 labelled a—i in (b). (Adapted with permission from ref. 43, Copyright

(2012) American Chemical Society.)
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lithium stoichiometry and that polysulfides re-deposition was
nucleation-limited, and also reported an extensive aggregation
of lithium polysulfides, leading to tremendous dimensional
variations of active sulfur particles and undesirable cycling
stability.

3.4. Other morphological characterization techniques

In situ/operando SEM can monitor the morphological
changes during discharge-charge cycling to provide insights
into the preferred reaction sites of the electrode.”*””
Marceau et al. combined in situ SEM and in operando UV-vis
techniques to gain a clear understanding of the degradation
mechanisms of Li-S batteries.”* Zhang and Cui discovered a
new-generation of highly nitridated graphene/Li,S as the
positive electrode materials of Li-S cells, which could be
highly stable for hundreds or even thousands of cycles. By a
newly designed in situ SEM set-up, the authors observed that
the Li,S particles on graphene became smaller and smaller
during charging, which was mainly caused by the dissolution
of lithium polysulfides into the electrolyte. Moreover, they
found that the design of the new electrode materials and the
new recharge protocol could offer a promising method for
the practical application of high energy density Li-S
batteries.””

Owing to the non-invasive and non-destructive nature,
XRT has been extensively used to investigate the micromor-
phology of electrode materials in LIBs;’®®" however, the
usage of this technique was not introduced in Li-S battery
research until 2016. Yermukhambetova et al. employed a
multi-scale three-dimensional (3D) in situ tomography
approach to characterize the morphological parameters and

View Article Online
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track the microstructural evolution of the sulfur phase
through discharge/charge cycles.®” They expected that X-ray
tomography would be a powerful characterization technique
for the designation and optimization of electrode materials
for Li-S batteries.

In 2014, Cui’s group designed a Li-S battery to directly
visualize the spatial and temporal distribution of lithium
polysulfide species though the entire electrochemical cycles
under optical microscopy.®® This technique was a quick
method to determine the limitation effect of polysulfide
diffusion in sulfur electrodes and through Nafion-modified
separators.

4. In situ/operando detection and
tracking of soluble polysulfides

In a Li-S battery system, in situ/operando characterization tech-
niques for phase transformation and morphology evolution
are only valid for the solid phases, including sulfur, Li,S and
Li,S,, because the intermediate long-chain lithium polysul-
fides are soluble in the commonly used ether-based electrolyte.
However, the detailed chemical transition of lithium polysul-
fides with different chain lengths and the interaction between
them and the electrodes are extremely important for a full
understanding of the entire electrochemical reaction route in
Li-S chemistry. In this section, some novel in situ/operando
characterization techniques specifically designed for the detec-
tion and distinguishment of polysulfide species are summar-
ized, mainly those involving X-ray absorption structure (XAS),
UV-vis, Raman, NMR, and HPLC.

a CHARGE

b DISCHARGE

S e ||
S5 —_— s ..§§ 2470.5 ¢V - i
§5.0% —= % Nus 2468.5 oV 3
5 \o Ls " $ £8
§ 04 . e ,,.: u;gg
=202 \ = oz €
00 v" A j 00
;u ,_//_J 268
24 24 8
22 228
S 20 L\ﬁ 209 o
T —awearee || @
Specific capacity (mAh.g(S)") Specific capacity (mAh.g(S)") é
(d) e §
26 <
4 if
2 §
& 2468 2470 2472 2474 2476 2478

Specific Capacity (mAh.g")

Fig. 7

In situ XANES tests of Li—S batteries. (a) Schematic of the spectra-electrochemical in operando battery, corresponding to its individual com-

ponents; (b) schematic of the in operando XANES set-up that allows detection of X-ray fluorescence from all layers in the cell. (c) A linear combi-
nation analysis of sulfur K-edge XANES based on charge/discharge cycling, four compounds (a-Sg, Se2~, S42~ and Li,S) 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~* collected during discharge in Li—S batteries using DMA or DOL : DME electrolytes compared, with S3*~ and S¢°~ as
reference materials. ((a, b) Reproduced with permission from ref. 84, Copyright (2015) Manchester Nh: Electrical Society; (c, d) reprinted with per-
mission from ref. 86, Copyright (2013) American Chemical Society; (e) reproduced with permission from ref. 94, Copyright (2015) Wiley-VCH.)
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4.1. XAS

Synchrotron XAS can unveil the element-specific information,
which does not require the sample to be crystalline or in an
amorphous phase. It can help researchers to improve their
knowledge to decide the chemical component of each elec-
trode material under charge/discharge conditions, with the
sulfur K-edge spectrum mainly applied to identify different
sulfur-containing species.””**"°? Generally speaking, the spec-
trum of XAS can be divided into three parts: the pre-edge,
XANES and the extended X-ray absorption fine structure
(EXAFS). Among these, XANES is often employed to investigate
the composition, providing important insights into the
working mechanism of Li-S batteries.*>*»?'* When using
the in situ XANES technique, the battery should be delicately
designed. For example, an in operando XANES set-up was
designed by Gorlin et al. with the X-ray window on the side of
the battery (Fig. 7a and b), which ensured that the information
could be adopted at the whole depth of the positive electrode
and separator.®® By applying in operando XANES spectroscopy

View Article Online

Nanoscale

on the S K-edge, Nazar’s group detected various polysulfides in
a working Li-S battery during the discharging-charging
process. To accurately monitor S or lithium polysulfide
species, they prepared and calibrated reference standards of
Ss, S¢~, S4°7, S5~ and $*” (Fig. 7c), and the XANES results
revealed detailed evidence of the electrochemical mechanisms
of sulfur redox chemistry during the cycling process. In
addition, compared with batteries utilizing the conventional
ether-based electrolyte, when using dimethyl acetamide (DMA)
as the electrolyte, a three-plateau reduction reaction®*>°> could
be observed by in operando XANES (Fig. 7d).®® In particular,
the appearance of S;'~ in DMA was confirmed (Fig. 7d and
€).5%%* Generally, the concentration of S;~ («5%) was
measured by XANES, which was utilized to prove the cleavage
of dianions S¢>~.%*%%%%% There is a characteristic pre-peak at
around 2468.5 €V in the XANES analysis (Fig. 7e),”* which was
applied to illustrate the existence of the radical anion (S;™7) in
Li-S batteries. Although researchers have accessed the absorp-
tion spectra of different polysulfides, there are only two kinds
of polysulfide dianions to quantify the analysis from working
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Fig. 8 In situ Raman measurements of a Li—S battery. (a) Schematic of the in situ Raman experiment set-up of positive carbon-sulfur (C/S) compo-
site electrodes; (b) real-time Raman spectra, corresponding 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 reac-
tions, respectively; (d and f) the obtained in situ Raman spectra, corresponding to (c) and (e). (g, h) The battery was cycled with the positive 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 labelled a—g
in (g) of a Li,S powder. ((a, b) Reproduced with permission from ref. 109, Copyright (2015) Wiley-VCH; (c—f) reproduced with permission from ref.
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batteries.®>*"?%" It is worth noting that a great deal of efforts
of in operando XANES research should be devoted to exploit
and calibrate a comprehensive absorption spectra, which is of
great significance for further investigation.

4.2. Raman spectroscopy

For Li-S battery research, Raman spectroscopy can probe the
polarizable surface with low concentrations in vibrational
energy levels, and enable the detection of the transient states
of an electrode surface. In addition, it can qualitatively or
semi-quantitatively detect the lithium polysulfides dissolved in
a conventional ether-based electrolyte during the discharge-
charge processes of Li-S batteries, which is considerably sig-
nificant for researchers to estimate the condition of an elec-
trode material in the liquid phase. Typically, Raman shifts
(fundamental frequency) of polysulfide dianions and radicals
are all below 550 em™".°*'%® It is important to learn that the
characteristic peaks of Sg are located around 150, 219 and
474 cm™ "' The high-order polysulfide dianions (Sg>~, S¢>~
and S,°7) can be captured by Raman spectra, while the low-
order ones cannot (S;*>"and S,%7).'**'%” Additionally, the peak
signal of the radical anion (S;™7) at 525-535 cm™" could be
detected, which is in good agreement with most theoretical
and experimental studies.'®”"%®
designed an in operando Raman set-up (Fig. 8a) to monitor the
evolution of various possible polysulfides. The Li-S battery was
cycled with a cathode of active carbon/sulfur composites to
obtain Raman spectra during the first galvanostatic cycle

For instance, Hannauer et al.
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(Fig. 8b)."” Dong and co-workers developed a conductive
Lewis-base matrix as the positive electrode material for Li-S
batteries. By combining in operando Raman spectroscopy and
density functional theory (DFT) methods, they extracted and
were able to understand the complicated chemistry of Li-S bat-
teries. Experimentally, Li,Sg was found to be missing during
the whole redox route and the charging process ended at Li,Se,
as shown in the corresponding illustration in Fig. 8c-f.'*®
Chen’s group also elucidated the sulfur redox mechanism of
Li-S batteries with S nanodots electrodeposited on a Ni-foam
as the cathode, which showed high electrochemical perform-
ance. By using in situ Raman spectra, several charge/discharge
cycles (Fig. 8g and h) exhibited the reversible reaction between
S and Li,S.'%*

4.3. UV-vis spectroscopy

Different from Raman spectroscopy, UV-vis spectroscopy is a
kind of absorption spectroscopy with a series of absorption
bands in the UV-vis spectral region, which has been well
proven as a powerful characterization method to analyse solu-
tion-based electrochemical reactions, and therefore has been
widely employed for the qualitative and quantitative detection
of lithium polysulfide species in Li-S batteries."'*""°
Generally, Sg or elemental S shows a characteristic absorption
peak around 270-280 nm.""*"*° Polysulfide dianions corres-
pond to the absorption bands in the range of 350 to 500 nm,
and the radical S;"~ has a relative strong absorption around
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Fig. 9 (a—f) In operando UV-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 set-up. (b) Photographs of six different catholyte solutions; (c) the collected discharge voltages were used for the in situ UV-vis
mode; (d) the corresponding UV-vis spectra first-order derivative curves of different stoichiometric compounds; the corresponding UV/vis spectra
first-order derivative curves of (e) rGO/S and (f) GSH/S electrodes at C/3, respectively. ((a—f) Adapted with permission from ref. 121, Copyright

(2017) American Chemical Society.)
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620 nm.""»">17121 1 order to obtain the information of
in operando UV-vis absorption spectra from a working Li-S cell,
the reflection configuration was designed by Dominko and co-
workers for the first time."""** By demarcating the spectra of
chemically synthesized lithium polysulfide solutions, qualitat-
ive and quantitative analyses were realized. Afterward,
Marceau et al. further combined in operando SEM and in oper-
ando UV-vis to detect and identify the formation of sulfur
species."”® As a result, a clearer understanding of the degra-
dation mechanisms of Li-S batteries was required. Their find-
ings implied that the discharge and charge processes are not
completely reversible and proceed along different pathways.
Very recently in 2017, Yan and co-workers used a reflection-
mode (Fig. 9a) to detect the lithium polysulfides of a Li-S
battery in the electrolyte during discharge/charge cycling."*" In
order to distinguish the long- and short-chain polysulfides, the
authors prepared six different samples (Li,S,, Li,S,, Li,S; Li,S,
Li,Se and Li,Sg). When these polysulfides were dissolved in the
electrolyte, the colour of the electrolyte changed from transpar-
ent to dark red (Fig. 9b). It is noteworthy that the selected dis-
charge voltages were applied during in situ UV-vis measure-
ments (Fig. 9c), and the absorption wavelength of the measure
reflectance was used as a function of the state of the battery in
the UV-vis spectrometry analysis. They discovered that the
peaks at 530 and 560 nm corresponded to the long-chain Li,Se
and Li,Sg during the initial discharging process, respectively.
Along with further discharging, the peaks at 435, 470 and
505 nm were ascribed to the formation of short-chain Li,S,,
Li,S;, and Li,S,, respectively. During the discharge process,
the short-chain Li,S, and Li,S; polysulfides were detected as
the main intermediates, corresponding to the elucidation in
Fig. 9d-f. Differently, Lu and co-workers revealed solvent-
dependent Li-S redox pathways with in operando UV-vis spec-
troscopy. It should be pointed out that the sulfur redox reac-
tions have an obvious difference in two different solvents.™'”
By using this strategy, it may open up valuable insights into
the fundamental research for the practical application of Li-S
batteries. Also, Yan and co-workers reported a new strategy
that the volumetric capacity and Coulombic efficiency can be
improved by selenium doping for lithium-organosulfur bat-
teries. By means of the in situ UV-vis technique, they found
that the shuttle effect was efficiently weakened since no long-
chain polysulfides were generated during the entire cycling
process resulting from selenium doping (Fig. 9g-i).'"’
Although in situ UV-vis spectroscopy has been developed to
help researchers understand the mechanism of Li-S batteries,
more effort is required to establish a set of standardized
absorption peaks for a more accurate and detailed acquisition
of data.

4.4. NMR spectroscopy

Owning to the high sensitivity of “Li NMR to “Li nuclei, the
“Li signal (spin = 3/2, 92.5% abundance) can be nicely cap-
tured on a timescale that is much faster than the discharge-
charge cycle.”*'* Herein, in situ and ex situ 'Li NMR have
been mainly applied in Li-S systems to detect different

19010 | Nanoscale, 2017, 9, 19001-19016
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soluble polysulfides."?*"*® Performing in situ NMR in Li-S
batteries during electrochemical cycling can assist dynami-
cally monitoring the growth and stripping of lithium micro-
structures. With an in-house cylindrical microbattery
designed for in situ NMR (Fig. 10a), the phase evolution of the
lithium metal anode entangled with parasitic reactions was
recorded (Fig. 10b and c)."*® With in situ NMR spectroscopy,
Seshadri and co-workers directly observed the soluble Li'-
species during battery discharge, which was known to be
highly detrimental to the capacity retention (Fig. 10d and e).
They also confirmed that the formation of a solid component
(Li,S) started at the beginning during the first discharge
plateau.”® Subsequently, in 2017, Wang et al. proposed a
comprehensive approach to quantitatively detect the changes
of all lithium polysulfide species in Li-S batteries during dis-
charge-charge cycling by in situ NMR spectroscopy.’’
Metallic lithium evolution upon discharge/charge cycling and
mossy lithium formation with time were exhibited, respect-
ively. Their detections provided tremendous assistance for the
electrolyte development, sulfur cathode study and for lithium
metal protection strategies.
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Fig. 10 (a) Schematic of in situ NMR experiments set-up with an in-
house cylindrical microbattery; (b) obtained time sequence ’Li NMR
spectra in an operating Li-S microbattery 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 ’Li 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. 129, Copyright (2015) American Chemical
Society; (d—f) reprinted with permission from ref. 130, Copyright (2014)
American Chemical Society.)
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Fig. 11 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 = CHs) 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 = CHz) from real-
time HPLC results during charging. (Adapted with permission from ref. 95, Copyright (2016) American Chemical Society.)

4.5. HPLC

HPLC is a powerful separation technique that is widely applied
in qualification as well as quantitation. Recently, by utilizing
this technique, researchers could determine the dissolved
polysulfide ions in the electrolyte of Li-S batteries.”>'>% 1327133
For instance, Zheng et al. reported a systematic study of the
real-time quantitative determination of lithium polysulfide
intermediates and sulfur by means of an HPLC technique
during discharge and charge processes.”” The change from
elemental sulfur to long-chain polysulfide intermediates, and
then to short-chain polysulfide intermediates could be clearly
confirmed as the discharge reaction (Fig. 11a-c). From the
charge process (Fig. 11d-f), the valuable conclusion is that
almost all of the solid lithium sulfides (Li,S and Li,S,) and dis-
solved lithium polysulfide species became oxidized back to
elemental sulfur (Sg). Most importantly, their findings pro-
vided a valuable supplement to the information from other

This journal is © The Royal Society of Chemistry 2017

characterization techniques, and further assisted gaining a
comprehensive and clear understanding of the redox mecha-
nism of the Li-S battery.

5. Other in situ/operando
characterization techniques

In this section, several other in situ/operando characterization
techniques are summarized, which provide some new insights
and strategies in Li-S battery research.

5.1. XRR

Risse et al. presented a multi-dimensional set-up, which com-
bined electrochemical impedance spectroscopy (EIS), constant
current charging and discharging and X-ray radiography to
study Li-S batteries (Fig. 12a)."*® Based on this set-up, the
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Fig. 12 (a) Schematic set-up 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 coefficient, solution resistance and the distribution
of relaxation times, corresponding to the radiography images points labelled 1-10 on the left. (Reproduced with permission from ref. 136, Copyright

(2016) Royal Society of Chemistry.)

authors acquired radiography images and a voltage-time curve
with the respective electrochemical capacities (blue bars),
overall transmittance, Warburg coefficient, solution resistance
and the distribution of relaxation times (Fig. 12b). The entire
research clearly exhibited the power of a multi-dimensional
in operando study of the Li-S battery system. Yang et al. also
reported their research results by applying in operando
measurements,”” using a similar set-up to that developed by

Risse et al.**®

5.2. XPS

In order to gain an integrated understanding and molecular-
level insight of the sulfur redox reactions and subsequent evol-
ution mechanism of the SEI layer at the Li-metal anode in Li-S
batteries, Murugesan and co-workers reported the first appli-
cation of in situ XPS for a Li-S battery, to provide not only the
spatially resolved chemical imaging, but also lithium polysul-
fides speciation via high-resolution core-level spectroscopy of
the critical elements.'*® The key issues and major challenges
are the high vapour pressures of elemental sulfur (Sg) and the
aprotic electrolyte solvents (1,3-dioxolane (DOL) and di-
methoxyethane (DME)) in characterizing in situ XPS for Li-S
batteries. In order to overcome these issues, the authors uti-
lized an ultrahigh vacuum (UHV) compatible 1-butyl-1-methyl-
pyrrolidinium bis(trifloromethylsulfonyl)imide ([bmpyr] [TFSI]7)
ionic liquid (IL) as a cosolvent in the electrolyte. Moreover, this
kind of ionic liquid with high electrochemical stability has been

19012 | Nanoscale, 2017, 9, 19001-19016

reported as an electrolyte solution for Li-S batteries that are elec-
trochemically stable in the voltage range (¥2.2 V).”%'*°
Ultimately, the authors claimed that it was crucial for controlling
the role of the SEI layer in Li-S batteries during cycling
processes.

5.3. EPR/ESR

With spin traps, the unpaired electrons of the reaction inter-
mediates can be stabilized and detected by the EPR/ESR tech-
nique. Furthermore, the application of the in situ EPR/ESR
technique has been reported to directly observe the formation
and evolution of S;*” radicals during the electrochemical
process in Li-S batteries.'”" The authors revealed that the
generation and concentration of sulfur radicals was found to
change periodically at various potentials, providing valuable
information for the interplay between the chemical and
electrochemical reactions in Li-S batteries.

5.4. XRF

XRF microscopy is used as a novel and powerful characteriz-
ation technique to decide the types and content of trace
elements in materials. In 2015, Yang and co-workers reported
an in situ XRF study for Li-S batteries.'**> By collecting images
of the electrode in real time during the first cycle, redistribu-
tion of the Sg or elemental S and lithium polysulfides
reduction of Li-S electrochemical system was directly
observed.

This journal is © The Royal Society of Chemistry 2017
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6. Summary and outlook

A fundamental understanding of the electrochemical route
and the interactions between the components in a Li-S battery
can provide guidance for the further development of practical
Li-S batteries with high energy density and a long cycle life.
Ex situ techniques have been mainly used because of their easy
access and low lost. However, the results might not be accurate
enough due to the necessary post-treatment and the time
delay. In situ/operando techniques for Li-S battery research
have achieved exciting progress in recent years, which is sys-
tematically summarized and classified in this review by the
functions.

In situ/operando techniques have greatly promoted a greater
understanding of the reaction mechanism of Li-S batteries;
however, their widespread utilization is still limited. First,
in situ/operando characterization techniques often require high-
cost facilities and complex experimental set-ups, resulting in
an unacceptable high cost and inconvenience for the research-
ers. On the one hand, conventional chemical or physical
analytical techniques should be creatively introduced and
specially designed for the in situ/operando characterization of
Li-S batteries, such as in situ/operando UV-vis spectroscopy,
which shows great potential in this field. On the other hand,
opening up the large advanced facilities, such as the synchro-
tron light sources, to academic institutions would also be
helpful in this regard. Second, the spectroscopic methods have
been proven to be a powerful tool for the detection of the inter-
mediate polysulfides. A complete and accurate fingerprint data-
base for polysulfide species would be helpful for distinguishing
different species, which is critical for a further understanding
of the electrochemical reaction route of the Li-S battery.

In addition, each method can capture only part of the infor-
mation in the working system, and different characterization
methods with different cell configurations may lead to an
inconsistent understanding of the detailed electrochemical
reaction steps, thus the combination of different in situ/oper-
ando techniques would provide more comprehensive infor-
mation for researchers.

Although there are many challenges, we optimistically
anticipate that, with the better understanding of the mecha-
nism, Li-S batteries will realize practical application in the
near future. We believe that in situ/operando characterization
techniques will keep playing an important role towards this
goal.
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