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The  worldwide  energy  shortage  has  led to numerous  researches  for  the  exploration  of  new-type  bat-
tery materials  to  deal  with  the energy  crisis.  To  achieve  a great  leap  in  energy  density,  the  study  of
high  capacity  electrode  materials  plays  a major  role.  As  a replacement  to  the  energy  accumulation  sys-
tem  of  lithium–sulfur  (Li–S)  and  lithium–selenium  (Li–Se)  batteries,  great  concern  is generated  over
lithium/selenium−sulfur  (Li–SexSy) batteries  as  they  combine  the advantages  of  S  (high  capacity)  and  Se
(improved  electrical  conductivity),  consequently  stands  for extensive  new  cathode  materials.  In recent
years,  widespread  researches  have  been  conducted  and  great  achievements  have  been  published.  This
review  sums  up the  research  status  on  Li–SexSy batteries  and  concentrates  on the  outstanding  work of
SexSy cathode  materials.  The  reaction  mechanism  and  capacity  fading  mechanism  are discussed.  The
performance-structure  relationship  is  stated  in regard  of  different  cathode  structures,  including  a  vari-

ety of  carbon  hosts,  conducting  polymer  hosts,  transition  metal-doped  carbon  electrodes  and  various
Se/S  ratio.  The  compatibilities  of  frequently-used  carbonate-based  and ether-based  electrolyte  and  other
new-type  electrolytes  for Li-SexSy battery  are  demonstrated.  Prospects  for the  future  developments  of
Li–SexSy batteries  are  finally  proposed.

© 2020  Published  by  Elsevier  Ltd on  behalf  of  The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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. Introduction

For the past few years, rapid population growth and industrial
roduction have put great pressure on natural resources, and thus
aise concerns of sustainable energy because of the progressively
ncreasing consumption of nonrenewable fossil fuels. Clean and
enewable energy sources are in urgent required, which has pro-

oted and accelerated the sustainable development of electricity
upply systems [1–3]. For the last twenty years, lithium-ion bat-
eries (LIBs) have made outstanding achievements in tiny-sized
lectronic devices. Nevertheless, the highest energy capacity that
IBs can deliver is far from enough for requirement even when
ully developed [2,4–8]. Electric vehicles, for instance, require high
ravimetric and volumetric energy density simultaneously.

Gradually, more researchers discover that Li–S and
ithium–oxygen (Li–O2) batteries are superior and demonstrate

uch higher energy density than traditional LIBs. Unfortunately,
i–O2 batteries are confronted with a series of problems, including
oor cycling performance, unstable electrolyte and large voltage
olarization [9,10]. Li–S battery is a better choice and closer to
ractical realization which have been under research for several
ears. Sulfur cathode is more suitable owing to its lower price,
bundance, nontoxicity and higher specific capacity. However,
n the meantime, Li–S batteries also suffer from limited rate
erformance, capacity fading problem and shuttle effect, which is

 phenomenon of cyclic migration of the intermediates between
athode and anode. These deficiencies can be attributed to the
issolution of intermediate polysulfides and low conductivity of S
2,11–14].

Selenium (Se), [Ar]4s23d104p4, has been investigated and
pplied as new electrode materials for renewable batteries in recent
ears [15]. Li–Se batteries show better rate and cycling performance
enefited from the high conductivity of Se (1 × 10 −3 S m-1), com-
ared with S (5 × 10 -28 S m-1). Meanwhile, Li–Se batteries not only
ossess a higher theoretical volumetric capacity (3253 mA h cm -3),
ut also deliver a higher output voltage. All these advantages make
e potential electrode materials for lithium storage. Unfortunately,
i–Se batteries are also limited because of the inferior gravimetric
apacity (675 mA  h g-1), less abundance of Se in earth, undesirable
ost and are also faced with problems of shuttle effect and capacity
ading [16–19].

A new battery concept, Li–SexSy battery, has been invented by
esearchers in Argonne National Lab in 2012, indicating the suitabil-
ty of SexSy as cathodes for rechargeable lithium batteries as well
s sodium batteries [20]. They have noticed higher energy density
han Se and superior reaction kinetics and conductivity compared
o S were shown during cycling when using SeS2 as an electrode.
ince then, SexSy cathodes have been brought into focus and a wide
ariety of SexSy–carbon cathode materials have been fabricated for
ithium energy storage system.

However, research on Li–SexSy batteries is still in its infancy
nd fundamental issues still exist. Due to the limited surface areas
nd pore volumes of carbon hosts, Li–SexSy batteries face the issue
f dissolution and shuttling of Se 2−/S 2− in electrolyte [21]. Sec-
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

n n

nd, due to density differences between SexSy (3 g cm-3 for SeS2)
nd Li2Se (2.86 g cm-3) /Li2S (1.67 g cm-3), SexSy experiences large
olume expansion during lithiation, which the volume expansion
ratio of SeS2 can be as high as 83.4%. As a result, the potential of the
SexSy-based cathode materials has not been fully confirmed in the
initial research stage.

Recently, many strategies have been conducted in order to facil-
itate the electrochemical properties of SexSy electrodes. To address
the issues of low conductivity and shuttle effect, carbon host mate-
rials with higher specific surface areas and improved electrical
conductivity have been utilized to encapsulate the SexSy molecules.
Thus, it is essential to design electrodes rationally with hierar-
chy on structural, morphological and porous component levels
through introducing conductive component for better practical
applicability. The design of hierarchically nanostructured elec-
trodes for Li–SexSy batteries can significantly facilitate the stability
and conductivity of electrode composite, and also improve the elec-
trochemical performance to a great extent. After the introduction
of SexSy materials, many studies exploring the optimal Se/ S ratio
have been carried out and discussed to gain the superior capa-
bility at cheap price [22]. The optimization on the ratio of x/y in
SexSy materials plays an important role in electrochemical perfor-
mance as SexSy cathodes with different Se/S ratios have distinct
electrochemical behaviors. For instance, the higher S content in the
composites, the higher discharge capacity will be achieved because
of the contribution of S to the overall capacity.

As is known to all, the organic electrolytes make a difference on
the performance for LIBs [23]. When changing the different compo-
sition of the electrolyte in Li–S batteries, for instance, the cycle life
could be greatly lengthened [24]. Similarly, Li–SexSy battery system
also highly relies on the nature of the electrolytes. Carbonate-based
electrolyte and ether-based electrolyte are most applied in subse-
quent research generally, in which SexSy-based electrode has been
proven that it can work in both of them but each has its advantages
and disadvantages [18]. New-type electrolytes including all-solid-
state electrolyte and solid/liquid hybrid electrolyte have also been
proposed [25].

This paper systematically reviews the research status of Li–SexSy
batteries and mainly concentrates on the recent research progress
of the design and synthesis of micro/nanostructured electrodes.
The performance-structure relationship is stated in regard of differ-
ent cathode structures, including mesoporous/microporous carbon
hosts, hollow carbon hosts, carbon nanofiber/carbon nanotube-
based hosts, conducting polymer hosts, transition metal-doped
carbon hosts and various Se/S ratios. In addition, the reaction
mechanism of Li–SexSy batteries and the comparison of different
electrolytes are discussed intensively, which would indicate the
direction on the future development of Li–SexSy batteries (Fig. 1).

2. Reaction mechanism of Li–SexSy batteries

2.1. (De)lithiation mechanism

The charge–discharge process of Li–SexSy batteries is relatively
complicated, which the reaction mechanism shows obvious dif-
ference between carbonate-based electrolytes and ether-based
020), https://doi.org/10.1016/j.jmst.2020.01.001

electrolytes, which results from different solubility of the redox
products in different electrolytes [26].

In ether-based electrolytes, Se and S cathodes experience a simi-
lar two-step lithiation process. Cui et al. used high-energy X-ray diff

https://doi.org/10.1016/j.jmst.2020.01.001
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Fig. 1. Schematic of different hosts and electrol

raction (HEXRD) and X-ray absorption spectroscopy (XAS) analy-
is to investigate the (de)lithiation mechanism of Li–SeSx batteries
27]. As shown in Fig. 2(a), in the discharge process, Se was firstly
educed to Li2Sen (n≥4), and the corresponding discharge volt-
ge platform was 2.04 V. After that, Li2Sen was reduced to Li2Se2
nd Li2Se, and the corresponding discharge voltage platform was
.95 V. When charging, Li2Se was straight oxidized to Li2Sen and
xidized to Se later. It was believed the oxidation peak stood for
he processes of Li2Se to Li2Sen and then to Se. They also verified
he existence of polyselenides in ether-based electrolyte, which
xhibited more soluble than both Se and Li2Se [28].

To further comprehend the (de)lithiation mechanism in ether-
ased electrolytes, the schematic discharge reaction model of the
eS2@mesoporous carbon aerogels (MCA) composite cathode was
ut forward in the report of Zhang’s group, which can be concluded
s a four-step reduction reaction during discharge process as shown
n Fig. 2(b) [29]. The first and third steps correspond to the trans-
ormation of high-order polysulfides to low-order polysulfides and
hen to Li2S2 and Li2S, while the second and fourth steps stand for
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

he transformation of Se to polyselenides and then to Li2Se.
In carbonate-based electrolytes, an obvious plateau near 2 V

uring discharge process is observed, which corresponds to one
ingle process: Se is reduced into Li2Se directly in Li–Se batteries
s optimization strategies for Li–SexSy batteries.

without the existence of intermediate phases (Fig. 2(c)). This can be
explained that the redox products, including Se, Li2Se and Li2Sen,
are insoluble in the electrolyte. Cui et al. used X-ray absorption near
edge structure (XANES) spectroscopy to confirm this discovery and
the fitting results also revealed that no obvious intermediate phases
and lithium polyselenides were formed in the carbonate-based
electrolyte, which can efficiently enhance the cycling performance
without the influence of intermediate phases [26].

2.2. Capacity fading mechanism

Even with a well encapsulation of SexSy in various carbon
host materials, it was found that the majority of the cathodes
still demonstrated an obvious capacity decay in ether-based elec-
trolytes [30–35]. Xu and co-workers developed Se2S5 as cathode
materials, which displayed a rapid capacity fading during cycling as
mentioned [36]. The battery demonstrated a well-performed initial
capacity of 1564.6 mA  h g−1, however, it just maintained 345.5 mA  h
g−1 after 50 cycles (Fig. 2(d)). Likewise, similar capacity decay phe-
020), https://doi.org/10.1016/j.jmst.2020.01.001

nomena also appeared in previously reported articles when using
ether-based electrolytes. By contrast with Se/microporous carbon
(MPC) composite whose cycling performance showed a significant
capacity decay as well, they concluded that Se components in the

https://doi.org/10.1016/j.jmst.2020.01.001
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ig. 2. (a) Mechanism of cathode phase transfer of Li–Se batteries in ether-based el
oltage  curves of Li–Se battery in carbonate-based (GenII) and ether-based (D2) ele
nergy  of diff ;erent polyselenides with carbon matrixes [36].

omposites resulted in the rapid capacity decay of the Se2S5/MPC
omposite [37].

To reveal the mechanism of capacity fading, they conducted ab
nitio calculations to calculate the value of surface interaction [36].
hey discovered that there was a bonding preference of long chain
olyselenides with carbon surface, according to the order of Li2Se6>
i2Se4> Li2Se, as shown in Fig. 2(e). Since shorter-strand polyse-
enides behaved harder to bond with carbon surface, the conversion
f long-strand polyselenides to short-strand polyselenides was
estrained in the charge–discharge process. Therefore, the amount
f long-strand polyselenides may  be intensified while working. Fur-
hermore, these redundant polyselenides could diff ;use to and
eact with the Li anode, forming short-strand polyselenides, then
xidized to long-strand polyselenides again while charging. This
icious circle result in shuttle phenomenon and severe corrosion
f Li anode, and eventually leads to the unsatisfactory Coulombic
fficiency and fast capacity fading [38].

. Optimization of SexSy cathodes

As discussed above, Li–SexSy batteries suffer from volume
xpansion, low conductivity and shuttle effect. To address these
roblems, the most typical method is to develop different forms of
arbonaceous electrode by using nano-sized carbon materials to be
ost materials according to the similar method in Li–Se batteries
39–43]. Furthermore, shuttle effect can be efficiently inhibited due
o the absorption force of SexSy molecules with the carbon matrix
nd the conductivity of SexSy can be significantly improved. As
hown in Table 1, carbonaceous materials have been fabricated and
pplied as electrode materials for Li–SexSy batteries most widely
nd extensively.

It is reported that the optimization methods of SexSy cathodes
an be summed as two main aspects, including selection of different
arbon hosts and adjusting the Se/S ratio. A variety of carbon forms
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

re reviewed, consisting of porous, hollow, nanofiber, nanotube,
onducting polymer and transition metal-doped carbon hosts. The
ptimal Se/S ratio also results in superior electrochemical perfor-
ance and better application potential in Li–SexSy batteries. The
ytes [27]. (b) Schematic model of discharge reaction of SeS2@MCA  cathode [29]. (c)
tes [26]. (d) Cycling performance of Se2S5/MPC cathode at 0.1 C and (e) the binding

optimization of carbon hosts and Se/S ratio will be discussed in the
following parts.

3.1. Porous carbon hosts

Among all aforementioned materials, porous carbon materials
have been viewed as the most employed and lucubrated hosts
and received the widest recognition. The porous carbon host can
act as a shield to prevent the mass loss of active material when
SexSy molecules are infiltrated into porous carbon, improve elec-
trical conductivity and also reduce the Li+ diffusion length benefited
from continuous carbon networks [44,45]. Besides, pores with dif-
ferent morphologies and architectures acquire different efficacy of
the properties of Li–SexSy batteries. Undersized pores (micropores)
in porous carbon hosts have an effect of containing active materials
for a more stable cycling performance, for instance, while large-
sized pores (mesopores) act as a role of channels for electrolyte for
enhanced rate property of Li–SexSy batteries [46].

3.1.1. Microporous carbon hosts
Microporous carbon materials with various architectures have

been extensively synthesized as suitable SexSy hosts because of
their high specific surface areas, large adsorption volumes and
porosity structures for SexSy impregnation. Specifically, benefited
from volume constraints, the microporous carbon materials with
undersized pores (<2 nm)  can efficiently prevent the polyselenides
from dissolution [47]. Xin et al. fabricated conductive microporous
carbon matrix to confine metastable small sulfur molecules of S2-4
for Li–S batteries [48]. The use of microporous carbon host can
prevent the large S8 from forming soluble polysulfides, and thus
the shuttle effect can be totally avoided. Liu et al. developed a
novel Se–carbon cathode through infusing Se in a microporous
carbon polyhedron (Se@MICP) for Li–Se batteries, thus effectively
encapsulated Se and suppressed the dissolution of polyselenides
to electrolyte. However, the use of microporous carbon host in
020), https://doi.org/10.1016/j.jmst.2020.01.001

the field of Li–SexSy batteries is not common and needs further
development [49].

Xu’s group developed a Se2S5/microporous carbon
(MPC) cathode through a synthesis process of modified

https://doi.org/10.1016/j.jmst.2020.01.001
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Table  1
Summary of representative Li–SexSy batteries.

Cathode material Initial capacity
(mA  h g−1)

Capacity retention
(mA  h g−1)

CycleNo. Rate Coulombic
efficiency

Electrolyte Ref.

C-SeS2 ∼450 512 30 50 mA g−1 – 1.2 M LiPF6/EC–DMC [20]
Se2S5/MPC 1661.2 345.5 50 0.1 C 94.1% 1 M LITFSI in DOL/DME+0.1 M LiNO3 [36]
CMK-3/SeS2@PDA 800 350 500 2 A g−1 ∼100% 1 M LiTFSI in DOL/DME+0.2 M LiNO3 [51]
Se2S5/MCM 1150.6 610 100 0.5 C ∼100% 1 M LITFSI in DOL/DME [22]
SeS2@MCA 846 308 130 500 mA g−1 – 1 M LITFSI in DOL/DME+0.1 M LiNO3 [29]
Se2S6/NMCs ∼1200 780 200 250 mA g−1 96.5% 1 M LITFSI in DOL/DME [58]
SeS2/HCS 956 235.1 200 100 mA  g−1 95.8% 1 M LiPF6/EC + DEC [64]
SeS2/DLHC 990 930 100 200 mA  g−1 ∼100% 1 M LiPF6/EC–DEC–DMC [65]
S0.6Se0.4@CNFs ∼500 346 1000 1A g−1 ∼100% 1 M LiPF6/EC–DEC [69]
S1-xSex/CNFs ∼1050 ∼600 50 0.05 C >98% 1 M LITFSI in DOL/DME+0.2 M LiNO3 [72]
MWCNTS-SeS2 ∼1400 571 50 50 mA g−1 ∼100% 1.0 M LiTFSI in DOL/DME [27]
SexS8−x-M32/VACNTs 1031 ∼800 500 500 mA g−1 93% 1.0 M LiTFSI +0.1 M LiNO3 in DOL/DME [77]
pPAN/SeS2 871 633 2000 4 A g−1 – 1 M LiPF6/EC–DEC [84]
CPAN/SeS2 ∼800 780 1200 600 mA g−1 ∼100% 1 M LiPF6/EC–DEC [89]
CO-N-C/SeS2 1165.1 970.2 200 0.2 C ∼100% 1 M LITFSI in DOL/DME [94]
NiCo2S4@NC–SeS2 678.6 557 800 1 C 98% 1.0 M LiTFSI +0.1 M LiNO3 in DOL/DME [95]
CoS2@LRC/SeS2 868 470 400 0.5 A g−1 97% 1 M LITFSI in DOL/DME+0.1 M LiNO3 [102]
HMC@TiN/ SeS2 987 690 200 0.2 C ∼99% 1 M LITFSI in DOL/DME+0.2 M LiNO3 [104]
SeS2–LPS–C 889 782 50 50 mA g−1 ∼100% All-solid-state electrolytes [25]
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ig. 3. (a) Cycling performance of Se2S5/MPC cathode at 0.5 C [36]. (b) TEM image
−1 [52]. (d) SEM image of SeS2@MCA, (e) TGA curves of MCA and SeS2@MCA comp

aporization−condensation to investigate the reaction pro-
ess, which revealed the gradual reduction of the lithiation and
elithiation reversibility during cycling [36]. This caused the
eneration of long-strand polyselenides considerably and capacity
oss, as mentioned above. As for electrochemical properties, when
he battery was firstly cycled at 0.1 C for 3 cycles and then cycled
t 0.5 C for the following cycles instead of continuous cycling
t 0.1 C, as exhibited in Fig. 3(a), the Se2S5/MPC delivered an
nitial discharge capacity of 691.9 mA  h g−1 and still displayed a
table capacity (430.2 mA  h g−1) after 100 cycles, demonstrating
fficiently avoidance of capacity fading and better reversible
apacity.

.1.2. Mesoporous carbon hosts
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

The mesoporous carbon materials, with high specific surface
rea, appropriate pore size distribution (2–50 nm), have many
dvantages such as outstanding confinement capabilities for poly-
ulfides and polyselenides, large contact areas with active material,
K-3/SeS2@PDA and (c) cycling performance of CMK-3/SeS2@PDA cathode at 0.2 A
 and (f) the discharge profile of SeS2@MCA cathode in the first cycle [29].

and superior conductivity [50]. After developing a set of meso-
porous hosts with different pore sizes for Li–S batteries, Li et al.
reported that large-sized mesoporous carbon hosts could confine
sulfur molecules more efficiently and keep a relatively superior
electrochemical performance even when sulfur is located full of
the pore areas [51].

Lou and his co-workers confined SeS2 within a highly ordered
mesoporous carbon (CMK-3) framework and used polydopamine
(PDA) as a shelter to synthesize an advanced and high SeS2 mass
loading cathode for Li–SeS2 batteries [52]. Through confinement,
the highly ordered carbon channels could be detected, provid-
ing electrochemical reaction chambers on a nanometer-scale and
making active materials have sufficient contact with electrons,
thus making it easy to redox react faster (Fig. 3(b)). Meanwhile,
020), https://doi.org/10.1016/j.jmst.2020.01.001

the external PDA shelter played the role of a barrier to prevent
redox intermediates from being insoluble, hence increasing the
availability of active material and stabilizing the cycle life. The CMK-
3/SeS2@PDA cathode delivered a high capacity of over 1200 mA  h

https://doi.org/10.1016/j.jmst.2020.01.001
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−1 at 0.2 A g−1 and maintained over 500 cycles at 2 A g−1 as
llustrated in Fig. 3(c).

Benefited from appropriate pore sizes and large surface areas,
esoporous carbon spheres also have been fabricated for SexSy

osts, which can absorb the polysulfides and polyselenides effi-
iently and keep them stay inside of mesopores, thereby imposing
estrictions on needless electrochemical reactions between Li+ and
ctive material [53]. Wei  et al. adopted a spray-drying assisted
ard template method to develop mesoporous carbon microsphere
MCM)  hosts for Li–Se2S5 batteries [22]. In the electrochemi-
al test, Se2S5/MCM cathode exhibited outstanding rate property
688.8 mA  h g−1 at 5 C), delivered a high reversible capacity of
96.4 mA  h g−1 at 0.5 C and maintained over 100 cycles. Particularly,

 perfect Coulombic efficiency reached nearly 100% without adding
iNO3. The anchor effect of Se–S bonds in Se2S5/MCM composites
an efficiently avoid forming and dissolving long-chain intermedi-
tes [54].

Three-dimensional (3D) mesoporous carbon aerogels (MCA) are
romising and advanced host materials with highly porous and
mall particles. Benefited from their high electrochemical conduc-
ivity, high porosity and surface areas, controllable pore structures,
hey have attracted more attention and proven to be suitable
or rechargeable batteries [55–57]. Herein, Zhang et al. adopted

elt-back diffusion method to confine SeS2 in MCA  to synthesize
eS2@MCA cathode material [29]. As shown in Fig. 3(d), field emis-
ion scanning electron microscopy (FESEM) image of SeS2@MCA
omposite obviously revealed that porous structure still existed
fter the encapsulation of SeS2. Besides, the weight content of
eS2 was tested to be 49.3 wt% via thermogravimetric (TG) analysis
Fig. 3(e)). The SeS2@MCA  delivered an initial discharge capac-
ty of 1150 mA  h g−1 and 601 mA  h g−1 for the ensuing 10 cycles
Fig. 3(f)). The electrochemical performance is superior than pris-
ine SeS2 cathode, which can be explained by the polysulfides and
olyselenides effectively trapped through the porous structure of
he MCA.

Sun et al. reported that the existence of weak interactions
etween the SexSy materials and the carbon conductive hosts
ould lead to inevitable shuttle phenomenon. Fortunately, this

an be avoided by enhancing and strengthening the interac-
ions between SexSy molecules and carbon host materials in
he electrolyte [58]. Based on this, they fabricated SenS8-n/N-
oped carbon mesoporous carbons (NMCS) by encapsulating
eteroatomic SenS8−n materials into nitrogen-doped mesoporous
arbons (NMCs) through a simple melt impregnation process,
s the nitrogen doping can benefit the formation of selenium
onds to mitigate the polyselenides shuttling (Fig. 4(a)). As illus-
rated in Fig. 4(b), a high reversible capacity maintained 780 mA h
−1. Besides, they conducted density functional theory (DFT)
alculations, which revealed that SexSy molecules with higher
olarizability tended to have a stronger bind with NMCs and
rovide more efficient suppression of the shuttle effect than
omoatomic sulfur molecules.

.2. Hollow carbon hosts

Among all porous carbon materials, hollow carbon spheres
HCSs) are particularly attractive for S or SexSy loading. The large
avity and porous shell, in principle, allow for more active mate-
ial loading than other porous carbon materials; meanwhile, the
orous shell, which operates as a physical barrier could restrain
he dissolution and shuttling of Sen2−/Sn2− [59].
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

High porosity nanostructured hollow carbon spheres have been
esearched and developed to immobilize a large number of active

aterial components, such as sulfur. The results show that sulfur is
ore likely to accumulate in the highly porous carbon shells than
 PRESS
 & Technology xxx (2020) xxx–xxx

in the inner cavity or interlaminar void of the multi-shelled hollow
hosts [60–63]. Luo et al. adopted the melt-back diffusion method for
fabricating a SeS2-impregnated hollow carbon sphere (HCS) com-
posite. It delivered an initial discharge capacity of 956 mA  h g−1 in
the first cycle at 100 mA  g−1 and exhibited a long cycle life of 200
cycles [64].

Yu’s group also fabricated SeS2/double-layered hollow carbon
spheres (DLHC) cathode via a hot-melt impregnation technique as
shown in Fig. 4(c) [65]. SeS2/DLHC cathode delivered 930 mA  h g−1

at 0.2 C and exhibited superior rate property of 400 mA h g−1 at 6
C. As illustrated in Fig. 4(d), the SeS2/DLHC battery displayed 11%
capacity fading over 900 cycles and only 0.012% capacity fading
each cycle, indicating an ultra-long cycle life. The superior perfor-
mance can be explained by the following three reasons: firstly, a
large amount of areas for the location of SeS2 to rise its loading
ratio owing to the interlayer void and a buffer space for the large
volume variations of SeS2 owing to hollow cavity; secondly, the effi-
ciently suppression of shuttling phenomenon of polysulfides owing
to microporous carbon shells; thirdly, the highly enhanced conduc-
tivity of electrodes owing to Se component and carbon skeleton.

3.3. Carbon nanofiber/Carbon nanotube-based hosts

Carbon nanofibers (CNFs) attract much attention due to their
high conductivity and strength. On one hand, the high electron
conductivity makes CNFs become suitable conductors. On the other
hand, the CNFs could build an interconnected porous network with
high porosity for promoting electrolyte infiltration and buffering
volume changes during the charge and discharge. Besides, the intro-
duction of CNFs can lessen contact between SexSy and the CNFs
matrix and alleviate the dissolution of active material [66–68].

Yao et al. fabricated a flexible S0.6Se0.4@CNFs cathode and
exhibited outstanding cycle and rate performance via a one-step
synthesis procedure, which was prepared by co-heating S0.6Se0.4
and polyacrylonitrile (PAN) nanofibers as shown in Fig. 5(a) and
(b) [69]. It is worth noting that the battery demonstrated an ultra-
long cycle life, which maintained a capacity of 346 mA h g−1 for
over 1000 cycles (Fig. 5(c)). CNFs have effects of acting as infil-
tration pathways for electrolyte, promoting electrons transfer, and
shortening the ion diffusion length [70]. In addition, benefited from
constructing C–S bond, the core/shell structure brings the effects
of physical confinement and chemical binding. The two effects
synergistically result in better availability of cathode materials
by retarding the dissolution of intermediates in electrolyte [71].
Pandey et al. also fabricated S1-xSex/CNFs material for improved
Li–SexSy batteries [72]. The S1-xSex/CNFs electrode delivered a good
capacity of nearly 1050 mA h g−1 at 0.05 C and exhibited high mass
loading.

Multi-walled carbon nanotubes (MWCNTs) are common car-
bon hosts based on sp2 hybridized carbon, which can improve the
electrical conductivity and the electrochemical performance of the
cathode. Nevertheless, the utilization of active material is not high
enough and they still experience fast capacity fading when active
material is mixed with CNTs, which can be explained by the poor
contact between C and SexSy [66,73]. By functionalizing the surface
of CNTs, the intermediates can be efficiently anchored through the
chemical bonding between SexSy molecules and functional groups.
Amine’s group prepared SeSx/MWCNTs composites via a solution-
based and melt-infusion process and SeS2/MWCNTs achieved a
balance among efficiency, capacity and retention [27]. The Li–SeS2
battery maintained a discharge capacity of over 571 mA h g−1 after
50 cycles with a second discharge capacity of 0.9 mA  h cm-2.
020), https://doi.org/10.1016/j.jmst.2020.01.001

Benefited from its superior physical properties, 3D array struc-
ture is also suitable when it comes to the design of CNTs structure,
including abundant hollow spaces to improve electrolyte infil-
tration and the interactions of active materials with nanoarray

https://doi.org/10.1016/j.jmst.2020.01.001
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Fig. 4. (a) SEM image of Se2S6/NMC and schematic model of the Se2S6/NMC internal structure and (b) cycling performance of Se2S6/NMC at 250 mA g−1 [58]. (c) Schematic
fabrication model of DLHC spheres and (d) cycling performance of SeS2/DLHC [65].
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ig. 5. (a) Schematic synthesis model and photograph of S1−xSex@CNFs composite
0.6Se0.4@ CNFs and (c) cycling performance of S0.6Se0.4@CNFs at 1 A g−1 [69]. (d) SE
EM  images of 100 times cycled pPAN/SeS2 electrode films and separator and Li an

keleton for higher reaction stability [74–76]. Fan et al. fabricated
oron- and nitrogen-doped vertically aligned CNTs (VACNT) for the
onfinement of SexS8−x [77]. On one hand, the CNTs permitted fast
lectron migration for high rate performance and high active mate-
ial utilization. On the other hand, the vertically aligned structure
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

ffered unidirectional void sites to avoid volume changes and shut-
le phenomenon of polysulfides and polyselenides. Moreover, the
- and N-doped graphene layers were bonded by COOH- and OH-
nriched polyacrylic acid binder, which effectively immobilized
EM images of PAN (A) and S0.6Se0.4@CNFs (B), TEM (C) and HRTEM (D) images of
ge of pPAN/SeS2, (e) cycling performance of pPAN/SeS2 battery at 0.5 A g−1 and (f)
sets are EDX curves of separator, Li anode and cathode films, respectively [84].

active materials inside of the CNTs when cycling. In the meantime,
the cathode demonstrated an outstanding capacity at 0.5 A g-1 after
500 cycles (818 mA h g-1).

3.4. Conducting polymer hosts
020), https://doi.org/10.1016/j.jmst.2020.01.001

Conducting polymers, such as polyaniline, polypyrrole and poly-
acrylonitrile, benefited from their functional groups, peculiar chain
structures and superior conductivity, have been synthesized to

https://doi.org/10.1016/j.jmst.2020.01.001
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onfine active materials and decrease the polyselenides and poly-
ulfides in electrodes [30,78,79]. In addition, the soft and flexible
onducting polymer can be used to solve volume changes and
lectrode collapse during cycling and facilitate the electrochem-
cal performance. On one hand, the volume changes would not
asily break the external protective layer owing to the flexible poly-
er  host. More importantly, the capacious internal structure of the

olymer host is suitable for Li diffusion to reach the interior SexSy
aterials.

In Li–S batteries, compared with porous carbon materials, which
re complicated generated, polyacrylonitrile (PAN) attracts more
ttention for simple fabrication. Because it is easy to dehydro-
enate and cyclize into conjugated skeletons, the pyrolyzed PAN
pPAN)/S cathode can be developed via a simple one-step reac-
ion [80,81] and reaction mechanisms have been successfully
evealed [82,83]. Lou and co-workers designed and synthesized a
PAN/SeS2 composite by aforementioned heating method, which
ade active material content reach 63 wt% as shown in Fig. 5(d)

84]. The pPAN/SeS2 cathode exhibited superior electrochemical
erformance. In Fig. 5(e), the pPAN/SeS2 cathode delivered a high

nitial capacity of 1451 mA  h g−1 when cycled at 0.5 A g −1, and
hen stabilized at about 1020 mA  h g−1 in the ensuing cycles. Previ-
us research reported that the existence of short Sx chains, which
ovalently bonded to the cyclized PAN skeletons via C S bonds
40,85]. Therefore, it is reasonable that there might be short SexSy
hains covalently bonded to PAN skeletons, with Se presented in
very short chain, which will effectively improve the activity of
he cathode material owing to the outstanding reaction kinetics
f Se component. And more notably, no Se or S appeared on the
urfaces of the separator and the Li metal anode, indicating com-
letely avoidance of dissolution of polysulfides and polyselenides

n pPAN/SeS2 composites (Fig. 5(f)).
Previous research reported the reaction between PAN and sulfur

t a temperature of 300 ◦C and the heterocyclic products are stable
nd conductive, which can stabilize sulfur and polysulfides [86,87].
fter continued rising the temperature to 600 ◦C, the N-containing
tructures in carbonized PAN(CPAN) possess the ability of restrict-
ng lithium polysulfides, hence improving the cycling stability and
lectron conductivity [88]. Wang’s group fabricated SeS0.7/CPAN
omposites through simple annealing method [89]. The dissolution
f polysulfides and polyselenides in carbonate-based electrolyte
as effectively decreased and the cycling stability of SeSx/CPAN

attery was greatly enhanced due to the confinement of SeSx mate-
ials by N-containing carbon circular structures in CPAN. The cell
elivered a relatively good capacity (780 mA  h g−1), demonstrated

 very long cycle life (1200 cycles) and superior rate property from
0 mA  g−1 to 6 A g−1. Particularly, solid electrolyte interphase (SEI)
lm was detected on the cathode surface in the initial cycle, which

urther prevented polysulfides and polyselenides from dissolution
nd avoided reaction between cathode and carbonate-based elec-
rolyte.

.5. Transition metal-doped carbon hosts

Heteroatom doping is commonly used as electrode materi-
ls for LIBs, which can assist to form the carbon functional
roup–selenium bonds to decrease the shuttle effect and form a
atter plateau and lower overpotentials [90]. Through heteroatom
oping, the electrical conductivity of carbon hosts can be enhanced,
he reaction active sites get increased, and the accessibility and
bsorption of the electrolyte can be promoted [91]. Therefore, the
eteroatom-doped carbon hosts could further facilitate the elec-
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

rochemical properties of Li–SexSy batteries.
For example, Li and Yin used microporous carbon layers to fab-

icate N-doped carbon sponges (NCS) through carbonization of
etal-organic frameworks (MOFs) [92]. The unique pore structure
 PRESS
 & Technology xxx (2020) xxx–xxx

trapped sulfur efficiently owing to hierarchically porous carbon
materials derived from MOFs. Similarly, He et al. developed Co-
doped with cobalt and nitrogen (C–Co–N) porous hosts for Li–Se
batteries, which were also prepared with MOFs  [93]. They sub-
stantiated that the well-performed cathodes with significantly
decreased capacity decay can be result from the architecture and
composition of C–Co–N skeleton to a great extent.

He’s group further developed a porous Co–N–C scaffold derived
from MOFs for the encapsulation of SeS2 (Fig. 6(a)) [94]. The car-
bon host had adequate micropores and mesopores, which solved
the problem of low areal loading for Li–SexSy batteries (66.5 wt%
of SeS2). Benefited from sufficient pore structures, the greatly
conductive Co–N–C host acted as effective pathways for electron
transportation and barriers to avoid the dissolution of intermedi-
ates into electrolyte. Besides, the homogenous location of Co and
N nanoparticles fix the polysulfides and polyselenides because of
strong chemical interactions. In Fig. 6(b), Co–N–C/SeS2 delivered an
initial specific capacity of 1153.5 mA h g−1 at 0.2 C and stabilized
in the following cycles. After 200 cycles, the capacity maintained
970.2 mA  h g−1, exhibiting a great capacity reservation of 84.1%.
Electrochemical impedance spectroscopy (EIS) was employed and
demonstrated that Rct of Co–N–C/SeS2 was well below SP/SeS2 and
SP–Co/SeS2, which further confirmed the synergistic catalytic effect
of Co–N–C for redox reactions (Fig. 6(c)).

Guo et al. fabricated double-walled N-doped carbon@NiCo2S4
hollow capsules (NiCo2S4@NC) as host materials to confine SeS2,
thus achieved excellent performance of Li-SeS2 battery as shown
in Fig. 6(d) [95]. It has been studied that the high conductive hol-
low structure provided enough sites for nanoscale reactions and
accommodated volume changes when cycling and the hollow cap-
sules with NiCo2S4 lining and NC coating effectively constrain the
shuttle effect by physical confinement and chemical absorption of
polysulfides and polyselenides. Besides, NiCo2S4 with high polarity
enhanced the (de)lithiation reaction kinetics. As can be seen from
Fig. 6(e), the developed cathode demonstrated excellent rate per-
formance (1205.1 mA h g−1 at 0.1 C and 673.5 mA h g−1 at 2.0 C)
and long cycling life (800 cycles at 1.0 C).

For many reported Se-based electrodes, additional additives
like conductive carbon and binders have been commonly added
to enhance their electrochemical conductivity, however, they will
decrease the mass percentage of active materials. Therefore, it is
necessary and meaningful to develop flexible, free-standing and
binder-free hosts [19,96]. Furthermore, the cell packing process
can be greatly simplified by using such a configuration. Many
freestanding electrodes have been constructed using nanofibers,
nanotubes or nanobelts as scaffolds via a series of processes
including electrospinning, templating, freeze-drying and vacuum
filtration [97–101].

As shown in Fig. 6(f), Zhang and co-workers fabricated a
binder-free lotus root-like carbon composite with CoS2 decoration
(CoS2@LRC) [102]. Benefited from the interconnected multichan-
nel carbon fibers, the cathode contained high proportion of SeS2
(70 wt%) as no binder or other conductive additive was needed,
as well as permit good electron transfer for a higher capacity uti-
lization. In addition, the existence of CoS2 nanoparticles all around
the internal walls and external surfaces of LRC host provided
enough areas for limiting the dissolution to restrain the shuttle phe-
nomenon and maintain good cycling performance (over 400 cycles
at 0.5 A g−1).

It is also rational to take advantage of the formation and inter-
action of chemical bonds corresponding to additive transition
metal element [103]. For instance, Lou’s group fabricated a hol-
020), https://doi.org/10.1016/j.jmst.2020.01.001

low mesoporous carbon@titanium nitride (HMC@TiN) host with
70 wt% load of active material as an electrode in the Fig. 6(g) [104].
HMC@TiN/SeS2 demonstrated a high Coulombic efficiency (over
99%) since the second cycle, which revealed the dissolution of

https://doi.org/10.1016/j.jmst.2020.01.001
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Fig. 6. (a) SEM image of Co-N-C/SeS2, (b) cycling performance of SP/SeS2, SP-Co/SeS2 and Co-N-C/SeS2 at 0.2 C and (c) EIS curves of the SP/SeS2, SP-Co/SeS2 and Co–N–C/SeS2
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fter 200 cycles [94]. (d) TEM image of NiCo2S4@NC and (e) long-term cycling pe
chematic synthesis model of CoS2@LRC and advantages of CoS2@LRC/SeS2 over L
ynthesis model of HMC@TiN [104].

olysulfides and polyselenides effectively controlled. On the con-
rary, HMC/SeS2 cathode displayed not only faster capacity fading
ut also lower Coulombic efficiency in the same test conditions.
he great contrast can be explained by the formation of Ti–S and
–S bonds, which guaranteed the effectively adsorption of polysul-
des by the polar surface of TiN [105–107]. Moreover, the highly
onductive TiN shell could efficiently limit the dissolution of poly-
elenides and polysulfides, as well as accelerate the transformation
f long-chain polysulfides into short-chain polysulfides to improve
he reaction kinetics of the HMC@TiN/SeS2 electrode.

.6. Optimization of Se/S ratio

Se and S are the same group elements in the periodic table and
hey are infinitely miscible. A large amount of SexSy solid solutions
re available now, including Se5S, Se5S2, Se5S4, SeS, SeS2, SeS7, and
eS20, and thus they stand for a series of new-type cathode mate-
ials [20]. The more the introduction of S component, the higher
apacity the cathode will get, in the meantime, the more the intro-
uction of Se component, the more enhanced conductivity and
eaction kinetics will be realized. In this regard, it is meaningful
o find a rational molar ratio of S and Se to balance the capacity
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

nd conductivity and guarantee an optimal SexSy cathode material
mong all the possible x/y values.

To investigate the best Se/S ratio for SexSy cathode, Wei  et al.
repared a series of SexSy/MCM composites, including SeS5, Se2S5
ances of NiCo2S4@NC–SeS2, NiCo2S4–SeS2 and NC–SeS2 cathodes at 1.0C [95]. (f)
2 [102]. (LiPSs: lithium polysulfides, LiPSes: lithium polyselenides) (g) Schematic

and Se4S5 [22]. They conducted cycling and rate performance tests
for the synthetic SexSy/MCM composites in order to figure out the
connection between different cathode compositions and their per-
formance. As can be seen when cycling at 0.5 C in Fig. 7(a), the
discharge capacity raised with the increasing S content for the first
20 cycles, due to the higher theoretical capacity of S than Se. In
the following cycles, Se2S5/MCM and Se4S5/MCM cathode demon-
strated a nearly 100% Coulombic efficiency and capacity retention
of over 60%, however, SeS5/MCM exhibited lower Coulombic effi-
ciency and a faster capacity decay. As for rate capability (Fig. 7(b)),
although Se2S5/MCM delivered similar capacities with SeS5/MCM
at medium current densities, it is clear that Se2S5/MCM exhibited
better rate performance at higher current densities such as 2 C and
5 C and Se4S5/MCM performed the most unsatisfactory. Among
the three SexSy/MCM composites, Se2S5/MCM exhibited the most
impressive result on capacity retention, Coulombic efficiency and
rate performance.

Sun et al. also compared the cycle and rate performance between
the SenS8−n/ NMC  (n = 1 − 3) and S/NMC composites [58]. As shown
in Fig. 7(c), it was  found the Se2S6/NMC sample showed the superior
performance including the excellent discharge capacity (883 mA  h
g−1) after 100 cycles. Besides, because of the difference of the
020), https://doi.org/10.1016/j.jmst.2020.01.001

theoretical capacity, an obvious decrease in the specific capacity
was tested when changing Se2S6 to Se3S5. In Fig. 7(d), Se2S6/NMC
also demonstrated better rate ability than the rest, showing a high
rate capacity even at the maximum 5 A g−1 (525 mA  h g−1). In

https://doi.org/10.1016/j.jmst.2020.01.001
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ig. 7. (a) Cycling performance and (b) rate performance of Se4S5/MCM,  Se2S5/MC
enS8−n/ NMC  (n = 1−3) [58]. Cycling performance of (f) SeS2/C and (g) SeS7/C com
athodes [77].

ddition, Se2S6/NMC showed a relatively lower charge transfer
esistance in the EIS test, which further revealed good reaction
inetics owing to enhanced electronic transport properties of the
e2S6/NMC (Fig. 7(e)). Among the three SexSy/NMC composites
ith different Se/S ratios, Se2S6/NMC demonstrated the optimal

erformance on discharge capacity, rate performance and kinetic
ehavior.

Cui and his co-workers have also tested the cycling performance
f different kinds of cathodes including Se, SeS2 and SeS7 com-
ined with CNTs as can be seen in Fig. 7(f) and (g) [27]. Benefited
rom the S component of high capacity, the first discharge capacity
ncreased with increasing S content, which the Se, SeS2 and SeS7
athodes delivered 350, 571 and 833 mA  h g−1, respectively. How-
ver, Li–SeS7 battery exhibited a much lower Coulombic efficiency
or the first 20 cycles than a nearly 100% Coulombic efficiency of
he Li–SeS2 batteries, which could be explained by overmuch S con-
ent in the SeS7 cathode. Among three samples tested in this study,
eS2 displayed the most balanced performance between discharge
apacity and Coulombic efficiency

Fan et al. fabricated a series of SexS8−x cathodes with a set of
e/S ratios of 5/2, 3/2 and 1/2 (denoted as SexS8−x-M52, SexS8−x-
32, and SexS8−x-M12, respectively) [77]. In the X-ray diffraction

XRD) test, a weak signal of SexS8−x-M32 was shown in SexS8−x-
32/VACNTs, which can be attributed to effective confinement of

ctive materials in the inner space (Fig. 7(h)). However, active mate-
ials with Se/S ratios of 1/2 and 5/2 exhibited difficult perfusion
nto CNTs and they found them more likely to exist on the surfaces
f the CNTs. The rate performance showed the consistent result
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

ith the XRD pattern, in which the SexS8−xM32/VACNTs cathode
emonstrated an obvious superior rate capability than the others
Fig. 7(i)). It delivered a high capacity (1404.5 mA  h g−1) at 0.1 A g−1
 SeS5/MCM [22]. (c) Cycling performance, (d) rate performances and (e) EIS test of
e as cathodes [27]. (h) XRD patterns and (i) rate capability of the SexS8−x/VACNTs

with a high Coulombic efficiency (93%) and maintained 969 mA  h
g−1 while returning to 0.1 A g−1.

4. Electrolytes

Electrolyte plays a crucial role in the cathode interfacial elec-
trochemistry of Li–SexSy battery systems and it has been proven
that appropriate choice of electrolytes makes a difference on the
electrochemical performance. There are two  kinds of primary
electrolytes applied in recent research for LIBs. Ether-based elec-
trolytes are commonly investigated and used, which are Li salt
dissolved in ether compounds. Unfortunately, polysulfides and
polyselenides possess solubility in ether-based electrolytes and
these electrolytes are not able to work well in some extreme
conditions [108,109]. Carbonate-based electrolytes, the dominant
alternative in lithium storage system, are absolutely another kind
of candidates. However, they are chemically incompatible with
the polysulfides [109–111]. In addition, there are other types of
new-generation electrolytes including all-solid-state electrolytes
[112–114] and solid/liquid hybrid electrolytes [115–117], which
all have different impacts on the battery performance. Therefore, it
is necessary to judge and compare the different electrolytes along
with considering of the compatibility of specific electrode to spe-
cific electrolyte.

4.1. Carbonate-based electrolyte

In carbonate-based electrolytes, Se-based cathode can demon-
020), https://doi.org/10.1016/j.jmst.2020.01.001

strate superior electrochemical performance easily by confining Se
in an appropriate conductive host, which can be explained by the
effective limitation and stabilization of the production of interme-
diates to prevent the shuttle phenomenon. For instance, by using

https://doi.org/10.1016/j.jmst.2020.01.001
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esoporous carbon material as cathode, Li − Se battery exhibited a
table reversible capacity (650 mA  h g−1), which is highly close to
ts theoretical value (675 mA  h g−1) [118].

Another noteworthy feature is the formation of SEI films in
arbonate-based electrolytes, which is regarded as a critical fac-
or to protect the cathode material and avoid the reaction between
athode materials and carbonyl groups [89,119]. Li et al. fabricated
he Se/porous carbon nanospheres (PCN) composite and they found
he immediate generation of SEI film containing F and O in the first
harge process, as shown in the elemental mappings (Fig. 8(a), (b))
53]. Due to the structure stability of carbon hosts, the formed SEI
lms were stable enough to relieve the volume changes of cathode
uring cycling. After stabilization, the SEI films played a huge role in
reventing capacity loss. The porous structure and SEI films syner-
istically affected the material to preclude the polyselenides from
issolution into the electrolyte. Therefore, carbonate-based elec-
rolytes could provide SEI films for better performance of Se-based
atteries.

Nevertheless, not all SEI films can be beneficial to lithium bat-
eries because of unstable SEI films and Li dendrite generated
n the Li surface owing the inevitable reaction between Li and
arbonate-based electrolyte, which greatly limit the cycling prop-
rty [120]. Previous research reported that introducing proper
dditives can constrain the Li dendrite growth and immobilize the
EI films [121–123]. Guo’s group introduced a controllable AlCl3
o carbonate-based electrolyte [124]. The reaction between AlCl3
nd trace water in the carbonate-based electrolyte formed a sta-
le Al2O3-rich SEI film on Li anode and Al-based positively charged
olloidal particles (PCCPs). PCCPs could not only form electrostatic
hield, but also induce the ensuing Li deposition to the adjacent Li
rotruded regions, which could form a uniform morphology with-
ut Li dendrite as shown in the schematic model of Fig. 8(c).

In addition, carbonate-based electrolytes exhibit some weak-
ess in some other respects. It was found that a shift to a higher
nergy position of Se K-edge of Se2S5/MPC in situ measurement
orresponding to Li2Se at the first discharge process in carbonate-
ased electrolyte (Fig. 8(d)). But the absorption intensity of Se
ould not be regained in the end, which indicates a great loss of
rreversible capacity. This may  be caused by the poor compatibil-
ty between polysulfides and carbonate-based electrolyte, which
urther declines the cycling reversibility of the cathode materi-
ls. Moreover, even well encapsulated of active material in the
onductive matrix, most of the S-based cathodes cannot exhibit
ood performance in carbonate-based electrolyte due to the reac-
ion between nucleophilic sulfide anions and the carbonate-based
olvents [125].

It  is also reported that a high polarization of the SexSy-based bat-
eries in the carbonate-based electrolyte causes lower Coulombic
fficiency [126,127]. Meanwhile, EIS measurement was conducted
o compare the stability between carbonate-based electrolyte and
ther-based electrolyte [27]. As can be seen in Fig. 8(e), the resis-
ances of Re and Rct of the Li–Se battery remained obviously
nchanged after 5 cycles, while Re was significantly increased

n carbonate-based electrolyte after 5 cycles. This reveals the
arbonate-based electrolyte is unstable for Li–SexSy batteries to
ome extent due to significant growth of the cell impedance, which
s quite similar with the Li–O2 and Li–S storage systems [128–130].

.2. Ether-based electrolyte

As for ether-based electrolytes, it has been reported that they
ould accelerate the redox reactions and provide higher reversible
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

apacity under normal conditions owing to the Li salts [37,131].
evertheless, these electrolytes have their disadvantage in terms
f the cycle stability of cathode materials. This can be explained
y the easy dissolution of polysulfides, leading to other problems
 PRESS
 & Technology xxx (2020) xxx–xxx 11

including severe capacity loss and shuttle effect [111]. Compared
to carbonate-based electrolytes, there are fewer reports focusing
on Li–Se and Li–SexSy storage system in ether-based electrolytes.

Cui et al. released a detailed report of Li–Se battery in ether-
based electrolytes, which turned out that the electrochemistry was
partly changed into multistep reaction by ether-based electrolytes
(Fig. 2(a)) [27]. The situ XANES spectra witnessed a shift of Se K-
edge absorption to a high energy in discharging process and back
to low energy again in charging process, which indicated the for-
mation of polyselenides as shown in Fig. 9(a). As previous study
reported, the electrochemical properties of Se-based batteries in
ether-based electrolytes is quite similar to that of the S-based sys-
tems [21]. Based on Li–S battery, a large number of carbon hosts
with diff ;erent architectures have been synthesized for Se-based
and SexSy-based cathodes to preclude the formation of polyse-
lenides and prevent shuttle eff ;ect. However, as mentioned above,
most of the Se-based and SexSy-based cathode materials still expe-
rience severe capacity fading and serious shuttle eff ;ect.

Babu and Ramesha developed a nitrogen doped carbon tubes (N-
CT) for Se-based batteries in ether-based electrolyte through melt
diffusion method [47]. The N-CT with a large amount of microp-
ores and small mesopores exhibited well in trapping Se. It is worth
noting that a reduction of intensity peak in the first and second
cycles and a completely disappearance of peak after 15 cycles were
discovered and the subsequent plots show only one peak at 1.75 V
(Fig. 9(b)). This behavior can be attributed to the volume confine-
ment effect, in which Se present in micropores cannot form higher
order polyselenides [125]. Furthermore, this indicates the transfer
of multistep reaction proposed by Cui et al. in ether-based elec-
trolyte to a single direct step to form Li2Se [132,133]. At 0.2 C and 1
C after 100 continuous cycles, it could maintain 403 mA  h g−1 and
368 mA h g−1, respectively.

Under some specific conditions, SexSy-based cathodes can still
demonstrate good performance in ether-based electrolytes. Han
et al. applied the coated reduced graphene oxide (RGO) into
Se/mesoporous carbon (MCN) cathode for higher capacity and
improved cycle stability to address the rapid capacity decay of
Se/MCN [31]. The cycle life was also extended by applying a
graphene-coated separator, owing to the localization effect of the
highly soluble intermediates in the separator and prevention of
further reactions with Li anode [134]. Besides, superconcentrated
electrolytes are also feasible for the use of ether-based electrolytes,
which have regarded as a new-type effective liquid electrolyte since
they have many advantages such as high reaction stability and
speed, low volatility and polysulfide dissolution [135]. Lee et al.
fabricated Se-infiltrated carbide-derived carbon (Se-CDC) and they
reported that the higher Se utilization and cycle stability could
be achieved when ether-based electrolyte accommodated higher
concentration of Li salt [136]. After 25 cycles, discharge capacity
increased with the increasing Li salt concentration, except exces-
sive Li salt concentration.

4.3. All-solid-state electrolyte and solid/liquid hybrid electrolyte

In recent years, all-solid-state electrolytes have been brought
into focus and exhibited unique performance as a substitute of
flammable organic liquid electrolytes for safer inorganic solid
electrolytes, which significantly simplifies the battery design and
precludes short-circuits by blocking Li dendrites [137–139]. For
instance, Li et al. used Se–Li3PS4–C composite as a cathode and
Li–Sn composite as an anode to fabricated an advanced all-solid-
state Li–Se cell [140]. In addition, all-solid-state batteries only need
020), https://doi.org/10.1016/j.jmst.2020.01.001

directly stacking and can achieve a higher operating voltage and
fewer volume waste, which are beneficial to vehicle applications.
A schematic model of a typical battery is shown in Fig. 9(c), which
consists of three layers, including Li–In alloy as a counter electrode,

https://doi.org/10.1016/j.jmst.2020.01.001


ARTICLE IN PRESSG Model
JMST-1868; No. of Pages 15

12 H. Du et al. / Journal of Materials Science & Technology xxx (2020) xxx–xxx

Fig. 8. (a) Elemental and (b) overlapped multi-elemental mappings after one cycle [53]. (c) Schematic model of AlCl3 additive in the electrolyte [124]. (d) K-edge measurement
of  Se2S5/MPC in carbonate-based electrolyte [36]. (e) Nyquist plots of Li-Se battery with carbonate-based (GenII) and ether-based (D2) electrolytes after 5 cycles [27].
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ig. 9. (a) In situ XANES pattern of Se2S5/MPC at 0.2 C for the first and second cycl
ll-solid-state electrochemical battery [141]. (d) Cycling performance of SeSx–LPS–
lectrolyte at 0.1 C [25].

eramic powder as a solid electrolyte and composite powder as a
orking electrode [141].

Sun et al. reported a feasible method to achieve high utilization
f the stable cathode materials in all-solid-state lithium batter-

es (ASSLBs) to form SeSx solid solutions for the first time, which
he interfacial ionic conductivity of prepared SeSx–Li3PS4 com-
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

osites was 10−6 S cm−1 [25]. Among all prepared cathodes, the
eS2/Li10GeP2S12–Li3PS4/Li all-solid-state battery demonstrated
utstanding performance of a high discharge capacity over
100 mA  h g−1 at 50 mA  g−1 and a long cycling life for 100 cycles.
. (b) dQ/dV differential curves of Se@N-CT-48 [47] (c) Schematic model of a typical
4 A g−1 [25]. (e) Voltage profiles of Li–Se batteries in hybrid electrolytes and liquid

In addition, the high SeS2 loading battery delivered a reversible
capacity of 12.6 mA h cm−2, which reached the highest level of the
advanced ASSLBs in this stage (Fig. 9(d)). All these findings extend
the conventional knowledge on organic electrolytes to all-solid-
state electrolytes for Li–SexSy batteries.

Because of the difficulty of forming efficient solid/solid inter-
020), https://doi.org/10.1016/j.jmst.2020.01.001

face and a high interfacial resistance of all-solid-state electrolytes
and the inevitable shuttle effect of liquid-state electrolytes, the
approach of combining the advantages of two kinds of elec-
trolytes has attracted more attention [142–145]. Zhou et al.

https://doi.org/10.1016/j.jmst.2020.01.001
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eported an improved Li–Se battery assembled with hybrid elec-
rolytes, which permitted quick liquid redox reactions and avoided
huttle effect [146]. The hybrid electrolyte was synthesized by
i1.5Al0.5Ge1.5(PO4)3 (LAGP) ceramics surrounded by tetraethylene
lycol dimethyl ether (TEGDME) electrolyte. Electrochemical test
ndicated that 677 mA  h g−1 could be reached at 0.1 C, demonstrat-
ng full utilization of Se cathode. In addition, the battery assembled

ith this electrolyte showed good cycling stability, which main-
ained 613 mA  h g−1 at 0.8 C over 500 cycles, corresponding to a
apacity fading rate of 0.008 % per cycle (Fig. 9(e)).

.4. Electrolyte additive and interlayer

Except that the inherent properties of the chosen electrolytes
ake a difference on the performance of Li–SexSy batteries, elec-

rolyte additives also show great significance. LiNO3 is the most
pplied electrolyte additive for conventional LIBs and also exhibits
ood performance in Li–SexSy system, which could limit the shut-
le effect for an increased Coulombic efficiency, improved cycling
tability and lower self-discharge rate [147,148]. By increasing Li
alt concentration like adding LiNO3, the anode stability can be
mproved and capacity decay can be effectively controlled. How-
ver, in Lou’s research, when applying LiNO3 on Li–SeS2 battery, a
assivation film was formed on the anode and an irreversible reduc-
ion was shown on the cathode [52]. This phenomenon decreased
he cycling stability and increased the impedance of interfaces of
he Li–SeS2 batteries, which is also shown in previous reported Li–S
atteries [149–151]. In this regard, the direction of future work
hould focus on balancing the capacity requirement and the side
ffects resulted from the introduction of LiNO3.

In SexSy-based storage system, the common shuttle effect leads
o severe capacity decay and the migration of intermediates to the
urface of Li anode, which would corrode the Li anode and form a
assivation film. Some researchers developed protective interlayer,
hich remains permeable to Li+ transfer but prevents the trans-

ortation of intermediates to improve cycle stability [152–156].
n addition, it is efficient to promote the polysulfides to form
oorly soluble Li2S by introducing interlayer, thus further enhanc-

ng the electrochemical performance. Gu et al. fabricated a N-doped
oofah sponge carbon (N-LSC) to be a multifunctional interlayer for
i–S and Li–Se batteries [157]. Benefited from high specific areas
2551.06 m2 g–1), superior conductivity (1170 S m–1) and porous
tructure (1.75 cm3 g–1), Li–Se batteries assembled with N-LSC
nterlayer demonstrated outstanding electrochemical performance
tability (350 mA  h g–1 after 1000 cycles). The well-performed N-
SC interlayer on Li–Se batteries also provides a solution on the
uture development of interlayer in SexSy-based storage system.

. Conclusion and perspective

Li–SexSy batteries have gained considerable attention in recent
ears since their first proposal in 2012. Understanding the reaction
echanism is necessary for the rational development and fur-

her study of high-performance Li–SexSy batteries. In ether-based
lectrolytes, two processes are discovered while discharging, cor-
esponding to Se to Li2Sen and Li2Se to Li2Sen. When it comes to
arbonate-based electrolytes during discharging, only one process
s discovered corresponding to Se to Li2Se without intermediate
hases. Especially, most of the cathodes exhibit an obvious capac-

ty decay in ether-based electrolyte even well confined in carbon
ost.
Please cite this article in press as: H. Du, et al., J. Mater. Sci. Technol. (2

The architectural characteristics of carbon hosts have a pivotal
ffect on the electrochemical performance. According to the most
uccessful cathodes reported to date, an ideal carbon matrix for
exSy hosting should have the following properties:
 PRESS
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(1) Small pore size (micropores or small mesopores) for
Sen2−/Sn2− trapping;

(2) The porosity structure being composed of uniform meso-
pores. Hollow structures are particularly attractive as an internal
sulfur reservoir for more active material loading is better than
spreading active materials throughout the cathode;

(3) High electrical conductivity and intimate contact with SexSy;
(4) Chemical irregular carbon structure developed by doping or

defect, which is better than an ideal graphitic sp2 structure;
(5) A protect layer on top of the cathode that is a necessary factor,

in which conductive polymers exhibit well in this regard;
(6) Robust or flexible skeleton to effectively bear the strain gen-

erated by volume expansion of SexSy during lithiation;
(7) low cost and easy for scale up.
As the ratio between Se and S is varied in SexSy solid solutions,

the optimal SexSy materials with the specific Se/S ratio have a broad
research prospect. The most suitable Se/S ratio can take advantages
of both the cheap price, high capacity of S and high electrochemical
activity, cycle stability of Se.

High sensitivity of the Li–SexSy batteries to the electrolytes
has raised considerable researches of discovering the most suit-
able electrolyte. Se-based cathode in carbonate-based electrolyte
exhibits lower shuttle phenomena and has a higher tendency to
generate SEI films, while it is not very stable for Li–SexSy battery
systems and the well-known poor compatibility between poly-
sulfides and carbonate-based electrolytes decreases the reaction
reversibility. High capacity fading is discovered in ether-based
electrolytes even when SexSy is well encapsulated in a great
amount of carbon hosts, which can be also solved by introducing
other additives like reduced graphene oxide or adapting super-
concentrated electrolytes. Li–SexSy batteries can work feasibly
in both carbonate-based and ether-based electrolytes, although
both of them have their own advantages and disadvantages. All-
solid-state electrolytes have gained much more attention owing
to the more simplified and safer structure, which also enable a
higher operating voltage and cause fewer volume waste. Li–SexSy
batteries assembled with all-solid-state electrolyte show excel-
lent performance. New solid/liquid hybrid electrolytes have come
into sight and showed their superiority than conventional elec-
trolytes.

Recently, based on the Se–S chemistry, Te and S are also found to
be miscible, representing a broad class of new-type electrode mate-
rials [158]. TexSy-based cathodes are newly developed, which may
become higher energy density batteries for transportation vehicles
and grid applications. Compared to these different kind of cath-
ode materials, anode materials are very single. Sodium, magnesium
and potassium have not been deeply investigated for SexSy cathode
materials.

This work reviews the research status of Li–SexSy bat-
teries and mainly focuses on the design and synthesis of
micro/nanostructured electrodes. Aimed at the key problems of
Li–SexSy batteries, these researches put forward lots of solutions
and optimum proposals. Although there remains many difficul-
ties and challenges, with the deepening of our understanding of
Li–SexSy batteries, and with the help of advanced characteriza-
tion methods and research methods, we can design and develop
newly high-performance SexSy material. Instead, significance of
further research should be attached on maximizing the advantages
of Li–SexSy batteries and minimizing the cost of SexSy-based storage
system.

The Li–SexSy system is a new battery system holding great
promise, which may  assist in developing advanced rechargeable
020), https://doi.org/10.1016/j.jmst.2020.01.001

batteries with enhanced energy density and safety, and step-
ping toward to the application of advanced batteries in electric
vehicles and stationary energy storage. It is expected that this
review can enhance and deepen our fundamental understanding

https://doi.org/10.1016/j.jmst.2020.01.001
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f structure-electrochemical performance correlation, and advance
ur knowledge in nanotechnology and material science.
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