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ABSTRACT: Lithium—sulfur batteries are appealing electrochemical energy storage
systems due to their potentially high energy output and low cost. At present, practical
realization of Li—S batteries is hindered by unfavorable polysulfide shuttle during Separator
discharge—charge cycles, which causes capacity decay and sluggish kinetics of an s
electrode reaction. Metal sulfide catalysts were proposed to stabilize Li—S electro-

chemistry due to their ability to anchor polysulfides and facilitate their electrochemical Sulfur
conversion. In this work, zinc sulfide nanoparticles were synthesized and supported on a

thin carbon cloth through a one-pot hydrothermal reaction. The catalyst-supported

carbon cloth, with a low mass content of sulfides (2.18 wt %), could serve as a

functional interlayer, absorbing the dissolved polysulfides and catalyzing the conversion reaction. As a result, the Li—S battery
showed improved cycling performance with a high capacity retention of 93.5% after 100 cycles. This work demonstrates a rational

Lithium

Zns@cc

strategy to realize high-performance Li—S batteries.

KEYWORDS: lithium—sulfur batteries, zinc sulfide catalyst, functional interlayer, polysulfide adsorption and conversion

1. INTRODUCTION

Lithium—sulfur batteries are regarded as one of the most
promising choices for the next-generation electrochemical
energy storage due to their high specific energy at the cell level
(2567 Wh kg_l).l’2 Sulfur itself is an attractive cathode
material owing to its high theoretical capacity (1675 mAh g™")
via the two-electron redox reaction versus Li, nontoxic nature,
and high resource abundance for large-scale manufacture.’
Currently, several critical problems impede the practical use of
Li—S$ batteries.” Sulfur naturally shows low bulk conductivity
(5 x 1073° S m™ at room temperature)’ and experiences
drastic volume variation during Li uptake/release. Reducing
the particle size of S to nanoscale is expected to facilitate
charge transfer and alleviate volume variation during the
electrochemical (de)lithiation of a S cathode, yet the Li—S$
system still involves other problems. It is known that the Li—S
conversion reaction goes stepwisely, generating high-order
lithium polysulfide (Li,S,, 4 < n < 8) intermediates that are
easily soluble in the organic electrolyte before they are further
reduced to low-order polysulfides (Li,S,, 1 < m < 4) or
oxidized back to S.° The dissolved S species tend to shuttle to
the Li anode, leading to an irreversible loss of active S from the
cathode and the passivated Li anode surface. With the use of
nano-S, the cathode may involve aggravated shuttle of lithium
polysulfides (LiPSs) as the contact area between S and the
electrolyte is enlarged. As a result, the Li—S battery usually
shows inferior cycling performance and a low Coulombic
efficiency.
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Enormous efforts have been made to address the polysulfide
shuttle issue, such as designingi; cathode host materials,””®
modifying functional separators,”’® building solid-state electro-
lytes,"" and other approaches.'” By introducing a functional
carbon interlayer at the cathode side, the LIPS shuttle is
expected to be inhibited, which accounts for improved storage
performance of the Li—S battery. Various carbon materials,
including carbon black,"* microporous carbon,'* mesoporous
carbon,” and hierarchically porous carbon'® were employed as
an interlayer. During battery operation, carbon interlayers with
a suitable porous structure (usually with mesopores and
micropores) contribute to stronger physical adsorption of
high-order LiPSs, while the high conductivity of carbon offsets
the poor conductivity of S species and decreases the charge
transfer resistance at cathode—electrolyte interface. However,
nonpolar carbon usually shows a weak chemical interaction
with polar LiPSs. To improve the LiPS—host binding and
promote the redox reaction,'”'® metal catalysts including
metal oxides (e.g., VO," and Fe,0,’°), metal carbides (e.g,,
TiC*"), metal nitrides (e.g, TiN'~ and Co,N**), and metal
sulfides (e.g, WS,>*** TiS,* CoS,,’° and MoS,””) were
employed. The metal sulfides were extensively studied due to
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Figure 1. (a) Schematics of the fabrication process of ZnS@CC and the assembled cell model, (b) SEM image of treated CC, (c) and (d) low-
magnification SEM images of ZnS@CC, and (e) high-magnification SEM image of ZnS@CC.

their high sulfiphilicity to LiPSs and low cost.”® Zinc sulfide is a
promising catalyst due to its significant cost advantage and
ability to promote the LiPS redox kinetics.”” According to
Wang et al,, zinc sulfide (ZnS) shows a high affinity to LiPSs,
while also enables a low surface diffusion energy of LiPSs.
However, ZnS shows a low bulk electronic conductivity (ca.
107% S cm™), and the introduction of an excessive amount of
sulfide (e.g, ~30 wt %) into the S cathode hinders charge
transport and lowers the practical cathode capacity.

Here, we show that, instead of being directly applied into the
cathode, coating a Zn$ nanolayer (thickness: S0—70 nm) onto
a conductive carbon cloth (ZnS@CC) vyields a functional
interlayer that effectively boosts the battery performance of the
Li—S system. On the one hand, the conductive carbon cloth
acts as a physical barrier to inhibit the shuttle effect of LiPSs
while also provides paths for electron transport. Besides, the
ZnS coating layer helps to chemically adsorb the LiPSs and
catalyze the redox reaction. By incorporating the ZnS@CC
interlayer, the sulfur/super P cathode shows an increased
capacity of 30 mAh g~ after 100 cycles at 0.1C (1C = 1675
mA g~') with an average capacity decay per cycle of 0.064%.
Compared with the traditional carbon interlayer, ZnS@CC not
only accelerates the kinetics of the cathode reaction but also
opens a new direction for trapping LiPSs and promoting its
conversion with less dosage of catalysts. Additionally, this one-
pot hydrothermal strategy with low cost is feasible for large-
scale preparation.

2. EXPERIMENTAL SECTION

2.1. Synthesis of ZnS@CC. Conductive carbon cloth (WOS 1002
PHYCHEMi Co. Ltd., China) was cut into slices (2 cm X S cm),
thermally treated at 400 °C in air for 4 h, and rinsed with deionized
water several times. The treated carbon cloth was then added to 60
mL of deionized water predissolved with 0.104 g off zinc nitrate
hexahydrate (Zn(NO;),-6H,0, Alfa Aesar, 98%) and 0.105 g of
thioacetamide (C,HNS, Acros Organics, 99%). The mixture was
then transferred and sealed in a Teflon-lined stainless autoclave and
heated at 180 °C for 12 h to yield the ZnS-decorated carbon cloth
(ZnS@CC), which was then cut into discs with a diameter of 10 mm.

2.2. Preparation of the S Cathode. To prepare the S cathode, S
(Sinopharm Chemical Reagent, 99.5%) was thoroughly mixed with
Super P conductive carbon (Timical) and poly(vinylidene fluoride)
(Arkema HSV900) binder at a weight ratio of 8:1:1, with the addition

of N-methyl-2-pyrrolidinone (Sigma-Aldrich, 99.8%) to form a
homogeneous slurry. The slurry was then pasted onto a carbon-
coated Al foil (Hefei Kejing Corp., China) and dried in air at 60 °C
for 12 h. Finally, the foil was cut into discs with a diameter of 10 mm
and an average S mass loading of ca. 2.2 mg cm™>.

2.3. Electrochemical Test. To test the electrochemical perform-
ance, the as-prepared S cathode was paired with a Li metal anode
(Ganfengliye Corp., China) and was assembled into 2032-type coin
cells in an Ar-filled glovebox (oxygen and water content: <0.1 ppm).
A Celgard separator was used, and the prepared ZnS@CC disc was
placed between the cathode and the separator. An electrolyte
consisting of 1.0 M lithium bis(trifluoromethanesulphonyl)imide
(LiTESI) and a 1 wt % LiNOj; additive in the solvent mixture of 1,3-
dioxolane and 1,2-dimethoxymethane (1:1 by volume) was obtained
from Nanjing Mojiesi Energy Technology Co. Ltd., and was used for
assembling the cells at a fixed electrolyte/sulfur ratio of ca. 13 uL
mg~". The galvanostatic charge—discharge tests were performed on a
LAND CT-2001A battery tester within a voltage window of 1.7—-2.8
V (vs Li*/Li). The cyclic voltammetry (CV) profiles were collected
on a Princeton ParSTAT MC (potential range: 1.5-3.0 V vs Li*/Li;
scan rate: 0.2 mV s™'). Electrochemical impedance spectroscopy
(EIS) was performed on a Princeton ParSTAT MC (frequency range:
0.1-100 MHz).

Other experimental details, including Material Characterization,
Absorption Test, and Computational Method, are given in the
Supporting Information.

3. RESULTS AND DISCUSSION

Figure la shows the preparation of ZnS@CC and the
schematic of the assembled Li—S cell. We synthesized ZnS
nanoparticles by the method of the one-pot hydrothermal
reaction. The ZnS nanoparticles attached to the carbon cloth
were well dispersed. During the solvothermal treatment, ZnS
nanoparticles were formed on carbon cloth (CC). The
electrons could be effectively transmitted through the carbon
fiber, and the LiPSs formed in the cathode reached near the
ZnS nanoparticles on the surface of the interlayer ZnS@CC in
the process of diffusion. The chemical adsorption was
enhanced after the combination of ZnS and LiPSs, and the
active materials could be firmly fixed on the cathode side
because of the high conversion of LiPSs. This effectively
inhibited the loss of LIPSs diffused to the lithium metal anode.
Compared with bare CC owning a smooth surface (Figure 1b),
scanning electron microscopy (SEM) images of ZnS@CC
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Figure 2. (a) SEM image of ZnS@CC, corresponding to the elemental mapping of (b) C, (c) Zn, and (d) S. (¢) TEM image of Zn$S nanoparticles

and (f) HRTEM image of ZnS nanoparticles.
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Figure 3. (a) XRD pattern of ZnS@CC. High-resolution (b) C 1s, (c) Zn 2p, and (d) S 2p XPS spectra of ZnS@CC.

show that CC is evenly coated with ZnS nanoparticles with a
thickness of 50—70 nm (Figure lc—e). In addition, a typical
transmission electron microscopy (TEM) image of the carbon
fibers coated with ZnS is provided in Figure 2e and shows that
the ZnS nanoparticles possess an average size of ~30 nm.
Elemental mappings of ZnS@CC further confirm the uniform
distribution of ZnS nanoparticles on the CC surface (Figure
2a—d).

In the X-ray diffraction (XRD) pattern of ZnS@CC (Figure
3a), typical peaks of ZnS are observed, among which the peaks
at 28.5, 47.6, and 56.3° correspond to the (111), (220), and
(311) planes, respectively (JCPD no. 05—0566). In the high-
resolution TEM (HRTEM) image of ZnS@CC (Figure 2f), an
interplanar spacing of 0.32 nm is observed and corresponds to
the (111) plane of ZnS.>* Two broad peaks at around 26 and
43° are assigned to amorphous carbon and partial graphitic
carbon derived from the carbon cloth. The above phase

12410

analysis indicates that the product obtained is the compound
of carbon cloth and ZnS. In addition, there is no obvious
impurity peak in the figure, indicating that there is no excess
impurity in the synthesized materials. However, the peak
corresponding to ZnS is not strong because the ZnS layer
coated on the surface of the carbon cloth is thin and the mass
ratio is very low. The content of ZnS in ZnS@CC is
characterized by thermogravimetry analyses (TGA). As shown
in Figure S1, the weight loss of ZnS happens during the
heating process in air due to the combustion of carbon fibers
with air and the conversion of ZnS into zinc oxide (ZnO).
Therefore, the mass ratio of ZnS is calculated to be 2.18%
based on the amount of ZnO (1.82 wt %) in the final
residues.’’

The composition of ZnS@CC was further investigated by X-
ray photoelectron spectroscopy (XPS). Figure S2 shows the
full survey XPS spectrum of ZnS@CC, and the peaks at 162.7,
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Figure 4. (a) Discharge—charge profiles of the Li—S$ cell with a ZnS@CC interlayer after different cycles at 0.1C. (b) Rate performance of the Li—S
cell with different interlayers at different current densities. (c) Cycling performance of the Li—S cell with different interlayers at 0.1C. (d) Cycling

performance of the Li—S cell with different interlayers at 0.5C.
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Figure S. Visualized adsorption of Li,S, on ZnS@CC and CC with a control experiment: (a) initial and (b) after 12 h. (c) CV profiles of the Li—S
cell with different interlayers. (d) EIS spectra of the Li—S cell with different interlayers after activation of three cell cycles at 0.1C.

284.4, 531.8, and 1022.5 eV correspond to S 2p, C 1s, O 1s,
and Zn 2p, respectively. According to the C 1s spectrum
(Figure 3b), the four peaks at 284.3, 284.8, 285.9, and 290.0
eV correspond to C—C/C=C, C-0, C=0, and O—C=0,
respectively.’” In Figure 3c, two peaks of the spin orbits of Zn
2p*? and Zn 2p'? appear at 1022.5 and 1045.6 eV,
respectively, indicating the presence of Zn 2p.”” Referring to
the enlarged S 2p spectrum of ZnS@CC (Figure 3d), two
peaks at 162.1 and 163.8 eV correspond to the S 2p*? and S
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2p"/? peaks of the $*~ anion.”” The XPS findings agree with the
above phase analysis.

Figure 4a shows the galvanostatic discharge/charge profiles
of the Li—S cell at 0.1C (1C = 1675 mA g™'). The cell exhibits
two typical discharge plateaus that are ascribed to the two-step
lithiation reaction of S. As we can see, with the increase in the
cycling number, the capacity did not decay but got a certain
increase because active materials in the cathode are activated
after cycling with the introduction of the ZnS@CC interlayer.
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Figure 4c compares the cycling performance of Li—S cells
assembled with different interlayers. The one with ZnS@CC
shows an initial discharge capacity of 887 mAh g™ and a
reversible discharge capacity of 830 mAh g™ after 100 cycles,
which corresponds to a low-capacity decay of 0.064% per cycle.
The performance data are superior to those obtained from the
Li—S cells with a CC interlayer (502 mAh g™ after 100 cycles)
or no interlayer (427 mAh g™ after 100 cycles) in the control
experiments, and other interlayer-loaded Li—S cells provided in
Table S1. Therefore, it is apparent that the introduction of the
ZnS@CC interlayer significantly improves the capacity output
and cycling performance of the Li—S cell. Figure 4b evaluates
the rate capabilities of the Li—S cells assembled with ZnS@
CC, CC, and no interlayer at various C rates (0.1, 0.2, 0.5, 1, 2,
and back to 0.1C). The capacity of these three cells decreases
with increasing rate, yet the rate capability of the Li—S cell with
the ZnS@CC interlayer is significantly higher than the control
cells. At a high rate of 2C, the cell with the ZnS@CC interlayer
is still able to deliver a reversible capacity of 233 mAh g,
while the two control cells barely deliver ca. SO mAh g~". Upon
reducing the C rate back to 0.1C, the cell with the ZnS@CC
interlayer can restore a reversible capacity of 744 mAh g .
According to Figure 4d (rate: 0.5C), the cell with the ZnS@
CC interlayer shows a reversible capacity of 590 mAh g~" after
100 cycles and a capacity decline of 0.096% per cycle. In the
control experiment, a Li—S cell without an interlayer displays a
significantly lower initial discharge capacity of 313 mAh g
The improved cell performance is attributed to the potent
affinity of the ZnS@CC interlayer on LiPSs and its catalytic
role in the conversion reaction of LiPSs. The materials with
catalytic properties can promote the kinetic conversion of
LiPSs, and their chemical adsorption on LiPSs will be
conducive to the next catalytic conversion of LiPSs. Therefore,
we further verify the interfacial interaction between the ZnS@
CC interlayer with LiPSs, and the adsorption of Li,S, (typical
LiPSs) on ZnS@CC and CC is performed. As shown in Figure
Sa,b, after adding ZnS@CC in 10 mmol/L Li,S, solutions for
12 h, the color of the Li,S, solution (yellow) obviously faded,
while the color changed less after the CC was immersed in
Li,S, at the same conditions, revealing the strong adsorption
ability of ZnS. In addition, Figure S3 compares the color of
Celgard separators in Li—S batteries with a sulfur cathode after
100 cycles at 0.5C using a ZnS@CC interlayer or not. It is
obvious that the color of the separator with the ZnS@CC
interlayer hardly changes, but the separator without the ZnS@
CC interlayer is obviously yellow. These different phenomena
indicate the strong chemical adsorption of the ZnS@CC
interlayer; this provides a favorable condition for ZnS@CC to
catalyze the transformation reaction of LIPSs. Figure Sc
collects the CV profiles of the Li—S cells with the ZnS@CC
interlayer, the CC interlayer, and no interlayer. Two typical
reduction peaks that correspond to electrochemical conversion
from cyclo-Sg to high-order LiPSs (Li,S,, 4 < n < 8) and from
high-order LiPSs to insoluble low-order LiPSs (Li,S,, 1 < n <
4) are observed for the three cells. However, the cell with the
ZnS@CC interlayer shows notably higher redox current,
indicating improved reaction kinetics of the S cathode.”
After activation of three cell cycles at 0.1C, the EIS
measurement is further performed to illustrate the influence of
the ZnS@CC interlayer on the electrochemical performance of
Li—S batteries. It is found that three Nyquist plots consist of a
high-frequency semicircle and a low-frequency slope line,
which are associated with the charge transfer resistance and the

Li* diffusion resistance separately.”> " Apparently, as we can
see in Figure 5d, the semicircle diameters using the ZnS@CC
interlayer are smaller than those using the CC interlayer or
with no interlayer, proving the significantly enhanced electro-
chemical kinetics of the sulfur cathode with the ZnS@CC
interlayer. Using ZnS@CC as a barrier layer can greatly reduce
the charge transfer impedance in the Li—S battery, which is
another strong proof of the improvement of the electro-
chemical dynamics inside the battery.

Density functional theory (DFT) calculations’® were
carried out to study the adsorption energies of typical LiPS
species (e.g,, Li,S, according to Xu et al.*’). As shown in
Figure 6a, the adsorption energies of Li,S, on the graphite and

a Li/Graphite Li/ZnS Li-Ss/Graphite  Li2S4/ZnS
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Figure 6. (a) Visualized adsorption of Li,S, on ZnS@CC and CC
with a control experiment: The adsorption energies for Li and Li,S,
on graphite(001) and ZnS(001); most stable adsorption config-
urations are given. C, Li, S, and Zn are shown as brown, green, yellow,
and gray spheres, respectively. (b) Schematic potential profiles for Li
diffusion on the ZnS surface. The initial state, transition state, and
final state are denoted by “IS”, “TS”, and “FS”, respectively.

ZnS are 0.15 and 9.18 eV, respectively, confirming that the
ZnS@CC interlayer has a strong ability to adsorb polysulfides.
The Li* diffusion pathways on the (001) facets of ZnS (Figure
6b) and graphite (Figure S4) were also calculated and
compared. The energy barrier for Li* diffusion along the ZnS
(001) facet is 0.71 eV, which is significantly lower than that
along the graphite (001) facet (5.70 eV). The above results
indicate that the introduction of the ZnS@CC interlayer not
only inhibits the shuttle of LiPSs but also facilitates Li* transfer
in the cell, which could be the reason for the improved cathode
kinetics.

4. CONCLUSIONS

In conclusion, we have demonstrated a multifunctional ZnS@
CC interlayer of Li—S batteries. The preparation method is
feasible to operate, and the mass ratio of ZnS is greatly reduced
by coating a nanoparticle catalyst on the conductive skeleton
surface. ZnS nanoparticles (2.18 wt %) play a critical role in
adsorbing the migrating LiPSs and accelerating the kinetics
redox reactions of LiPS conversion, while carbon cloth affords
enhanced electrical conductivity. Moreover, our DFT calcu-
lations proved that the high adsorption energies of polysulfide
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and the low Li ion diffusion barrier on ZnS restricted the
shuttle of polysulfides and promoted the polysulfide redox
reaction. The sulfur cathode with the ZnS@CC interlayer
exhibits an enhanced capacity retention of 93.5% after 100
cycles at 0.1C. The rational designing strategy of the ZnS@CC
interlayer provides a new way to decrease the number of
activation catalysts for practical application in the future.
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