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Slurry-Coated Sulfur/Sulfide Cathode with Li Metal Anode

for All-Solid-State Lithium-Sulfur Pouch Cells

Hong Yuan*,®" Hao-Xiong Nan*,*9 Chen-Zi Zhao*,” Gao-Long Zhu,”*® Yang Lu,”
Xin-Bing Cheng,” Quan-Bing Liu," Chuan-Xin He,” Jia-Qi Huang,® and Qiang Zhang*®

All-solid-state lithium-sulfur batteries are strongly considered as
the most promising next-generation electrochemical energy
storage systems due to their high safety and energy density.
However, in view of practical application, it is difficult to obtain
large-scale solid-state sulfur cathode continuously. Herein we
achieve the large-scale fabrication of solid sulfur cathode by a
facile slurry-coating process through the screening of various

1. Introduction

Advanced energy storage technologies are attracting extensive
attention to meet the ever-growing requirements of energy
generation and supply. As the energy density of commercial
lithium-ion batteries is reaching the theoretical limit, there is a
strong motivation to develop next-generation energy-storage
devices with high energy density." Beyond traditional lithium
ion batteries, emerging lithium-sulfur (Li—S) batteries are
regarded as the most promising next-generation batteries due
to its high theoretical energy density of as high as 2600 Wh
kg™'.? The active material sulfur is also environmental-friendly
and earth-abundant. However, the practical Li-S batteries
based on routine ether electrolytes are generally hindered by
various challenges, such as low sulfur utilization, huge volume
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solvents and binder contents. The composite cathodes in all-
solid-state lithium-sulfur pouch cells exhibit a high specific
capacity of 1169 mAhg™' and excellent cycling stability.
Furthermore, a practical lithium-sulfur pouch cell with an areal
discharge capacity of up to 2.3 mAhcm ™ is also demonstrated.
This work makes a leap towards the practical application of all-
solid-state lithium-sulfur batteries.

expansion, shuttle of polysulfide intermediates, Li dendrite
formation, and electrolyte leakage risk.”

Recently, the application of solid electrolyte to replace the
flammable liquid electrolyte is emerging as an ultimate solution
to achieve a safe and high-energy-density device® The
utilization of solid electrolytes contributes to solving the safety
problems induced by the leakage and explosion of organic
electrolytes. The solid-state electrochemical conversion of sulfur
(S) and Li,S avoids the escape of dissolved polysulfides,
consequently avoiding the shuttle of polysulfides.”” Moreover,
the Li transference number in solid electrolyte is close to 1,
enabling uniform Li metal deposition and inhibiting Li dendrite
formation.”” The rapid development of solid-state fast ionic
conductors enables the operation of solid-state batteries, where
sulfide inorganic electrolytes constitute a remarkable
progress.” Their ionic conductivity (~10 mS/cm) even rivals
that of liquid organic electrolytes, such as Li;,GeP,S;, (LGPS),®
Lig54Si1 74P 44511 7Clos," and LigPSsCL'"” However, current solid-
state Li-S batteries still suffer from numerous problems. The
insulation nature of sulfur requires additional fast electron/ion
conductors and binders, which brings about huge challenges in
their compatibility."” The limited solid-solid point contacts lead
to increased interfacial resistance. The electron/ion migration
channels can be reduced by the repeated volume changes of
active S/Li,S during charge/discharge process, resulting in
retarded electron/ion transportation.

The investigations on all-solid-state Li—S batteries are
mainly proceeded in laboratory-scale mould cells with a limited
size under high mechanical pressure™? On one hand, sulfur
cathode can be densified after compaction, rendering well
interface contacts between active sulfur, solid electrolyte, and
conductive carbon. Therefore, various conductive fillers can be
endowed with different dimensions to promote charge transfer
at reactive interfaces in sulfur cathode.™ On the other hand,
external mechanical support and fixation can also mitigate the
sulfur change in volume upon electrochemical process, main-
taining the structural stability and integration of sulfur cathode.
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However, the all-solid-state Li—S batteries should be achieved
by scalable processes towards the practical applications.

At present, a dense sulfur cathode by composite powder
die compression meets the demands of solid-state batteries on
fundamental research. However, it is difficult to achieve a
uniform and dense solid electrode at an enlarged size through
simply powder densification."® One of the reasons is that
sulfide electrolytes are unstable at ambient environment,
resulting in the failure to obtain higher external mechanical
pressure. In general, slurry-coating approach has been regarded
as an effective strategy for the large-scale electrode preparation
as application in conventional Li—S batteries. Nevertheless,
there still remains huge challenges. The reactions between
sulfur and sulfides in most of polarity solution result in the
destruction of three-phase interface inside cathode and
reduced ionic conductivity of sulfide electrolytes. While insol-
ubility of indispensable binders in nonpolar solvent induces
unthickened electrode slurry.

In this contribution, large-scale fabrication of sulfur cathode
by slurry-coating was achieved for all-solid-state Li—S pouch
cells (Figure 1a). After targeted screening of organic solvents
with different polarities, the chemical compatibility between
sulfur and LGPS electrolyte was firstly demonstrated in n-
hexane with weak polarity. Meanwhile, the content of binder
was optimized to contribute to the mechanical property of
sulfur cathode. Then the sulfur cathode with extended area
was prepared by blade coating the slurry on commercial
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aluminum foil to achieve smooth and flexible electrode (Fig-
ure 1b and ¢). Finally, all-solid-state Li—S pouch cells capable of
scaled-up manufacturing were assembled and exhibited ex-
cellent electrochemical performances.

2. Results and Discussion

It is well known that slurry-coating is a suitable processing
technology for electrode preparation and has been widely
applied into the manufacturing of practical lithium-ion
batteries."™ Generally, electrode slurry consists of solvents,
active materials, and conductive additives, as well as solid
electrolytes for solid batteries. Hence, the primary premise is to
ensure structural and functional integrity of active materials
and solid electrolytes after this solution process. However, due
to their chemical similarity, sulfide electrolytes can react with
elemental sulfur to form soluble polysulfides in most organic
solvents, especially in polar solvents. Herein LGPS was
employed as a representative sulfide electrolyte to investigate
the compatibility between sulfur and sulfides in liquid solvents.
As shown in Figure2, some probable solvents, such as
tetrahydrofuran, chloroform, xylene, and n-hexane, with low
dielectric constants were screened firstly. Although LGPS
electrolyte is undissolved into above solvents, unfortunately, it
can be seen that sulfur is dissolved into other three solvents
except for n-hexane (Figure 2a, b). Moreover, when LGPS and

solvent
4
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Figure 1. a) Schematic for preparation of solid sulfur electrode film by slurry-coating process. b) Photographs of large-area solid sulfur electrode film on

aluminum foil substrate, and ¢) shows the electrode tailorability and flexibility.
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Figure 2. The solubility of a) S, b) LGPS and ¢) the reactivity between S and LGPS in various solvents. A, B, C, and D refer to tetrahydrofuran, chloroform,

xylene, and n-hexane, respectively.

sulfur coexist, color change is observed in tetrahydrofuran due
to relatively high dielectric constant, indicative of serious side
reactions between LGPS and sulfur to form polysulfides (Fig-
ure 2c¢, d). This side reaction not only destructs ionic conduction
of sulfide electrolyte but also alters sulfur electrochemistry.
Therefore, n-hexane is regarded as a target dispersion solvent
for slurry process.

In order to further confirm the availability of n-hexane, X-
ray powder diffraction (XRD) patterns were conducted. As
shown in Figure 3a, the characteristic peaks attributed to LGPS
at 260=29.7°, 41.5°, and 47.5° are remained after n-hexane
immersion treatment, implying no destruction of LGPS crystal
structure." The ionic conductivity (3.8 mScm™') of LGPS after
soaking also has no obvious reduction compared with that
(3.9 mScm™) of pristine LGPS (Figure S1). Moreover, sulfur and
LGPS diffraction peaks are clearly demonstrated for LGPS/sulfur
composites simultaneously, which further prove the compati-
bility between solid electrolyte and S in n-hexane.

In addition, appropriate viscosity and dispersion of slurry
are also critical for high-quality solid electrode preparation.
Considering the compatibility with low polarity n-hexane
solvent, silicone rubber (SR) can serve as a thickener to regulate
the viscosity and dispersion of solution slurry. Meanwhile, SR as
a macromolecular polymer is capable of conglutinating elec-
trode materials onto conductive substrate and maintaining
structural integrity and stability upon cycling. More importantly,
SR with granular domain structure is incapable of completely
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covering the surface of the solid electrode particles."” Thus, SR
binders just have limited effects on the interface ionic/
electronic transportation between solid sulfur and solid electro-
lyte, as well as conductive carbon."® Therefore, SR was applied
as a binder and a thickener to regulate slurry properties. The
binder content optimizations are discussed in detail in the
below section. Solid sulfur electrode films composed of sulfur,
LGPS, carbon nanotube, and 2 wt.% SR, were prepared by a
slurry-coating process. Sulfur electrode films exhibit smooth
surface with uniform particle size distribution (Figure 3b).
Furthermore, energy dispersion spectra (EDS) element mapping
(Figure 3d) demonstrate that C, S, P, and Si are distributed in
the composite cathode uniformly. Manipulating the height of
scraper, the thickness and sulfur loading of electrode can be
controlled. As shown in Figure 3c, the thickness of cathode film
is 130 um and the sulfur loading is 1.3 mgecm™

In order to investigate the effect of SR binder content in
solid sulfur cathode on reaction kinetics, cyclic voltammogram
(CV) measurements were performed in a mould battery under
compression at 60°C (Figure 4a). This battery configuration
consists of Li—In alloy as anode, thickened LGPS pellet with the
original particle size of about 0.2-2.0 um (Figure S2) as electro-
lyte and as-prepared solid sulfur electrode film as cathode.
Li—In alloy applied for replacing Li anode is to mitigate the side
reaction between Li metal and LGPS and thus to construct a
stable anode/sulfide interface. The peaks around 1.1 and 1.9V
are attributed to S oxidation and Li,S reduction, respectively,

3 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) XRD patterns of pristine LGPS, LGPS after n-hexane treatment and LGPS/S composite after n-hexane treatment. b) Surface morphology images, c)
cross section image, and d) corresponding EDS elemental mapping images of solid sulfur electrode films with 2 wt.% SR binder. Inset of (b) is the enlarged

SEM image.

exhibiting the reversible electrochemical redox conversion
between S and Li,S. With the increase of binder content in the
solid sulfur cathode, the redox peak current reduces, indicating
that the excess inactive SR binder is not conducive to sulfur
reaction kinetics. To quantitatively reveal the effect of SR binder
on reaction kinetics, Tafel polarization was performed. As
shown in Figure S4, solid electrode with 2 wt.% SR exhibits the
lowest Tafel slope (211.2 mVdec™ for reduction; 264.3 mVdec™
for oxidation). Moreover, Tafel slopes of the solid cathode
increase with elevated SR content. When SR content increases
to 10wt%, Tafel slope reaches to the maximum
(3048 mVdec™' for reduction; 295.6 mVdec™' for oxidation).
Theoretically, inactive SR binder is adverse to contributing to
charge transportation. However, in addition to be imperative
for cathode slurry thickening, SR binder not only binds electro-
des onto conductive substrates but also maintains electrode
stability and avoids electrode cracking. Therefore, SR content of
2 wt.% is comprehensively considered as a reasonable amount
of binder for solid sulfur electrode manufacturing by slurry
process.

Batteries & Supercaps 2020, 3, 1-9 www.batteries-supercaps.org
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Galvanostatic discharge-charge measurements were con-
ducted to evaluate the electrochemical performances of solid
sulfur electrode films. It can be obviously seen discharge/
charge profiles with typical single plateau, which suggests
immediately solid conversion between S and Li,S (Figure 4b).
Moreover, the highest initial discharge capacity of
988.1 mAhg™"' is observed for solid electrode films with 2 wt.%
SR binder and 1.3 mgcm™S loading. The discharge capacity
reduces with the rise of binder content. When the SR content
increases to 10 wt.%, an initial discharge capacity of only
704.1 mAhg™' is obtained, which is mainly attributed to the
reduced charge transfer capabilities with the increase of an
inactive SR binder. As a contrast, conventional C/S/LGPS
composite cathode tablets were constructed by powder die
compression. An initial discharge capacity of 1031.9 mAhg™'
for this composite cathode is achieved. The discharge capacity
for solid electrode film with 2 wt.% SR just reduces by 4.2%
compared with C/S/LGPS composite cathode (Figure S5),
indicating that sulfur electrochemical conversion is barely
affected by negligible SR binder. Electrochemical impedance

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) CV curves, b) voltage-capacity curves at 0.05 C, ¢) rate capabilities, and d) the cycle performances at 0.21 mA cm~2 (0.1 C) of solid sulfur electrode

with different SR content. The sulfur loading is 1.3 mgcm™.

spectra further confirm the insignificant influences on charge
transfer capability in a solid electrode film (Figure S6).

The rate capacity strongly relies on interfacial charge
transportation. To further prove the feasibility of solid electrode
by slurry-coating process in practical batteries, the electro-
chemical performances at different rates were evaluated. As
shown in Figure 4¢, solid electrodes with 2 wt.% SR exhibit
discharge capacity of 865.5, 860.0, 844.4, and 808.7 mAhg™' at
0.1, 0.2. 0.3 and 0.5C, respectively. Notably, an enhanced
capacity of 944.8 mAhg™' is obtained when returns to at 0.1 C
after high rate tests, which is even higher than initial discharge
capacity. While solid electrode with 5 wt.% SR shows a rapidly
reduced discharge capacity of just 569.7 mAhg™' at 0.5C,
suggesting aggravated charge transfer impedance owing to
increased SR content. In contrast, traditional C/S/LGPS compo-
site cathode delivers a rapid rate capacity decay from
1008.0 mAhg ™" at 0.1 C to 851.9 mAhg™" at 0.5 C. Theoretically,
the rate capabilities should be reduced due to the presence of
inactive SR binder. However, a higher capacity retention at
enhanced rate and a higher capacity recovery for 2 wt.% SR
solid electrode are observed, which is attributed to the melting

Batteries & Supercaps 2020, 3, 1-9 www.batteries-supercaps.org

of SR at elevated temperature of 60°C and thus contributed to
enhanced Li ion transportation.

The cycling stability also reveals the feeble effect of SR
(Figure 4d). After activation at a low initial rate, a specific
capacity of 983.5mAhg™' is exhibited for 2wt% SR solid
electrode after initial discharge at 0.1 C. Moreover, a high
reversible capacity of 937.2 mAhg™' is reserved after continu-
ous 30 cycles, which is comparable to that of conventional C/S/
LGPS composite powder cathode. In contrast, the discharge
capacity for solid electrode with 5 wt.% SR decreases by 19.7%
after just 20 cycles due to possibly limited charge transfer.
These results further proved the availability of 2 wt.% SR solid
electrode constructed by a slurry-coating process.

In terms of practical application, pouch cells are generally
utilized as the main battery configuration and widely applied in
the field of power battery manufacturing. In terms of an
enlarged all-solid-state pouch cell, however, interface problems
will be aggravated in comparison to that in a mould cell. In
order to investigate the practicability of solid sulfur cathode by
slurry coating, all-solid-state Li—S pouch cells with a size of 30
30 mm? were fabricated (Figure 5a). In view of the voltage drop
using Li—In alloy anode, lithium metal with a thickness of

5 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Optical photograph and b) the charge-discharge voltage profiles of all-solid-state Li—S pouch cells with 2 wt.% SR content solid electrode at
0.01 C, and c) their EIS profiles before and after cycling. d) The discharge profile of the pouch cells with 1.8 mgcm™2 sulfur loading, inset is the optical

photograph of illumined Li—S shape red diodes by pouch cell.

100 um was adopted as anodes; while LigPS;Cl was selected as
ionic conductor layers due to the compatibility between Li and
Li¢PSsCL' As shown in Figure 5b, the pouch cell with
0.5 mgcm™2 sulfur loading exhibits a high discharge capacity of
1169 mAhg™' at 0.01C at 60°C. Even after 10 cycles, a
reversible capacity of up to 950 mAhg™ is reserved. Moreover,
even if in a pouch cell, the interface impedances at initial state
and after 10 cycles is still below 70 Q, indicating structural
stability and interfacial integrity of solid electrode by coating
(Figure 5¢). In consideration of the requirement for high energy
density, sulfur electrode with a higher sulfur loading of
1.8 mgcm2 was prepared, and an areal capacity of more than
23 mAhcm™ was gained, exhibiting huge potentials in
practical application (Figure 5d). Meanwhile, typical single
discharge/charge plateau also proves the solid-phase sulfur
conversion. At the same time, attributed to elevated cell
voltage derived from the use of lithium anode, Li—S shape red
light emitting diodes were illuminated continuously.
Theoretically, high energy density can be gained if reducing
the solid electrolyte thickness. Nevertheless, present research
aims to reveal the effectiveness of practical slurry coating
process in the large-scale fabrication of solid sulfur electrode. In

Batteries & Supercaps 2020, 3, 1-9 www.batteries-supercaps.org

order to further promote the development of practical all-solid-
state Li—S batteries, the preparation of solid electrolyte layers
by appropriate industrial process can also be considered in
future research. Therefore, a cathode supported electrolyte
layer by similar slurry coating is a promising approach. More
importantly, this method only requires smaller amount of solid
electrolyte to obtain a thinner solid electrolyte layer.

3. Conclusions

A slurry-coating method is applied to the large-scale fabrication
of solid sulfur cathode for all-solid-state Li—S batteries. The
effects of dispersion solvents with different polarity on the
structure and morphology of active sulfur and sulfide electro-
lyte were investigated. Thus, n-hexane with weak polarity and
low dielectric constant was screened out to achieve the
compatibility between sulfur and sulfides electrolyte in dis-
persion solvent. Considering the structural stability and inter-
facial charge transfer impedance, the optimized binder content
of 2wt.% in solid sulfur electrode was demonstrated and
exhibited excellent electrochemical performances. Finally, all-

6 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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solid-state Li—S pouch cells with a size of 30x30 mm? were
successfully assembled. The pouch cells exhibited an initial
discharge capacity of 1169 mAhg™" at 0.01 C and high capacity
retention of 950 mAhg™' after 10 cycles. Furthermore, a high
practical areal capacity of as high as 2.3 mAhcm™ was also
confirmed. This work makes a leap towards the practical
application of all-solid-state Li—S batteries and affords more
fundamental understandings based on practical solid-state
pouch cells.

Experimental Section

Preparation of solid sulfur electrode by slurry coating

The conventional C/S/Li,,GeP,S;, composites were firstly prepared
referring to our previous work.”” 1.96 g C/S/LGPS composites, 0.4 g
10% of silicone rubber (SR) n-hexane solution and 5 mL n-hexane
were mixed and sealed in a ZrO, ball milling tank. After ball milling
with a rotation speed of 600 rpm for 8 hours, the slurry with 2 wt.%
SR was gained. After that the solid electrodes were prepared by
coating above-obtained sulfur slurry on Al foil substrates. The sulfur
loading was controlled by a height regulator scraper. The above
experiments were operated in a glove box. For comparison, the
solid sulfur electrodes with different SR contents were also
fabricated through the same approach.

Cell assembly

Mould cell: Fundamental electrochemical performances of solid
sulfur electrode were investigated in a poly(ether-ether-ketone)
(PEEK) mold cell with a diameter of 10 mm. Firstly, 100 mg of LGPS
was pressed into a tablet as the solid electrolyte (SE) layer at
360 MPa. Then, solid sulfur electrode film was located at one side
of SE and compressed at 360 MPa. Lithium—indium (Li—In) alloy
was attached to the opposite side of the SE layer. Finally, a mould
cell was assembled.

Preparation of electrolyte sheet for pouch cell: As for all-solid-state
Li—S pouch cells, lithium metal with the thickness of 100 um was
employed as anodes; while LisPS;Cl was selected as ionic conductor
layers due to the compatibility between Li and LisPS;Cl. In detail,
LigPSsCl with the original particle size of about 0.2-2.0 um (Fig-
ure S2), nitrile rubber, and chloroform were mixed with a certain
mass ratio and sealed in a ZrO, ball milling tank. After ball milling
with rotation speed of 600 rpm for 8 hours, a uniformly dispersed
slurry was gained. The slurry was taken in a 33x33 mm? stainless
steel mold. After drying and being pressed at 300 MPa, an
electrolyte sheet was prepared with the thickness of 380 um. The
electrolyte sheet preparation procedures were all performed in an

Material characterization

X-ray powder diffraction (XRD) patterns were conducted on an X-
ray powder diffractometer (D8 Advance, Bruker) equipped with
filtered Cu—K, radiation operating at 30 kV and 20 mA. Scanning
electron microscopy (SEM) images and corresponding energy-
dispersive X-ray analysis (EDX) were obtained on JSM 7401F (JEOL,
Japan).

Electrochemical characterization

Cyclic voltammetry (CV) of all-solid-state cells was measured with a
scan rate of 0.1 mVs™' on an electrochemical workstation (Solar-
tron, 1470E). Electrochemical impedance spectra (EIS) measure-
ments were performed using the same workstation with an
amplitude of 10 mV over the frequency range from 10°Hz to
0.1 Hz. Galvanostatic charge-discharge tests were carried out on
LAND multichannel battery cycler (Wuhan LAND Electronics Co.,
Ltd.).
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Slurry coated sulfur/sulfide cathode for all-solid-state Li-S pouch cells

Next-generation cathodes: The large- cells by a facile slurry-coating process
scale fabrication of solid sulfur/sulfide and thus, exhibiting excellent electro-
cathode is successfully achieved for chemical performances.

all-solid-state lithium-sulfur pouch
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