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A High Capacity All Solid-State Li-Sulfur Battery Enabled 
by Conversion-Intercalation Hybrid Cathode Architecture
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As demands for electrochemical energy storage continue to rise, alternative 
electrochemistries to conventional Li-ion batteries become more appealing. 
Here, an intercalation-conversion hybrid cathode that combines intercalation-
type VS2 with conversion-type sulfur chemistry to construct high performance 
solid-state lithium-sulfur batteries is reported. The layered VS2 nanomaterial 
features Li-ion transport channels, metallic conductivity, and active capacity 
contribution, all of which provide an ideal platform for the solid state S/Li2S 
redox couple to unlock its high gravimetric capacity. The S/VS2/Li3PS4 hybrid 
cathode composite is prepared by a facile, low-cost, and low-energy mechan-
ical blending process. The S/VS2/Li3PS4|Li3PS4|Li/In (or Li) all-solid-state cell 
exhibits sulfur utilization of ≈85%, with a Coulombic efficiency of close to 
100%. High areal capacity up to 7.8 mA h cm−2 with an active material loading 
(S/VS2) as high as 15.5 mg cm−2 is achieved.
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end members (i.e., S and Li2S).[3] Much 
effort has been devoted to the optimiza-
tion of the cathode via the incorporation of 
host materials such as nanostructured car-
bons,[5] transition metal oxides/sulfides,[6] 
and polymers.[7] Sulfur composites provide 
the necessary electronic conductivity and 
a stable cathode-electrolyte interface, and 
serve as a vehicle for polysulfide entrap-
ment to mitigate sulfur leaching.[8–10] Some 
host materials may also participate in 
reversible redox reactions as active mate-
rials.[11] However, the Li-S cells in these 
studies still rely on polysulfide dissolution-
precipitation chemistry. Hence polysulfide 
shuttling, and/or irreversible build-up of 
insulating materials that lead to cell death 
is largely inevitable.

Substitution of the organic electrolyte for solid-state electro-
lytes (SSEs) that show zero solubility for polysulfides and which 
can support the solid-solid sulfur/lithium sulfide conversion 
reaction is an alternative approach to resolve some of the above 
challenges.[12–15] The mechanism for Li+-ion transport within the 
cathode that supports sulfur redox in solid-state batteries dif-
fers from that in conventional batteries using liquid electrolytes. 
Because both electrode and electrolyte are solid, and close high 
surface-area contact of the two materials is necessary, a signifi-
cant fraction of SSE in the cathode layer is usually needed to 
provide an efficient Li+-ion conductive pathway.[15] In this regard, 
thiophosphates are one of the most widely used SSE materials 
in all-solid-state Li-S cells owing to their excellent ductility cou-
pled with good ionic conductivity.[16,17] However, because high 
surface area carbons are also required in sulfur cathodes – to 
provide the requisite electrical conduit for electron transfer to 
sulfur – their contact with the thiophosphate electrolyte can lead 
to decomposition of the SSE via oxidation on charge.[18–21] This 
results in poor Coulombic efficiency, especially in the initial 
cycles until an insulating passivation layer is formed.[18,21]

Sulfur hosts that function as alternatives to carbons, and 
encompass both good electronic and ionic conductivity can 
address these difficulties, such as transition metal sulfides 
(MxSy, M = V, Ti, Fe, Ni, Mo, etc.).[22–25] Some of these mate-
rials not only display excellent electronic conductivity (compa-
rable to, or better than carbons), but also good Li-ion diffusion 
properties and chemical stability, and interfacial compatibility 
with sulfur/thiophosphate materials.[26,27] They can also be 
involved in electrochemical reactions with lithium based on 
a dual insertion/conversion mechanism and thus contribute 

1. Introduction

Advanced battery technology requires electrochemistries that 
go beyond conventional lithium-ion intercalation chemistry to 
further boost energy density and reduce costs for electric vehi-
cles.[1] Novel chemistries involving conversion reactions have 
gained considerable attention in recent years as they can invoke 
a higher number of charge-carriers per mass storage in com-
parison with the intercalation chemistry utilized by conventional 
lithium transition metal oxides.[2] In particular, lithium-sulfur 
(Li-S) chemistry has emerged as a promising candidate owing to 
its high theoretical specific capacity (1675 mA h g−1) and energy 
density (2500 W h kg−1) along with the natural abundance and 
innocuity of sulfur.[3,4] However, it is well acknowledged that the 
commercialization of Li-S technology in liquid electrolyte cells is 
still hindered by low active material loading, poor sulfur utiliza-
tion, poor Coulombic efficiency (CE), and capacity degradation 
over long-term cycling.[4] These problems primarily originate 
from the dissolution and redox shuttling of lithium polysulfides 
in organic solvents (typically a mixture of dimethoxyethane and 
dioxolane), and the electrically insulating nature of the two redox 
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additional capacity.[11,24,28] These principles are exemplified in 
a recent report by Passerini and coworkers of a C/FeS2/S/SSE 
composite cathode using 30 wt% active material (S + FeS2), that 
was reported to deliver an areal capacity up to 3.5 mA h cm−2 
in an all-solid-state Li-S cell.[29] Oxidation of the solid electrolyte 
(amorphous Li3PS4:LiI) on initial charge of the cell led to over-
charge and low coulombic efficiency, but the latter improved 
upon cycling once a passivation layer formed.

Unlike iron sulfide which adopts a pyrite framework, vana-
dium disulfide exhibits a layered structure where the vana-
dium is octahedrally coordinated with sulfur atoms to form 2D 
sheets.[30] The VS2 sheets are bound together by weak van der 
Waals interlayer interactions. Within the sheets, electrons are 
highly delocalized in the overlapping dangling V 3d and S 2pz 
orbitals, leading to the material’s metallic properties, and an 
electron conductivity in the range of 1000 S cm−1.[30] VS2 also 
features a low Li+ migration barrier (0.22 eV) compared to many 
other redox-active transition metal disulfides.[31,32] For these 
reasons, it has been utilized as a cathode material in Li-ion 
batteries, where it is shown to exhibit a theoretical capacity of 
233 mA h g−1 within the electrochemical window from 1.4–3.1 V 
versus Li/Li+, and good structural stability during (de)lithia-
tion.[33] While the open layered VS2 structure provides excellent 
electronic conductivity and facilitates Li+ ion transport in Li-ion 
cells, these factors also aid the solid-solid S/Li2S redox process 
as described below.

Here we report a rational design of a sulfur/nano-VS2 
hybrid cathode for high capacity solid-state Li-S batteries. In 
combination with a thiophosphate solid electrolyte (β-Li3PS4), 
the sulfur cathode composite (S/VS2/β-Li3PS4) features multi-
channel electronic and ionic conductive networks and achieves 
excellent sulfur utilization at a high active material (S + VS2) 
loading of 60  wt%, double that of the FeS2/S battery. Our 

solid-state Li-S/VS2 cells delivered a reversible specific capacity 
of 1444 mA h g−1 based on S (or 640 mA h g−1 based on S 
and VS2) at an active loading of 1.7 mgS+VS2 cm−2. This trans-
lates to a sulfur utilization of ≈85%. A stable areal capacity up 
to 7.8 mA h cm−2 was also achieved at a very high active mate-
rial loading of 15.5 mg cm−2. To the best of our knowledge, this 
is the first report of a solid-state Li-S battery which utilizes a 
metallic transition metal sulfide as a host material that exhibits 
excellent sulfur utilization, stable cycling, and overall coulombic 
efficiencies close to 100%.

2. Results and Discussion

2.1. Materials Characterization

VS2 was prepared via a hydrothermal reaction using thio-
acetamide and ammonium vanadate as precursors.[23,33] Scan-
ning electron microscopy (SEM) analysis (Figure  1a) reveals 
the platey VS2 crystallites self-assemble to form flower-like 
aggregates with diameters of 10–20 µm (Figure 1a, inset). The 
lamellar structures in the aggregates are comprised of ≈100 nm 
thick VS2 nanoplates consisting of stacked VS2 atomic layers 
(Figure  1b). The X-ray diffraction (XRD) pattern in Figure  1c 
shows that VS2 (JCPSD-98-008-6519) is present as the only crys-
talline component.[34]

The successful infiltration of elemental sulfur into the 
VS2 nanoplate aggregates via melt-diffusion was evidenced 
by the change in the composite (S/VS2) morphology 
(Figure  1d), with respect to the pristine VS2 nanoplates 
(Figure  1b). The rough surface observed on the S/VS2 
lamella and the diminished gaps between the clumped 
nanoplates (Figure  1e) suggests the VS2 layers are (at least 

Figure 1. Characterization of a–c) VS2 and d–f) the S/VS2 composite. a,b) SEM images and c) XRD pattern for VS2; d,e) SEM images and f) TGA curve 
for the S/VS2 composite, yielding a sulfur content of ≈33 wt% at a ramp rate of 5 °C min−1 under N2 flow.
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partially) covered by sulfur. Thermogravimetric analysis 
(TGA, Figure 1f ) determined that the elemental sulfur con-
tent of the S/VS2 composite was 33  wt%. Sulfur coating 
of the underlying metallic VS2-sheet skeleton accounts for 
a quasi-core shell morphology that provides the necessary 
electronic pathway for electron transfer to sulfur when the 
materials are pressed together to form a composite cathode. 
In addition, the small gaps between the individual S/VS2 
plates create a buffer void for sulfur expansion to maintain 
structural integrity of the electrode when Li2S is formed 
during discharge. This composite material, when intimately 
mixed with the solid electrolyte (SE), enables electronic and 
ionic avenues that lead to high sulfur utilization during the  
S ↔ Li2S conversion reaction as described below.

Li3PS4 was selected as the solid electrolyte due to its reason-
ably good ionic conductivity (0.23 mS cm−1, Figure S1, Sup-
porting Information).[35] The moderate ductility of Li3PS4 ena-
bles fabrication of the sulfur cathode composite (S:VS2:Li3PS4 
at a 2:4:4 weight ratio) by mixing the Li3PS4 powders with the 
S/VS2 hybrid active materials via physical blending.[36] This 
approach preserves the S/VS2 core–shell architecture (Figure 1e) 
while achieving intimate contact between the SSE and the  
S/VS2 materials. SEM and energy dispersive X-ray spectro    -
scopy (EDX) analysis demonstrate that all three components 
are evenly distributed (Figure S2, Supporting Information). 
Thus, with judicious cathode design – by coating the insulating 
sulfur layer onto the VS2 nanoplates prior to mixing them 
with the solid electrolyte – direct contact between β-Li3PS4 and 
metallic VS2 is minimized. This is beneficial to limit solid elec-
trolyte oxidation as we show below.

2.2. Electrochemistry and the Conversion Mechanism

We examined the electrochemistry of the sulfur cathode in a 
solid-state battery utilizing Li/In alloy (or lithium metal) as the 
anode, and β-Li3PS4 as the solid-state electrolyte separator. The 
well-defined and relatively symmetric cyclic voltammetry (CV) 
profile indicates good electrochemical reversibility of the S/
VS2 cathode (Figure 2a). While two redox couples are expected, 
since both sulfur-conversion (2Li + S ↔ Li2S) and Li-intercala-
tion reactions in VS2 (Li + VS2 ↔ LiVS2) potentially take place, 
the hybrid cathode exhibits only one pair of cathodic (≈1.1 V vs 
Li/In) and anodic (≈2.0  V vs Li/In) peaks at potentials similar 
to those in other solid-state Li-S cells.[12,14] We attribute this to 
the likely similar thermodynamic potentials of the two active 
materials.[14,33] To gain insight into the redox mechanism, we 
conducted ex situ XRD analysis on the hybrid cathode at dif-
ferent stages of (dis)charge (Figure  2b,c). Initially (Panel A, 
Figure 2c), the pristine cathode composite exhibits three reflec-
tions associated with the interlayer reflections of VS2 while 
those for the crystalline sulfur are indistinguishable from Li3PS4 
due to their similar XRD patterns within this region. When the 
cell was discharged to 0.8 V versus Li/In (equivalent to 1.4 V vs 
Li/Li+) (Point C, Figure 2b), the VS2 XRD reflections (located at 
36° (011), 46° (102), and 58° (103) in Panel A, Figure  2c) shift 
toward much lower angles (Panel C, Figure 2c). This accounts 
for approximately a 6% increase in the a and c lattice para-
meters of VS2 (SG: P-3m1) due to Li+ insertion and formation 
of isostructural LiVS2 (JCPSD-98-064-2325). Meanwhile, two 
new peaks at 27° and 45° (Panel C, Figure 2c) were identified as 
Li2S, resulting from sulfur conversion to lithium sulfide. When 

Figure 2. Investigation of the electrochemical mechanism for the solid-state Li-S/VS2 battery. a) CV profile of the S/VS2/Li3PS4|SE|Li/In cell. b) Electro-
chemical profile and c) ex situ XRD for the same battery at different stages of (dis)charge collected at a current rate of 0.12 mA cm−2 (C/10). The Li3PS4 
reflections in panels D & E are due to the underlying solid electrolyte layer that could not be fully detached from the cathode material. The grey dotted 
arrow shows the evolution of the reflections of VS2 to LiVS2 during discharge and the reverse during charge.
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the cell was charged to 2.5 V versus Li/In, the phase evolution 
(A → C in Figure 2c) of both materials show that their respec-
tive pristine counterparts are recovered (Panel E, Figure  2c). 
Interestingly, the intermediate stages of the discharge and 
charge processes (panel B and D in Figure  2c, respectively) 
reveal the co-existence of LixVS2 and Li2S. We conclude that the 
electrochemistry of the Li-S/VS2 battery follows a simultaneous 

conversion/(de)lithiation process, in agreement with the single-
peak CV profile in Figure 2a. Moreover, quantitative analysis of 
the electrochemical data clearly shows the VS2 cannot account 
for the capacity offered by the cell in Figure  2b (see Electro-
chemical Analysis in the Supporting Information for details). 
Thus, both sulfur and vanadium disulfide are involved in the 
redox process. In summary, the solid electrolyte Li3PS4 serves 
as the main ionic conductor to deliver Li+ ions for S/Li2S redox, 
and metallic VS2 functions as the electronic conductor to deliver 
electrons. However, because lithiated vanadium sulfide (LixVS2) 
is also a mixed ion/electron conductor and exhibits good Li-ion 
mobility between the VS2 atomic layers,[37] it can serve as an 
additional role as a Li-ion delivery vehicle when it is formed 
midway through discharge and charge (i.e., LixVS2 + S ↔ Li2S 
+ VS2). This concept is illustrated schematically in Figure 3; the 
precise nature of the mechanism will be the subject of future 
studies.

Good interfacial stability of the components in the cathode 
layer and the thiophosphate in the solid electrolyte layer is 
another important parameter for the longevity of solid-state 
batteries. The components in the cathode and separator layers 
do not mix after cycling, as evidenced by the clear boundary 
between the two layers determined by cross-section EDX anal-
ysis after 10 cycles at C/10 (Figure 4a–d). Sulfur and phosphorus 
are observed in both the cathode and electrolyte layers owing 
to the presence of sulfur and Li3PS4 (Figure  4b–c), whereas 
no vanadium is detected in the electrolyte layer (Figure  4d), 
indicating that no elemental diffusion occurs, as expected. In 
contrast, literature reports show that thiophosphates form an 
unstable interface with all lithium transition metal oxides on 

Figure 3. Schematic diagram illustrating the proposed microstructure 
and discharge mechanism for the solid-state hybrid Li-S/VS2 battery.

Figure 4. Analysis of the interface between Li3PS4(left) and S/VS2/Li3PS4 (right) after 10 cycles at C/10. a) SEM image of the area; EDX elemental 
mapping of b) S, c) P, and d) V.
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cycling: for example, in a LiCoO2|Li2S/P2S5 solid-state Li-ion 
cell, mutual diffusion of Co, P, and S at the cathode-SSE inter-
face and electrochemical oxidation of the thiophosphate on 
charge[38] result in formation of a high impedance interlayer 
and subsequent cell degradation.[39–41]

2.3. Long-Term Electrochemical Performance

The long-term electrochemical performance of solid-state Li-S/
VS2 cells was examined by galvanostatic cycling at 25 °C. Figure 5a 
displays the performance of the S/VS2 cathode at an areal 
loading of 1.7 mgS+VS2 cm−2 at a current density of 0.12 mA cm−2  
(equivalent to a rate of C/10). The cathode exhibited an ini-
tial discharge capacity of 0.88 mA h cm−2, which increased 
to 1.1 mA h cm−2 after a few cycles. A high CE of 96% was 
achieved on the first cycle when the cell was recharged to 2.5 V. 
Such a high first cycle CE – in contrast to other solid-state Li-S 
batteries where values as low as 80% have been observed[17,29,42] 
– is attributed to the minimal contact between the metallic 
VS2 and the solid electrolyte in the cathode layer, as well as to 
the electronic conductivity and additional Li-ion delivery path-
ways provided by VS2 (Figure  3). The hybrid cathode reached 
a specific capacity of 640 mA h g(S+VS2)

−1 after several activa-
tion cycles, while the CE reached nearly 100% and remained 
stable hereafter. After subtracting the capacity contribution 
from VS2 (see Sulfur Utilization calculation in the Supporting 
Information), the specific capacity of sulfur was estimated to be 

1444 mA h g−1, which corresponds to a high sulfur utilization 
of ≈85%. An areal capacity of ≈1 mA h cm−2 was achieved 
using this configuration, and stable reversible redox behavior 
was observed (Figure  5b). We also examined the plausibility 
of utilizing Li metal as the anode to further boost the energy 
density at the cell level. The long-term cycling performance of 
the S/VS2|SE|Li cell is shown in Figure 5c. The sulfur cathode 
delivered an initial discharge capacity of 0.82 mA h cm−2 at 
an active material loading of 1.9 mg cm−2 and exhibited good 
cycling performance at a current density of 0.27 mA cm−2 
(≈C/5) for the first 100 cycles owing to the formation of a thin 
passivating layer of Li2S+Li3P on Li metal.[42,43] The current den-
sity was halved to 0.13 mA cm−2 for the following 100 cycles, 
where the cell displayed even better cycling performance with a 
stable capacity of 0.89 mA h cm−2. In contrast, under the exact 
same cycling conditions, a solid-state Li-S cell fabricated with 
nanocarbon as the sulfur host exhibited a 30% lower initial 
capacity of 0.74 mA h cm−2 (compared to 1.1 mA h cm−2 for the 
VS2 host), accompanied by a higher overpotential on discharge 
(Figure S3, Supporting Information). This further supports that 
VS2 acts more than just an electrical conduit; it also provides 
additional capacity in the electrochemical window of sulfur and 
serves as a lithium ion vehicle. Neither property is provided by 
carbon materials.

Higher sulfur content in the composite was examined. How-
ever, further increasing the sulfur content from 33 to 50 wt% 
in the S/VS2 composite incurs higher cell polarization (0.6  V 
vs 0.7  V) and lowers active material utilization (80%  vs 47%) 

Figure 5. Electrochemical performance of the solid-state Li-S/VS2 battery. a) Electrochemical profile and b) long-term cycling of the solid-state cell at an 
active loading of 1.7 mg cm−2. Li/In alloy was utilized as the anode. c) Long-term cycling of the solid-state Li-S/VS2 battery (active loading: 1.9 mg cm−2) 
that utilized lithium metal as the anode. Current density was maintained at 0.27 mA cm−2 for the first 100 cycles and then adjusted to 0.13 mA cm−2 
from the 101st cycle.
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(Figure S4, Supporting Information). This can be attributed 
to the additional insulating sulfur coating on the underlying 
VS2 that impedes Li-ion and electron transport. Nonetheless, 
at the optimized VS2:S ratio of 2:1, the solid-state Li-S/VS2 
cell demonstrated good rate performance (Figure S5, Sup-
porting Information). The cell exhibited a reversible capacity of 
0.35 mA h cm−2 at 0.5 mA cm−2 (C/2) at room temperature, 
recovering to 0.85 mA h cm−2 when the current density reverted 
back to 0.2 mA cm−2 (C/5).

The electrochemical performance of cells with different 
cathode loadings was also examined. Figure  6a presents the 
discharge/charge profile of the S/VS2 cathode at an interme-
diate active material loading of 7.7 mg cm−2. The hybrid elec-
trode offered an initial discharge capacity of 4 mA h cm−2, 
which increased to 4.3 mA h cm−2 in the fifth cycle at a cur-
rent density of 0.12 mA cm−2. This corresponds to an active 
material utilization approaching 80%. Moreover, an ultra-
high loading (15.5 mg cm−2) cathode exhibited the highest 
reversible capacity up to 7.8 mA h cm−2 at a current density of 
0.12 mA cm−2 after the initial activation cycle (Figure 6b). The 
cells experienced a capacity decay, but still delivered a revers-
ible capacity of 5.2 mA h cm−2 after 10 cycles. This suggests 
binders are necessary at the cathode to accommodate the 
 continuous volume expansion/contraction during cycling.[44] 
Nonetheless, this is among the highest areal capacity reported 
for a solid state Li-S battery to our knowledge.[29,45] The capacity 
of each hybrid cathode at a different active material loading 
is compared in Figure  6c. There is a gravimetric capacity pen-
alty with increasing loading owing to the higher polarization in  
the cell. This can be attributed to the lengthened  

electronic/ionic pathways in thick electrodes, a common pheno-
menon in liquid Li-S cells,[44] and can likely be improved by opti-
mizing the cathode microstructure in future studies. The high 
areal capacity that is achieved is not only one of the highest 
reported to date in all-solid-state Li-S batteries, but is also com-
parable to some of the recent high sulfur loading studies in 
liquid Li-S batteries.[11,44,46] Table  1 summarizes and compares 
the areal capacities of the recently reported all-solid-state Li-S 
cells, where the detailed mass ratio of the components in 
the cathode layer are provided (the mass of the current col-
lectors and exterior packaging are omitted due to lack of  
information).

3. Conclusions

Our findings demonstrate that the combination of a mixed 
ion/electron conductive transition metal sulfide and sulfur in 
an all-solid-state configuration is a promising strategy for the 
realization of next-generation solid-state batteries. The coating 
of sulfur on the VS2 nanoplates results in a core–shell cathode 
architecture, and this morphology is well preserved owing to 
the low-energy physical blending process. Both factors mini-
mize the surface contact between the electronically conductive 
component and Li3PS4, and hence reduce electrolyte decom-
position on charge. The good performance relies on forma-
tion of a conversion-intercalation cathode that encompasses 
both lithium intercalation and metallic electronic conductivity. 
The LixVS2 functions as a network that feeds both Li+/e−  
to the active sulfur material, while the Li3PS4 acts as the Li-ion 

Figure 6. Electrochemical profiles of solid-state Li-S batteries that utilized Li/In alloy as the anode at a cathode loading of a) 7.7 mg cm−2 and  
b) 15.5 mg cm−2. c) The voltage profiles of cells with varied active material loadings as a function of gravimetric capacity.
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conduit. The hybrid Li-S/VS2 solid-state cell with a high active 
material loading of 15.5 mg cm−2 and an areal capacity up to 
7.8 mA h cm−2, meets one of the major mandates for Li-S battery 
commercialization.[51] Benefiting from the collective electronic 
and ionic network afforded by the cathode architecture, these 
solid-state cells not only exhibit a very high coulombic efficiency 
of 96% in the first cycle but also achieve up to ≈85% sulfur uti-
lization. This approach offers new promise for developing next-
generation solid-state Li-S batteries.

4. Experimental Section
Synthesis of VS2: VS2 was prepared by a one-pot hydrothermal 

method.[23,33] Namely, 2  mmol ammonium metavanadate (NH4VO3, 
98.5%, AnalaR NORMAPUR) was dissolved in an aqueous ammonia 
solution (28  wt%, Sigma-Aldrich), and thioacetamide (ACS grade, 
Sigma-Aldrich) was then added. The molar ratio between the vanadium 
and sulfur precursors was approximately 1:5. The homogenous solution 
was then transferred to a Teflon-lined autoclave and maintained at 
165 °C for 20 h under static conditions. The black VS2 solid was rinsed 
with water and ethanol, and collected after drying at 90 °C in a vacuum 
oven for 12 h.

Preparation of the Hybrid Cathode Composite: Elemental sulfur was 
melt-diffused into VS2 at 160 °C for 12 h to afford the S/VS2 composite 
with a sulfur content of 33  wt%, as determined by thermogravimetric 
analysis (TGA). The solid state electrolyte (SSE), β-Li3PS4 was prepared 
by vacuum drying the raw material (Li3PS4·3THF, BASF) in a Büchi 
vacuum oven at 150 °C for 48 h before transferring it to an Ar-filled 
glovebox. The final cathode composite material was prepared by a 
physical blend of the S/VS2 composite material and SSE with a ratio of 
6:4 in an Ar-filled glovebox. For comparison, a S/C/Li3PS4 composite 
cathode was also prepared using the same method, employing carbon 
black (Vulcan XC 72R) as the sulfur host material.

Physical Characterization: SEM studies were carried out on a Zeiss 
Ultra field emission SEM instrument equipped with an EDXS attachment 
(Oxford). XRD data were collected on a PANalytical Empyrean 
instrument outfitted with a PIXcel 2D detector operating at 45  kV per 
40 mA, using Cu-Kα radiation (λ = 1.5405Å). TGA, used to determine the 
sulfur content of the materials, was carried out on a TA Instruments SDT 
Q500 at a heating rate of 5 °C min−1 under a N2 flow.

Electrochemical Studies: The electrochemical performance of the 
solid-state Li-S battery was carried out using a home-designed cell, 
which was assembled in an Ar-filled glovebox. A cylindrical die with an 
internal diameter of 10 mm was used for pellet preparation. In a typical 
procedure, approximately 70  mg of the solid electrolyte powder was 

first pressed between two stainless steel rods. The cathode composite 
material (S/VS2/Li3PS4 or S/C/Li3PS4) was then added to the cathode 
compartment and further pressed alongside the SSE pellet for several 
minutes. Next, Li foil or Li/In alloy was placed in the anode compartment. 
Finally, the die was placed in an air-tight stainless-steel casing capable 
of maintaining constant pressure on the pellet. Screws on the casing 
were fastened by applying a torque of 9.6 N m. All electrochemical 
studies were carried out on a Bio-logic VMP3 electrochemical station. 
Cyclic voltammetry and EIS studies were carried out at a scan rate 
of 0.02 mV s−1 and an amplitude of 5  mV in the frequency range of 
200 mHz to 200 kHz, respectively. Galvanostatic cycling was performed 
in the potential range of 1.4–3.1  V versus Li/Li+, where the molar ratio 
of Li:In (maintained at <1) fixes the voltage of the negative Li-In alloy 
electrode at −0.6 V versus Li/Li+.[52] The theoretical capacity of the S/VS2 
hybrid cathode is 713 mA∙h∙gVS2+S

−1 at a S:VS2 weight ratio of 1:2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Table 1. Selection of performance metrics of recent all solid-state Li-S batteries. The selection is limited due to the scarce number of papers reporting 
the areal capacity or the parameters needed for its calculation (active mass loading, electrode area). (Note: AB = acetylene black, AC = active carbon, 
VGCF = vaper grown carbon fiber, CR = carbon replica, and SE = solid electrolyte).

Positive Electrode [wt%] Solid Electrolyte Negative Electrode Active material loading [mg] Areal Capacity [mA h cm−2] Ref.

S-[Li2S+P2S5]-AC (50-40-10) Li10GeP2S12 Li/In 0.6 1.21 [12]

[Li2S+LiI]-VGCF-SE (50-10-40) Li2S/P2S5 Li/In 1.0 1.39 [47]

S-CR-SE (9-21-20) Li10.05Ge1.05P1.95S12 Li/In 0.9 0.86 [48]

S-C-SE (20-10-70) Li6PS5Br Li/In 3 2.5 [49]

[Li2S+LiI]-VGCF-SE (75-10-15) Li3PS4 Li 7.6 6.97 [45]

S-C-SE (15-35-50) Li3.25Ge0.25P0.75S4 Li/Al 0.75 1.7 [50]

S-AB-SE (25-25-50) Li3.25Ge0.25P0.75S4 Li/In 1.25 1.9 [21]

S-FeS2-C-SE (15-15-20-50) LiI/Li3PS4 Li 6.6 3.55 [29]

S-VS2-SE (20-40-40) Li3PS4 Li/In 12 7.8 This work
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