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ABSTRACT: Solid-state Li−S batteries are attractive due to their
high energy density and safety. However, it is unclear whether the
concepts from liquid electrolytes are applicable in the solid state to
improve battery performance. Here, we demonstrate that the
nanoscale encapsulation concept based on Li2S@TiS2 core−shell
particles, originally developed in liquid electrolytes, is effective in
solid polymer electrolytes. Using in situ optical cell and sulfur K-
edge X-ray absorption, we find that polysulfides form and are well-
trapped inside individual particles by the nanoscale TiS2
encapsulation. This TiS2 encapsulation layer also functions to
catalyze the oxidation reaction of Li2S to sulfur, even in solid-state
electrolytes, proven by both experiments and density functional
theory calculations. A high cell-level specific energy of 427 W·h·
kg−1 is achieved by integrating the Li2S@TiS2 cathode with a poly(ethylene oxide)-based electrolyte and a lithium metal anode. This
study points to the fruitful direction of borrowing concepts from liquid electrolytes into solid-state batteries.
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Rapid developments of electric vehicles and portable
electronics have triggered the quest for new battery

technologies with energy densities greater than those of
current lithium-ion batteries.1,2 Lithium−sulfur (Li−S) bat-
teries are considered as the most promising candidate because
of their low cost and high theoretical energy density (2500 W·
h·kg−1), a 5-fold increase compared to that of traditional
lithium-ion batteries.3−5 In the past, most Li−S related battery
research was done in liquid electrolytes. The practical
applications of Li−S batteries are found to be hampered by
the low electronic and lithium-ion conductivity of sulfur and
lithium sulfide (Li2S), polysulfide shuttling, and poor stability
of lithium metal anodes.6−9 These limitations result in poor
sulfur utilization, fast capacity fading, and safety issues.
Significant research on Li−S batteries (in liquid electrolytes)
has been devoted to addressing these issues, the most
successful of which have been design of nanostructured
hosts,10,11 encapsulation of sulfur species,12,13 separator
modification,14,15 and formation of a uniform solid electrolyte
interphase (SEI).16

Recently, there is a new direction to address Li−S chemistry
by replacing flammable liquid electrolytes with solid-state
electrolytes.17−20 There are two main types of solid electrolytes
to be considered: inorganic ceramics and organic polymers.
Although inorganic solid electrolytes have the highest lithium-

ion conductivity at room temperature,21−24 their high mass
density (e.g., Li7La3Zr2O12, 5.2 g·cm−3) and brittle nature
present a challenge for applications.25,26 In contrast, solid
polymer electrolytes (SPEs) can balance a moderate lithium-
ion conductivity with a lower mass density (∼1 g·cm−3),
improved mechanical flexibility, and ease of processing.27,28

Many studies show the lithium-ion conductivity of SPEs is
improved by adding inorganic fillers such as silicon oxide,29

titanium oxide,30 zirconium oxide,18 and lithium-ion conduct-
ing ceramics.31,32 Recently, an ultrathin polymer−polymer
composite electrolyte (8.6 μm) with high ion conductivity of
2.3 × 10−4 S·cm−1 at 30 °C was developed using the concept of
vertical channels.33 Fireproof and lightweight SPEs are further
developed to improve the safety of lithium batteries.34 These
improvements drive the research field toward achieving high
energy density and safe all-solid-state Li−S batteries
(ASSLSBs). However, several intrinsic issues of conversion
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chemistry between sulfur and Li2S in ASSLSBs still need to be
addressed, such as the insulating properties of sulfur and Li2S
and interfacial parasitic reactions toward the anode side.35

Particularly, we want to point out that the hypothesis that SPEs
suppress polysulfide dissolution is found to be incorrect, and
recent studies show that significant polysulfide dissolution
occurs in SPEs.36−38

Here, we propose that some of the material design
improvements originally developed for liquid electrolytes can
be incorporated to solid electrolytes with excellent outcomes.
However, thus far, there are very few studies exploring those
concepts in solid-state Li−S battery systems. Some recent
attempts are listed here. Sulfur was infiltrated in porous carbon
hosts to improve the electronic conductivity of cathodes and
therefore to enhance the performance of ASSLSBs.31,39

Different lithium salts have been incorporated into SPEs to
regulate the interfacial chemistry of the lithium metal anode,
thus creating a compact and highly conductive SEI.40−42

Unfortunately, solid-polymer-based ASSLSBs still fail to reach
satisfactory performance because an effective strategy to avoid
polysulfide dissolving into SPEs is still missing.
Nanoscale encapsulation of sulfur cathodes has been

demonstrated in liquid electrolytes,12,13,43,44 although it is
unknown whether the encapsulation concept is feasible in
solid-polymer-based ASSLSBs. Indeed, the encapsulation
concept has not yet been explored in the solid electrolyte
Li−S system. In this study, we apply the concept of nanoscale
encapsulation for the first time in solid-polymer-based
ASSLSBs. We use a thin (∼20 nm) layered titanium disulfide
(TiS2) encapsulation to inhibit polysulfide dissolution into
SPEs in all-solid-state Li2S−Li batteries (Figure 1a). Li2S
cathodes are chosen because Li2S is already in the expanded
state (compared to sulfur), which prevents fracture of the
encapsulation layer by volume expansion. In addition, Li2S
cathodes are compatible with anode-free cells.45 From previous
studies in liquid electrolytes, TiS2 encapsulation efficiently

prevents polysulfide dissolution because of a strong binding
with Li2S/Li2Sx species.46 We hypothesize that TiS2
encapsulation can also prevent polysulfide dissolution into
SPEs because the strong binding of Li2S/Li2Sx species to TiS2
applies even in the absence of liquid electrolytes. In
comparison, for Li2S cathode without TiS2 encapsulation
(bare Li2S), intermediate polysulfides form and dissolve into
SPEs (Figure 1b,c). We hypothesize the designed TiS2-
encapsulated Li2S (Li2S@TiS2) cathode can facilitate the
transformation of Li2S into S in solid electrolytes, as it is the
case in liquid electrolytes. We demonstrated that a high cell-
level energy density of 427 W·h·kg−1 (including the mass of the
anode, cathode, and solid-state electrolyte, but excluding the
current collector and packaging) is achieved by integrating
Li2S@TiS2 cathodes with ultrathin poly(ethylene oxide)
(PEO)-based solid-state electrolyte (10−20 μm, Supporting
Information Figure S1) and a lithium metal anode. We provide
proof in this work that nanoscale encapsulation is effective for
Li−S batteries in the solid-state electrolyte system. There exists
catalytic Li2S oxidation for ASSLSBs while preventing
polysulfide dissolution by nanoscale encapsulation with TiS2.
We believe that bringing material design concepts from liquid
electrolytes into solid-state Li−S batteries represents a new and
exciting direction.

Encapsulation-Enabled Polysulfide Entrapment. To
test the hypothesis in Figure 1, Li2S@TiS2 particles were
synthesized by converting 20% of the Li2S on the surface into
TiS2 via an ion exchange process (see Supporting Informa-
tion). The schematic and details of the synthesis process are
shown in Supporting Information Figure S2. A scanning
electron microscopy (SEM) image of Li2S after TiS2 coating
reveals that the typical particle size of as-prepared Li2S@TiS2
ranges between 1 and 5 μm with an average size of 2 μm
(Figure 2a). A transmission electron microscopy (TEM) image
shows that Li2S is encapsulated by a uniform polycrystalline
TiS2 layer with a thickness of ∼20 nm (Figure 2b). A high-
resolution TEM image shows a spacing of 0.57 nm, which is
consistent with the interlayer spacing of TiS2,

47 verifying the
crystalline structure of the TiS2 layer (Figure 2c). Elemental
mapping of the composite particle suggests the uniform
coating of TiS2 on the Li2S surface (Supporting Information
Figure S3). The Li2S@TiS2 particles were mixed with a carbon
b l a c k c o n d u c t i v e a d d i t i v e , l i t h i u m b i s -
(trifluoromethanesulfonyl)imide (LiTFSI), and PEO binder
(60:15:10:15 by weight) in acetonitrile to form a slurry, which
was coated onto aluminum foils and dried in a glovebox to
prepare the working electrodes. A homemade in situ optical
cell (Figure 2d) was then fabricated using lithium metal as the
counter electrode and PEO/LiTFSI as the electrolytes to study
the dissolution behavior of intermediate polysulfides (Li2Sx, 3
≤ x ≤ 8) in solid-polymer-based ASSLSBs. All of the
components were sealed between a glass substrate and a
piece of transparent cover glass slide to enable in situ optical
observation and heated at 60 °C (Figure 2e). A photograph of
the experimental setup is shown in Supporting Information
Figure S4. Bare Li2S was also applied as a working electrode to
fabricate an optical cell for comparison.
The optical cell is first charged to a cutoff voltage of 3.8 V

(versus Li+/Li) under a current of 5 μA and then discharged to
a cutoff voltage of 1.6 V under a current of −2 μA. During the
charging process, the Li2S is oxidized to polysulfides. Figure
2f,g shows the evolution of the interface between the working
electrode and the solid-state PEO/LiTFSI electrolyte during

Figure 1. Design of encapsulated Li2S cathodes for solid polymer
based ASSLSBs. (a) Schematic of the ASSLSB architecture
comprising lithium metal anodes, nanoporous polyimide (PI) film
filled with PEO/lithium bis(trifluoromethanesulfonyl)imide (PI@
PEO/LiTFSI) solid electrolytes, and Li2S composite cathodes.
Zoomed-in schemes of the red rectangle in (a) to depict the interface
between the solid-state electrolyte and the cathode during delithiation
process for (b) bare Li2S cathode and (c) Li2S@TiS2 cathode. Bare
Li2S particles undergo polysulfide dissolution upon delithiation,
resulting in rapid capacity decay and low Coulombic efficiency. Li2S@
TiS2 core−shell structure provides a structurally intact shell for
effective trapping of polysulfides, thereby avoiding polysulfide
dissolution into SPEs. Light yellow, Li2S particles; orange, polysulfide;
gray shell, TiS2 coating.
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the cycling process. Before being charged, the interface can be
clearly observed and the pure PEO/LiTFSI electrolyte part has
a pale yellow color by optical microscopy (OM) imaging at
open-circuit voltage. For optical cells with bare Li2S electrodes,
only after the first charging process, the color of the PEO/
LiTFSI electrolyte gradually changes from a pale-yellow color
to red-brown, starting from the interface between the working
electrode and the electrolyte. The red-brown coloration fully
spreads over the whole PEO/LiTFSI electrolyte after only two
cycles, suggesting that polysulfides are dissolving into the
PEO/LiTFSI electrolyte (Figure 2f). In contrast, no obvious
color change of the PEO/LiTFSI electrolyte is observed in
optical cells with Li2S@TiS2 electrodes after three cycles
(Figure 2g). This phenomenon is further demonstrated by the

photograph of the overall working electrode/electrolyte
interface. The solid-state electrolyte near the working electrode
interface changes from transparent to red-brown for the bare
Li2S electrode (Figure 2h), while maintaining its original color
for the Li2S@TiS2 optical cell (Figure 2i).
To further verify the composition of PEO/LiTFSI solid

electrolytes after cycling, we measured sulfur K-edge X-ray
absorption near-edge structure (XANES) for PEO/LiTFSI
electrolytes in the corresponding area marked as A in Figure 2j
for bare Li2S and area marked as B in Figure 2j for Li2S@TiS2
electrodes. Both bare Li2S and Li2S@TiS2 electrodes show
absorption features at 2481 and 2486 eV, originating from
LiTFSI in the electrolyte.48 The presence of a broadened peak
around 2472 eV in area A confirms the generation of

Figure 2. Polysulfides entrapment in Li2S@TiS2 cathodes. (a) SEM and (b) TEM image of Li2S@TiS2 particles. The thickness of the TiS2 coating
is approximately 20 nm. (c) High-resolution TEM image of TiS2 coating on Li2S. (d) Schematic of the setup for in situ optical observation. A thin
gap (1−2 mm) between the working electrode and the counter electrode was designed to avoid short-circuiting. (e) Illustration of the
electrochemical cell assembled with a bare Li2S working electrode or Li2S@TiS2 working electrodes, PEO/LiTFSI electrolyte, and a lithium metal
counter electrode. The entire cell is heated to 60 °C. The open-circuit voltage of the as-prepared cell is 2.5 V. The cell is first charged to 3.8 V at a
constant current of 5 μA and then discharged to 1.6 V at a current of −2 μA. The in situ optical microscopy image shows the working electrode/
electrolyte interface for (f) bare Li2S electrode and (g) Li2S@TiS2 electrode. Photographs show the overall working electrode/electrolyte interface
after cycling for optical cells with (h) bare Li2S electrode and (i) Li2S@TiS2 electrode. For the optical cell with bare Li2S working electrode, the
color of the solid electrolyte near the working electrode side changes from transparent to red−brown after cycling, indicating that polysulfides are
dissolving into the PEO/LiTFSI electrolyte. For the optical cell with Li2S@TiS2 working electrode, no color change is observed, indicating that
polysulfides are well-trapped. (j) Sulfur K-edge X-ray absorption near-edge structure spectra of PEO/LiTFSI electrolytes in corresponding area A
for bare Li2S and area B for Li2S@TiS2 electrode. The presence of a broadened absorption peak around 2472 eV in area A confirmed the generation
of polysulfides in PEO/LiTFSI electrolytes for the bare Li2S electrode. The absorption features at 2481 and 2486 eV are from LiTFSI in the
electrolyte.
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polysulfides49 in the PEO/LiTFSI electrolyte in the cell with
the bare Li2S electrode. The polysulfide dissolution in SPEs has
been previously observed by SEM, ultraviolet−visible spec-
troscopy, and Raman spectroscopy techniques.36,38 Here, for
the first time, we report the sulfur K-edge XANES of
polysulfides in SPEs to prove polysulfide dissolution.
Combining in situ optical microscopy and sulfur K-edge
XANES measurement, we conclude that polysulfides form and
dissolve into PEO/LiTFSI electrolytes from bare Li2S
electrodes during cycling, whereas Li2S@TiS2 electrodes can
effectively trap polysulfides by a structurally intact encapsula-
tion layer, thereby avoiding polysulfide dissolution into SPEs.
TiS2-Enhanced Li2S Oxidation Reaction Kinetics. In

addition to the function of trapping polysulfides, we would like
to study whether TiS2 coating could play a crucial role in
promoting Li2S oxidation kinetics in solid-state electrolytes, as
this was proven in liquid electrolytes.46 Coin cells (type 2032)
are assembled using Li2S composite cathodes, PI@PEO/
LiTFSI electrolytes, and lithium metal anodes. Due to the large
charge transfer resistance and intrinsically poor electronic
conductivity of Li2S,

45 the as-assembled unencapsulated Li2S

cells show a high energy barrier of 3.3 V at the initial charge
cycle for activation (Figure 3a) at a rate of 0.1 C and a large
charge transfer resistance at open-circuit voltage (Figure 3b). It
indicates that the oxidation reaction may only occur at the
localized regions of the active particles directly interfacing
electron and ion transfer channels, thus resulting in a much
lower specific capacity than the theoretical value. After TiS2
coating, the initial activation energy barrier significantly
decreases below 2.5 V (Figure 3a). This is direct evidence
that the TiS2 coating facilitates Li2S oxidation reaction.
Moreover, owing to the high conductivity of TiS2, the
impedance spectrum of the as-assembled Li2S@TiS2 cells
also shows a smaller semicircle in the high-frequency region
compared with bare Li2S cells, indicating a reduced charge
transfer resistance (Figure 3b). The charge transfer resistance
is comparable with that in the liquid system and further
decreases after 10 cycles, which indicates the formation of a
stable TiS2 interface, allowing fast charge transfer during
cycling.
Cyclic voltammetry (CV) evaluation on the as-assembled

cells provides additional evidence for the catalytic effect of TiS2

Figure 3. Electrochemical activation and electrochemical reactions in all-solid-state Li2S−Li batteries. (a) First cycle charge voltage profiles of
Li2S@TiS2 and bare Li2S cathodes at 0.1 C (1 C = 1166 mA·g−1 Li2S). (b) Electrochemical impedance spectra of ASSLSBs using bare Li2S and
Li2S@TiS2 cathodes and the liquid system data adapted from ref 13. (c) CV curves and (d) corresponding peak potentials of Li2S@TiS2 and bare
Li2S electrode. (e) CV curves of the Li2S@TiS2 electrode at various scan rates (0.1, 0.2, 0.3, 0.4, and 0.5 mV s−1). (f) Plots of the CV peak current
for the anodic oxidation process (peak 3: Li2S → S8) versus the square root of the scan rates. All cells were tested at 60 °C. (g) Energy profiles for
the oxidation of bare Li2S and Li2S on TiS2. The optimized geometries of TiS2 with adsorbates (Li2S*, Li2S2*, Li2S4*, Li2S6*, Li2S8*, and S8*) are
shown in the inset (Ti, blue; S, yellow; Li, green).
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in ASSLSBs. Figure 3c shows distinct redox peaks for both the
Li2S@TiS2 electrode and the bare Li2S electrode. The anodic
oxidation reaction (peak 3) corresponds to the oxidation of
Li2S to S8.

46 The two reduction peaks (peaks 1 and 2) can be
associated with the reduction of S8 to long-chain lithium
polysulfides and then transforms to short-chain Li2S2/Li2S,
respectively.46 When compared to bare Li2S electrodes, the
Li2S@TiS2 electrodes demonstrate a lower oxidation potential
and higher reduction potential (Figure 3d), suggesting that the
TiS2 coating significantly reduces the electrode polarization by
catalyzing Li−S redox reactions in ASSLSBs.
Additionally, the CV curves of as-prepared electrodes at

various scan rates are used to study the electrode kinetics with
respect to the lithium-ion diffusion coefficient, as shown in
Figure 3e and Supporting Information Figure S5. The CV peak
current versus the square root of the scan rates for both Li2S@
TiS2 and Li2S electrodes (Figure 3f) shows a linear
relationship. Notably, the slope of the Li2S@TiS2 curve is
larger than that of the bare Li2S. According to the classical
Randles−Sevcik equation for a diffusion-limited process,46,50 a
larger slope of the curve for the Li2S@TiS2 electrode indicates
a faster lithium diffusion within the Li2S@TiS2 electrode
compared to that with the bare Li2S electrode, which further
facilitates sulfur transformation reactions.
To attain an in-depth understanding of the catalytic effect of

TiS2 coating for improved charge reaction kinetics in ASSLSBs,
the overall reaction mechanism for Li2S oxidation is simulated
theoretically, as shown in Figure 3g. First-principles calcu-
lations propose detailed energetics and kinetics of reaction
steps for the TiS2-modulated Li2S oxidation. The optimized
geometries of TiS2 with adsorbates are shown in the inset,
whereas the atomic configurations of bare Li2S reaction
coordinates can be seen in Supporting Information Figure
S6. For each reaction step, the energy barriers of Li2S@TiS2

are much lower than those of the bare Li2S, as shown in Figure
3g. Two steps from Li2S to Li2S2 and Li2S8 to S8 exhibit the
two largest positive Gibbs energy barriers among all of the
steps. The energy barrier of Li2S to Li2S2 of TiS2-modulated
Li2S oxidation is 0.57 eV, which is significantly lower than that
of bare Li2S oxidation, 1.73 eV. This correlates very well with
the experimental evidence that the energy barrier of Li2S@TiS2
is significantly reduced (Figure 3a). Moreover, we note that the
rate-limiting step for the bare Li2S is the step from Li2S8 to the
S8 with a value of 10.00 eV, whereas the value of Li2S@TiS2 is
only 0.49 eV. As a result, TiS2-modulated Li2S oxidation
becomes the fast and energetically favored reaction, which
results in the enhanced electrochemical performance of Li−S
batteries.

Electrochemical Performance of Li2S@TiS2 Cathodes
in All-Solid-State Li−S Batteries. We further prove the
efficacy of nanoscale encapsulation in the solid-state system by
testing the electrochemical performance of Li2S@TiS2
cathodes in lithium metal batteries (type 2032) with SPEs.
Cross-sectional SEM images of the typical cell are shown in
Supporting Information Figure S7. As-assembled cells are
constructed for galvanostatic cycling tests from 1.6 to 2.8 V. A
specific capacity as high as ∼910 mAh·g−1 Li2S at 0.2 C (1 C =
1166 mA·g−1 Li2S) is realized by Li2S@TiS2 cathodes, which is
more than 2 times higher than that of the bare Li2S one (∼330
mAh·g−1) (Figure 4a). Additionally, the Li2S@TiS2 cathode
with a high mass loading of Li2S is fabricated and tested in
ASSLSBs, obtaining an areal capacity of 2.4 mA·h·cm−2 at 60
°C (Figure 4b), which corresponds to a high cell-level energy
density of 427 W·h·kg−1. The energy density is calculated from
the average discharge voltage (2.1 V), cell capacity (2.4 mA·h·
cm−2), and total mass of the cathode (8.6 mg·cm−2, excluding
current collector), the solid electrolyte (1.2 mg·cm−2), and the
anode (2.0 mg·cm−2). The energy density of our work

Figure 4. Electrochemical performance of Li2S@TiS2 cathodes and bare Li2S cathodes in ASSLSBs. (a) Charge−discharge voltage profiles of Li2S@
TiS2 and bare Li2S cathodes at 0.2 C at 60 °C. (b) Voltage profile and areal capacity of Li2S@TiS2 cathode with a high mass loading (4.0 mg·cm−2)
at a current density of 0.04 mA·cm−2 at 60 °C. (c) Energy density chart of ASSLSBs. The numbers in the horizontal axis correspond to the entries
listed in Supporting Information Table S1. (d) Rate performance of Li2S@TiS2 and bare Li2S cathodes at various charging rates, cycled at 60 °C,
within a potential window of 1.6−2.8 V versus Li+/Li. (e) Cycling performance and Coulombic efficiency of the Li2S@TiS2 cathode at 0.8 C for
150 cycles at 80 °C. Ultrathin Li metal foils (∼40 μm) are used as the counter electrodes.
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outperforms most previously reported ASSLSBs21,22,31,40,51−53

(Figure 4c and Supporting Information Table S1).
In addition, the rate performance of as-prepared cathodes is

investigated by cycling cells at different C-rates (Figure 4d).
For the bare Li2S cathode, significant capacity fading (from
330 to 226 mAh·g−1) is observed during four cycles at 0.2 C,
with capacity severely decreasing to 38.5 mAh·g−1 at a higher
rate of 0.8 C. Comparatively, the Li2S@TiS2 cell, benefiting
from the effective TiS2-enhanced oxidation kinetics, shows a
much better rate capability, achieving a discharge capacity of
660, 488, and 309 mAh·g−1 based on Li2S at 0.3, 0.4, and 0.8
C, respectively. Moreover, the Li2S@TiS2 cell exhibits stable
cycling performance after charge/discharge cycling at 0.8 C at
60 and 80 °C, as shown in Supporting Information Figure S8
and Figure 4e. After an initial discharge capacity of 490 mAh·
g−1 at 80 °C, the Li2S@TiS2 cells retain 79, 71, and 68% of
their initial capacity after 50, 100, and 150 cycles, respectively
(Figure 4e). Average Coulombic efficiency after 150 cycles is
calculated to be 98.6%, which shows little shuttle effect owing
to efficient polysulfide trapping by TiS2 encapsulation. We
disassemble the Li2S@TiS2 cell after 150 cycles and find the
PI@PEO/LiTFSI electrolyte in the Li2S@TiS2 cell maintains
its original color (Figure S9), which further proves the efficacy
of nanoscale encapsulation. All of the above results show that
TiS2 encapsulation enables polysulfide entrapment and
enhances oxidation kinetics to achieve high-performance
ASSLSBs.
In summary, the concept of nanoscale encapsulation from
liquid Li−S batteries has been successfully proven to be
effective in solid-state batteries, as well. As an example, the
Li2S@TiS2 cathode is fabricated by a facile in situ reaction,
which enables polysulfide entrapment and promotes Li2S
oxidation. Combining the cathode with ultrathin PI@PEO/
LiTFSI electrolyte (10−20 μm) and lithium metal anode, a
high cell-level energy density (excluding the current collectors)
of 427 W·h·kg−1 is achieved with a high mass loading of 4.0
mg·cm−2. Through in situ optical microscopy and sulfur K-
edge XANES measurements, we have demonstrated that TiS2
coating successfully traps polysulfides in the cathode, thus
achieving high energy density ASSLSBs. These studies will
provide useful insights into the fundamental understanding of
Li−S conversion chemistry in SPEs and advanced electrode
design for next-generation high-performance and safe
ASSLSBs.
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