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Abstract

In this report, a facile wet chemical method using acetonitrile combined with
thermal annealing was used to prepare Li,S-P,S5 (LPS) based glass-ceramic elec-
trolytes with (1 wt%, 3 wt%, and 5 wt% Ce,S;) and without Ce,S; doping. The
crystal structure, ionic conductivity, and chemical stability of Li;P;S;; glass-
ceramic electrolytes were examined at varying temperatures (250-350°C). The
results indicated that the highest ionic conductivity of 3.15 x 107* S cm™! for
pure Li;P5sS;; was observed at a temperature of 325°C. By incorporating 1 wt%
Ce,S; and subjecting it to a heat treatment at 250°C, the glass ceramic elec-
trolyte attained a remarkable ionic conductivity of 7.7 x 10™* (S cm™!) at 25°C.
Furthermore, it exhibited a stable and extensive electrochemical potential range,
reaching up to 5 volts when compared to the Li/Lit* reference electrode. By tun-
ing the glass transition and crystallization temperature, cerium doping seems to
make Li;P;S;; more chemically stable, compared to its original 70Li,S-30P,Ss
counterpart. According to Raman and X-ray photoelectron spectroscopy anal-
yses, cerium doping inhibits the decomposition of highly conductive P,S;*
(pyro-thiophosphate) to PS,>~ and P,S¢*". Doped LPS has a greater crys-
tallinity and more uniform microstructure than pure LPS, according to XRD,
Raman spectroscopy, and scanning electron microscopy analysis. Consequently,
Li;P, 9Ce( Sy, electrolyte shows great potential as a solid-state electrolyte for
constructing high-performance sulfide-based all-solid-state batteries.
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superior energy density, thermal/electrochemical stability,
and sustainable/cost-effective materials must be devel-

Energy storage devices have been extensively researched
due to the depletion of fossil fuels, global warming,
wide usage of renewable energy, and the growing energy
demand.'~* Currently, the systems of convectional energy
allocation and production are under strain. To meet the
growing energy demand, energy storage devices with

oped urgently. Besides storing energy from intermittent
renewable sources such as solar, wind, and hydropower,
these devices can also store energy from traditional sources
such as coal and natural gas. In the event of a power out-
age, this stored energy can then be used to meet peak
demand. Additionally, energy storage devices can reduce
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the cost of energy production and distribution.*> Energy
storage devices reduce energy production and distribution
costs by storing energy when it is abundant and inex-
pensive and then releasing it when needed. Furthermore,
energy storage devices can reduce energy production’s
environmental impact.® Carbon dioxide and other pol-
lutants (including greenhouse gases) are reduced in the
atmosphere when energy storage devices store energy from
renewable sources.”® In this way, global warming and
other environmental problems can be mitigated. Currently,
lithium-ion battery is undeniably one of the greatest tri-
umphs of modern electrochemistry storage devices due to
its high single-cell voltage, lack of memory effect, long
cycle life, and high energy density. Portable electronics
have enabled small-scale energy storage (by the Wh) to
achieve unprecedented success.” '

According to some experimental evidence, liquid
organic electrolytes are a contributing factor to the
potential hazards due to thermal runaway associated
with lithium-ion batteries. Thus, much effort is being
put into developing thermally/electrochemically stable
electrolytes capable of withstanding higher temperature
and providing high performance.

In light of this, solid-state electrolytes have gained
considerable attention and have gained prominence. A
solid-state electrolyte is a material capable of conducting
ions, such as lithium or other charge-transfer ions.">!°
Their substance is usually ceramic, polymer, or compos-
ites, which make them much more thermally stable than
liquid electrolytes. Their non-flammability and lack of
leakage also make them safer. Additionally, solid-state
electrolytes have a higher cycle life as well as fewer pack-
aging and state-of-charge monitoring requirements.” In
contrast to oxides and phosphates, solid-state electrolytes
based on sulfide have generally higher ionic conductivities
in the range of 107* to 1072 S cm™! than those based on
oxides and phosphates. In comparison with oxygen, sul-
fur has a larger ionic radius, and its electronegativity is
also weaker than oxygen. As a result, sulfur compounds
have longer bond length. In addition, the bond strength
is weaker than that of oxides. As they have a wider dif-
fusion path, they can achieve higher ionic conductivity,
making them a suitable alternative to liquid electrolytes.'®
For example, Kato et al.'” report that the unique struc-
ture of Li;jGeP,S,, can have an exceptionally high lithium
ionic conductivity of > 1 x 1072 S cm~!. Typically, sul-
fides are also softer and more flexible than oxides and
phosphates because of their lower elastic moduli. They
are, therefore, easier to work with and less likely to dam-
age battery components during production. Additionally,
sulfide-based solid-state electrolytes are more compatible
with current battery production processes, so manufac-
turers can switch to sulfide-based electrolytes without
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having to make significant changes to their manufacturing
processes.’?2°

Some sulfide systems have ionic conductivity that
exceeds that of liquid electrolytes. Glass ceramics such
as Li;P;S;; are notable examples. The Li,;P;S;; electrolyte
plays a crucial role in advancing all-solid-state batteries,
offering a promising alternative to traditional lithium-ion
batteries. This unique electrolyte material provides several
advantages, including improved safety, enhanced stabil-
ity, and increased energy density. By substituting liquid
electrolytes with solid-state counterparts, the risks asso-
ciated with leakage, flammability, and thermal runaway
are significantly reduced.”’ Li;P;S,; is a solid-state elec-
trolyte composed of lithium (Li), phosphorus (P), and
sulfur (S), and it possesses a distinctive crystal struc-
ture that enables efficient transport of lithium ions while
maintaining chemical stability. The high concentration of
lithium ions within the structure promotes rapid ion con-
duction, positively impacting the overall performance of
the battery.?®

One notable benefit of Li;P;S;; is its strong stability
against lithium metal, effectively preventing the formation
of dendrites. Dendrites are needle-like structures that can
form during battery charge-discharge cycles and pose risks
such as short circuits and reduced battery lifespan. The
stability provided by Li,;P3S;; significantly contributes to
the longevity and reliability of the battery. Furthermore,
Li;P3S;; exhibits a wide electrochemical stability range,
allowing for operation at higher voltages without compro-
mising integrity. This characteristic enables the utilization
of high-capacity electrode materials, resulting in increased
energy density and extended battery lifespan.?’ Mizuno
et al.’* synthesized the Li;P;S,; glass-ceramic solid-state
electrolyte composed of 70Li,S-30P,Ss (mol%) for the first
time. Then Yamane et al.*! found that metastable Li;P5S
and Li;PS, have conductivities of 3 x 1073 and 1.6 X
10~* S cm™!, respectively. Compared with ceramic matrix,
Li* ions are more mobile within the glass matrix, which
may contribute to their high ionic conductivity. Li* ions
can more freely move through the glass matrix, allowing
efficient charge transport. Several factors determine ionic
transport in solid-state (inorganic) electrolytes, including
mobile ions and vacancies, ion diffusion properties at grain
boundaries, and the size of connected conduction path-
ways in crystal structures with Schottky and Frenkel point
defects.®” There are three primary groups of techniques
for synthesizing sulfide-based solid-state electrolytes: solid
reaction methods, mechanochemical reaction methods,
and wet chemical methods. Wet chemical methods are
considered as one of the most effective ways for produc-
ing nanosized solid-state electrolytes because they allow
for a uniform blend with the cathodic electrode. Addition-
ally, wet chemical methods are well-suited for large-scale



woz | JOurnal

MIRTALEB and WANG

synthesis and manufacture, especially at lower reaction
temperatures.>>3*

Additionally, numerous studies are currently being con-
ducted on the materials for dopants, which could signifi-
cantly impact ionic conductivity and battery performance.
It seems that adding dopants to Li;P5S;; has a more signif-
icant effect on ionic conductivity. As a result of doping the
sulfide electrolytes system, not only would point defects
be produced but also a broader range of defect kinds
and concentration would be generated or manipulated.
Channels of lithium-ion transfer may be created and con-
tribute to the ionic conductivity of solid-state electrolytes.
By doing so, electrodes and solid-state electrolytes will
exhibit lower interfacial resistance, leading to better per-
formance at high rates. Also, solid-state electrolytes can
be more chemically stable, preventing from decomposing
and allowing the use of high-voltage Li cathode mate-
rials, and their working voltage ranges can be extended
between 0.5 and 5 V.2*?%354 Among various dopants,
cerium (Ce) or CeO,_, has received considerable attention
in the research community. There are several advantages
associated with cerium doping, including an increased
ionic conductivity, improved stability, and a suppression
of the polysulfide shuttle effect in Li-S battery. The cerium
ions (Ce**/Ce®*) can act both as redox mediators and as
redox catalysts in Li-S battery due to their variable oxida-
tion states. As a result, they can immobilize and convert
polysulfides, thus reducing their migration and alleviating
capacity degradation.**4° When cerium is introduced
into Li,S-P,S5 (LPS), the defect structure and/or conentra-
tion of the material can be modified, thereby enhancing
the migration of Li* ions, resulting in an improvement in
the ionic conductivity of the material. It is believed that
a significant part of this enhancement can be attributed
to the introduction of additional mobile charge carriers
and the optimization of the Li-ion diffusion pathways.*’3
Researchers have studied the effect of cerium doping in
the cathode of Li-S battery, but rarely have they exam-
ined doping the Li;P5S;; solid-state electrolyte with cerium
sulfide.

In this report, by doping Li,;P3S;; with cerium sulfide,
we aim to improve its chemical stability and ionic conduc-
tivity. A glass-ceramic electrolyte with Ce doping (1 wt%,
3 wt%, and 5wt% Ce,Ss) in Li,S-P,S; using a wet chemical
route was designed and fabricated. Using a precipitation
method, Li;P,¢Ce;S;; nanopowders were synthesized
and then pressed into pellets as an electrolyte. By incor-
porating 1 wt% Ce,S; into the material and subjecting it
to a heat treatment at 250°C, the glass-ceramic electrolyte
demonstrated an impressive ionic conductivity of 7.7 X
10~* S cm™! at 25°C. Furthermore, it exhibited a consis-
tent and wide electrochemical potential range, extending
up to 5 volts, compared to the Li/Li* reference electrode.

The addition of Ce,S; contributes to the thermal stability
of Li;P5S;; during heating through influencing the glass
transition and crystallization temperature. Raman and X-
ray photoelectron spectroscopy (XPS) analyses indicate
that Ce,S; hinders the decomposition of P,S;*~ (which
possesses high ionic conductivity) into PS,*~ and P,S¢*".
Electron microscopy analysis also suggests that the doped
LPS has a higher degree of crystallinity, compared to
pure LPS. These findings suggest that the Li;P,Ceq;Sy
electrolyte holds great potential for utilization as a solid-
state electrolyte in high-performance all-solid-state Li-S
batteries.

2 | EXPERIMENTAL PROCEDURES

2.1 | Material synthesis

Ce,S;3 (99.9%, Thermo Scientific) with a 1 wt%, 3 wt% and
5 wt% loading was mixed with Li,S (99.9%, Alfa Aesar)
and P,S5 (99.9%, Sigma-Aldrich; 7:3 molar ratio) in ace-
tonitrile (anhydrous, 99.8+%, Thermo Scientific) solvent
under stirring at 50°C for 72 h; then, the suspension was
filtered, and dried in a vacuum oven at 60°C for 24 h. After
that, the obtained powder was ground and heated under an
inert atmosphere of argon for 2 h to obtain the electrolyte.
Heat treatment temperature was varied from 250 to 350°C
to understand the crystallinity-ionic conductivity relation-
ship of the sulfide solid-state electrolytes. Thereafter, the
powders were pressed with 360 MPa in a glove box to
obtain pellets used in assembling solid-state electrolytes.
The pure phase Li;P;S;; (ICSD#157654) was obtained after
annealing at 250°C for 2 h. According to the literature,
when the annealing temperature is too high, an impurity
phase of LiyP,Sq (ICSD#80319) forms, which has a much
lower ionic conductivity (10~7 S cm™!),’° while Li;P5S;; is
difficult to crystallize at a low heat-treatment temperature.
The preparations were carried out in an argon atmosphere
with a water and oxygen content of less than 0.1 parts
per million in glove box. In the absence of Ce,S3, Li;P5S;;
electrolyte was synthesized using the same method as
mentioned above (Figure 1).

2.2 | Material characterization

An X-ray diffractometer (Philips X’Pert MPD) with Cu
Ka radiation (k = 1.5405 A) operated at 45 kV, and
40 mA was used for determining the crystal structure
while the powder sample was held on a zero-background
quartz sample holder. An angular movement was sup-
ported by a goniometer, resulting in X-ray data in the range
of 10° to 60° with a controlled step size of 0.5°min™'.
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FIGURE 1

HighScore Plus software equipped with the JCPDS-JCDD
database was used to index peak positions. Raman spec-
troscopy was carried out using a Horiba Lab-RAM HR
800 Raman spectrometer equipped with a wide spectral
window (100~1200 cm™~!) and a 100 long-working-distance
objective (NA = 0.60). Calibration of the Raman spec-
trometer was performed on a single-crystal silicon wafer
(520.7 cm ™).

XPS was employed by using a Versa Probe 5000 spec-
trometer with monochromatic Al Ka (hy = 1486.6 €V)
radiation at a working pressure of < 8 x 107° Torr.
The carbon C 1s line (284.8 eV) was used as a reference
for standard calibration. Scanning electron microscopy
(SEM) images were collected using Thermo Scientific
Apreo FE-SEM with an accelerated voltage ranging from
1 to 30 kV. Additionally, the instrument is equipped with
Energy Dispersive X-ray Analysis (EDAX) for performing
Energy Dispersive X-ray Spectroscopy (EDS) with elemen-
tal mapping and data processing software APEX-EDS.
To characterize the thermal stability and decomposition
temperature of Li;P;S;; powders, a STA8000 simulta-
neous thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC) Analyzer (PerkinElmer Inc.) was
used. Samples (30 mg) were loaded into alumina crucibles
and ramped from room temperature to 1000°C at a heating
rate of 10°C min~' under a constant flow of N, at 20 mL
min~t,

2.3 | Electrochemical measurements

Electrochemical impedance spectroscopy (EIS) was used
to measure the ionic conductivities of the synthesized
Li;P5S;; and Li;P,¢Ceq;S;; electrolytes. The electrolyte

Schematic diagram of the synthesis procedures for Li,; P, Ce;S;;, glass ceramic.

pellets were produced with a thickness of 0.7 mm and a
diameter of 14.85 mm under a pressure of 360 MPa. These
solid-state electrolyte pellets were sandwiched with stain-
less steel foils. EIS measurements were conducted using
a Gamry Potentiostat/Galvanostat workstation (Gamry
Interface 1000E). Each electrochemical measurement was
conducted at a temperature of 25°C. The ionic conductiv-
ity o4 (S cm™) of the electrolytes was measured by the
equation given below.

oLi+ = d/ (S X Riota1) » @

where R is the resistance value, d is the pellet thickness and
S is the pellet cross-sectional area.

3 | RESULTS AND DISCUSSION

3.1 | Structural characterization

The effects of dopants and heat-treating temperature on
the structure and properties of sulfide electrolytes synthe-
sized by acetonitrile were investigated. The results showed
that the Ce,S; doping significantly altered the structure
and properties of the sulfide electrolytes. The X-ray diffrac-
tion (XRD) patterns of the Li;P;S;; and Li,;P,¢Cey;Sy;
solid-state electrolytes heated at 250, 275, and 300°C are
shown in Figure 2.

As is clear in the XRD patterns, Li;P5S;; shows an
amorphous structure with broad diffraction peaks for
the samples treated at 250 or 275°C, while the sample
treated at 300°C presents better crystallinity. By increasing
the heat treatment temperature from 250 to 300°C, the
content of amorphous structure reduces. As Figure S1
shows, through raising the heat treatment temperature
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The XRD patterns for (A) Li,P5S;, and (B) Li,P,,Ce,,S;; glass ceramics treated at different temperatures. (C) Comparison of

XRD patterns between the synthesized Li,P, ,Ce,;S;; glass ceramic at 250°C and standard PDF card.

from 250 to 325°C, a great number of peaks can be
observed in the Li;P5S;; sample. Furthermore, when the
temperature was further increased to 350°C, there was a
noticeable phase transformation from Li;P5S;; to LiyP,Ss.
This transition results in a lower ionic conductivity for the
latter compound.” While Li,P, ¢Ce;S;, remains virtually
unchanged during heating, it displays a crystal structure at
the temperature of 250°C. Moreover, Figure S2 illustrates
that LPS containing 1 wt% Ce,S; exhibits a mixture of
glassy and crystalline phase characteristics at 250°C. The
XRD patterns display similar phase identification results
when cerium is added at 3 wt% and 5 wt%.

In the XRD patterns, it can be determined that the
diffraction peaks at 20.3, 24.8, 25.5, 29.7, and 33.5° belong
to Li;P;S;; (ICDS# 157654).°! In this study, it was found
that a small amount of Ce,S; doping (1 wt%) can signifi-
cantly enhance the crystal nucleation rate to a significant
extent. Moreover, no new crystalline phases related to Ce
were detected in the Li;P, ¢Ce(;S;; matrix, which implies
that Ce ions exist either at a substitutional position or in
the glass phase in the LPS matrix. If Ce3* substitutes Li*
or P°*, due to the charge difference (Ce3* in Ce,Ss; Lit,
P>*, and $?~ in Li;P5Sy;), it is expected that various defects
can be generated, and channels of lithium transmission are
widened (ionic size for Ce3*:1.07 A and ionic size for P5*:
0.38 A, which could promote the transport of lithium ions
and further enhancing ionic conductivity.*®

3.2 | Thermogravimetric analysis

At elevated temperatures, as a result of the precipitation
of thermodynamically stable crystalline phases from a par-
ent glass, grain-boundary resistance cae reduced to a great
extent. There are several possible reasons for the reduc-
tion in grain-boundary resistance during devitrification:
the crytalline phases have well-defined atomic arrange-
ments, whereas the glasses lack long-range order. As
crystalline grains form, atomic structures become higher
ordered than in the original glass due to the formation of
grain boundaries. Improved atomic ordering can result in
better atomic connectivity across grain boundaries, reduc-
ing ion transport resistance. Moreover, grain-boundary
mobility is enhanced during devitrification due to the rear-
rangement of atoms and migration of grain boundaries.
At elevated temperatures, grain boundaries become more
mobile, allowing atoms to rearrange and defects to dis-
appear and/or regroup. Enhancing mobility can reduce
grain-boundary resistance. in addition, in glass, amor-
phous phases can introduce structural defects and irreg-
ularities at grain boundaries, hindering ion carrier move-
ment. In devitrification, the amorphous phase transforms
into crystalline phases, eliminating structural defects and
resulting in smoother grain boundaries. A smoother grain
boundary facilitates the flow of ion carriers and reduces
resistance.’>>?
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FIGURE 3 The TGA and DTG curves for (A) Li;P;S;, and (B) Li, P, 4Ce(;Sy;.

TGA and derivative thermogravimetry (DTG) (Figure 3)
show that both samples have a significant thermal event
around 100°C. On close inspection, the peak and onset
temperatures of the Li; P, ¢Ce( 1S;; sample differ by 5~24°C
from the Li,;P3S;; sample (108 vs. 103°C, 216 vs. 205°C, and
303 vs. 279°C).

As aresult of the heating, both samples lose a significant
amount of weight below 200°C. An unknown crystalline
phase was reported by Rangasamy et al.”*> formed when
Li,S and P,Ss were combined with acetonitrile at a 3:1
molar ratio. This weight loss can be attributed to acetoni-
trile absorption below 200°C for the sample.?”-3*>

A smooth continuous trend is evident throughout the
temperature range in the TG and DTG curves of the sam-
ples. In addition, examing the graphs more closely, at
around 220°C, the baseline shift indicates that the mate-
rial underwent a glass transition. Further heating of the
samples produced a change in baseline measurement and
a shift in crystallization temperature (Tc) around 290°C.
Li;P,4Ce(S;; has a significantly lower glass transition
and crystallization temperature than those of Li; P5S;;. The
result can be attributed to the fact that cerium changes the
glass transition temperature and makes Li;P;S;; more sta-
ble. It is clear that the addition of Ce,S; affected the growth
rate and nucleation of Li;P5S;;.

3.3 | XPS analysis

XPS was used to determine the surface ionic bonding or
coordination environment in undoped and doped LPS.
In Li;P5;S;; and Li;P,¢Ceq;S;;, different anionic polyhe-
dral can be distinguished by three-bridging sulfur (P-S-P)
aligned with neighboring PS,3~ tetrahedral (non-bridging
sulfur). An XPS spectrum can be used to distinguish
between the bridging (P-S-P) and terminal (P-S-Li) sul-

furs in di-tetrahedral P,S;*~ anion. The XPS spectra for
Li,;P, 9Ce(1Sy; and Li;P5S;; are shown in Figure 4. Through
spin-orbital splitting, the S 2p signals can be divided into
two parts: S 2p;;, and S 2p;),. In the as-prepared glass-
ceramic, three different kinds of sulfur species can be
distinguished. The XPS spectrum of Li;P;S;; shows one
bridging sulfur bonding to the phosphorus atom in PS,>~
(P =S)at161.6 eV and one non-bridging sulfur bonding to
the phosphorus atom (P-S-Li) at 160.38 eV. The XPS analy-
sis of Li;P, gCe(1Sy; revealed the presence of di-tetrahedra
P,S,*~ (P-S-P) and tetrahedra PS,>~ (P = S) at 162.5 and
161.2 eV, respectively. A non-bridging sulfur bond (P-S-Li)
was also observed at 160.2 eV.#81:55-57

Spin-orbit coupling of the electrons in the P 2p orbital
causes the spin-orbit splitting of the P 2p signal. Elec-
trons are coupled because of the interaction between their
spin and orbital angular momentum. As a result of the
different energies of the two spin-orbit components of
the P 2p orbital, the P 2p signal spin-orbit splits. Ortho-
thiophosphate signals are associated with higher energy
components, while pyro-thiophosphate signals are associ-
ated with lower energy components. Li;P;S;; showed two
responsive peaks at 131.4 and 132.1 eV corresponding to the
P,S,*~ di-tetrahedral unit and one at 132.8 €V correspond-
ing to the PS,>~ tetrahedral unit. As with Li;P,¢Ce( S},
the di-tetrahedral unit P,S,*~ was observed at 130.7 and
131.9 eV, and the tetrahedral unit PS>~ was seen at 132.9 eV,
confirming the classification of new doped glass-ceramic
electrolytes as Li;P5S;;. As far as we can tell, we have not
been able to find any peaks related to Ce 3d bonding in XPS
data.

Data from XRD and impedance spectroscopy indicate
that Li-ion conductivity is highly correlated in Li;P3Sy;’s
structure. However, the Li-ion conductivity difference
in structure cannot fully be explained. The Raman
spectroscopy data of Li;Ps;S;; glass-ceramic provide the
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FIGURE 5 Raman spectra of (A) Li,P,,Ce,;S;; heat treated at 250, 275, and 300°C and (B) Li,P;S,;; and Li,P,,Cey;S;;.
explanation instead. Raman spectroscopy was used to ing to P,S¢*" ions, P,S,*" ions, and PS,>~ ions. These

measure the effects of cerium doping on the coordina-
tion environments of the PS; ion clusters. According to
Figure 5, Li;P,9Cey;S;; glass-ceramic electrolyte shows
three main peaks at 352, 411, and 459 cm™, correspond-

three peaks remain virtually unchanged during the heat
treatment from 250 to 300°C, whereas for Li;P3Sy;, this
peak shifts during heating. In addition, the Li,;P3S;;and
Li;P,4Ce1S;; Raman spectroscopy data illustrate that
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intensity and ratio of P,S¢*~ ion in Li;P;S;; are higher
than those in Li;P, ¢CeqS;. It has been reported that the
P,S¢*~ cluster leads to lower ionic conductivity, while the
P,S,*~ cluster contributes to higher ionic conductivity. In
P,S¢*~, two phosphorus atoms are grouped with six sulfur
atoms, while in P,S;*~, two phosphorus atoms are grouped
with seven sulfur atoms. The difference in ionic conductiv-
ity between the two clusters is probably due to the different
number of sulfur atoms. P,S;* has a higher ionic conduc-
tivity due to its high sulfur content, which increases the
number of pathways for ionic conduction. These results
indicate that Li-ion conductivity is higher when P,S;*~
and PS,> are present.’® In order for lithium ions to con-
duct quickly, there must be many interstitial sites between
P,S,* ditetrahedra and PS,> tetrahedra in the structure
of Li;P;S;,.°! Furthermore, the presence of P,S;*~ and
PS,> peaks is associated with higher Li-ion diffusion
coefficients, indicating that these peaks are important for
Li-ion transport. In addition, there is a possibility that, as
temperature increases, the presence of cerium inhibits the
dissociation of P,S;*~ to PS;~ and PS,3~

3.4 | Morphology

Figure 6 illustrates how the Li;P5;S;; and Li;P,¢Cey;Sy;
powders have a variety of shapes and particle sizes based
on their SEM images. The particle morphology and size of
the synthesized Li;P3S;; were also compared for the sam-
ples treated from 250 to 350°C in Figure S3. These figures
clearly demonstrate the transition from less crystalline
powders to crystallized powders when the heat treatment
temperature increases. According to the XRD patterns,
the crystallinity of Li;P3S;; glass powder increases with
the increasing temperature of heat treatment. In spite of
this, Li;P,9Cey;S;; exhibits a higher crystallinity, com-
pared with Li;P3S;;. The uniform dispersion of P and S in
the synthesized powders can also be observed in Figure 6.
The EDS analysis revealed that the elements in question
are uniformly distributed on the powder surface, show-
casing a homogeneous mixing. Figure S4 illustrates the
structure and appearance of the produced Li;P;S;; with
varying compositions of Ce,S;, namely, 1 wt%, 3 wt%, and
5wt%. The results indicate a noticeable decrease in particle
size as the doping level changes from 1 wt % to 5 wt%.

3.5 | Ionic conductivity

The Arrhenius conductivity plot was used to determine the
ionic conductivity of Li;P5S;; and Li;P,¢Cey;S;; at room
temperature. The highest ionic conductivity of Li;P;S;;
was 3.15 X 107* S cm™! at room temperature, which
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TABLE 1 Lithium thiophosphates bond positions and
visualization.
Lithium Thiophosphates
Modes P,S¢* P,S,*~ PS,3~
Wavenumber/cm ™! 352 411 459
Visualization

is comparable to the results reported in the previous
literature®® and cerium-doped electrolyte, Li,P, ¢Ce( Sy,
which exhibited a higher ionic conductivity of 7.7 x 107# S
cm~! at 250°C (Table 1 and 2).

As shown in Figure 7, it is clear that Li;P,¢Ceq Sy,
after being heat-treated at different temperatures, has a
higher ionic conductivity than Li;P3S;; at all stages of
the heat treatment process. It is possible that the higher
ionic conductivity of doped Li;P;S;; is closely related to
the crystallinity and the relative concentration of various
P,S,*~ groups of the glass ceramic. XRD and Raman tests
have shown that the Li;P, ¢Ce;S;; samples have a higher
degree of crystallinity than Li;P3S;;, and the ratio of the
P,S,* /PS>~ isalso higher in Li;P, yCe( ;S;;. It can be seen
from Figure 7 and Table 2 that the effect of the heat treat-
ment on the ionic conductivity of Li; P, oCe 1Sy is less than
that of Li;P5S;; at different temperatures, demonstrating
better thermal stability for Li,;P,¢Ce;S;;. Based on the
data in Table 2, the highest ionic conductivity in Li;P3S;; is
attributed to the sample treated at 325°C. Based on the data
provided in Figure S5 and Table 2, it was observed that rais-
ing the heat treatment temperature from 250 to 325°Chad a
positive impact on the ionic conductivity of Li,;P5S;;, lead-
ing to an increase in conductivity and a decrease in total
resistance. However, beyond 325°C, at a heat treatment
temperature of 350°C, the ionic conductivity of Li;P5S;;
started to decline. It is most likely that the decrease in ionic
conductivity at a temperature higher than 325°C is related
to the formation of Li,P,Sg, a less conductive phase. From
Figure S6 and Table 2, there is a slight decrease in the ionic
conductivity of the doped Li,PsS;; as the amount of Ce,S;
dopant increases from 1 wt% to 5 wt%. However, all the
conductivity values remain at the level of 107# S cm™!

3.6 | Cyclic voltammetry (CV)

The CV curves depicted in Figure 8A,B showcase the
results obtained from conducting CV on asymmetric
Li/solid electrolyte/stainless steel cells using two different
electrolytes: Li;P;S;; and Li;P,¢Ce;S;;. These measure-
ments were performed at room temperature with a scan
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FIGURE 6 SEM images and energy dispersive X-ray spectroscopy elemental mapping of (A) Li,P;S;; after heating to 250°C; (B)
Li;P,,Ce(;S;; after heating to 250°C; (C) Li,P;S;; after heating to 275°C; (D) Li,P, ,Ce,;S;; after heating to 275°C; (E) Li,P;S,; after heating to
300°C; (F) Li; P, 4Ce( Sy, after heating to 300°C.

TABLE 2 Total resistance and ionic conductivity of pristine Li;P;S;; and Ce,S; doped Li,P;S;; glass-ceramic.

Temperature (°C) Total resistance Ionic conductivity (S cm™!)
Li,P;S;; 250 634.4 6.37 X 107>
275 355.7 1.13x107*
300 2315 1.74 x 1074
325 128 3.15x 1074
350 171 236 x 107
Li,P;S;;+Ce,S; 250
1wt% 52.4 7.7%107*
3 wt% 59.9 6.75x107*
5 wt% 73.6 5.49 x 10~*
275
1 wt% 64.7 6.3 x107*
300

1wt% 130.7 31x107*
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rate of 1 mV-s™!, encompassing a potential range from

0.5 to 5 V (vs. Li/Li*). Upon analyzing the CV curves,
several key observations emerge. Both the Li;P;S;; and
Li;P, 9Ceq Sy, electrolytes exhibit a wide electrochemical
window, extending up to 5 V. However, the Li,; P, 4Ceq 1Sy
electrolyte demonstrates considerably better electrochem-
ical stability, compared to Li;P3S;;. Further examination
of Figure 8A,B reveals that the CV curve for Li;P3Sy
displays larger fluctuations between 4 and 5 V, suggest-
ing some slight instability arising from side reactions at
the interface between Li;P;S;; and the lithium metal.
In contrast, the Li;P,¢Ceq;S;; electrolyte demonstrates
almost complete compatibility with the lithium electrode,
indicating enhanced stability. Additionally, both samples
exhibit distinct peaks in the CV curves. Just below 0 V,
there is a peak associated with lithium deposition (Lit
+ e~ — Li), while at 0.17 V, a peak corresponding to
the dissolution process (Li — Li* + e™) can be observed.
These findings align with previous literature on sulfide
electrolytes, where similar CV curve behavior has been
reported. 40,6061

Comparisons are made between the CV proper-
ties of carbon cloth (CC)@S/Li;P,4Ce(;S;1/Li and
CC@S/Li;P3S;;/Li batteries (Figure 8C). In both cases,
oxidation and reduction peaks are observed at 2.7 and
1.9 V, respectively. The presence of symmetrical pairs of
oxidation and reduction peaks indicates a well-reversible
Lit ion intercalation-deintercalation process. It is evi-
dent that the all solid- state Li- S battery (ASSLSB) with
the CC@S cathode and the Li;P,qCey;S;; solid-state
electrolyte exhibits higher capacitance performance,
compared to the Li;P;S;; electrolyte. Consequently, the
CC@S/Li;P,9Ce(;Sy;/Li  battery demonstrates lower
internal resistance, leading to higher specific capacitance
and improved power performance.®* %

4 | CONCLUSION

To summarize, the production of glass-ceramic electrolytes
based on Li,S-P,S5 (LPS) can be achieved by incorporating
1wt%, 3 wt%, or 5 wt% of Ce,S; through a straightforward
wet-chemical technique involving acetonitrile and subse-
quent annealing. The study investigated the crystal struc-
ture, ionic conductivity, and chemical stability of Li;P;S;;
glass-ceramic electrolytes across a range of temperatures
(250-350°C). The findings revealed a turning point at
325°C, where the ionic conductivity of pure (undoped)
Li;P5S;; began to decline. The highest ionic conductivity,
reaching 3.15 X 10~* S cm™!, was achieved at this temper-
ature for pure (undoped) Li;P;S;;. Through the addition
of 1 wt% Ce,S; and subjecting the material to a heat treat-
ment at 250°C, the glass-ceramic electrolyte displayed a

remarkable ionic conductivity of 7.7 x 10™* S cm™! at

25°C. Additionally, it demonstrated a consistent and wide
electrochemical potential range, extending up to 5 volts,
compared to the Li/Lit reference electrode. The addition
of Ce,S; enhances the thermal stability of Li;P5S;; during
heating by affecting the glass transition and crystallization
temperature during the heating process. The Raman and
XPS analyses indicate that Ce,S; inhibits the decomposi-
tion of the P,S,* (with high ionic conductivity) to PS>~
and P,S¢*". Electron microscopy analysis also suggests
that doped LPS has a greater crystallinity than pure LPS.
In view of this, Li;P, ¢Ce1Sy; electrolyte has a high poten-
tial for use as a solid-state electrolyte in the construction of
high-performance all-solid-state Li-S batteries.
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