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Sulfide solid-state electrolytes are promising candidates for all-solid-
state lithium metal batteries (ASSLBs) having higher energy density
and practical safety due to their high ionic conductivity and favorable
mechanical properties. However, their practical integration is hindered
by low critical current density (CCD), a narrow electrochemical
stability window, and high impedance with electrodes. Herein, we
demonstrate that doping lithium phosphorus sulfide (Li;P3sS1;) solid
electrolyte with zirconium chloride (ZrCly) significantly enhances its
electrochemical performance. Unlike previously reported doping
strategies, ZrCl, doping uniquely introduces dual dopants (Zr** and
Cl") into the Li;P3S;; matrix. Density functional theory (DFT) and ab
initio molecular dynamics (AIMD) simulations reveal that the Zr** ions
increase dynamic structural flexibility, while Cl™ ions create additional
Li* vacancies, collectively enhancing structural stability and ionic
conductivity beyond the capacity of single-element doping strategies.
Optimized doping content of ZrCl, improved the CCD of Li;PsS;; from
0.55 mA cm~2 to 1.7 mA cm2, while the ionic conductivity improved
from 1.8 x 1073 S cm™ to 3.0 x 103 S cm™. Li/Li symmetrical cells
with doped electrolyte exhibited improved cycling stability at 0.1 mA
cm~2 compared to the control counterparts. Furthermore, a thin solid
polymer electrolyte (SPE) was used at the interface between the
cathode and solid electrolyte to enable the stack pressure free oper-
ation of full cells. Li/LiFePO4 (LFP) full cells using doped solid elec-
trolyte (SE) in combination with SPE catholyte demonstrated stable
performance compared to undoped SE based cells. The enhanced Li-
dendrite suppression and improved electrochemical properties due to
doped Li;P3S;; and the stack free operation due to the addition of SPE
as catholyte will add significant potential for advancing ASSLB
technology.
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1 Introduction

Li-ion battery technology faces significant limitations in
meeting the growing demands for higher energy density
batteries, primarily due to the reliance on graphite anodes,
which offer a theoretical capacity of only 372 mAh g~*.*? Addi-
tionally, liquid electrolytes used in them are flammable and can
ignite if Li dendrites penetrate the separator and come in
contact with the cathode creating a short circuit causing
thermal runaway.® This situation underscores the urgent need
for the development of safer and efficient alternatives. Replac-
ing graphite with lithium metal to increase the energy density of
current Li-ion batteries poses safety concerns, and leads to low-
rate capabilities and poor cycling performance due to the
formation of an unstable solid electrolyte interphase (SEI),
undesired Li dendrite growth and dead Li.>*” ASSLBs, which
use Li metal anodes and solid electrolytes like polymers, oxides,
sulfides, and halides have emerged as a promising solution,
potentially addressing both energy density limitations and
safety concerns.*'® By eliminating the risks associated with
liquid electrolytes and enabling higher capacity Li metal anodes
which have high theoretical capacity (3862 mAh g~ ' vs. 372 mAh
¢! for graphite) and low redox potential (—3.04 V), ASSLBs have
shown great potential in battery technology, paving the way for
next-generation energy storage applications.®'***

ASSLBs have the potential to enhance energy densities from
the current ~270 Wh kg to above 500 Wh kg™ while sup-
pressing the safety issues associated with conventional Li-ion
batteries. It is essential to successfully pair solid electrolytes
with Li metal anodes and high-capacity transition metal oxides,
sulfur, and oxygen cathodes.®***** Various types of solid Li-ion
conductors including solid polymers, oxides, halides and
sulfides, have been reported and implemented as solid
electrolytes.”**® While SPEs offer excellent mechanical flexi-
bility and ease of fabrication, their performance in ASSLBs is
often limited by low ionic conductivity at ambient tempera-
tures, minimal CCD, and instability with Li metal anodes. Oxide
electrolytes, like Li lanthanum zirconate (LLZO) and Li titanium
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oxide (LTO), often require high processing temperatures,
exhibit brittleness and suffer from poor contact with Li metal,
which challenge their practical applications in solid-state
batteries.” Sulfide electrolytes including Li,P3;S;q, LigPSsCl,
and Li;(GeP,S;, exhibit significantly higher ionic conductivities
than their oxide counterparts due to the weaker Li-S interac-
tions, which facilitate faster Li-ion transport, making them
promising candidates for ASSLBs.**** Furthermore, sulfide
electrolytes can be synthesized at lower temperatures compared
to oxides and can be cold pressed, while reducing the energy
consumption.”® Li,P;S;4, a superionic conductor first reported
by Mizuno et al.,”* stands out as one of the most promising
sulfide electrolytes for the development of high-energy-density
ASSLBs. Li,P;S;; crystallizes in a triclinic cell, space group P1
(SI Fig. S1A) and reveals a quick and extremely complex trans-
lational movement of Li-ions along zigzag chains in the open
space between P,S,*~ di-tetrahedra and slightly distorted PS>~
tetrahedra.”>*® Room temperature ionic conductivities ranging
from 107" S cm ™" to 107> S cm ™" have been reported for this
electrolyte depending on the synthesis routes.>”*° However, its
integration into ASSLBs is impeded by several factors, including
low CCD, a narrow intrinsic electrochemical stability window,
and poor chemical compatibility with electrodes.**** The re-
ported room temperature CCDs for Li,P;S;; are typically less
than 1 mA cm ™2, which is insufficient for effective practical
applications such as fast charging of Electric Vehicles (EVs).*>**
Doping Li,;P;3S,, electrolyte with various impurity elements has
been investigated as a potential strategy to enhance CCD and
ionic conductivity. Doping can alter the structural and electro-
chemical properties of SEs, facilitating improved performance.
Several doping agents, including MoS,, In,S;, ZrO,, ZnO, Cal,,
Ce,S;, SnSe,, AgCl, etc. have been studied; however, their
impact on increasing CCD of Li;P;S;; has generally been
modest‘28,32,34738

In this work, we introduced a novel dopant ZrCl, to Li,P3S;;,
that led to a significant enhancement in its CCD and ionic
conductivity. The introduction of a minute amount of ZrCl,
through the synthesis process sustained the crystal structure of
Li, PS4, while the CCD increased markedly from 0.55 mA cm >
to 1.7 mA cm > at room temperature. In addition to CCD
improvements, optimized doping concentration increased the
ionic conductivity from 1.8 x 10 *Sem ™' t03.0 x 10 *Sem ™!
and lowered the activation energy from 0.26 eV to 0.23 eV.
Furthermore, the interface stability with a Li metal anode was
enhanced as Li/Li symmetrical cells with control SE cycled only
for 110 h whereas cells with engineered solid electrolyte (ESE)
cycled for more than 500 h at 0.1 mA cm™>. More importantly,
incorporation of SPE catholyte enabled full cells with device
architecture Li/SE/SPE/LFP to cycle well without applying any
stack pressure and without any protective coating on LFP
cathode particles. Full cells with ESE demonstrated higher
specific capacity and stable performance compared to the
control SE for 50 cycles at 0.1C. Additionally, the DFT and AIMD
based simulations were conducted to investigate the structural
variations of Li,;P;S;; due to doping, emphasizing the role of
dual dopants in altering the structure while improving the ionic
conductivity.
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2 Results and discussion

2.1. Structural characterization

We synthesized solid electrolytes using the solid state route that
involves planetary ball milling of precursors followed by heat
treatment. High-speed ball milling breaks the parent chemical
bonds of the raw materials Li,S and P,S; promoting the atomic-
level homogenous mixing. Different ball milling durations have
been reported in the literature for the synthesis of crystalline
Li;P3S:,.**** The ball milling duration for the complete reaction
between the Li,S and P,Ss; precursors is influenced by the
amount/quality of the precursors, size, number of balls, and
size/type of milling jars used.** We optimized the ball milling
duration for the complete reaction between the precursors
taking 494 mg of precursors and 10 stainless steel (SS) balls of
diameter 8 mm in each 100 ml SS jar. SI Fig. S2 shows the X-ray
diffraction (XRD) spectrum of the Li,S precursor and ball-milled
Li,P3S;; after 8 h and 16 h of ball milling. The 8 h ball-milled
samples show prominent Li,S peaks, indicating that the solid-
state reaction between the precursors has not yet completed.
However, the XRD spectrum of the 16 h ball-milled sample
shows no detectable peaks, indicating that the precursors have
fully reacted to form an amorphous Li,P;S;; phase.

Following ball milling, the samples were heat-treated to
convert the amorphous Li,P;S;; into crystalline Li,;P5S;;. Since
the ionic conductivity depends on the degree of crystallinity and
purity of the sample, optimal heat treatment temperature and
time are crucial. Various heat treatment conditions, i.e.
temperature (200-300 °C) and time (1-5 h) have been reported
in the literature, resulting in different values of ionic
conductivity.**** To find the optimal heat treatment duration
for phase pure crystalline Li,P3S,;, the ball-milled amorphous
precursor was heat treated at 240 °C for 0.5 h, 1 h, and 2 h inside
an argon filled glovebox. SI Fig. S3 shows the XRD patterns of
heat-treated samples. Sharp peaks that align with the PDF
standard card (ICSD: 157654) corresponding to crystalline
Li;P5;S;; are present in all the samples.”® However, the XRD
peaks of the 0.5 h-treated sample are broader than those of the
samples with 1 h and 2 h heat treatment duration. This is
attributed to the presence of an amorphous phase in a 0.5 h
heat treated sample. There is no discernible difference in the
XRD patterns between 1 h and 2 h heat treated samples. This
shows that 1 h heat treatment is sufficient to achieve the desired
crystallinity. So, the next batches of synthesis were performed
using 1 h heat treatment at 240 °C.

After optimizing the heat treatment duration and tempera-
ture, Li;P;S;; SEs with 1, 2, 3, and 4 wt% doping contents
(denoted as ESE-1, ESE-2, ESE-3, and ESE-4 hereafter) were
synthesized. Fig. 1A shows the XRD patterns of control SE and
ESE with various wt% contents. All samples show sharp
diffraction peaks corresponding to crystalline Li,P;S;; and no
additional peaks are observed in the XRD pattern of ESE. The
absence of any significant additional peaks in the XRD pattern
of ESE indicates that no new crystalline phases are formed upon
doping with a small amount of ZrCl, which is consistent with
previous reports on doped Li,P;S;;.>*>*® However, subtle
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ESE-2 for the S 2p and P 2p signals.

changes such as lattice parameter variations or local distortions
may still occur, as expected from the introduction of Zr*" and
Cl" ions.

Furthermore, to better understand the structural effects of
ZrCl, doping on Li,P;S;,, Rietveld refinement was carried out
on the XRD data, and the detailed results are provided in
supplementary Fig. S4 and Table S2. The Rietveld refinement of
ESE-2 showed a good fit into the Li,P;S;; crystal structure, with
a low R, value (=2.051) suggesting that most Zr and Cl atoms
are successfully incorporated into the Li,P;S;; solid electrolyte
matrix. Importantly, no new unidentified peaks were observed,
and the background was well-fitted, pointing to a largely crys-
talline structure with minimal amorphous content. A few minor
reflections can be attributed to ZrCl,, which may suggest the
presence of a residual dopant or a small amount of the
secondary phase. Overall, these results suggest that ZrCl,
doping does not disrupt the fundamental crystal structure of
Li;P3S;; but may introduce subtle modifications without
forming significant impurity phases.*” As shown in SI Fig. S4F,
the peak shift with the doping of ZrCl, is observed towards
lower angles, which according to Bragg's law is due to the
increase in lattice parameters. This finding is further confirmed
by the increase in unit cell volume (V) as revealed through
Rietveld refinement (SI Fig. S4). As shown in SI Table S2, the
Rietveld refinement results reveal a slight increase in the lattice
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parameters of Li,P;S,; after doping. These observations suggest
that the Zr and Cl atoms are incorporated into the Li,P;S;;
crystal structure.

Raman spectra of control SE and ESE-2 were obtained to
reveal the local structure of P-S polyhedra before and after
doping. The wide range spectrum is shown in SI Fig. S5 The
Raman spectra between the wavenumbers 330 to 450 cm™ " of
control SE and ESE shown in Fig. 1(B and C) exhibit peaks
corresponding to the stretching vibration of P-S bonds in the
PS>~ (ortho-thiophosphate tetrahedra) and P,S,*~ (pyro-thio-
phosphate ditetrahedra) ions which are the characteristic
Raman peaks of Li;P;S;;.**** The PS,’” peak appears at
420.87 cm ™! for both control SE and ESE whereas the P,S,*~
peak shifts to an upper wavenumber from 406.81 cm ' for
control sample SE and to 409.61 cm ™" for ESE. The upward shift
in the Raman peak corresponding to P,S,'” after doping
confirms that the ZrCl, doping affects the P-S bonds and the
inherent structure is not altered.*® Specifically, the incorpora-
tion of Zt** and CI™ influences local bond strengths and lattice
vibrations due to the difference in their electronegativities
compared with that of P and S leading to a stiffer lattice struc-
ture and altered vibrational frequencies of the P-S bonds within
the P,S,*” units.*** Furthermore, an additional peak appeared
at 495.51 cm ™" (SI Fig. S5) in ESE-2 which is due to the forma-
tion of new Zr-S bonds creating novel Li" ion channels.

This journal is © The Royal Society of Chemistry 2025
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X-ray photoelectron spectroscopy (XPS) measurements were
performed for the control SE and ESE-2 powder to determine
the types and bonding environment of the elements present in
them. The wide-scan XPS survey spectrum is shown in SI Fig.
S6A. The survey spectrum of control SE exhibited the dominant
peaks of P, S, C, and O, while that of ESE showed two additional
peaks associated with Zr and Cl, confirming the presence of
dopant elements. The presence of the C 1s and O 1s peak is due
to the presence of hydrocarbon species as surface contamina-
tion which might have occurred during the sample preparation
for XPS.>* As shown in SI Fig. S1B, the PS,*~ and P,S,*~ units in
the crystal structure of Li,P;S;; contain one bridging (P-S-P),
three double bond (P=S), and seven P-S-Li sulfur atoms in
total.>* These sulfur species have different binding energies.
High-resolution S 2p and P 2p XPS spectra that were obtained by
taking scans with an energy step size of 0.1 eV of electrolyte
powders are shown in Fig. 1D-G. The S 2p spectrum clearly
shows two distinct peaks, namely S 2p;, and S 2p;/, due to
spin-orbit coupling. To assign the peaks to three different
species of sulfur, the obtained S 2p spectra were deconvoluted
by using the XPS peak fitting software. The S 2p;z,, peaks cor-
responding to the P-S-Li, P=S, and P-S-P vibrations were
found at the peak positions 160.8 eV, 161.4 eV, and 162.4 eV
respectively for control SE. These values are in close agreements
with the earlier reports.>**> For ESE these peaks are obtained at
160.93 €V, 161.32 eV, and 162.36 eV, respectively. The difference
in the binding energy values after doping shows the change in
the bonding environment within the sample. Similarly, the P 2p
spectrum shows two distinct peaks corresponding to ortho-
thiophosphate (PS,*”) and pyro-thiophosphate (P,S,*”) species
at 132.5 eV and 131.3 eV respectively for both control and doped
samples. Due to the spin-orbit coupling effect these species can
be deconvoluted into two spin-orbit components. The binding
energies for Zr 3ds), and Zr 3dj/, spin-orbit split components
are observed at 181.12 eV and 183.29 eV respectively (SI Fig.
S6B). Similarly, the binding energies for Cl 2ps, and Cl 2py,
spin-orbit split components are observed at 197.94 eV and
199.63 eV respectively (SI Fig. S6C).

The microstructures of the control SE and ESE-2 powders
were analyzed using Scanning Electron Microscopy (SEM), and
the results are shown in Fig. 2A and B. Both samples show the
pseudo-spherical shapes attributed to primary particles of less
than 2 pm size, and each particle is aggregated and connected
with the others to form larger secondary particles. The control
sample (Fig. 2A) exhibits agglomerated particles with irregular
shapes and rough, porous surfaces, and the particle size
distribution is non-uniform, with smaller grains forming
loosely packed clusters. These features indicate potential limi-
tations in achieving uniform conducting pathways, which could
hinder ionic conductivity and interface stability. In contrast, the
ESE (Fig. 2B) shows more compact and fused particles with
smoother surfaces and comparatively reduced porosity. These
morphological improvements reduce grain boundary resistance
and improve structural integrity, thereby enhancing ionic
transport properties and CCD. The observed changes in particle
morphology directly correlate with the improved electro-
chemical performance of the doped sample. EDS mappings as

This journal is © The Royal Society of Chemistry 2025
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shown in SI Fig. S7(A and B) demonstrate the uniform distri-
bution of P, S, and the introduced dopants, Zr and Cl, within the
electrolyte particles after doping.

2.2. Electrochemical characterization

Solid electrolytes with ionic conductivity on the order
>10"* S em ™" are essential for developing a high-energy bulk-
type ASSLB.** Room-temperature ionic conductivities in the
range of 10~* to 10> S em ™! have been reported for Li,P;S;; by
different research groups.>”*>*** The observed discrepancies in
the ionic conductivity arise due to the difference in synthesis
methods, pellet fabrication pressure, applied stack pressure
during measurement, and types of blocking electrodes used. We
evaluated the ionic conductivity of Li,P;S;; before and after heat
treatment. Ionic conductivity of Li,P;S;; pellets was calculated
using the formula given in eqn (1) below:

L
g =
A X R

(1)

where L is the electrolyte pellet thickness, A is the contact area
between blocking electrodes and the pellet, and R is the elec-
trolyte impedance. Obtained Nyquist plots of SS/Li,P5S;4/SS ion
blocking cells and calculated ionic conductivities are shown in
Fig. 2(E and F). It is observed that the ionic conductivity
increased with the increase in heat treatment temperature up to
240 °C and then decreased with a further increase. The ionic
conductivity of the pellet using amorphous Li,P;S;; is 0.3
mS cm ™' whereas that of the pellets using the 240 °C heat
treated Li,P5S;; is 1.8 mS cm . This shows that the heat
treatment of amorphous Li,P;S;; increases ionic conductivity
which is consistent with previous reports.”*** After heat treat-
ment, PS,*~ (ortho-thiophosphate) tetrahedra and P,S,*~ (pyro-
thiophosphate) ditetrahedra in amorphous Li,P;S;; are
arranged in a crystalline structure to form an interconnected
network of tetrahedrally coordinated Li-ion sites resulting in
a higher ionic conductivity.**** The ionic conductivity of the
resulting glass ceramic electrolytes is influenced by the crys-
talline phases present after the heat treatment.>® But as the
temperature is further increased to 260 °C, ionic conductivity
decreased which might be due to the decomposition of Li,P;S;,
into less conductive impurity phases such as Li,P,S¢. After
optimizing the heat treatment temperature for the highest ionic
conductivity, we investigated the effects of ZrCl, doping
concentration on Li" ionic conductivity. The Nyquist plots of SS/
SS blocking cells using ESEs as solid electrolytes are shown in
Fig. 2(E, F, H and I). The plots for both control SE and ESE
followed a typical trend observed in sulfide superconductors,
appearing largely as a straight line with no apparent semicircle,
which reflects their outstanding ionic conductivity with negli-
gible grain boundary resistance.”” From Fig. 2 (G) we see that
ionic conductivity increases with the addition of 1 and 2 wt%
dopant whereas it decreased on increasing the doping
percentage further to 3 and 4 wt%. The detailed calculation of
ionic conductivity with the change in temperature and the
doping percentage is shown in Table S4. The ionic conductivity
of ESE-2 is the maximum reaching the value 3.0 x 107> S cm™*
which is 67 times higher than that of the control one. When Zr**

J. Mater. Chem. A, 2025, 13, 34220-34230 | 34223
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Fig. 2 SEM images of (A) Li;P3sS;; powder and (B) ESE-2; (C) Nyquist plots of SS/SS ion blocking cells using control SE before and after heat
treatment; (D) corresponding ionic conductivity; (F) Nyquist plots of SS/SE/SS ion blocking cells using control and various wt% doped ESE; (G)
corresponding ionic conductivity; (E and H) Arrhenius plots of SS/control SE/SS and SS/ESE-2/SS.

substitutes for Li* in the Li;P5;S;; structure, more Li vacancies
are formed to maintain the charge neutrality. And these
vacancies create pathways that enhance Li" mobility thereby
increasing the ionic conductivity.*® In addition, the presence of
highly electronegative Cl decreases the electron cloud density
on the surface of P,S,*~ and PS,*” units, reducing their binding
to Li* and thus increasing the ionic conductivity.>® However
a further increase in the doping level causes an ion clogging
phenomenon leading to a decrease in ionic conductivity.*®
The mechanism behind the change in ionic conductivity due
to doping is further explained in Section 2.4. Due to the
highest ionic conductivity of ESE-2, the rest of the tests and
characterization studies were performed using the control SE
and ESE-2.

Activation energy for Li* diffusion was evaluated by
measuring the temperature dependent ionic conductivity at

34224 | J Mater. Chem. A, 2025, 13, 34220-34230

different temperatures ranging from 30 °C to 120 °C. Fig. 2(E
and H) shows the Arrhenius plots of SS/control SE/SS and SS/
ESE-2/SS cells used in the measurement, respectively. The
activation energy was calculated by using the slope (o) of the
fitted line using Arrhenius eqn (2) given below*

o= Aexp (_I](E;") 2)

Here, d, A, T and K represent the Li-ion conductivity, pre-
exponential factor, absolute temperature, and Boltzmann
constant, respectively. The calculated activation energy of
control SE is 0.26 eV and that of ESE-2 is 0.23 eV. This suggests
that ZrCl, doping can effectively reduce the activation energy
and enhance the Li-ion conductivity of solid electrolyte. When
ZrCl, was introduced into the Li;P;S;; structure, many defects
were created, and the transmission channels of Li ions are

This journal is © The Royal Society of Chemistry 2025
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broadened simultaneously leading to a lower barrier to the
transmission of Li ions and thus reducing the activation energy.
Further detailed explanations are provided in Section 2.4.

Electrochemical stability of control SE and ESE-2 with Li
metal was determined by conducting cycling voltammetry (CV)
in the potential range from —0.5 Vto 5 V (vs. Li/Li') at a scan rate
of 1 mV s~ ' at room temperature. SI Fig. S8(A and B) shows the
CV curves of asymmetric Li/SE/SS cells using control SE and
ESE, respectively. Both voltammograms show sharp oxidation
and reduction peaks, corresponding to the Li stripping (oxida-
tion Li — Li" + e7) and Li plating (reduction Li" + e~ — Li)
occurring on the stainless-steel electrode near 0 V vs. Li/Li".*® No
other obvious peaks are observed in the voltage range from —0.5
to 5 V vs. Li/Li". This result indicates that both electrolytes
exhibit a wide electrochemical window up to 5 V vs. Li/Li".
However, the fluctuation was observed in CV curves of control
SE between 4 V and 5 V indicating the slight instability between
Li metal and Li,P;S;; due to side reactions whereas no such
fluctuation occurred in case of ESE. This shows that ESE-2 is
more stable with Li metal compared to control SE at higher
voltages too.

2.3. Li/Li symmetrical cells and full cell performance

Li/Li symmetrical cells were assembled in polyether ether
ketone (PEEK) die cells using the control SE and ESE pellets and
stripping/plating tests were conducted to evaluate the CCD.
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CCD, a measure of the Li dendrite suppression ability of an
electrolyte, is defined as the minimum current density at which
the Li dendrites penetrate the SE causing a short circuit in the
cell.*** On increasing the current density to a certain value, the
voltage starts dropping which is an indication of dendrite
penetration into the solid electrolyte.®® In case of full penetra-
tion causing a short circuit, overpotential rapidly drops to near
zero. The corresponding current density at the short circuit
point is called CCD. To investigate the change in CCD of
Li;P3S;; due to doping, time-controlled Li plating/stripping
tests were conducted on Li/Li symmetrical cells using control
SE and ESE-2. The galvanostatic cycling tests were conducted
with step-increased current densities at room temperature.
Starting from 0.05 mA cm > the current densities were
increased by 0.05 mA ¢cm ™2 for the initial 20 cycles and by 0.1
mA cm ™ after 20 cycles. Fig. 3A shows the time-voltage profile
of Li/Li symmetrical cells used for CCD. Li/Li symmetrical cells
with ESE-2 showed lower bulk resistance, interfacial resistance
and charge transfer resistance (Fig. 3 B and SI Table S3) (Fig. 3A)
than the cells with control SE which resulted in lower over-
potential. Also, Li/Li symmetrical cells with control SE show
a sudden drop in overpotential at a current density of 0.55 mA
ecm > which is an indication of Li dendrite penetration into the
control SE. Therefore, the CCD of control SE is determined to be
0.55 mA cm 2. However, the Li/Li symmetrical cell with ESE
showed a decrease in overpotential at a significantly higher
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profile of Li/SE/Li symmetrical cells at 0.1 mA cm™2 with a charge discharge duration of 1 h each; (D) long-term cycling performance of Li/LFP full

cells using control SE and ESE-2 at 0.1C and room temperature; (E) 1st a
control SE and ESE-2 at 0.1C and room temperature.
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current density of 1.7 mA cm ™2 This shows that Li dendrites did
not penetrate the ESE-2 up to a high current density of 1.7 mA
cm ™ ?. Hence, the introduction of a small quantity of ZrCl, into
the Li,P3S;; structure can increase the dendrite suppression
ability of Li,P;S;; significantly which is beneficial for better rate
capability and fast charging application of batteries. The
increase in CCD is attributed to the lower charge transfer
resistance, as observed in the EIS spectra shown in Fig. 3B, the
increase in ionic conductivity and the possible formation of
a highly insulating LiCl at the Li/SE interface due to the reaction
between Li metal and ESE-2.>*¢

Long-term cycling stability of Li metal with synthesized solid
electrolytes was investigated by electrochemical cycling of Li/Li
symmetrical cells in CR-2032 type coin cells at a current density
of 0.1 mA cm > with a charge-discharge time of 1 h each. The
results presented in Fig. 3C explain that the symmetrical cell with
ESE has a lower onset overpotential compared to control SE, which
is attributed to the higher ionic conductivity of ESE than the
control one. It has been reported earlier that an increase in ionic
conductivity due to MoS, doping increased the CCD of Li,P;S;,.>*
Both cells showed a gradual increase in overpotential with an
increase in the number of cycles. This is due to the increased
charge transfer resistance in the cells as seen in their impedance
spectra shown in SI Fig. S9 which is due to the formation of less
conductive interphases Li,S and LizP at the Li/Li,P;S;; interface
during cycling.®> However, the overpotential increase rate in ESE-2
is lower compared to that of control SE which proves that the ESE-2
is kinetically more stable than control SE against Li metal upon
electrochemical cycling. Also, the symmetrical cells with control SE
cycled only up to 110 hours before short circuiting whereas the
cells with ESE-2 did not short circuit for more than 500 hours. The
right panel of Fig. 3C shows the uniform stripping/plating of Li at
400-428 h of cycling at a stabilized overpotential, which further
proves that the ZrCl, doping increased the long-term stability of
electrolyte with Li-metal by minimizing the detrimental side
reactions between Li and Li,P5S,,.

To evaluate the impact of doping on the electrochemical
performance of ASSLBs, full cells (CR2032 coin cells) with
a device architecture of Li/SE/SPE/LFP were assembled. An SPE
interlayer was employed between the LPS pellet and LFP
cathode to address two key challenges in current ASSLBs.
Current ASSLBs are operated at a high external pressure ranging
from a few MPa to several hundred MPa which is impractical for
real-world use. Also, since the sulfide electrolytes are oxidized
by high-voltage cathodes leading to a high interfacial resistance
that degrades cycling stability, protective coatings on cathodes
are required with additional cost and complexity. Here, both
challenges are mitigated by using a thin layer of easily synthe-
sized SPE which not only eliminated the need for applying stack
pressure but also made cycling possible using uncoated cath-
odes. This cell architecture is reported with Li,P;S;; for the first
time, to the best of our knowledge. Galvanostatic charge/
discharge measurements were conducted in the voltage range
of 2.4 Vto 4.2 Vat 0.1C and room temperature. Specific capacity
and coulombic efficiency variations of full cells up to 50 cycles
are shown in Fig. 3D while the 1st and 50th capacity vs. voltage
profiles are shown in Fig. 3E. The initial discharge capacities of
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the cells with control SE and ESE-2 are 93.4 mAh g~ ' and 97.6
mAh g™, respectively. After 50 cycles, the discharge capacity of
the cell using control SE decreased by 62% to 36 mAh g~ *, while
the cell with ESE exhibited a significantly lower capacity fade of
only 17% while retaining 81 mAh g~ . Also, the voltage profiles
shown in Fig. 3E showed small voltage polarization for cells
with ESE after 50 cycles compared to the full cells with control
SE. The enhanced performance is because the ESE-2 has higher
ionic conductivity and forms a favorable interphase with Li
metal during cycling compared to that of control SE as seen by
the stable overpotential of Li/Li symmetrical cells shown in
Fig. 3C. The slight variation in specific capacities during long-
term cycling is attributed to fluctuations in the temperature of
the battery testing room.* The higher initial discharge capacity
and the stable cycling performance with reduced capacity
fading over 50 cycles highlight the benefits of using ESE as
a promising sulfide solid electrolyte.

2.4. Li' diffusion mechanisms

The Li,P;S;; crystal unit cell comprises 14, 6, and 22 symmet-
rically distinct Li*, P>*, and S>~ sites, respectively. To ensure
adequate separation between defects and dopants, a[2 x 1 x 1]
supercell containing 84 atoms was constructed (Fig. 4A). The
dopant ZrCl, contributes Zr** cations and Cl~ anions. Among
them, Zr*" can replace four Li* (one Li" site and three Li"
vacancies) or substitute for one P°*. P°" has three unique sites,
labeled as P#1, P#2, and P#3 in Fig. 4A. When Cl~ replaces S>~,
the charge imbalance necessitates the introduction of the Li"
vacancy. With four Cl™ available, more than 30000 possible
configurations can arise. To lower computational costs and
efficiently identify preferential dopant and vacancy sites, we
first calculated the electrostatic energies for all possible
configurations before simulating Li diffusion. Fig. 4B illustrates
the distribution of four ClI~ dopants based on 100 stable Li,,-
P;,S40Cly configurations with the lowest electrostatic energies. A
value of 0 means all four Cl™ are inserted into PS;*~ (~1%),
while 4 signifies that all four CI™ are in P,S,*”. For configura-
tions with 2 CI~ doped in P,S,*~ (~44%), the majority (~74%)
form two di-tetrahedral P,S¢Cl*>~ units. Similarly, with the 3 C1~
doped in P,S,*” (~35%), the most common configuration
involves three di-tetrahedral P,S,CI*~ units. These results
indicate a preference for Cl~ to replace corner S~ in P,S,"",
while bridge S sites remain unoccupied, consistent with the
literature.>* Furthermore, P,S¢CI>*~ is more favorable for struc-
tures exhibiting low electrostatic energy compared to P,S;Cl,>~
and PS;CI>". Based on these findings, the structures were
geometrically optimized using DFT to identify the most stable
configuration. The Li,5sP11ZrS,,Cl, structure featuring P#1 and
four P,S¢CI*>~ units, as depicted in Fig. 4C, was found to have
the lowest total free energy. To reveal the mechanism behind
the increase in ionic conductivity and improved stability with Li
metal due to doping, we separately analyzed the effects of CI™
doping and Zr** doping and their combined impact on Li* ionic
conductivity and total energy using AIMD simulations. Fig. 4D
presents the results of ClI” doping as the number of Cl™
increases from 1 to 4. The right y-axis (blue) represents the free

This journal is © The Royal Society of Chemistry 2025
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volume per Li*, which is defined as the structure volume minus of various configurations, where larger energy values corre-
the tetrahedral volume (P,S,"” and PS,*”) divided by the spond to more stable configurations. It is clear that the ionic
number of Li". The left y-axis (black) depicts the total free energy ~ conductivity increases on doping more Cl~, aligning with the
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trend in the free volume per Li*.** In other words, the ionic
conductivity is sensitive to the Li' vacancy concentration.
Specifically, ionic conductivity improves from 34.4 mS cm ™"
(LizsP12S44) to 112.2 mS em™ " (LiygP15S40Cly). However, with
chlorine content increasing, the free energy decreases, sug-
gesting that the structure becomes unstable. Hence the optimal
concentration of the ZrCl, dopant is crucial for improving the
ionic conductivity as we have observed in experimental results.

Unlike ClI~ doping, there are two cases of Zr*" doping: Zr**
substitution for Li" and Zr*" substitution for P>*. Case I: one Li"
site is replaced by one doped Zr*", creating three Li* vacancies to
maintain electronic neutrality of the structure.®* Case II: one
inserted Zr** replaces one P>* with similar oxidation states. An
additional Li was not introduced as its placement would be too
arbitrary and artificial. Obviously, Case II exhibits a different
mechanism due to the absence of Li" vacancies. As depicted in
Fig. 4E, although Li" vacancies are introduced in Case I, they do
not yield the highest ionic conductivity. Instead, the configu-
ration where Zr*" replaces P#1 (in P,S;*”) achieves the
maximum ionic conductivity, approximately 200% higher than
that of LiygP;,S44. Total energy minimization indicates that P-
site substitution (particularly at P#1) results in a lower energy
configuration compared with Li-site substitution, suggesting
a thermodynamic driving force for Zr** to preferentially occupy
P positions. However, when P#3 in PS,*” is replaced, the ionic
conductivity shows negligible improvement.

Although both Cl~ and Zr** doping independently enhance the
ionic conductivity of Li,P3S;4, their effects are not additive due to
distinct mechanisms of action. As shown in Fig. 4F, the maximum
observed improvement in ionic conductivity is about 114%
(LipsP41Z1S,40Cli#1). However, this enhancement is accompanied
by increased structural instability compared to Li;P3S;;.

To further investigate the impact of dopants on the ion
transport, the electrostatic potential (ESP) distributions on the
electron density van der Waals surface were analyzed. As shown
in Fig. 4G, the ESP around corner S is approximately —11.6 eV,
while that around the bridge S (S4) is about —14.4 eV. When Cl
replaces S2 to generate a P,S¢CI*>~ unit, not only does the ESP on
the Cl-doped side drop to —8.5 eV, but the overall ESP also
decreases. This would weaken the ionic bond between P,S¢CI*>~
and Li*, which, combined with the increased free volume per Li"
(Fig. 4D), ultimately enhances the ionic conductivity. By
contrast, Zr-doped P,S,*~ exhibits a lower ESP, resulting in
a more stable structure. In particular, the gap in PZrS,”~
expands from 3.9 A to 4.1 A. Moreover, there is a structural
transformation of PZrS,”~ during diffusion, where the length of
S$1-S5 is shortened from 4.1 A at the beginning to 3.1 A, facili-
tating the formation of new Zr-S bonds and creating novel Li"
ion channels. This transformation is exclusive to Zr*" doping
into P,S,*”, highlighting that the inclusion of Zr** makes P,S,*~
more flexible and prone to fluctuations.®*

3 Conclusions

In this work, a novel metal halide dopant, ZrCl,, was introduced
into the Li,P;S;; solid electrolyte to simultaneously enhance its
ionic conductivity, CCD, activation energy, and long-term
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stability with lithium metal anodes. The optimized dopant
content (ESE-2) increased the ionic conductivity by 67% and
CCD by 209%. DFT and AIMD simulation results revealed that
Cl enhances ionic conductivity by introducing Li vacancies,
while Zr increases ionic conductivity by improving dynamic
structural flexibility. Also, Li/Li symmetrical cells with ESE
showed significantly lower overpotential and extended cycling
stability compared to those with control SE proving the poten-
tial of metal halide doping. Furthermore, a thin polymeric layer
of SPE was employed as a catholyte in Li/LFP full cells. This
configuration enabled stack pressure-free operation of ASSLBs,
eliminating the need for time-consuming protective layer
coating on cathode particles and complex, custom built cycling
set ups generally used for cycling ASSLBs. The Li/LFP ASSLBs
incorporating the ESE exhibited higher discharge capacity and
improved capacity retention relative to the cells based on
control Li;P5S;; electrolyte.
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