Open Access Article. Published on 13 June 2025. Downloaded on 10/12/2025 10:28:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CHEMISTRY  [E&] cidvica

(olel &! ROYAL SOCIETY

PEfER OF CHEMISTRY

FRONTIERS

W) Check for updates ‘

Cite this: Mater. Chem. Front.,
2025, 9, 2404

Received 27th May 2025,
Accepted 11th June 2025

DOI: 10.1039/d5gm00394f

Sn-doped mixed-halide LisPSsClo_sBro_s
argyrodite with enhanced chemical stability
for all-solid-state batteries¥

*aC

@ Jung Hwan Song, 2 Ji Eun Wang, {2 ° Do Kyung Kim and

o)

Yoonjae Cho,
Dong Jun Kim

The synthesis and characterization of Sn-doped LigPSsClg sBrg s solid-state electrolytes are presented. By
incorporating Cl and Br, the solubility of Sn dopants in the argyrodite framework is significantly
improved without compromising the high ionic conductivity of material. Sn substitution for P enhances
both the chemical robustness and interfacial stability of the electrolyte, addressing key challenges in
electrolyte stability. The inclusion of Sn strengthens the structural integrity of LigPSsClg sBrg.s, mitigating
atmospheric degradation. Electrochemical studies reveal that Sn doping markedly increases ionic
conductivity and reduces the activation energy for Li-ion mobility, thereby improving battery
performance. Structural analyses indicate that Sn incorporation expands the unit cell and facilitates the
formation of a Li—Sn alloy at the electrolyte—electrode interface. This alloy formation promotes rapid
Li-ion migration and stabilizes the interface, contributing to enhanced electrochemical stability. The

findings underscore the synergistic benefits of halogen substitution and Sn doping, demonstrating their
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1. Introduction

In the quest to mitigate the environmental footprint of energy
consumption, the shift from fossil fuels to more sustainable
energy sources has led to significant interest in advanced
energy storage technologies. Among these, secondary batteries
are pivotal components in the transition towards a greener
energy landscape.’ Lithium-ion batteries (LIBs), with their high
energy and power densities, have emerged as the frontrunners
in this domain, finding widespread applications in portable
electronics, electric vehicles, and energy storage systems.'™
Although conventional LIBs have made significant progress,
they still struggle with inherent limitations, such as safety risks
posed by flammable organic solvent-based electrolytes.*>™

The pursuit of safer and more efficient energy storage
solutions has spurred the development of all-solid-state bat-
teries (ASSBs), which potentially address the shortcomings of

“ Department of Materials Science and Engineering, Korea Advanced Institute of
Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon 34141,
Republic of Korea. E-mail: dkkim@kaist.ac.kr

b School of Chemistry, The University of New South Wales, Sydney, NSW 2052,
Australia. E-mail: dongjun. kim@unsw.edu.au

¢ School of Mechanical and Manufacturing Engineering, The University of New
South Wales, High St, Kensington, NSW 2052, Australia

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5qm00394f

2404

collective impact on the performance and durability of sulfide-based solid electrolytes.

their LIB counterparts.®® Moreover, the integration of lithium
metal anodes into ASSBs promises significantly higher
energy densities, owing to the low atomic weight and redox
potential of Li elements.” > Among the diverse candidates for
solid-state electrolytes (SSEs), argyrodite structured sulfides,
particularly those based on the LigPS;X (X = Cl, Br, I) composi-
tion, have garnered attention. Their high ionic conductivity
and cost-effective precursors position them as promising
contenders.'*™*°

Despite the potential benefits, employing argyrodite com-
pounds in SSEs faces substantial challenges. One major issue is
the inherently narrow electrochemical stability window of these
materials, which increases their susceptibility to decomposi-
tion upon interacting with electrodes.'”>* This decomposition
leads to the accumulation of insulating by-products at the
anode interface, which, in turn, promotes the formation of
problematic dendritic structures during the charge-discharge
cycles.'>*°72% Furthermore, the air sensitivity of sulfide electro-
Iytes complicates their practical use. Exposure to atmospheric
moisture triggers the release of toxic hydrogen sulfide gas from
the sulfur components, posing safety hazards and deteriorating
the electrolyte ionic conductivity.”**® To address these chal-
lenges, cation doping on the P site of argyrodite solid electro-
lytes was investigated.>®™" been
considered a method for enhancing the ionic conductivity of
LigPSsX by introducing larger cations into the lattice structure,

Aliovalent doping has
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which expands the lattice parameters and improves ionic
transport.”’* Recent studies have also shown that this approach
can enhance interfacial stability by forming an interfacial layer
that stabilizes lithium metal reactivity.>*>° Among various
dopants, Sn has drawn attention as an effective additive for
improving the electrochemical stability and moisture resistance
of sulfide solid electrolytes.>*****° However, its large atomic
radius poses a limitation for substitution in LPSCI argyrodite
electrolytes, which exhibit high ionic conductivity but feature a
small unit cell size due to the small Cl halide ion. Consequently,
Sn doping has been achieved in LPSBr or LPSI, which have larger
halide ions and unit cell sizes capable of accommodating larger
cations, albeit with a trade-off of reduced ionic conductivity.>**°

In this study, we explored the strategic substitution of Sn for
P within LigPS5Cly sBry s (LPSCIBr) to enhance the ionic con-
ductivity, interfacial stability, and air stability of ASSBs. The
LPSCIBr framework, with its larger unit cell compared to
LigPS5Cl, facilitates the substitution of Sn and optimized s>/
X~ disorder and lattice softness. This structural adjustment
results in high ionic conductivity, reaching the order of 10 S
em ™', Crucially, the aliovalent substitution promotes the for-
mation of a lithiophilic Li-Sn alloy at the electrolyte interface,
stabilizing the interface during electrochemical cycling.
Furthermore, the Sn substitution significantly improves air
stability by forming stronger bonds with sulfur compared to
phosphorus, thereby reducing oxygen reactivity and enhancing
the stability of the PS,*>~ unit. Comprehensive full cell testing
has demonstrated the improved electrochemical performance
and stability attributable to Sn substitution, underscoring its
significant impact on the functionality and safety of ASSBs.
Collectively, this study proposes a strategy to overcome the
doping and solubility limitations of aliovalent cations in argyr-
odite sulfide solid electrolytes, which exhibit high ionic con-
ductivity, by carefully selecting and combining halide ions.
Moreover, our findings underscore the benefits of partial Sn
substitution in LPSCIBr SSEs, establishing it as a promising
approach for developing high-performance ASSBs.

2. Experimental

2.1. Materials preparation

LigsxSn,P;_,S5Cly 5Bro s (x = 0, 0.025, 0.05, 0.075) sulfide solid
electrolytes were fabricated in an inert argon atmosphere. For
this purpose, 3 g of Li,S, P,Ss, SnCl,, S, LiCl, and LiBr
precursors, all sourced from Sigma Aldrich, were weighed and
subjected to high-energy planetary ball milling (Pulverisette 5,
Fritsch) at a speed of 300 rpm for 20 hours. The mixed powder
was then compacted under a pressure of 200 MPa for one
minute. The compaction was followed by an annealing step,
carried out at 550 °C for 5 hours in an argon environment, with

a temperature increasing rate of 5 °C min'.

2.2. Materials characterization

The synthesized Lig.,Sn,P;_,S5Clo 5Brg s solid electrolytes were
characterized using XRD, Raman spectra, and EDS analysis.
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XRD was conducted in the Rigaku smart lab with Cu-Ka
radiation (2, = 1.54051 A) operating at 45 kv and 200 mA. It
was used to confirm the crystal phase of electrolytes. The
measurement was performed in the 26 range from 10° to 70°,
with a scanning rate of 10° min™" using an air-tight XRD
sample holder. For XRD Rietveld refinement, the measurement
was performed in the 20 range from 10° to 120°, with a
scanning rate of 2° min~'. Raman spectrometer (Horiba Lab-
Ram HR Evolution Visible_NIR) analysis was conducted with a
laser of 514 nm. The measurement was performed in the
wavenumber range from 200-600 cm™ . The shape and atomic
distribution of the solid electrolyte particle were confirmed by
field-emission scanning electron microscopy (FE-SEM, Hitachi
SU8230), and EDS (Oxford X-Max). Each sample was loaded into
the SEM without being exposed to the air. In order to confirm
the effect of Sn substitution on the electrochemical stability of
the electrolyte against lithium metal anode, cycled lithium
metal (after symmetric cell test) was characterized using X-ray
photoelectron spectroscopy (XPS, Axis-Supra). XPS measure-
ments were performed using a Ko with an automated mono-
chromatic X-ray source emitting Al-Ko 1486.7 eV X-ray photons.
The XPS data was calibrated using the binding energy of
284.6 eV for carbon 1s.

2.3. Electrochemical measurements

Solid electrolytes were evaluated with pressure cells (Premium
Glass Co.). Ionic conductivity measurement was performed
with SUS on both sides of the solid electrolyte at various
temperatures (30 °C, 40 °C, 50 °C, 60 °C, 70 °C). It was
conducted in a frequency range of 10 MHz to 1 Hz, with a
voltage amplitude of 10 mV using an impedance/gain-phase
analyzer (Solartron SI 1260). The cyclic voltammetry test was
performed at —0.5 to 5 V (vs. Li/Li") voltage range and a scan
rate of 10 mV s~ '. The symmetric cell test and galvanostatic
charge-discharge performance were conducted by a Won-A-
Tech battery cycler (WBCS 3000). The galvanostatic charge-
discharge test was performed under 0.1C rate, with cut-off
voltages at 3.0 and 4.3 V (vs. Li/Li") at a temperature of 30 °C.
The charge-discharge test was initiated without any prior pre-
cycling steps.

2.4. Air stability measurements

To evaluate enhanced air stability due to Sn substitution, the
mass change of the electrolyte in the air atmosphere was
measured using the TGA instrument (Mettler Toledo TGA2).
Next, 150 mg of solid electrolyte was pressed into the pellet.
12 hours after pellets were exposed to the atmosphere of 30 °C
and 7 RH%, ionic conductivity was measured.

2.5. Fabrication of all-solid-state batteries

For the cathode preparation, solid electrolyte, LiCoO, (L&F co.),
and SuperP (TIMCAL) were mixed in a weight ratio of 79:20:1
using mortar and pestle. Subsequently, 120 mg of the synthe-
sized solid electrolyte powder was introduced into a 10 mm
diameter SUS mold and compacted at a pressure of 200 MPa.
Subsequently, 12 mg of the cathode composite was evenly
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spread on top of the electrolyte and compressed at a higher
pressure of 300 MPa. The anode was lithium metal foil with a
diameter of 10 mm and a thickness of 200 pm. In addition,
symmetric cells were fabricated using lithium metal coupled
with another lithium metal instead of a cathode composite.

3. Results and discussions

3.1. Structure characterization and ionic conductivity of
Lig:+xSn,P; S5Clo.sBro 5

Ionic conductivity in lithium argyrodite compounds is primarily
influenced by the type and distribution of halogen ions within the
electrolyte framework. The substitution of Br~ and Cl™ ions,
which have dimensions closely aligned with those of S>~ ions,
introduces significant disorder into the lattice. This intrinsic
disorder is a key factor in the high ionic conductivity, reaching
values above 10™° S ecm™’, as it disrupts the orderly lattice
arrangement and creates more pathways for ion movement. In
contrast, the larger size of I" limits its effective integration into
the lattice, thereby reducing the overall conductivity.'”?*

In addition to ionic size, the softness of the lattice—deter-
mined by the polarizability of the halogen ions—plays a crucial
role in facilitating ionic mobility.">*> As polarizability increases
from CI to Br to I, the reduction in electrostatic forces between
lithium-ions and halogen ligands expands the lattice structure
and creates more efficient diffusion pathways. This effect is
particularly significant in mixed-halide systems such as
LPSCIBr, where the interplay between lattice disorder and soft-
ness contributes to exceptionally high ionic conductivity.>*3®
The synergy of these factors—ionic size similarity and lattice
softness—establishes LPSCIBr a highly effective material for
solid-state electrolytes. Furthermore, expanding the unit cell
size through Br incorporation enhances the doping capability.

The Lig,Sn,P;_,SsCly sBry 5 electrolyte was synthesized using a
solid-state synthesis method (Fig. 1(a)) with x values of 0 (LPSCIBr),
0.025 (Sn2.5@Agy), 0.05 (Sn5@Agy), and 0.075 (Sn7.5@Agy). The
precursors (Li,S, P,Ss, LiCl, LiBr, SnCl,, and S) in the required
stoichiometric ratio were homogeneously mixed through high-
energy milling for 20 hours. Subsequently, heat treatment was
conducted at 550 °C for 5 hours under Ar atmosphere.

X-ray diffraction (XRD) analysis results for the synthesized
LigsxSn,P;_,S5ClysBros (Fig. 1(b)-(d)) closely align with the
reference phase of LPSCIBr, indicating the successful synthesis
of crystalline solid electrolyte with a high level of crystallinity
and phase purity. The stability of this structure across varying
dopant levels suggests that the introduction of dopants into the
argyrodite phase is accomplished without compromising the
inherent crystalline architecture. Notably, as demonstrated in
Fig. 1(b) and (d), the main peaks indicative of the argyrodite
structure undergo a subtle shift toward lower 20 values as the
Sn substitution increases. This phenomenon can be attributed
to the substitution of P>* ions, whose ionic radius of 38 pm,
with Sn** ions, which possess a relatively larger ionic radius of
69 pm, leading to an expansion of the Li-argyrodite unit cell
volume.?” At the Sn substitution level of 7.5% (Sn7.5@Agy),
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Fig. 1(c) and (d) illustrate the onset and incremental rise in
impurity secondary phases such as Li,SnS,. These secondary
phases indicate a critical limit to the tuning of the composition
for maintaining its desired structural and electrochemical
integrity.”® Fig. S1 (ESIt) presents the Rietveld analysis results
for LPSCIBr and Sn5@Agy. Both electrolytes exhibited a cubic
argyrodite phase (F43m space group), with unit cell parameters
detailed in Table S1 (ESIf). Upon Sn doping, the unit cell
parameter increased from 9.90337 to 9.9195, indicating an
expansion in the unit cell volume.

Raman spectroscopy was conducted to further investigate
the structural changes induced by Sn substitution. The Raman
spectra depicted in Fig. 1(e) cover a 200 to 600 cm ™' range.
The band at 423 cm ™' confirms the presence of the PS,*~
tetrahedral anion unit, a main component of the Lig.,Sn,-
P;_.SsClysBro 5 phase.®® As the Sn substitution increases, the
PS,>~ band shifts slightly to lower wavenumbers, suggesting
that the bonds are extending due to the lattice expansion,
consistent with the XRD results. A larger increase in Sn sub-
stitution introduces an additional, distinct band at 346 cm ™,
associated with the SnS,*~ unit,*® suggesting the emergence of
hybrid (P/Sn)S,>” units, indicative of Sn substituting for P sites.
These findings also confirm that the structural integrity of the
(P/Sn)S,>~ unit is retained after substitution.

The structural morphology and elemental distribution of
electrolyte samples were investigated through energy-dispersive
X-ray spectroscopy (EDS) coupled with SEM analysis (Fig. S2(a)-
(d), ESIt). The EDS analysis focused on elements such as P, Sn,
S, Cl, and Br and revealed a homogeneous distribution across
the solid electrolyte particles. In the case of the Sn7.5@Agy
electrolyte, however, an uneven Sn distribution was apparent
with Sn-rich domains. The findings from XRD and Raman
studies suggest that a Sn substitution level of 7.5% may exceed
the material’s doping capacity, resulting in phase separation
and the formation of impurities such as Li,SnS,.

The ionic conductivity of solid electrolytes was measured
using electrochemical impedance spectroscopy (EIS). For EIS
measurements, pellets were prepared by compressing 100 mg
of the electrolyte and placing stainless steel rods on each pellet
side as blocking electrodes. Analysis was conducted at 30, 40,
50, 60, and 70 °C in a frequency range from 10 MHz to 1 Hz. The
ionic conductivity (op;) and activation energy (E,) of Li-ion
transport were calculated using the following equations,

/
oL =R 1)
oL =D x exp —Ea (Sem™) (2)
‘ KxT

where R is the bulk resistance of the solid electrolyte, [ is the
thickness of the electrolyte pellet (cm), A is the area of the pellet
(cm?), D is the pre-exponential constant, K is the Boltzmann
constant, and T is the temperature (K). Fig. 2(a) and (b) display
the Nyquist and Arrhenius plots, respectively, derived from EIS
measurements across the temperature range of 30 to 70 °C for
each electrolyte sample.

2406 | Mater. Chem. Front., 2025, 9, 2404-2416 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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(a) Synthesis process of LigxSnxP1_,SsClo sBro 5 sulfide solid electrolyte. (b) XRD patterns of synthesized Lig,SnyP1_xSsClo sBro s electrolyte with

respect to Sn substitution amount. (c) Magnified section of the XRD patterns (26° < 0 < 28°). (d) Magnified section of the XRD patterns (15° < 6 < 20°).

(e) Raman spectra of the synthesized LigxSnxP1_,S5Clg 5Brg 5 electrolyte.

The ionic conductivity of LPSCIBr was 1.81 mS cm ' at

room temperature similar to that reported for Li-argyrodite
(107>-107> mS em ™ ).">'? As the Sn substitution concentration
increases to 2.5% (Sn2.5@Agy) and 5% (Sn5@Agy), the ionic
conductivity increases to 2.07 and 2.34 mS cm ™', respectively.
This increase can be attributed to an increase in the unit cell
volume within the lattice due to Sn doping, which has a larger
ionic radius compared to P, thereby increasing the volume of
the lithium pathway channel. Additionally, by substituting at
the P°* site with an aliovalent element Sn*" in a different

oxidation state, the concentration of lithium-ions increases
through charge compensation.’** This phenomenon can be
explained using the defect equation in Kroger-Vink notation.

SnCl, + Li sources(Li»S, LiCl, LiBr) 4 Vi; — Sn; + Lij; (3)

The substitution of P°* with x moles of Sn*" introduces x
moles of lithium atoms to maintain charge balance, thereby
increasing the lithium solubility within the crystal structure
(LigPS5Clo 5Bros — LigixSN,P;_,S5ClosBros). On the other

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2404-2416 | 2407
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electrolytes at 30 °C. (d) The activation energy of solid electrolytes against Sn substitution amount.

hand, the ionic conductivity of Sn7.5@Agy was lower than that
of Sn5@Agy, a decrease attributed to the increased impurities,
such as LisSnS,, as indicated by XRD analysis.

The activation energy of lithium-ion transport was calculated
using the Arrhenius equation according to the amount of Sn
substitution, as shown in Fig. 2(d). As the Sn substitution increased
from 0 to 2.5 and to 5%, the activation energy decreased to 0.305,
0.292, and 0.271 eV, respectively. However, in the Sn7.5@Agy
electrolyte, the decreasing trend reversed, and the activation energy
increased to 0.299 eV. Hence, the Sn5@Agy has the lowest activa-
tion energy, indicating the easiest Li" movement and explaining the
highest ionic conductivity among the different substitution
amounts. Therefore, subsequent electrochemical analyses were
conducted using LPSCIBr and Sn5@aAgy, which exhibit the highest
ionic conductivity and the lowest activation energy.

3.2. Electrochemical performance of synthesized
Lig+,Sn,P;_,S5Clo 5Bro 5

In order to assess the electrochemical stability window of the
LPSCIBr and Sn5@Agy solid electrolytes, cyclic voltammetry
(CV) was conducted. Samples were prepared by compressing

120 mg of solid electrolytes into 10 mm diameter pellets. These
were then sandwiched between a stainless steel and lithium
foils, forming a Li|Lig:xSn,P;_,S5Cly sBros|SUS cell configu-
ration. The first and third CV cycles for LPSCIBr and Sn5@Agy
solid electrolytes are displayed in Fig. S3(a) and (b) (ESIT). Both
electrolytes exhibited a single cathodic and anodic peak corres-
ponding to lithium deposition (Li* + e~ — Li) and dissolution
(Li - Li" + e7), demonstrating the reversible lithium plating
capability of the electrolyte. No additional redox peaks were
observed, which underscores the wide electrochemical stability
window of the electrolyte. This observation and its correlation
with electrochemical stability will be further explored in sub-
sequent discussions below.

Next, symmetric cells were fabricated, and cycling tests were
conducted. The results, displayed in Fig. 3, were obtained at
30 °C using LPSCIBr and Sn5@Agy electrolytes. For these
symmetric cell tests, lithium metal was attached to both sides
of an electrolyte pellet configured as Li|SSE|Li. Fig. 3(a) and (b)
illustrate the progressive evaluation of critical current density,
starting at 0.05 mA cm > and escalating by 0.05 mA cm ™ after
every three cycles of lithium stripping and plating. The distinct

2408 | Mater. Chem. Front., 2025, 9, 2404-2416 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 Symmetric cell test: (a) critical current density of LPSCIBr. (b) Critical current density of Sn5@Agy. (c) Symmetric cell test at constant current
density (0.4 mA cm~2) and a magnified section of the symmetric cell test (3040 h).

performance differences between Sn-doped samples indicate
that Sn substitution plays a crucial role in mitigating lithium
dendrite formation. The LPSCIBr electrolyte underwent a vol-
tage drop when the current reached 0.45 mA cm™ 2. In contrast,
the Sn5@Agy electrolyte exhibited consistent stability, with no
voltage drop observed even as the current density increased to

0.65 mA cm >, signifying a substantial increase in current
density capacity.

A long-term lithium plating/stripping stability was per-
formed at a constant current density of 0.4 mA cm ™ to evaluate
the interface stability between the solid electrolyte and lithium
metal further. Initial overpotential measurements, presented in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025 Mater. Chem. Front., 2025, 9, 2404-2416 | 2409
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Fig. 3(c), indicate that Sn5@Agy exhibited an overpotential of
15.5 mV, lower than the 18.3 mV for LPSCIBr. Notably, LPSCIBr
underwent a short circuit after just 34 hours, whereas Sn5@Agy
demonstrated no short circuit over a prolonged period of
125 hours. A significant difference in the cycling results is
possibly attributed to Sn substitution, which appears to modify
the voltage profile during the test period. Specifically, from 30
to 35 hours into the symmetric cell testing, LPSCIBr showed
clear signs of polarization, characterized by arcs and plateaus.
According to previous reports, these phenomena are likely due
to dendrite formation, dead lithium, and interface by-products,
all of which obstruct lithium-ion transport and contribute to
polarization.®***° Conversely, the voltage profile for Sn5@Agy
did not show any polarization, suggesting that the presence of
Sn helps to form a stable interface that suppresses side reac-
tions, enhances Li* diffusion, suppresses side reactions, and
facilitates more rapid ion migration across the interface. More-
over, during symmetric cell tests at both critical and constant
current densities, Sn5@Agy consistently showed a lower over-
potential compared to LPSCIBr. This observation confirms that
Sn substitution not only improves ionic conductivity but also
enhances the compatibility of the electrolyte with lithium
metal. The increased ionic conductivity results in a more uni-
form distribution of current density across the lithium metal
surface, which is instrumental in suppressing dendrite growth.
These findings affirm that Sn substitution in LPSCIBr markedly
improves the electrochemical stability of Li metal in sulfide
solid electrolytes XPS analysis of the Li metal interfaces with
LPSCIBr and Sn5@Agy electrolytes was conducted after the 20th
cycle of the symmetric cell test (Fig. S4, ESIt) at a current
density of 0.1 mA cm ™ to reveal the effect of Sn substitution on
electrolyte-lithium metal interface compatibility. In Fig. 4(a)
and (b), the S 2p spectra display binding energies at 161.10 eV
(S 2p3/2) and 162.30 eV (S 2p1/2), corresponding to the Li-
argyrodite PS,*>~ tetrahedral anion.*! At the interface, lithium
metal reduces the sulfide solid electrolyte, leading to insulating
by-products such as Li,S and LizP, which contribute to an
uneven SEI layer.”>* The reduced formation of Li,S in the
Sn5@Agy electrolytes emphasizes the effectiveness of Sn dop-
ing in minimizing electrolyte decomposition. Moreover, with
Sn5@Agy, the reduced sulfite with a binding energy of 167.1 eV
at the interface indicates that Sn substitution may mitigate
reactions with atmospheric oxygen in the environment.** The
beneficial impact of Sn substitution could stem from the higher
bond dissociation energy of Sn-S at 464 k] mol " compared to
346 kJ mol ™" for P-S bonds, suggesting stronger Sn-S bonding
that enhances the structural integrity of the Li argyrodite
electrolyte, and less decomposition at the interface with the
Li metal anode.*> The XPS Sn 3d spectra also highlight the
formation of a Li-Sn alloy, which is beneficial for enhancing
interfacial stability. The detection of Li-Sn alloy and Sn**
species at binding energies of 484.22 and 485.4 eV suggests
that this alloy acts as a passivation layer at the interface.** This
alloy has reportedly enhanced Li" ion diffusion, facilitating
rapid ion migration at the interface.*> Moreover, the lithiophi-
lic nature of the Li-Sn alloy reduces the energy barriers for
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lithium nucleation and promotes homogeneous lithium
deposition by creating multiple nucleation sites, thereby inhi-
biting dendrite formation through uniform lithium plating, as
evidenced by our electrochemical cycling data.*® The existence
of these interfacial species is additionally supported by the Li 1s
spectra in Fig. S5 (ESIT).

3.3. Air stability of Lie.,Sn,P;_,S5Clo 5Bro 5

Sulfide solid electrolytes such as Li-argyrodite suffer from poor
air stability due to the high reactivity of sulfur. Upon exposure
to moisture, LPSCIBr undergoes substitution of sulfur by oxy-
gen, resulting in the formation of impurities such as LiCl, Li,S,
LizPO,4, and H,S, which lead to a significant degradation in
ionic conductivity:*®

LigPSsX (X = Cl, Br, I) (s) + 4H,0 (g) — LiX (s)
+ LiZS (S) + Li3PO4 (S) + 4H,S (g) (4)

This phenomenon occurs even at low moisture levels,
necessitating strict regulation of oxygen and moisture levels
to below 1 ppm. Therefore, improving their air stability is
crucial for the viable commercialization of sulfide solid
electrolytes.

Air stability can be improved by substituting Sn for P, which
can form stronger bonds with S. A detailed explanation of this
can be provided through the hard and soft acid and base
(HSAB) theory.>**” Based on the HSAB concept, the weak P-S
bond, which causes the poor air stability of Li-argyrodite, is due
to the tendency of the hard acid P°* to preferentially bind with
the hard base O®~ rather than with the soft base S*>~. Therefore,
substituting a soft acid element like Sn, which can form
stronger bonds with S can reduce the reaction with O and
improve air stability.***8

The impact of Sn doping on the air stability of the solid
electrolyte was investigated as follows. Solid electrolytes were
pelletized in a diameter of 10 mm with 150 mg of LPSCIBr and
Sn5@Agy. These pellets were then exposed to a defined atmo-
sphere at 30 °C for 12 hours. The structural analysis of the air-
exposed electrolytes was conducted using XRD, as shown in
Fig. 5(b) and (c). XRD revealed the formation of impurity phases
in both LPSCIBr and Sn5@Agy upon exposure to air. For
LPSCIBr, numerous unknown impurity peaks (particularly pro-
minent within the 20 range of 15°-35°) were observed, indicat-
ing substantial degradation upon air exposure. In contrast, the
Sn5@Agy exhibited minor impurity peaks, suggesting that the
formation of secondary phases was effectively suppressed.

The ionic conductivity of electrolytes after air exposure
under the specified conditions was also measured. As depicted
in Fig. 5(d), the ionic conductivity of the LPSCIBr after air
exposure fell to 55% (1.01 mS cm ") of its pre-exposure value
(1.81 mS cm ™ '). However, for Sn5@Agy, the ionic conductivity
maintained 67% (1.52 mS cm™ ') of its pre-exposure value
(2.34 mS cm™ ). Consistently, the activation energy of air-
exposed Sn5@Agy exhibited a lower value (0.338 eV) compared
to LPSCIBr (0.350 eV).
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Fig. 4 XPS spectra of the interface between solid electrolyte and lithium metal anode: (a) S 2p spectra of the LPSCIBr and Li metal interface after cycling.
(b) S 2p spectra of the Sn5@Agy and Li metal interface after cycling. (c) Sn 3d spectra of the LPSCIBr and Li metal interface after cycling. (d) Sn 3d spectra
of the Sn5@Agy and Li metal interface after cycling. (e) Schematic illustration of improved interfacial stability after Sn substitution.

Furthermore, the effect of Sn substitution on air
stability was assessed by measuring the weight change of the
electrolyte upon air exposure. As sulfur is replaced by heavier
oxygen, the electrolyte undergoes decomposition, as previously
described.>* Fig. 5(e) shows the weight changes of LPSCIBr and
Sn5@Agy after 6 hours of air exposure. For LPSCIBr, the weight
increased by 1.97%, whereas for Sn5@Agy exhibited only a
0.65% increase. This observation highlights the enhanced
structural and chemical stability achieved by Sn substitution,
which significantly reduced electrolyte decomposition. These

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025

results demonstrate that the substitution of Sn could enhance
the air stability of sulfide solid electrolytes.

3.4. Galvanostatic charge/discharge test for all-solid-state full
cells

To evaluate the electrochemical performance of solid electro-
Iytes, ASSBs were assembled using a LiCoO, cathode and a
lithium metal anode as illustrated in Fig. 6(a). The full cells
underwent galvanostatic charge-discharge tests within a vol-
tage window of 3.0 to 4.3 V (vs. Li/Li") at 30 °C. The LPSCIBr cell
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(a) Schematic diagram of enhanced air stability after Sn substitution. (b) XRD patterns of air exposured Lig,,SnxP1_xSsClo 5Bro s electrolytes (x = 0,

0.05). (c) Magnified XRD patterns of air exposured electrolytes (15° < 0 < 40°). (d) Mass change of LPSCIBr and Sn5@Agy electrolytes after air exposure.
(e) lonic conductivity change of LPSCIBr and Sn5@Agy electrolytes after 12 h of air exposure.

showed an initial specific capacity of 124 mAh g~' and a
coulombic efficiency of 70%. In contrast, the Sn5@Agy cell
exhibited an improved capacity of 139 mAh g™ and a coulom-
bic efficiency of 80%. The higher coulombic efficiency suggests
more reversible lithium-ion intercalation and deintercalation,
aligning with the enhanced lithium plating and stripping

processes that reduce lithium source waste.*”*® Notably, after
the 50th cycle, the capacity for LPSCIBr was measured at
50.4 mAh g™, while Sn5@Agy demonstrated a higher capacity
of 70.5 mAh g~'. These values represent capacity retention of
40.6% and 50.7%, respectively. After the 50th cycle, the Nyquist
plot for the Sn5@Agy cell (Fig. S6(c), ESIt) reveals significantly
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Fig. 6 Galvanostatic charge and discharge test of the full cell: (a) schematic illustration of ASSB. (b) Voltage profile of 1st, 2nd, 50th cycles using LPSCIBr

electrolyte. (c) Voltage profile of 1st, 2nd, 50th cycles using Sn5@Agy. (d)
(e) Cycling performance over 50 cycles at 0.1C.

smaller semicircles compared to the LPSCIBr cell (Fig. S6(b),
ESIT). This reduction indicates that Sn substitution plays a
crucial role in lowering interfacial resistance. The enhanced
electrode interfacial stability can be attributed to Sn doping,
which helps prevent the formation of insulating interfacial
degradation products, thereby improving full cell performance.
The rate performance of all-solid-state batteries was evaluated
by elevating the current density to 0.1C, 0.2C, and 0.5C, and

Rate capability test and capacity retention at various current densities.

then reducing to 0.1C. At a current density of 1C, the specific
capacity retention was 35.13% for LPSCIBr and 48.87% for
Sn5@Agy compared to the first cycle at 0.1C. When the current
density is back to 0.1C, the specific capacity recovered to
83.22% for LPSCIBr and 93% for Sn5@Agy, indicating superior
rate capability after Sn doping. This underscores the improved
ionic conductivity and electrochemical stability of the
Lis+xSn,P;_,S5Cly 5Bry 5 electrolyte.
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4. Conclusion

This study investigated Sn substitution in lithium argyrodite
sulfide solid electrolytes as a strategy to enhance their electro-
chemical and chemical stability. By incorporating halogen ele-
ments, the LPSCIBr electrolyte was synthesized, exhibiting higher
ionic conductivity than LPSBr or LPSI. This approach successfully
enabled the substitution of large Sn cations within Cl-containing
argyrodite. Our findings confirmed that all Sn-substituted sam-
ples preserved the Li-argyrodite structure, with a notable increase
in cell volume and Li" solubility both of which contributed to
improved ionic conductivity. Specifically, the Sn5@Agy sample
exhibited the highest ionic conductivity and the lowest activation
energy, effectively minimizing impurity formation. Symmetric cell
tests demonstrated that Sn substitution enhanced critical current
density, enabled stable lithium plating/stripping, and suppressed
lithium dendrite growth. XPS analysis further verified the for-
mation of a lithiophilic Li-Sn alloy and a decrease in insulating
byproducts such as Li,S and S-O compounds, leading to
improved interfacial stability with the Li metal anode. Under
humid conditions, Sn5@Agy also demonstrated superior ionic
conductivity retention compared to LPSCIBr, as evidenced by EIS
measurements. Full cell galvanostatic tests highlighted increased
initial discharge capacity and excellent capacity retention over
50 cycles for Sn5@Agy relative to LPSCIBr. These improvements,
driven by enhanced ionic conductivity and robust interfacial
stability against the lithium metal anode, underscore the impor-
tance of electrolyte composition modification. The combined
effects of halogen incorporation and Sn substitution represent a
promising pathway for advancing the performance, stability, and
cyclability of lithium argyrodite sulfide-based ASSBs.
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