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W§ Very Important Paper
Modulating Lithium-lon Transport in LiAlBr, via S-Modified

Anion Sublattice

Ifeoluwa P. Oyekunle, Tej P. Poudel, Yudan Chen, Erica Truong, Islamiyat A. Ojelade,
Pawan K. Ojha, Md. Mahinur Islam, Yongkang Jin, and Yan-Yan Hu*

Tailoring the structures or chemical compositions of the host lattice
modulates cation-anion interactions, enhancing active cation
transport. Herein, a Br-S mixed-anion sublattice in LiAlBr, lowers
the migration energy barrier, facilitating lithium redistribution,
and enhanced ionic conductivity in Li; ;AlIBrs gS,,. Ab initio molec-
ular dynamics simulations reveal restricted diffusion in LiAlBr,,
whereas Li; 5AIBr;sS,, features a delocalized network indicative

1. Introduction

The rapid growth of the electric vehicle industry is driving a surge
in demand for advanced energy storage technologies." All-solid-
state lithium batteries (ASSBs), which utilize nonflammable solid
electrolytes (SEs), are gaining prominence as next-generation
energy storage solutions due to their high theoretical energy den-
sity and improved safety profiles.*'* An ideal SE should combine
cost-effectiveness,"*' high ionic conductivity,"*'®'® negligible
electronic conductivity,"'® favorable mechanical properties,'”*!
robust structural stability, and compatibility with electrodes across
wide electrochemical and thermal ranges.'®*® However, while
meeting these criteria, SEs that exhibit high Li* conductivity
(>107*S cm™" at room temperature) remain scarce.?"

Lithium tetrahaloaluminates, LiAIX, (X = Cl, Br, 1), are consid-
ered a promising class of SEs owing to their thermal and electro-
chemical oxidative stability, cost-effectiveness, and good
mechanical properties.?>24 Nevertheless, their ionic conductivity
is relatively low (<0.03 mS cm™"), limiting their practical use in
ASSBs.?2?®! The anions and their arrangements within the host
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of improved macroscopic Li* transport. Li;,AlBrsgSs, exhibits
excellent cycling stability and rate capability in all-solid-state bat-
teries, delivering a high specific capacity of 150.2mAh g ' at 2Cin
a Li-In|LigPSsCl|2(Li; ,AIBrs £So,): TiS, cell, outperforming the LiAlBr,-
based system (45.2mAhg~") under the same conditions. These
findings offer key insights into structure-ion transport relationships,
enabling the design of high-performance solid electrolytes.

sublattice are fundamental to LiT-ion conduction.**?*" Minor
changes to the anion substructure can introduce static and
dynamic disorder, which notably affects ion mobility.l>25->
Additionally, a mixed-anion sublattice incorporating multiple
anions has been found to improve cation conduction by modulat-
ing cation-anion interactions.227%®

Recent research has shown that combining low-cost, poor-
conducting Li,S with AICl; can enhance Li* conduction in
LiAICl,. The increased ionic conductivity results from the formation
of a CI-S mixed-anion sublattice, which generates interconnected
face- and edge-sharing octahedra structures, establishing 3D ion
conduction pathways with lower activation energy barriers.?

Herein, we examined the influence of anion substitution on
Li* transport in LiAlBr,. Our findings revealed a significant
enhancement in room-temperature ionic conductivity, achieving
0.2 mS cm™" for Li; ,AIBr; S0, which is over twenty times higher
than the ionic conductivity of LiAIBr,. Multimodal structural and
ion dynamics characterization revealed that partial substitution of
Br~ with S*~ in LiAIBr, enhances polyhedral connectivity, induces
Li* redistribution, and reduces the activation energy barrier for
Li* transport. These synergistic effects significantly change trans-
port pathways, yielding improved ionic conductivity.

2. Results and Discussion

The average structures of LiAlBr, and Li; ,AIBr; S, , were analyzed
using powder X-ray diffraction (PXRD) (Figure 1a,b). The differ-
ence in the XRD patterns of LiAlBr, and Li; ,AIBrs S, is evident:
the weak diffraction peaks of Li; ,AIBr; S, indicate reduced crys-
tallinity. Rietveld refinement of the diffraction data (Figure 1c—f)
confirmed that both compounds adopt a monoclinic crystal
structure belonging to the P2,/a space group. A detailed struc-
tural description of LiAIX, (X = Cl, Br, 1) has been previously
reported.??* LiAlBr, is characterized by a fully occupied corner-
sharing Li site, Lise (Figure 1e), and the absence of vacancies in
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Figure 1. Long-range structures of LiAlBr, and Li; ,AIBrs; S, determined using PXRD. a) PXRD patterns of the as-milled LiAlBr, and Li; ;AIBrs;So,. The inor-
ganic crystal structure database (ICSD) patterns of precursors and LiAlIBr, monoclinic phase (P2,/a space group) are shown as references. b) The magnified
view of the selected 20 ranges in (a). c,d) PXRD patterns and the corresponding Rietveld refinement of LiAlBr, and Li; ,AlBrsgS,,, respectively. e) and,

f) Monoclinic structures of LiAIBr, and Li; ,AIBrsgSo, with the P2,/a space group, respectively, obtained from the Rietveld refinement of the XRD patterns.

LiAIBr, limits Li*-ion mobility. Li; ,AIBrs S, features a 3D frame-
work with AlBr, tetrahedral and LiBr,S, octahedra. S?~ partially
replaced Br~ in the 4e Wyckoff site, creating a disordered anion
sublattice, with Li* occupying both 4e and 2a Wyckoff sites.
The structural transformation introduces additional crystallo-
graphic sites (Li,,) for Li* incorporation. Lithium-ions occupying
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these newly accessible sites exhibit markedly higher mobility
compared to those in LiAlBr,, where Li sites are fully occupied.
This enhanced mobility is evidenced by NMR T, relaxation time
measurements. The combination of increased Li* mobility and a
higher charge carrier concentration results in a marked enhance-
ment in the lithium-ion conductivity of Li; ,AlBrs; §S,.. The refined
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is characterized by a major resonance at -1.25 ppm, and a minor
? resonance from LiBr impurity. Diversifying the anion sublattice
W:? resulted in the redistribution of Li* ions, evident by the formation
Li, AlBr; ¢S, of a new Li,, site (-2.01 ppm) in addition to the Lis site in
Li,S  Li,,S;¢Bro, Li; 2AIBrs gSo,. Minor Li,S impurity and a Li;;SegBro; phase were

LiAIBr, ‘ LiBr
T L L R L A
2 4

5Li shift (ppm)

Figure 2. °Li MAS NMR spectra of LiAlBr, and Li; ,AIBr; S 5.

unit cell parameters for LiAIBr,; and Li; ,AlBr; S are provided in
Tables S1, S2, and S3, Supporting Information.

NMR spectroscopy and T, relaxation time measurements were
utilized to study the influence of anion substitution on Li*-ion local
environments and dynamics in LiAlBr, and Li; ;AIBrs ¢Sy .. Figure 2
shows the °Li MAS NMR spectra of LiAIBr, and Li; AIBr; §S.,. LiAIBr,
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observed at 2.23 ppm and 1.54 ppm, respectively. The resonance
at Li; ;S0 gBro., also observed from structural refinement of the XRD,
is attributed to a secondary phase formed from local compositional
variations or phase segregation during synthesis. The low Br~ con-
tent in Li;;SogBros slightly perturbs the chemical environment
while maintaining structural similarity to Li,S, causing its resonance
to appear near the Li,S peak. This reflects their compositional and
structural resemblance. The quantified phase composition is pre-
sented in Table S4, Supporting Information.

A quantitative assessment of Li*-ion dynamics was conducted
through ’Li spin-lattice (T;) relaxation time measurements. The
Bloembergen, Purcell, and Pound model relates the motional cor-
relation time (z) to the spin relaxation time.*% The relationship

Tc
72

1+w,e

between T, and . is given by - i =¥ [ where

10rg 1+4a)2rz 4
y is the magnetogyric ratio, o is the vacuum permeability, 7 is
the reduced Planck constant, r, is the interatomic distance, and

o is the Larmor frequency. In the fast-motion regime (wqz. < 1),
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Figure 3. "Li VT NMR spectra of a) LiAlBr, b) Li; 2AIBr;gSo.. ¢) “Li NMR line widths as a function of temperature for LiAlBr, and Li,5AIBrsgSo,. d) 7Li NMR T,
of LiAIBr, and Li; ,AIBr3gSo, as a function of temperature to probe ion dynamics.
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T, increases with increasing motional rate, while in the slow-
motion regime (wqt. > 1), T, decreases with increasing motional
rate.®"! Temperature-dependent NMR measurements of LiAlIBr,
and Li; ,AlIBr; ¢Sy, reveal a decrease in the T, relaxation time with
increasing temperature (Figure 3). This indicates that Li* ion
motion lies in the slow-motion regime, where wqt.>> 1.5
Moreso, the peak width narrows with S* incorporation, indicat-
ing enhanced Li* dynamics in Li;,AlIBr;S., that average out
homogeneous and inhomogeneous line  broadening
(Figure 3c). At room temperature, “Li T, relaxation measurements
revealed a shorter T, of ~1.0 s for Li; ,AIBr3 Sy, compared to 3.4 s
for LiAlBr,, indicating enhanced Li* dynamics in Li;,AIBrs S,
(Figure 3d & Table S5, Supporting Information). Notably, the T,
trend aligns with the observed line-narrowing behavior,
highlighting the correlation between sharper resonances, shorter
T,, and increased ion mobility.334

Ab initio molecular dynamics (AIMD) simulations were per-
formed for LiAlBr, and Li; ,AlBr; ¢S, to explore how S?~ incorpo-
ration influences the structure and Li* transport. The mean
square displacements (MSD) of Li* and Li* density probability
maps at 900 K are presented in Figure 4. MSD plots show Li* dif-
fusion in all directions, with dominant c-axis diffusion in LiAIBr,.
Notably, Br-S substitution enhances a- and b-axis diffusion in
Li; ,AIBr3gSo,, with =~100% enhancement in the overall MSD
of Li* compared to LiAIBr,. The Li* probability density maps
reveal confined Lit diffusion in LiAlBr, while Li;,AlBrsgSy,

exhibits a delocalized network, signifying enhanced macroscopic
Li* migration.

The ionic conductivities of LiAlBr,, Li;,AlIBrsgSq,, and LisAlS,
were assessed using electrochemical impedance spectroscopy
(EIS), with the Nyquist plots at 25 °C displayed in Figure 5a. The
ionic conductivity is determined from the bulk impedance
resistance using opc = L/(R X A), where L is the pellet thickness,
A is the electrode surface area, and R is the resistance obtained
from the equivalent circuit fitting of the Nyquist plots. lonic con-
ductivities of 0.009 mScm™' and 0.20 mScm ™' were obtained for
LiAIBr, and Li; ,AIBrs §So, respectively. Moreover, at x = 0.1, 0.3, 0.4,
and 0.5, ionic conductivities of 0.18, 0.16, 0.15, and 0.13 mS cm™"
were obtained for the Li;_,AlBr,_,S, series (Figure S1, Supporting
Information). The low conductivity at x = 0.1 likely stems from
insufficient sulfur incorporation to significantly modify the lattice
and enhance Li* transport pathways, and beyond x =0.2, the
decreased conductivity observed with higher S content is likely
due to the exceeded solid-solution limit, leading to increased
Li,S impurity that impedes ion transport (Figure S2, Supporting
Information). With the complete replacement of Br~, LisAlS, dem-
onstrates a lower ionic conductivity of 1.7 x 107> mScm™". The
composition, Li; AIBr;gSy,, was identified as optimal for maximiz-
ing ionic conductivity. This highlights the role of a Br-S mixed anion
system in creating a structural framework that facilitates Li* trans-
port. The representative Nyquist plot of Li; ,AIBr; S, fitted to the
data collected at 0°C is shown in Figure 5b. The high-frequency
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Figure 4. MSD of Li* in a) LiAlBr, and b) Li; ,AIBrssS- generated from AIMD simulations. Li* (yellow) probability density map of c) LiAlBr, and

d) Li;»AIBrsgSs,in a 2 x 2 x 1 cell based on AIMD simulations at 900 K.
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Figure 5. Charge transport properties of LiAlBr, and Li, ;AIBrsgSe,. @) Nyquist plots of LiAlBr, and Li; ,AIBrsgSs,. b) Exemplary equivalent circuit fitting of
the Nyquist plot for Li;,AlBr;gS,, measured at 25 C. ¢) lonic conductivity and activation energy of LiAlBr,, Li; ,AIBrsgSo,, and LisAlS,, and d) Arrhenius plots

and activation energies for ion transport in LiAIBr,, Li;,AIBrsgSe,, and LisAlS,.

semicircle corresponds to ion transport within the SE, while the
low-frequency semicircle reflects the electrode contribution.*>—#
To contextualize this result, we compared its ionic conductivity
with those of previously reported aluminum-containing Li*- and
Na*-ion conductors. As shown in Table S6, Supporting Information,
Li; ,AIBrs gSo, exhibits notably higher conductivity than many
related systems, underscoring the effectiveness of partial $>~ sub-
stitution in enhancing Li* transport. Moreover, we investigated
anion substitution with CI~ to assess whether similar conductivity
improvements could be achieved. However, attempts to introduce
CI~ into the LiAIBr,_,Cl, series yielded significantly lower ionic con-
ductivities: 0.01, 0.02, and 0.007 mS cm™' for x = 0.1, 0.3, and 0.5,
respectively (Figure S1, Supporting Information). These poor trans-
port properties suggest that Cl~ substitution does not effectively
perturb the lattice to enhance LI transport.
Variable-temperature EIS (VT-EIS) was conducted, with repre-
sentative Nyquist plots for LiAIBr, and Li; ,AlBrs;gSy, shown in
Figure S3, Supporting Information. Conductivity across the
0-60 °C range was determined using resistance values obtained
from equivalent circuit fitting, and the activation energy for each
composition was determined from the slope of the Arrhenius plot

ChemSusChem 2025, 18, e202501192 (5 of 9)

(Figure 5c¢). The activation energies are 0.54 eV for LisAlS,, 0.47 eV
for LiAIBr,, and 0.45 eV for Li; ,AIBr;sSy,. The decrease in activa-
tion energy correlates with the observed enhancement in
room-temperature conductivity (Figure 5d). The observed trend is
consistent with the energy barrier derived from the bond valence
site energy calculations, as illustrated in Figure S4, Supporting
Information. The DC polarization method was employed to
determine the electronic conductivity of the SEs. Electronic con-
ductivities of 8.04 x 107°Scm™"' and 444 x 10°°Scm™' were
obtained for LiAIBr, and Li; ,AIBr; ¢S, 5, respectively, confirming that
the total measured conductivities are predominantly ionic
with minimal electronic contribution (Figure S5, Supporting
Information).

Cyclic voltammetry was employed to evaluate the electro-
chemical stability window of LiAlBr, and Li; ;AIBr3gSo,. The elec-
trochemical stability window of LiAIBr, is theoretically estimated
to lie between 1.8V and 39V versus Li"/Li (1.2 - 33V vs
Li-In).22*9! Figure 6 presents the cyclic voltammograms of cells
containing LiAIBr, and Li;,AlBr;gS,,, respectively. The anodic
peak observed at ~0.6 V versus Li-In is attributed to the lithiation
of carbon.®" Beyond the stability window, LiAlBr, is predicted to

© 2025 Wiley-VCH GmbH
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Figure 6. Cyclic voltammograms of Li-In|SE|3SE:SP half-cells over 0-5V range versus Li-In. CV cycles for a) the LiAlBr,-based cell and b) the Li; ,AIBrs S, -

based cell.

decompose to AlBr; and Br, upon oxidation, and to Al and LiBr
upon reduction.?? A pair of redox peaks was observed at ~2.0V
versus Li-In, corresponding to the Br~/Br;~ redox couple. Similar
redox behavior has been observed in analogous systems and is
associated with the intermediate formation and reduction of
tribromide species prior to full Br, evolution.**"’ At a higher oxi-
dation voltage of ~23.44 V versus Li-In, the anodic peak observed
in LiAIBr, and Li; ,AlIBrs S5 is attributed to the complete oxida-
tion of Br;~ to Br,.[*! Although this peak is more prominent in the

first cycle, it significantly decreased in subsequent cycles, likely
due to the formation of a passivation layer. Based on the onset
oxidation and reduction voltage, the stability window of LiAIBr,
and Li; ,AIBr;5S,, was estimated to be from 1.0 to 3.2V versus
Li-In. This shows that incorporating S*~ in the anion sublattice
of LiAIBr, does not significantly alter the electrochemical
stability window, as reflected by the identical onset voltages
for reduction and oxidation peaks in both the forward and
reverse scans.
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Figure 7. Galvanostatic cycling of 2SETiS, catholyte with argyrodite (LisPSsCl) as the separator. a) Rate performance of the Li-In|LisPSsCI|2SE:TiS, cell
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Galvanostatic cycling was performed at 22 °C to assess the per-
formance of half-cells employing LiAlBr, and Li; ;AIBr;gS,,, across
various C-rates within a voltage window of 1-2.5V versus Li/In. The
charge-discharge rates were calculated based on the theoretical
capacity of TiS, (239 mAh g™"). Figure S6, Supporting Information,
shows their Nyquist plots of the half-cell solid-state batteries and
the fitted equivalent circuits. Resistive contributions from the sep-
arator, the cathode active material (CAM)-SE interface (CAM/SE),
the separator-catholyte (Separator|Catholyte) interface, and the
separator|Li-In alloy interface were extracted and are presented
in Table S7, Supporting Information. The CAM/SE interfacial resis-
tance is markedly reduced in the 2(Li;,AlIBrsgSy,):TiS, cell
(11.2 Q) compared to the 2LiAlBr,:TiS, cell (73.2 Q). In addition,
the separator-catholyte interfacial resistance is significantly
lower for the 2(Li;,AIBrsgSo,):TiS, cell (35.5Q) compared to
the 2LiAIBr,:TiS, cell (99.7 Q). This confirms that incorporation
of sulfur into the halide framework improves interfacial compat-
ibility of the SE with TiS,.

Figure 7a shows the specific capacity as a function of
cycle number for Li-In|LigPSsCl|2(LiAlBr,):TiS, and Li-In|LigPSsCl|
2(Li; ,AIBr3 §S0.,):TiS, half-cells, with the corresponding voltage
profiles for selected cycles provided in Figure 7b,c. The cells were
tested for rate performance at C-rates of 0.1, 0.2, 0.5, 1,and 2 C,
with the cells cycled five times at each rate, followed by 75 addi-
tional cycles at 0.2 C. For LiAlBr,, the initial discharge capacities
recorded were 302.8, 217.1, 169.6, 107.2, and 45.2 mAh g~ " at 0.1,
0.2, 0.5, 1, and 2 C, respectively. In comparison, the Li; ;AlBrsgSo.
cell achieved initial discharge capacities of 273.1, 231.7, 218.9,
189.9, and 150.2 mAh g~ ' for the same C-rates. Notably, the initial
discharge capacities of both cells exceeded the theoretical capac-
ity of TiS, (239 mAh g™ "). This is attributed to additional redox
activities within the SE alongside the Ti**/Ti** redox (Figure S7,
Supporting Information).[?>3¢42431 Both cells exhibited impressive
rate performance; however, the Li; ,AIBr;gS,,-based cell outper-
formed the LiAlIBr,-based cell, delivering a higher capacity of
150.2mAh g~' compared to 45.2mAhg™"' at a discharge rate
of 2 C. Upon reverting to 0.2 C after 25 cycles, both cells exhibited
excellent stability over 75 cycles. The Li;,AlBrs;S,,-based cell
retained about 91% of its capacity between the 26th and
100th cycle, while the LiAlBr,-based cell experienced a faster
capacity decline, with 75% capacity retention. The superior per-
formance of the Li;,AlBr;gSy>-based cell is attributed to the
enhanced ionic conductivity, better interfacial compatibility,
and more efficient utilization of the CAM.[233¢

3. Conclusion

In this work, we demonstrated that partial substitution of Br~ with
S*~ significantly enhanced Li™ diffusion in LiAlBr,. Li;>AIBrsgS,,
achieved a room-temperature ionic conductivity of 0.20 mS cm™
and an activation energy of 0.45eV, outperforming LiAlBr,
(0.009 mS cm™', 0.47 eV). Structural and ion dynamics analyses
revealed additional Li* sites (Li,,) with significantly higher mobil-
ity than those in fully occupied LiAlBr,, facilitating enhanced Li*
transport in  Li; ,AIBrsgSy,.  Lii 2AIBrsgSy, half-cell  exhibited
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superior rate performance and cycling stability, attributed to
improved ionic conductivity, better interfacial compatibility,
and optimized utilization of the CAM. This study offers novel per-
spectives on the role of anion framework modifications in mod-
ulating lithium sublattice for enhanced ion transport. These
findings advance the development of high-performance SEs
for next-generation all-solid-state batteries.

4. Experimental Section
Material Synthesis

LiBr (Sigma Aldrich) was dried at 200 °C under dynamic vacuum for
12 h and subsequently stored in an argon-filled glovebox. Anhydrous
Li,S and AlBr; (Alfa Aesar) were used without further purification and
handled under an inert atmosphere. The precursors, in stoichiometric
ratios, were manually ground with a mortar and pestle for 5 min
inside an argon-filled glovebox. The resulting mixture was then trans-
ferred to a ZrO, jar containing two 10-mm balls as milling media.
After vacuum sealing, mechanochemical processing was carried
out using a SPEX 8000M MIXER/MILL (SPEX SamplePrep, USA) for
10 h. The ball-milled powder (=130 mg) was then compacted into
8 mm diameter pellets under ~400MPa within an argon-filled
Mbraun glovebox.

PXRD

The milled samples were placed in a zero-background sample holder
and sealed with KAPTON film (DUPONT, USA) to prevent moisture
exposure. PXRD analysis was performed using a RIGAKU Smartlab dif-
fractometer in Bragg-Brentano geometry, operating at 45kV and
40 mA with Cu-Ka radiation (1 = 1.540562 A). Data was collected over
a 26 range of 10-80° with a step size of 0.03°.

Rietveld Refinement

Rietveld refinement of the laboratory PXRD data was carried out
using GSAS-Il software. Structural analysis of the PXRD data for
LiAlIBr, and Li; ,AIBrs;gSy, confirmed a monoclinic phase within the
P2,/a space group, consistent with LiGaBr, (ICSD - 61 337). Sulfur
occupancy was evaluated across all chlorine sites, with results
deemed reliable only when occupancy exceeded 1%. Lithium and
aluminum site occupancies were examined by interchanging them
at counter-cation positions to determine the most plausible structural
arrangement. Atomic parameters for substituents (e.g., S, Br) were
held fixed during refinement.

Computational Approach

Density functional theory (DFT) calculations and AIMD simulations
were conducted using the Vienna Ab initio Simulation Package
(VASP).*¥ The projector-augmented wave (PAW) method™ and
Perdew-Burke-Ernzerhof generalized gradient approximation were
applied for exchange-correlation interactions. The most recent
PAW potential files in VASP were utilized."® Structural optimization
of Li; ,AIBr; S, was performed using the Python Materials Genomics
(Pymatgen) package.”” A total of ten unique supercells were gener-
ated from a 2 x 2 x 1 supercell based on XRD data. Geometry opti-
mizations were executed via DFT calculations. AIMD simulations were
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conducted within the canonical ensemble for 80 ps with a 2 fs time
step, with the temperature ramped from 100 K to the target simula-
tion value.

Solid-State NMR

Li and “Li NMR measurements were carried out on a Bruker Avance-lIl
500 spectrometer at Larmor frequencies of 73.6 MHz for °Li and
194.4 MHz for “Li. Magic-angle spinning (MAS) was set at 24 kHz.
Single-pulse MAS NMR experiments were conducted using m/2
pulse lengths of 3.25 us for °Li and 3.04 ps for ’Li. Recycle delays
were 500 s for °Li and 60 s for “Li in Li;>AIBrsgSe,, while LiAIBr,
was analyzed with recycle delays of 500 s for °Li and 70 s for “Li.
’Li NMR spectra were referenced to solid LiCl at —1.1 ppm. The
inversion-recovery pulse sequence was utilized to determine the
’Li T, relaxation times.

VT ’Li T, relaxation NMR experiments were conducted on a Bruker
Avance-l 300 MHz spectrometer using an inversion recovery pulse
sequence (m/2 pulse =2.63ps) at a ’Li Larmor frequency of
116.6 MHz. Samples were packed in a 4 mm ZrO, rotor under argon
and spun at 10 kHz MAS.

EIS

The samples were pressed into 1.3-mm-thick, 8-mm-diameter
pellets and sandwiched between 6-mm indium foil and stainless
steel plungers as ion-blocking electrodes. Potentiostatic EIS
measurements were performed using a Biologic SP-300 analyzer
across 7 MHz to 1Hz. Conductivities were derived from Nyquist
plot fitting with an equivalent circuit. Temperature-dependent
EIS was conducted from 0°C to 60°C in a cincinnati sub-zero
(CSZ) chamber, with activation energies determined from the
Arrhenius-type plots.

DC Polarization

The electronic conductivity was determined using the DC
polarization technique.*® Custom-designed split cells (8-mm
diameter) were constructed with a polyether ether ketone (PEEK)
insulating cylinder and stainless-steel plungers as current
collectors. Indium foils (6-mm-diameter) served as ion-blocking
electrodes.

Cyclic Voltammetry and Galvanostatic Cycling of ASSB
Half-Cells

All-solid-state half-cells were fabricated using custom-built pressure
cells with a 10-mm PEEK casing and stainless-steel plungers. For
Cyclic voltammetry (CV) measurements, ~100 mg of either LiAlBr,
or Li; 2AIBr; gSo, was initially compressed at 300 MPa for 10 s to form
a SE pellet. A composite mixture of the SE and carbon black (Super P) in
a 3:1 ratio (=10 mg total) was manually blended, uniformly layered on
one side of the pellet, and pressed again at 300 MPa for 10 s. On the
opposite side of the pellet, a 5/16-inch diameter (0.1 mm thick) indium
foil (<32 mg) was placed, followed by a ~1 mg lithium foil (3/16-inch
diameter), pressed to form a Li-In alloy counter electrode. The
final cell architecture was Li-In|SE|3SE:C. Each cell was sealed using
vacuum grease and subjected to electrochemical testing under an
estimated stack pressure of =30 MPa at room temperature (22 °C).
CV was performed from 0 to 5V versus Li-In at a scan rate
of 0.2mVs™.
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The composite cathode for galvanostatic cycling was prepared by
drying TiS, (Sigma Aldrich, 99.9%) at 200 °C for 12 h, followed by ball
milling at 300 rpm for 5 h to reduce particle size. The TiS, was then
mixed with either LiAIBr, or Li; ,AIBr; ¢Sy in a 1:2 mass ratio and man-
ually ground for 10 min. LisPSsCl, synthesized as per Patel et al,“”
was pressed into pellets at 300 MPa for 10 s to serve as the SE sepa-
rator. For assembly, 12 mg of the catholyte was uniformly applied to
one side of the LisPSsCl pellet, achieving an areal capacity of
~1.25mAh cm~2, and pressed again at 300 MPa. A Li-In alloy foil
was attached to the opposite side to complete the Li-In|LisPSsCl|
2SE:TiS, (SE: LiAlBr, or Li; ,AlIBrs §S,,) half-cell configuration. The cells
were sealed with vacuum grease and cycled at 22 °C under ~30 MPa
stack pressure within a voltage range of 1-2.5V versus Li-In. Rate
capability tests were performed at 0.1C, 0.2C, 0.5C, 1C, and 2C (cor-
responding to 0.14, 0.28, 0.70, 1.40, and 2.80 mA cm 2, respectively)
for 5 cycles each, followed by long-term cycling at 0.2C for 75 cycles.
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