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Insertion-dominated anion redox in high-capacity
amorphous sulfide cathodes for solid-state batteries
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In brief

Conventional cathode active materials
(CAMs) often face structural and
interfacial challenges when integrated
into all-solid-state batteries. A sulfide-
based CAM design strategy that
combines interfacial compatibility,
structural disorder, and anion regulation
enables reversible insertion-dominated
multi-electron redox chemistry,
delivering high specific energy, rapid
kinetics, and durable cycling
performance.
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CONTEXT & SCALE All-solid-state batteries (ASSBs) are promising next-generation energy storage systems
because of their high safety and energy density. Their early development has been greatly accelerated by
directly transferring mature cathode active materials (CAMs) from conventional batteries into solid-state con-
figurations, particularly insertion-type chemistries such as layered oxides and Li-rich manganese-based
compounds. However, these CAMs are not intrinsically designed for the distinct chemical, thermodynamic,
and mechanical environment of solid electrolytes (SEs) and therefore often require surface coatings or com-
plex multilayer SE architectures to operate effectively. Such remedies further complicate interfacial phenom-
ena, increase processing cost, and raise barriers to practical deployment. A more fundamental solution is to
design CAMs based on the intrinsic characteristics of SEs themselves. Here, focusing on sulfide SEs, we inte-
grate interfacial quasi-homogenization, structural amorphization, and anion enrichment into a unified CAM
design strategy. Using titanium (the 7" most abundant metal in the Earth’s crust) sulfides as a model system,
we show that matched anion chemistry homogenizes the CAMISE interface, amorphization relieves interfa-
cial stress and accelerates ion transport, and anion regulation enables insertion-dominated cation-anion
multi-electron redox. This integrated design simultaneously enhances energy density and interfacial stability,
outperforming many oxide-based CAMs in terms of specific energy, rate performance, and areal capacity,
and provides a general framework for the rational design of high-performance materials for practical ASSBs.

SUMMARY

Sulfide-based all-solid-state batteries (ASSBs) offer high-energy and safe energy storage, yet their perfor-
mance remains limited by the structural instability of conventional crystalline cathodes and poor interfacial
compatibility with sulfide solid electrolytes (SEs). Herein, we propose a synergistic cathode design inte-
grating interfacial quasi-homogenization, structural amorphization, and anion-enrichment regulation, using
titanium sulfides as a proof-of-concept system. This strategy enables insertion-dominated cation-anion
multi-electron redox while promoting a chemically compatible interface and improved deformation accom-
modation, thereby maintaining interfacial contact during chemo-mechanical evolution and suppressing
parasitic reactions. Without surface coatings or multilayer SE architectures, the selected TiS3;-based com-
posite cathode delivers an ultrahigh capacity above 550 mAh g~ ', a specific energy exceeding 1,000 Wh
kg~ ', and retains 390 mAh g~ over 2,800 cycles at 2.0 A g~ ' with ~90% capacity retention, surpassing
many reported layered oxide-based cathodes. This work bridges anion chemistry, structural disorder, and
interfacial stability, offering a design principle for high-performance sulfide ASSBs.
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INTRODUCTION

All-solid-state batteries (ASSBs), combining high energy density
with inherent safety, have emerged as leading candidates for
next-generation energy storage systems.'™ Among various
solid electrolytes (SEs), sulfide-based SEs stand out owing to
their high ionic conductivity (e.g., ~1.2 x 1072 S ecm™" for
Li;0GeP2>S12) and excellent processability, enabling a desirable
balance between power and energy output.”® The selection of
cathode active materials (CAMs) remains a decisive factor gov-
erning the electrochemical performance of ASSBs.”® Conver-
sion-type CAMs, such as sulfur, metal sulfides, and fluorides,
can deliver high capacities through multi-electron redox reac-
tions but often suffer from substantial volume variation and
limited reversibility.®'° Compared with multi-electron conver-
sion-type CAMs, single-electron crystalline insertion-type mate-
rials, such as layered oxides and halides, are widely employed
because they maintain high energy density while offering moder-
ate volume variation and stable physical contact with SEs."""?
Nevertheless, these materials still encounter intrinsic limitations.

First, insertion reactions are constrained by the limited storage
sites and long solid-state diffusion pathways within crystalline
framework.® Upon Li* insertion, the local electrostatic field be-
comes gradually neutralized, further slowing subsequent ion
diffusion and electron transfer,’* thereby increasing reaction
barriers, polarization, and compromising overall reversibility.
Second, deep Li* extraction often induces substantial lattice
distortion and local mechanical stress evolution.’® Such effects
can trigger irreversible structural collapse or interlayer slippage,
diminishing the number of active sites and accelerating degrada-
tion.'® Accumulated stress additionally causes intergranular
cracking and mechanical mismatch at the CAM|SE interface, ul-
timately leading to interfacial delamination and loss of electro-
chemical contact.'” Third, layered crystalline CAMs exhibit pro-
nounced chemical, thermodynamic, and mechanical mismatch
with sulfide-based SEs.'® This heterogeneity results in cation/
anion diffusion and/or species loss, such as lattice oxygen
release, causing the formation of resistive interphases and
depletion of active species.'® Meanwhile, the intrinsic rigidity of
crystalline frameworks tends to generate electrochemically inac-
tive interfacial regions, which progressively deteriorate during
cycling and cause rapid performance decay.

Structural amorphization effectively alleviates the intrinsic lim-
itations of ordered crystalline frameworks (Figure 1A). In amor-
phous structures, randomly distributed short-range ordered
clusters provide abundant active sites, shorten solid-state ion
diffusion pathways, and mitigate lattice distortions as well as
local stress fluctuations during lithiation/delithiation.**' More-
over, amorphization transforms the framework from “hard” to
“soft,” thereby enhancing deformation accommodation. Com-
bined with the larger specific surface area, it enables more inti-
mate and efficient interfacial contact with sulfide SE.?? In parallel,
to address interfacial incompatibility, an S-based quasi-homog-
enization (i.e., matched sulfur-based anion chemistry across the
CAM|SE interface), achieved by replacing oxygen or chlorine with
sulfur, reduces the chemical-potential and thermodynamic
mismatch at the solid-solid heterointerface, thereby constructing
a chemically more uniform CAM|SE boundary (Figure 1B, where
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amorphous titanium sulfides exhibit substantially suppressed
interfacial reaction tendencies with LissPS45Clis (LPSC)
compared with high-Ni oxide CAMs).?>?* Although such substi-
tution may decrease the operating voltage and energy density,
enriching active sulfur anions activates anion-redox processes
that compensate for this loss, accelerating local charge compen-
sation in a multi-electron environment and improving both reac-
tion reversibility and structural stability during cycling.?>°

Recognizing the strong complementarity of these optimization
strategies, their synergistic integration into insertion-type CAM
design holds substantial potential for enhancing ASSB overall
performance (Figure 1C; Table S1). Motivated by this, the pre-
sent work combines structural amorphization engineering, inter-
facial quasi-homogenization, and anion-enrichment strategies to
construct sulfide-compatible high-performance composite
cathodes. Sulfides of titanium were chosen as a model platform,
enabling systematic control over both crystalline and anion rich-
ness within the TiS; (2 < x < 4) series. By progressively
increasing sulfur content (TiS, — TiS,4) and introducing structural
amorphization, a tunable correlation among sulfidation degree,
electronic structure, and polarization behavior is established,
evidencing the critical role of sulfur content in governing elec-
tron/ion transport and interfacial kinetics.

Notably, amorphous TiS3 exhibits the most balanced electro-
chemical behavior with sulfide-based SE systems, delivering
high capacity, excellent reversibility, and minimal polarization.
In situ and ex situ characterizations further reveal reversible
structural reconfiguration and an insertion-dominated multi-
electron cation-anion co-storage mechanism during cycling,
accompanied by adaptive interfacial stabilization at the CAM|SE
boundary. This intrinsic interfacial compatibility eliminates the
need for additional protective coating or complex multilayer SE
architectures.’"?” Together, the integrated framework provides
a mechanistic foundation for understanding how anion chemis-
try, structural disorder, and interfacial energetics collectively
govern electrochemical behavior in sulfide-based ASSBs and
outlines a generalizable paradigm for the rational design of
next-generation high-energy-density CAMs.

RESULTS AND DISCUSSION

Amorphization and anion-enrichment regulation

Amorphous and sulfur-rich titanium sulfides (a-TiSy, x = 2, 3, 4)
were synthesized via high-energy mechanochemistry by pre-
cisely controlling the ratio between crystalline TiS, (c-TiS,) and
sulfur (Sg) (Figure S1; detailed procedures provided in
methods). Figures 2 and S2 summarize the structural amorphiza-
tion features identified by scanning electron microscopy (SEM),
X-ray diffraction (XRD), high-resolution transmission electron mi-
croscopy (HRTEM), and complementary analyses. As shown in
the SEM image of c-TiS, (Figure 2A), the pristine material exhibits
a block-like crystalline morphology with particle sizes exceeding
20 pm and pronounced layered structures, corresponding to
long solid-state Li* diffusion pathways (Figure S3). After mecha-
nochemical treatment, the particle size is markedly reduced to
below 1 pm, accompanied by the original layered texture disap-
pearance (Figures 2B and S2). The particle surfaces become
noticeably smoother, and nanoscale disordered domains
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Figure 1. Quasi-homogenization-, amorphization-, and anion-enrichment-driven design for high-energy-density insertion-type sulfide

CAMs

(A) Schematic comparison between crystalline oxide CAMs and amorphous insertion-type anion-rich sulfide CAMs, highlighting structural and interfacial dif-

ferences.

(B) Calculated mutual decomposition energies of LisPSsCl with a-TiS,, a-TiSs, a-Li3TiS3, Lig sNiO,, and LiNiO, at different mixing ratios.
(C) Comparison of specific energy (calculated based on the mass of the CAM) between mainstream oxide and polyanion CAMs and the insertion-type sulfide

CAMs developed in this work for ASSBs.

emerge. This structural transformation not only shortens Li*
diffusion pathways and substantially increases the specific sur-
face area, increasing from 11.64 m? g~ for c-TiS, to 26.53 m?
g~ for a-TiS, and 25.95 m? g~ for a-TiS; (Figure S4), but also
enhances deformation accommodation, as evidenced by the
nearly 2-fold larger pressure fluctuation of c-TiS, relative to a-
TiS, during cycling (discussed later in Figure 4A), thereby pro-
moting more intimate and efficient electrochemical contact
with the sulfide SEs.

XRD patterns of the synthesized products confirm their amor-
phous characteristics, showing the absence of distinct diffrac-
tion peaks from either the precursors or crystalline domains
(Figure 2C). Although lacking long-range order, these amor-
phous phases retain short-range atomic coordination, providing
a stable host environment for Li* accommodation and insertion

(Figure $3).2%2° The nanoscale structural distinctions between
crystalline and amorphous phases (with a-TiS5 taken as a repre-
sentative amorphous compound) were further elucidated by
HRTEM (Figures 2D and 2E). Well-defined lattice fringes with
an interplanar spacing of 0.26 nm are clearly observed in c-
TiS,, whereas the amorphous counterpart displays blurred and
discontinuous fringes, indicative of structural disorder. Binary
image processing and statistical lattice-orientation mapping
reveal that c-TiS, contains long (>2 nm), highly ordered fringes
with an anisotropic distribution, whereas a-TiS; exhibits mark-
edly shortened fringes with a broad, isotropic orientation distri-
bution (Figures 2F and 2G).*° Such multidirectional short-range
ordering supports the formation of a more isotropic and intercon-
nected Li* diffusion network, which is favorable for accelerated
interfacial reaction kinetics.
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Figure 2. Structural characterization of insertion-type sulfide CAMs (titanium sulfides)

(A and B) SEM images at different magnifications of c-TiS, (A) and a-TiS; (B).
(C) XRD patterns.
(D and E) HRTEM images of c-TiS, (D) and a-TiS; (E).

(F and G) Lattice-fringe-filtered HRTEM images and corresponding lattice-orientation distributions for c-TiS, (F) and a-TiS; (G).

(H) S/Ti atomic ratios of a-TiS3 and a-TiS, determined by EDS and OEA.

The compositional characteristics of titanium sulfides were
further analyzed via energy-dispersive X-ray spectroscopy
(EDS) and organic elemental analysis (OEA) (Figures 2H and
S5; Tables S2 and S3). The measured S/Ti atomic ratios align
well with the targeted stoichiometries, confirming successful
synthesis of sulfur-rich compositions required for anion-enrich-
ment. Additionally, EDS elemental mapping demonstrates ho-
mogeneous distribution of Ti and S within particles (Figure S6),
indicating a complete solid-state reaction and ensuring high
compositional uniformity and chemical stability.

Afterward, the compositional evolution of titanium sulfides
was investigated using differential scanning calorimetry (DSC)
(Figure 3A). The physical (not-milled) mixture of c-TiS, and Sg ex-
hibits sharp endothermic peaks at 119°C and 453°C, corre-
sponding to the melting and evaporation of Sg, respectively. By
contrast, both features vanish entirely in the DSC curves of
amorphous products, confirming that a complete mechano-
chemical reaction occurred rather than forming a physical blend
or inducing simple structural disorder. Raman spectroscopy

4 Joule 71, 102649, February 17, 2027

provides further evidence for this transformation (Figures 3B
and S7). No detectable Sg vibrational signals remain in titanium
sulfides, indicating almost full sulfur transformation during mill-
ing. Beyond compositional information, Raman analysis also elu-
cidates changes in the bonding environment. Both crystalline
and amorphous phases show the Eg mode near 150 cm™',
attributed to the symmetric interlayer vibrations of titanium sul-
fides.®" However, structural amorphization causes pronounced
shifts in Ti-S vibrational modes: the characteristic Asg
(330 cm™") mode in c-TiS, disappears upon amorphization,
accompanied by the emergence of broad Raman bands at
higher wavenumbers (~410 and ~490 cm™").*? These shifts
reflect strengthened Ti-S interactions and a more rigid local co-
ordination, which help stabilize the amorphous framework.
Among the amorphous samples, increasing sulfur content
further modifies the bonding motifs, suppressing symmetric Ti—
S vibration (~490 cm~") while enhancing asymmetric ones
(~410 cm™"), suggesting the formation of new Ti-S coordination
environments that disrupt the original lattice symmetry.
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Figure 3. Physicochemical characterization of insertion-type sulfide CAMs (titanium sulfides)

(A) DSC curves.
(B) Raman spectra.
(C) S 2p XPS spectra.

Moreover, the appearance of the S-S stretching mode at
~265 cm™~ ' in a-TiS, signals the incorporation of polysulfide spe-
cies (S,27).°

Surface chemical states were analyzed by X-ray photoelectron
spectroscopy (XPS) (Figure 3C). For all samples, S 2p spectra
exhibit doublets at 161.4 (2ps/») and 162.6 €V (2p1,»), correspond-
ing to S2~ species. With increasing sulfur content, additional dou-
blets emerge at 162.6 (2p3/») and 163.8 eV (2p4,,) in a-TiSz and a-
TiS4, characteristic of 822’, demonstrating the presence of sulfur
in the —1 oxidation state, which corroborates the Raman re-
sults.®* This confirms both the successful anion enrichment and
the formation of titanium polysulfides within the amorphous ma-
trix. The Ti 2p spectra display spin-orbit pairs at 455.9/462.0 and
458.5/464.6 eV, corresponding to Ti®*- and Ti**-like states,
respectively (Figure S8). The coexistence of these components
in both crystalline and amorphous titanium sulfides reflects their
complex Ti-S bonding and local electronic environments. With
increasing sulfur content, the relative contribution of the Ti**-
like component increases, indicating a progressively more
oxidized Ti environment in the sulfur-rich amorphous samples.*®

In addition, crystalline TiS3 (c-TiS3) was prepared by post-an-
nealing ball-milled a-TiS; (see methods for details) to enable a
comparison of the electrochemical behaviors of the crystalline
and amorphous phases. As shown in Figure S9, c-TiS3 retains
a nanoscale platelet-like morphology with lateral dimensions of
several hundred nanometers. The XRD pattern is readily indexed
to phase-pure c-TiSz, with no detectable impurity peaks.

Electrochemical behavior and kinetic characteristics

Building on the established structural amorphization and anion
enrichment, the electrochemical behavior of titanium sulfides
(c-TiS,, c-TiS3, and a-TiS, [x = 2, 3, 4]) was systematically inves-
tigated. Pellet-type solid-state battery (SSB) cells were assem-

bled using a Li-In alloy as the anode (electrochemical properties
shown in Figure S10) and a high CAM loading, 4.6 + 0.2 mgcam
cm 2, (corresponding to % 1.1-3.4 mAh cm~2 depending on x in
TiSy). Insertion-type sulfide CAMs were uniformly incorporated
into a composite matrix consisting of LPSC SE and carbon addi-
tives (detailed information is provided in methods). All cells were
galvanostatically cycled at 0.05 A g~ within 0.9-2.4 V vs. Li*/InLi
(i.e., #1.5-3.0 V vs. Li*/Li to avoid conversion-type reactions)
(Figures 4A, 4B, and S10-S12). The low current density and Li-
In alloy anode configuration were selected to probe the intrinsic
electrochemical response of CAMs while minimizing extrinsic ef-
fects from density, surface area variation, and anode-side inter-
facial instability. Lithium metal SSB cells were subsequently
assembled to evaluate practical performance. The comparison
of first-cycle voltage profiles clearly shows that both c-TiS,
and a-TiS, undergo reversible de-/intercalation of approximately
one Li*, corresponding solely to the cationic Ti**/Ti** redox pro-
cess (Figure 4A). Notably, amorphization leads to a modest ca-
pacity enhancement from 240 to 265 mAh g~ ', exceeding the
theoretical value of 239 mAh g™, which can be attributed to
the increased defect density and the greater availability of active
sites. Meanwhile, the amorphous framework accommodates
volume changes during cycling, thereby reducing pressure fluc-
tuations despite the higher capacity. With higher sulfur content,
additional anodic reactions are activated, enabling ~2.6 and
~4.2 Li* storage in a-TiS3 and a-TiS,, respectively, through an
insertion-dominated coupled cationic-anodic (Ti®*/Ti** and
$27/S,27) redox. The materials’ specific capacity is substantially
increased to 485 and 640 mAh g~ ', respectively, i.e., approach-
ing the theoretical capacities of 558 and 761 mAh g~ (corre-
sponding to 3 and 5 Li* storage per formula unit). It is worth
noting that, although crystalline and amorphous TiS; exhibit
broadly similar electrochemical characteristics during the initial
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Figure 4. Electrochemical properties and reaction kinetics of titanium sulfides

(A) Initial Li* insertion amount and in situ pressure evolution at a current density of 0.05 Ag~".
(B) Average specific capacity, Coulombic efficiency, and energy efficiency from 2" to 100" cycles, along with capacity retention at the 100" cycle, at 0.05Ag~".
Error bars indicate the range of values obtained from three independently tested cells for each material.

(C) PDOS of a-TiS, and a-TiSs.
(D) Electronic and ionic conductivities.

(E) Contour plot of the DRT analysis of a-TiSz during the 2™ cycle.
(F) GITT voltage profiles and corresponding Li* diffusion coefficients of a-TiSz and a-TiS,.
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discharge, crystallization significantly compromises both the
specific capacity and reversibility (Figure S11).

Cycling performance tests over 100 cycles (Figures 4B and
S12) show that c-TiS, delivers excellent capacity retention
(94.5%) and the highest energy efficiency (>95%) among the
TiS, materials, consistent with its robust crystalline framework
and high electronic conductivity (ce = 3.26 S cm™"; Figure 4D).
By contrast, amorphous TiSy exhibit comparable or improved
capacity but suffer from increased polarization and reduced en-
ergy efficiency (Figure S12), decreasing to ~88% for a-TiS,, and
further to ~84% and ~80% for a-TiS; and a-TiS4, respectively.
The energy efficiency loss arises from two distinct effects:
amorphization-induced polarization in a-TiS, and progressively
reduced o upon sulfur enrichment in a-TiS3 and a-TiS,. Specif-
ically, the transition from metallic a-TiS, to S-S bond-containing
a-TiSz induces electron localization, weakens Ti 3d-S 3p hybrid-
ization, and shifts the conduction band edge upward, placing the
Fermi level (EF) within the band gap and lowering ¢, by 3-5 orders
of magnitude (Figures 4C, 4D, and S13).%°*” Despite this draw-
back, anion redox activation enables a-TiS; and a-TiS, to deliver
high average capacities of 497 and 507 mAh g, nearly twice
those of c- and a-TiS,. Notably, a-TiS; maintains ~100% capac-
ity retention, whereas a-TiS, shows gradual performance fading
(~0.3% per cycle), indicating reduced structural robustness at
higher sulfur content. In short, amorphization coupled with sulfur
enrichment markedly enhances capacity, but compromises o,
and stability, while leaving ionic conductivity (¢;-) largely unaf-
fected (107-10"°S cm ™) (Figures 4D and S14). Among all com-
posites, a-TiS; achieves the optimal balance between capacity,
stability, and efficiency.

The interface kinetics of a-TiS, (x = 2, 3, 4) electrodes were
investigated by using in situ electrochemical impedance spec-
troscopy (EIS) coupled with distribution of relaxation time
(DRT) analysis (Figures 4E and S15-S19). The impedance
spectra (Figures S15-S17) are dominated by a Warburg-like
feature, indicating diffusion-controlled electrode kinetics.*® The
impedance decreases during lithiation and increases upon deli-
thiation, reflecting the coupled evolution of ¢+ and ¢.. The o
can be described by the Nernst-Einstein equation (Equation 1).

(Equation 1)

where n;- is the Li* concentration, D, ;- is the Li* diffusion coeffi-
cient, g is the charge of Li*, k is the Boltzmann constant, and T is
the absolute temperature.

During lithiation, ny;- increases from nearly 0 to 2(x — 2) + 1 Li*
per TiS, formula unit, leading to a substantial enhancement in o ;-
and accounting for its initially low value in pristine a-TiS,.

In parallel, o, evolution correlates with Li*-induced coupled
cation-anion redox (Ti** — Ti®* and S,°~ — 2S27), as evidenced
by the combined spectroscopic results (Figure 6). The injected
electrons predominantly occupy Ti 3d states, giving rise to elec-
tronic states near Er and narrowing the band gap, thereby
enhancing o,, While sulfur remains electronically inactive due to
its fully occupied 3p states.**“° Consequently, o, and o, in-
crease concurrently during lithiation, leading to reduced imped-
ance, whereas the reverse trend upon delithiation reflects high
reversibility.
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DRT analysis was employed to investigate the state-of-
charge-dependent impedance evolution (Figures 4E, S18, and
$19).*" The impedance contributions from the cathode and
anode sides were distinguished using an a-TiS3|SE|a-TiSz sym-
metric cell and a Li-In|SE|Li-In symmetric cell, revealing that
the impedance response of the full cell is dominated by cath-
ode-side processes (Figure S18).“° With increasing lithiation
depth, the overall DRT response gradually decreased, reflecting
enhanced mixed ionic/electronic transport and reduced charge-
transfer polarization during lithiation (Figures 4E and S19).394344
This behavior is consistent with the impedance-derived evolu-
tion of ¢.;- and 6.. Among the three materials, a-TiSz exhibits
the lowest overall DRT intensity and the most symmetric evolu-
tion during discharge and charge, consistent with its more
balanced o~ and 6, (Figure 4D) and reversible structural evolu-
tion during lithiation/delithiation (Figure 6). By contrast, a-TiS,
displays substantially larger low-frequency DRT contributions,
indicating more pronounced cathode polarization.*' Such polar-
ization is consistent with its inferior cycling stability and rate
capability observed in the subsequent electrochemical mea-
surements (Figure 5).

Consistently, galvanostatic intermittent titration technique
(GITT) measurements further confirm the superior kinetics of
a-TiS; (Figure 4F). The sloping voltage profile with smooth poten-
tial evolution indicates a solid-solution lithiation mechanism.*®
Compared with a-TiS,, a-TiS; exhibits a smaller voltage gap
(~180 vs. ~203 mV), suggesting reduced polarization.>* Quanti-
tative analysis further shows that Li* diffusion coefficient of
a-TiS; falls within the range of 1078-107"° cm? s, whereas
that of a-TiS, is mainly distributed in a lower range 10~ '°-
10~ cm? s~', demonstrating faster ionic transport and more
favorable reaction kinetics for a-TiS;.*®

Composite cathodes’ performance in ASSBs

Efficient interfacial charge transport in ASSBs fundamentally re-
lies on intimate physical contact at the CAM|SE interface. To
elucidate the intrinsic differences between crystalline and amor-
phous structures, titanium sulfides (c-TiS, and a-TiSk [x =2, 3, 4])
CAMs were pelletized, and their compacted density and surface
porosity were systematically quantified. Owing to its larger parti-
cle size, c-TiS, exhibits the highest compacted density (3.26 g
cm~3), markedly exceeding that of amorphous counterparts
(~2.5 g cm~3; Figure S20), together with a minimized surface
porosity, as evidenced by top-view SEM images (Figures S20
and S21). Notably, such high densification does not translate
into effective interface contact: pronounced gaps are observed
at the c-TiS,|SE interface, whereas amorphous CAM (i.e., a-
TiS3) is homogeneously distributed within the SE/carbon matrix,
forming a highly integrated composite structure (Figures 5A and
S22). Nanoindentation measurements further show that a-TiS,
has substantially lower hardness and Young’s modulus than
c-TiS,, supporting the enhanced deformation accommodation
induced by amorphization (Figure S23). Importantly, at high areal
mass loading (~127 mg cm 2, both composite cathodes
(including a-TiS4) show comparable thickness after densification
(Figures 5B and S24), indicating that the amorphous phase ac-
commodates deformation more effectively. This enhanced struc-
tural compliance, in synergy with the anion-enriched framework,
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Figure 5. Comprehensive performance of titanium sulfides in ASSB composite cathodes
(A and B) Top-view (A) and cross-sectional (B) SEM images of c-TiS, and a-TiS; composite cathodes.
(C) Long-term cycling performance at a current density of 2.0 A g~ after five activation cycles at 0.1 Ag~".

(D) Charge-discharge profiles of a-TiS; at different discharge current densities.

(E) Rate performance at current densities ranging from 0.05 to 10.0 A g~ ". The shaded regions represent the ranges of three independently assembled cells for a-

TiSz and a-TiS,.

(F) Rate performance of a-TiS; with representative CAMs in ASSBs based on cathode-level gravimetric energy density (E,,) and power density (Py,).

(G) Radar plot comparing overall performance metrics.

(H and I) Electrochemical performance of a-TiSz at a CAM mass loading of 9.2 mg cm™

discharge profiles ().

enables conformal interfacial contact and suppresses decohe-
sion, thereby establishing a mechanically robust and electro-
chemically efficient and effective interface.

On the basis of the above electrochemical and physicochem-
ical analyses, a-TiS3 stands out with consistently superior overall
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2, including discharge capacity, Coulombic efficiency (H), and charge-

performance across key metrics, which underpin its outstanding
electrochemical behavior. At a current density of 0.1 A g~',
a-TiS3 delivers stable cycling over 500 cycles without obvious
capacity fading, maintaining a capacity of 556 mAh g~ at the
500" cycle, largely outperforming all other titanium sulfides
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(Figure S25). A similar advantage is retained at a higher current
density of 2.0 A g~ (Figure 5C), where a-TiS; sustains nearly
2,900 cycles with ~90% capacity retention, significantly
exceeding the cycling performance of a-TiS4 (~1,300 cycles).
By contrast, c- and a-TiS, exhibit limited practical performance
due to their relatively low specific capacities. The rate perfor-
mance of the CAMs was evaluated by varying the discharge cur-
rent density from 0.05to 10.0 Ag~" (Figures 5D and 5E). Ata cur-
rent density of 0.05 A g~ a-TiS; delivers an average discharge
capacity of 500 mAh g™, and notably, the capacity remains
largely unchanged even when the current density is stepwise
increased to 40 times its initial value. At an ultrahigh current den-
sity of 10 A g™", a-TiS; retains ~57% of its initial capacity, while
the capacity fully recovers to ~522 mAh g~ ' and remains stable
upon reducing the current density back to 0.05 A g~', high-
lighting its robust structural integrity under aggressive rate con-
ditions and outstanding rate performance. By contrast, all other
titanium sulfide counterparts exhibit pronounced capacity fading
at high current densities of 5-10 Ag~".

To elucidate the synergistic effects of amorphization and
cationic/anionic multi-electron redox, c-TiS; was evaluated as
a structural counterpart under the same composite-cathode
configuration (Figure S26). At2.0 Ag~", c-TiS; exhibits rapid ca-
pacity decay from ~130 to ~80 mAh g~ within approximately
1,500 cycles, despite maintaining a Coulombic efficiency close
to 100%. Its rate capability is also markedly inferior, with the spe-
cific capacity decreasing from ~430 mAh g~' at 0.05 A g~ to
~140 mAh g " at 2.0 A g~' and below 60 mAh g~ ' at 5.0 A
g~". Upon returning to 0.05 A g~ ', the capacity recovers only
partially to ~200 mAh g~'. These results further demonstrate
that structural amorphization markedly enhances the reaction ki-
netics and electrochemical reversibility of a-TiS;.

To further benchmark this rate-capability advantage, several
representative mainstream CAMs reported for ASSBs were sur-
veyed and compared in terms of their energy density (E,,,, calcu-
lated based on the composite-cathode mass) and power density
(Py) (Figure 5F; Table S4), revealing that a-TiS; achieves an E,,
exceeding 646 Wh kg~ at a P, of 64 W kg~' and remarkably
maintains an E,, above 300 Wh kg*1 even at a high P, of
10,420 W kg~ ', whereas many reported CAMs deliver only mod-
erate E,, at low P, followed by a rapid decline in E,, with
increasing power output due to pronounced losses in reversible
capacity. A comparison based on a radar chart constructed from
several key indicators further demonstrates that a-TiS3z exhibits
the most balanced overall performance among four titanium sul-
fides CAMs, particularly in terms of reversible capacity, rate per-
formance, and cycling stability (Figure 5G).

Finally, to evaluate its feasibility under practical operating con-
ditions, a-TiSz with increased areal loading of 9.2 mg cm~2 de-
livers a high initial areal discharge capacity of ~3.9 mAh cm~2.
Upon cycling, the delivered capacity exhibits a gradual activa-
tion behavior followed by stable operation over 200 cycles, ulti-
mately reaching a stable areal capacity of ~3.8 mAh cm2
(Figures 5H and 5I), surpassing many previously reported
ASSB cathode systems (Table S5) and further confirming the
practical viability of a-TiS;. Moreover, external pressure-free
SSB cells using lithium metal as the anode were assembled to
assess performance under more realistic conditions. In these
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cells, a-TiS; achieves a reversible capacity of ~450 mAh g~
and an E,,, approaching 580 Wh kg~ (Figure S27), highlighting
its promising practical applicability and robust interfacial
compatibility.

Redox mechanism, structural evolution, and interfacial
stability

Based on the superior overall performance of a-TiSg, its (de)li-
thiation mechanism and structural evolution were systematically
investigated. To elucidate the lithium-storage mechanism of a-
TiS3, a series of structural and spectroscopic characterizations
were performed on a-TiS; electrodes at the pristine, discharged
(lithiated), and charged (delithiated) states (Figures 6A-6D and
S28-S30). Ex situ S 2p XPS spectra (Figure 6B) were employed
to probe the evolution of the sulfur valence states in the a-TiS;
electrode: in the pristine state, the dominant doublet at 162.6
eV (S 2pa/») and 163.8 eV (S 2p,0) is assigned to S,2~, while
upon discharge to 1.5 V these peaks shift to lower binding en-
ergies of 161.4 eV and 162.5 eV, corresponding to S?~, indi-
cating sulfur reduction upon Li* insertion, i.e., the activation of
additional anionic storage sites. Upon subsequent charging,
the fraction of S2~ decreases, accompanied by the recovery of
S,27, evidencing reversible sulfur reoxidation.>* S K-edge elec-
tron energy-loss spectroscopy (EELS) was further performed
to investigate the redox evolution (Figure 6C). Compared with
the pristine state, the main S K-edge feature shifts toward lower
energy loss after discharge to 1.5V, indicating a decrease in the
average valence state of sulfur upon Li* insertion.*” After subse-
quent charging, the feature shifts back toward its initial position,
suggesting the reoxidation of sulfur. This reversible shift is
consistent with the S 2p XPS results.

The evolution of the Ti oxidation state during the lithiation/de-
lithiation process was investigated using ex situ Ti K-edge X-ray
absorption near-edge structure (XANES), Ti 2p XPS, and Ti
L, 5-edge EELS (Figures 6D, S28, and S29). All three spectro-
scopic measurements consistently reveal the reversible evolu-
tion of the Ti oxidation state. The Ti K-edge XANES spectra
(Figure 6D) show a pronounced absorption-edge shift of a-TiS3
from 4,978.4 eV in the pristine state, where TiS, was used as a
formal Ti** reference, to 4,976.9 eV after discharge, where Ti
2p XPS spectra (Figure S28) revealed the presence of Ti®*.*
This 1.5 eV shift to lower energy indicates a decrease in the
average Ti oxidation state during lithiation, while comparison
with the Ti metal reference excluded the complete reduction of
Ti to its metallic state. Upon charging, the absorption edge
largely returned toward its initial position, consistent with Ti reox-
idation during delithiation. Similarly, the Ti 2p XPS spectra
recover to a state closely resembling the pristine sample after
charging, together with the lower-energy-loss shift of both the
TiLs-and Lo-edge features (Figure S29) upon discharge and their
return toward the pristine positions after charging, collectively
confirm that Ti underwent reversible redox during the lithiation/
delithiation process.*>°° The Li 1s XPS spectra (Figure S30)
exhibit a pronounced increase in intensity after discharge and
a subsequent decrease upon charging, consistent with the
reversible insertion/extraction of Li* in a-TiS3, while the residual
Li 1s signal in the pristine and charged states mainly originates
from LPSC in the composite cathode.®"

Joule 71, 102649, February 17, 2027 9




Please cite this article in press as: Liu et al., Insertion-dominated anion redox in high-capacity amorphous sulfide cathodes for solid-state batteries,

Joule (2026), https://doi.org/10.1016/j.joule.2026.102649

¢? CellPress

OPEN ACCESS

>

—

3.0{ Ti4+4+Q 2-4Q2-
Ti*4S,%48 Lithiation

Ti*+382

Joule

Delithiation

C

) a-Li;TiS,

S
S 25 w harge
8 20 \ /,
£ 15/a-TiS;, 1¢ Discharge
Time
C D —
S K-edge EELS Ti K-edge XANES
— Pristine
Discharge
— Charge
- TiS, (Ti*
N
2 ! B 2T
2 = 2 — 2
2 ! e 2 i}
< |Discharge i :- £ Discharge £
A
I\/
Charge !
. LS
166 164 162 160 2460 2470 2480 4960 4970 4980 4990
Binding energy (eV) Energy loss (eV) Energy (eV)
E Pristi F Li,Tis G
ristine 20{ — a-LiTiS; o Q o
15| — 2LisTiS, o B
T o a-Li,TiS, o % o 9 o
10 ] (#)
— a-Li;TiS, (& dy )
Discharge 5]
site 1 24V Ti-S N S WS
0 o _ Py o
Site 2 ‘& 201 . . &O
= Disch S 5] :
2 isoharge | 15 do & Toams,
S 5 107
€ S ] H - ~
= IS
Charge 2 o] S-S K}
Site 1 24V 20 ' ' ' o ¢
J : o 15 %3% N
arge 101 @ _&
30V o e S
5{ . . 9‘? o &)
o Li-S !
2 ' 4 5

100 200 300 400 500 600
Raman shift (cm-)

-

3
r(A)

Figure 6. Lithium-storage mechanism and structural evolution of the a-TiS;

(A) Voltage-time profiles of a-TiS3 during the lithiation/delithiation process.

(B-D) S 2p XPS spectra (B), S K-edge EELS spectra (C), and Ti K-edge XANES spectra (D) of a-TiS; at the pristine, discharged, and charged states.
(E) Raman spectra at the pristine state, 2.1 and 1.5 V during discharge, and 2.4 and 3.0 V during charge, collected from two representative sites.
(F) Evolution of the Ti-S, S-S, and Li-S coordination environments in amorphous Li,TiS3 (x = 0, 1, 2, and 3) derived from DFT-MD simulations.

(G and H) Local structural models of (G) a-TiS; and (H) a-LisTiSs.

Having established the reversible Ti/S redox chemistry, the
structural accommodation mechanism of a-TiS3 during Li* inser-
tion/extraction process was further investigated. Ex situ Raman
spectroscopy and density functional theory-molecular dynamics
(DFT-MD) simulations were combined to investigate the struc-
tural evolution of a-TiSs during lithiation and delithiation, while
ex situ XRD of c-TiSz; was performed as a crystalline reference
to provide complementary information on long-range structural
changes (Figures 6E-6H, S31, and S32). Ex situ Raman spec-
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troscopy (Figure 6E) shows that the pristine electrode exhibits
a Raman profile nearly identical to that of the pristine powder,
indicating preservation of the local structure of a-TiS3 after com-
posite cathode fabrication. During discharge, the broad bands at
~150 and ~400 cm™" progressively weaken and become nearly
undetectable at 1.5V, suggesting pronounced lithiation-induced
changes in the local vibrational environment.>? At 2.1 and 2.4 V,
spectra collected from different electrode regions show distinct
responses, revealing spatially heterogeneous lithiation and
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delithiation.>® Both bands largely recover after charging to 3.0V,
revealing a substantially reversible evolution of the local vibra-
tional environment during lithiation and delithiation.*'** To com-
plement the structural analysis of a-TiSs, c-TiSz obtained by
post-annealing the a-TiS3 precursor was used as a composition-
ally matched crystalline reference for ex situ XRD analysis
(Figure S31). The characteristic TiS3 reflections remain discern-
ible in both the discharged and charged states, without obvious
diffraction peaks from new crystalline phases (e.g., LiS). The
preservation of the characteristic TiS; reflections is consistent
with the insertion-dominated lithium-storage mechanism pro-
posed for a-TiSs.

Building on these experimental observations, amorphous
LixTiSz models (x = 0, 1, 2, and 3) were constructed through
melt-and-quench DFT-MD simulations to examine the local
structural evolution during lithiation (Figures 6F-6H and S32).
With increasing Li content, the average Ti-S coordination num-
ber gradually decreases from 6.65 in a-TiS3 to 5.21 in a-LisTiS3,
indicating partial rearrangement of the local Ti-S environment
while substantial Ti-S connectivity is retained. By contrast, the
average S-S coordination number decreases from 0.73 to 0,
revealing a progressive loss of S-S coordination upon lithiation,
consistent with the S,27/S2~ redox process. Meanwhile, each in-
serted Li atom coordinates with approximately 4 to 5 S atoms,
indicating the formation of extensive Li-S coordination.

Based on the above results, the Li* storage mechanism of a-
TiS; is proposed as follows:

a-TiS; +xLi" +xe~ « a-LixTiS; (0 < x < 3).

During discharge, Li* inserts into a-TiS; to form a-Li,TiSs,
where coupled cationic/anionic redox of Ti cations and S anions
provides charge compensation through the reversible Ti**/Ti®*
and S,27/S2” couples.

Taken together, these complementary characterizations and
simulations support an insertion-dominated lithium-storage
mechanism in a-TiS3 involving reversible local structural recon-
struction. During lithiation, the initial Ti-S coordination network
containing S-S linkages (Figure 6G) evolved into a locally recon-
structed a-Li3TiS3 structure, in which S-S linkages dissociate
and Li-S coordination forms, while substantial Ti-S connectivity
is retained (Figure 6H).

Three-dimensional time of flight secondary ion mass spec-
trometry (3D TOF-SIMS) and ex situ P 2p XPS were employed
to probe the chemical stability of the a-TiS3|LPSC interface
within the composite cathode, while ex situ SEM and EDS map-
ping were performed to evaluate the morphological integrity and
elemental distribution at the composite cathode|SE interface
(Figures 7A-TE, S33, and S34). The 3D TOF-SIMS reconstruc-
tions reveal spatially homogeneous distributions of PSS, ,
LisP~, TiS3™, and LiS™ throughout both the pristine and dis-
charged electrodes, without discernible localized accumulation
of interfacial products (Figure 7A). The characteristic PS,~ frag-
ment is largely preserved after discharge, with a normalized dis-
charged-to-pristine intensity ratio (/p/lp) of 0.95 (Figure 7B). To
further evaluate possible interfacial side reactions, Li,P~ (x = 1,
2, 3) fragments, characteristic of deeply reduced phosphorus
species associated with LPSC decomposition, were analyzed.**
Although the LixP~ signal shows a slight increase (Ip/lp = 1.12), its
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intensity after discharge remains extremely low (Ip < 1 x 1074,
indicating negligible formation of reductive decomposition prod-
ucts and that the thiophosphate framework of LPSC remains
largely intact after discharge. Similarly, the TiS, ™ (y = 2, 3) signal
changes only modestly (Ip/lp = 1.09), while the Li,S™ (z =1, 2)
signal remains essentially unchanged (/p/lp = 1.01), with these
minor variations providing no indication of extensive conversion
involving Li»S formation. This interpretation was further sup-
ported by the P 2p spectra, which retained the characteristic
P>+ doublet of LPSC without additional components associated
with reduced phosphorus species (Figure 7C).>° These observa-
tions are consistent with computational results (Figure 1B),
which show near-zero interfacial reaction energies between tita-
nium sulfides and sulfide SEs compared with oxides CAM, high-
lighting their excellent chemical compatibility.

Ex situ SEM was employed to examine the morphological evo-
lution of a-TiSz-based composite cathodes before and after
cycling. Top-view SEM images (Figures 7D, 7E, and S33) reveal
negligible changes upon 20 cycles: LPSC appears as a dark
block-like domain, a-TiS; remains finely and uniformly dispersed,
and vapor-grown carbon fiber (VGCF) retains its rod-like
morphology. High-magnification observations (Figure 7E) reveal
no signs of SE decomposition or interfacial side reactions, indi-
cating stable interfacial contact and structure during cycling.
Cross-sectional SEM image and elemental mapping (Figure S34)
further confirm a homogeneous Ti distribution within the compos-
ite cathode and a continuous S distribution across both composite
cathode and SE separator regions, with a sharp and well-defined
interface and no detectable interphase formation.

Based on these results, the lithiation process and interfacial
evolution of a-TiSz are illustrated in Figure 7F. In the pristine state,
a-TiS; is tightly embedded within the SE matrix, with interwoven
carbon enabling continuous ionic and electronic transport. Upon
lithiation, Li* migrates into the a-TiS; lattice, inducing partial S-S
bond cleavage and structural disorder,”® while the matched
anionic chemistry suppresses interfacial side reactions. Further
lithiation leads to Li* accommodation throughout the host,
accompanied by partial Ti-S bond breaking and activation of Ti
redox centers. Notably, the absence of a full conversion reaction
limits volume change, preserves interfacial contact, maintains Li*
transport pathways, and enables highly reversible delithiation.

Conclusions

This study proposes a comprehensive insertion-type CAM
design strategy that integrates interfacial quasi-homogenization,
structural amorphization, and anion-enrichment regulation to
enable high-performance, long-life sulfide ASSBs. Using tita-
nium sulfides as a representative model system, a sulfur-contin-
uous framework is constructed to ensure strong chemical
compatibility with sulfide SEs, thereby effectively mitigating
interfacial degradation. The introduction of an amorphous struc-
ture further promotes compliant solid-solid contact, alleviating
interfacial stress accumulation while facilitating rapid ion and
electron transport. With increasing sulfur content, combined in
situ and ex situ characterizations reveal a lithium-storage mech-
anism predominantly governed by insertion, accompanied by
synergistic multi-electron redox reactions involving both cationic
and anionic species. This cooperative mechanism enables
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Figure 7. Interfacial stability and lithiation reaction pathway of the a-TiS; composite cathode

(A) 3D TOF-SIMS reconstructions of PS,™, LisP~, TiS3~, and LiS™ in the pristine and discharged composite cathodes.
(B) Normalized secondary-ion intensity ratios of the discharged state relative to the pristine state (Ip//p).

(C) Ex situ P 2p XPS spectra of LPSC and the composite cathode at different electrochemical states.

(D and E) SEM images of the composite cathode after 20 cycles at different magnifications.

(F) Schematic illustration of the lithium-storage mechanism.

efficient charge compensation and enhanced redox reversibility,
thereby achieving an optimal balance between high capacity and
long-term stability. As a result, the selected material delivers a
reversible capacity exceeding 550 mAh g~', a specific energy
above 1,000 Wh kg™, and stable cycling over ~2,900 cycles
at2.0 A g*1, along with promising rate capability (~300 mAh
g ' at 10 A g7"). This work elucidates the intrinsic coupling
among mechanical structure, chemical valence evolution, and
interfacial stability and provides a rational design paradigm for
advanced sulfide-based ASSBs.
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METHODS

Materials

c-TiS, (99.95%, Adamas) and elemental sulfur (Sg, 99.5%, Alfa)
were used as the starting materials. Amorphous titanium sulfides
(@-TiSx, x = 2, 3, and 4) were synthesized via ball milling at
510 rpm for 48 h at room temperature, using a 45 mL zirconia
milling jar with a mass ratio of zirconia balls (4 mm in diameter)
to raw materials of 30:1. The a-TiS, was directly derived from
c-TiS, through ball milling, while a-TiS; and a-TiS; were



Joule (2026), https://doi.org/10.1016/j.joule.2026.102649

Please cite this article in press as: Liu et al., Insertion-dominated anion redox in high-capacity amorphous sulfide cathodes for solid-state batteries,

Joule

prepared by co-milling c-TiS, with Sg at molar ratios of 8:1 and
4:1, respectively. All material handling was conducted in an
Ar-filled glovebox, and a stainless-steel air-sealed holder was
employed to prevent air exposure during the milling process.
c-TiS3; was prepared by post-annealing the as-synthesized a-
TiSs. The obtained a-TiS; powder was sealed in an evacuated
quartz tube, heated to 480°C at a ramping rate of 2°C min™",
held for 6 h, and subsequently cooled to room temperature at

a rate of approximately 0.76°C min~".

All-solid-state cells

Composite cathodes were prepared using c-TiS,, c-TiSz, and a-
TiSx (x =2, 3, and 4) as the CAMs, with LPSC (Tianshikefeng) and
VGCF (Showa) mixed at a mass ratio of 6:3:1. Taking a-TiSz as a
representative example, 300 mg of CAMs, 150 mg of LPSC, and
50 mg of VGCF were placed in a ball-milling jar and homogenized
at 150 rpm for 30 min. The cell assembly was carried out as fol-
lows: first, 80 mg of LPSC was placed into a solid-state cell mold
with an inner diameter of 10 mm and pressed under 0.5 t for
2 min. The mold was then opened, and 6 mg of the composite
cathode (corresponding to a mass loading of ~4.6 mgcam
cm~2) was added onto one side of the LPSC layer, followed by
pressing under 3.0 t for 2 min. Subsequently, the opposite side
of the mold was opened, and an indium foil (10 mm in diameter,
100 pm thick, Canrd) together with a lithium foil (6 mm in diam-
eter, 200 pm thick, Canrd) was sequentially placed. The stack
was then pressed until a slight movement of the pressure gauge
was observed and held under this condition for 2 min. All opera-
tions were conducted in an Ar-filed glovebox. Finally, the
assembled cells were placed in stainless-steel holders and sub-
jected to a constant external pressure of 60 MPa upon electro-
chemical testing.

Measurements

The galvanostatic charge-discharge, rate capability, and GITT
tests were conducted using a battery testing system (Neware,
CT-4008Tn-5V50mA-HWHX). For the rate performance tests, the
first and last 10 cycles were conducted at a current density of
0.05 A g~ for both charge and discharge. During the intermedi-
ate 80 cycles, galvanostatic charging was performed at 0.1 A
g, while discharging was carried out at various current den-
sities as indicated. The voltage window was set to 0.9-2.4 V
vs. Li*/InLi (~1.5-3.0 V vs. Li*/Li), and the measurements were
performed at 30°C + 2°C. A spoke-type load cell was positioned
on one side of the SSB cell mold within the stainless-steel pres-
sure housing. The cell was initially compressed to 60 MPa and
then operated under a constant-displacement condition. After
the initial pressure was applied, the pressure signal was set to
zero, and the subsequent pressure variation was continuously
recorded during electrochemical cycling at 0.05 A g~ relative
to this initial state. Electrical and ionic conductivity of the mate-
rials were measured using an electrochemical workstation
(Donghua, DH7001D) at room temperature.

Characterization

The microstructures of the samples were examined by SEM
(ZEISS, Sigma 360) and HRTEM (FEI, Tecnai G2 F30). Nitrogen
adsorption-desorption isotherms were measured using a Phys-
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ichem iPore 400 analyzer, and the specific surface areas were
calculated based on the Brunauer-Emmett-Teller (BET) method.
The crystal structures were characterized by powder XRD
(HAOYUAN, DX-2700BH) with Cu Ka radiation. The elemental
composition and ratios were determined using SEM-EDS
(Bruker, Xflash Detector 730M-400) and OEA (Elementar,
UNICUBE). DSC (METTLER TOLEDO, DSC 3) was conducted
under an Ar atmosphere from 25°C to 500°C at a heating rate
of 10°C/min. Raman spectra were collected on a WITec
alpha300 R confocal Raman microscope with a 532 nm excita-
tion laser. The surface chemical states were analyzed by XPS
(Thermo Fisher Scientific, ESCALAB Xi*), and the binding en-
ergies were calibrated against the C 1s peak at 284.8 eV. Scan-
ning transmission electron microscopy-electron energy-loss
spectroscopy (STEM-EELS) analysis was performed on a
Spectra 300 (S)TEM system (Thermo Fisher Scientific). XANES
spectra were collected using a Rapid-XAFS 1M system (Anhui
Absorption Spectroscopy Analysis Instrument). TOF-SIMS mea-
surements were performed on an IONTOF M6 instrument
(IONTOF) using Bis* primary ions with an ion energy of 30 keV
and an ion current of 0.30 pA. The analysis area was
50 x 50 pm?, and the mass range was collected from 0 to
1,000 u in spectrometry mode. For depth-profiling measure-
ments, the sputtering crater area was set to 250 x 250 pm?. Al
samples were transferred under Ar protection and tested under
either a vacuum or Ar atmosphere to avoid exposure to air.

Calculations

All ab initio molecular dynamics (AIMD) simulations and DFT cal-
culations for the amorphous titanium sulfide models were per-
formed using the Vienna Ab initio Simulation Package (VASP)
within the projector augmented-wave (PAW) framework.>”°°
The exchange-correlation interaction was described using the
Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA-PBE), together with the DFT-D3 dispersion correction to
account for van der Waals interactions.®"°> A Hubbard correc-
tion of (U = 3.0) eV was applied to the Ti 3d states. The
plane-wave energy cutoff was set to 450 eV. Owing to the large
amorphous supercells, Brillouin-zone sampling was restricted to
the I point.

Amorphous TiS, and LixTiS3 (x =0, 1, 2, and 3, where x = 0 cor-
responds to TiSz) models were generated using a melt-and-
quench AIMD procedure. The initial structures were heated to
3,000 K and equilibrated for 20 ps in the canonical (NVT)
ensemble using a Nosé-Hoover thermostat and a time step of
1 15.5%%* The resulting configurations were then rapidly
quenched to 300 K and further equilibrated for 10 ps. After
AIMD, the final structures were fully relaxed before subsequent
electronic-structure and local-coordination analyses.

Phase-diagram construction and interfacial reaction-energy
analysis were performed using the pymatgen package.®® The
locally calculated energies of a-TiS,, a-TiSz, and LisTiSz were
aligned with the Materials Project GGA+U energy scheme to
ensure consistency with the database-derived competing
phases. To account for the intrinsic metastability of the amor-
phous structures, an energy penalty of 0.05 eV atom™" relative
to the corresponding crystalline convex-hull energies was
applied to all amorphous titanium sulfide phases. Crystalline
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LigsNiOo and LiNiO,, together with LigPSsCl and the relevant
decomposition products, were described using the correspond-
ing Materials Project entries.

The thermodynamic compatibility between LigPS5Cl and elec-
trode materials (a-TiS,, a-TiS3, a-LizTiS3, LigsNiO,, and LiNiO,)
was evaluated using the mutual reaction energy scheme pro-
posed by Mo et al.®® The interface was modeled as a pseudo-bi-
nary system with a normalized composition Cjptertace determined
by the molar fraction x of the SE:

Cinten‘ace = X- CSE + (1 - X ) Celectrode~

The total decomposition energy of the interface,
AEp(SE, electrode, x) was calculated by comparing the energy
of the thermodynamic phase equilibria on the compositional
convex hull Es; with the linear combination of the original
component energies:

AEp(SE, electrode, x) = Eeq (Cinterface)
— [XE(SE) + (1 — x)E(electrode)].

To explicitly evaluate the chemical compatibility between the
two materials, the mutual reaction energy AEp muta Was deter-
mined by subtracting the inherent decomposition energies of
the individual SE and electrode phases AEp(SE) and
AEp(electrode) from the total decomposition energy:

AEp munial (SE, electrode, x) = AEp(SE, electrode, x)
— XAEp(SE) — (1 — x)AEp(electrode).

The molar fraction x was varied from 0 to 1 to simulate different
interfacial contact conditions. The minimum value of the mutual
reaction energy across all mixing ratios was identified to evaluate
the maximum thermodynamic driving force for interfacial
decompositions:

AED,min.mutual = Xlg]((iﬂ) [AED.mutual (SE7 eIeCtrOd67 X)] .

Highly negative AEp min mutuar Values indicate a strong thermo-
dynamic driving force for the formation of decomposition inter-
phase layers, whereas values close to zero suggest good
intrinsic chemical compatibility.

The relaxed amorphous TiS, and TiS3 structures were used for
projected density of states (PDOS) calculations to evaluate their
electronic structures. The PDOS was projected onto the Ti 3d
and S 3p orbitals, and the Fermi level was aligned to 0 eV. For
the amorphous Li, TiS; models, the local structural evolution dur-
ing lithiation was analyzed by calculating the Ti-S, S-S, and Li-S
radial distribution functions and corresponding coordination
numbers. The cutoff radii for Ti-S, S-S, and Li-S coordination
analyses were determined from the first minima after the corre-
sponding peaks in the partial radial distribution functions and
sett03.0,2.5,and 3.0 A, respectively, ensuring that only the first
coordination shell was included.
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