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ABSTRACT

Chloride-ion batteries (CIBs) represent a promising post-lithium energy storage platform combining high theoretical energy
density with elemental sustainability. However, All-Solid-State CIBs (ASS-CIBs) remain hindered by limited ionic transport and
interfacial instability. Here, we demonstrate a high-performance VOCl/CsSn,.qIn,.os;Cl; (CSIC)/In system wherein systematic
optimization of the cathode composite identifies an optimal 30:60:10 (VOCI/CSIC/C) ratio, delivering an initial specific capacity
of 169 mAh g-!. X-ray diffraction (XRD) with Rietveld refinement and field-emission scanning electron microscopy (FESEM)
confirmed phase purity and uniform particle distribution, while increasing stack pressure from 130 to 400 MPa markedly enhanced
interfacial contact and active material utilization. The optimized configuration sustained stable cycling over 500 cycles at 0.1 mA
cm~2 with nearly 100% Coulombic efficiency. Time-resolved electrochemical impedance spectroscopy (EIS), analyzed using the
distribution of relaxation times (DRT) method, identified the VOCI-CSIC cathode interface as the dominant resistance contributor,
while the In-CSIC anode remained comparatively stable. Ex situ XRD and focused ion beam-scanning electron microscopy (FIB-
SEM) corroborated these findings, revealing reversible phase transitions alongside structural breathing, particle cracking, and
void formation. This work provides a kinetically and structurally rationalized design strategy toward durable ASS-anionic shuttle
batteries based on powdered electrode architectures.

1 | Introduction and the ongoing risk of thermal runaway due to flammable

liquid electrolytes have driven the pursuit of post-lithium bat-
The widespread adoption of lithium-ion batteries has been tery technologies to diversify the material basis and to further
pivotal in powering portable electronics, electric vehicles, and ~ drive economic viability [1, 2]. Among the different alternatives,
stationary energy storage. Nevertheless, concerns regarding the  batteries based on multivalent cations and anion shuttle mech-
limited availability of lithium resources, rising material costs, anisms have garnered significant attention for their potential
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to deliver high energy density using earth-abundant materials
[3-8].

Anion shuttle batteries, in particular, leverage the reversible
transport of anions such as chloride, enabling multi-electron
transfer processes and mitigating dendrite formation [9, 6]. CIBs
have emerged as a compelling class within this family, offering
high volumetric energy density, low cost, and the use of non-
critical elements. Early CIB development initially focused on
ionic liquid electrolytes, which, despite their non-volatility and
wide electrochemical windows, suffered from sluggish chloride-
ion transport kinetics [10]. Subsequent efforts with conventional
liquid electrolytes improved ionic conductivity but introduced
new challenges, including active material dissolution, interfacial
instability, and limited cycle life, all of which have restricted the
practical deployment of CIBs [11, 12].

Transitioning from liquid to ASS-CIBs effectively overcomes
challenges like active material dissolution, while significantly
enhancing chemical stability. This progress has been pivotal in
advancing safer, more robust CIB technologies [13, 14]. Never-
theless, the realization of high-performance ASS-CIBs introduces
new challenges, particularly in achieving optimal solid-solid
interfacial contact and percolation networks for both ionic
and electronic transport within composite electrodes [15]. The
architecture of the composite cathode, specifically the distribu-
tion and connectivity of active material, solid electrolyte, and
conductive carbon, emerges as a decisive factor in governing
rate capability, energy density, and long-term cycling stability
[13, 14, 16]. Operational parameters such as stack pressure,
temperature, and current density further influence electrode den-
sification, contact quality, and overall electrochemical response
[17-19].

Among the emerging cathode families for CIBs, metal oxychlo-
rides have garnered growing attention for their unique structural
robustness and redox adaptability. The incorporation of oxygen
into the metal chloride lattice enhances framework stability
through strong Lewis acid-base interactions with metal centers,
which effectively mitigates metal ion dissolution in cells with
liquid electrolytes, a persistent issue in pure chloride cathodes.
This structural reinforcement not only stabilizes the lattice during
repeated conversion reactions but also helps preserve electrode
integrity, leading to improved cycling reversibility and capacity
retention. Owing to their dual anionic composition and tunable
electronic configurations, metal oxychlorides (e.g., FeOCl, BiOCl,
etc.) exhibit versatile redox activity and favourable diffusion
kinetics, making them promising candidates for next-generation
solid-state CIBs as well as related systems such as sodium-ion
batteries (NIBs) [20, 12, 21].

VOCI, a representative member of this class, was first reported
as a cathode material for chloride-ion batteries over a decade
ago [22], with an electronic conductivity of approximately 2 x
1078 Scm™! at room temperature, derived from earlier electrical
resistivity measurements on single crystalline VOCI [23]. Its
layered structure, robust framework, and the presence of these
strongly bound, Lewis basic oxygen atoms effectively mitigate the
dissolution problems that plague many metal chloride cathodes.
The electrochemical mechanism of VOCI is well established with
lithium as an anode for CIB systems and is described by the

conversion reaction, accompanied by solvent intercalation into
the layered material:

VOCI + Li + PP,,Cl - PC — VO  PP,,Cl - PC +LiCl (1)

where VOCl serves as the cathode and lithium metal as the anode.
The robustness of the VOCI host structure resists dissolution
via the stabilization of solvent intercalation and enables more
stable cycling, making it a promising candidate for solid-state
chloride-ion systems. However, the translation of this chemistry
to chloride-ion configurations other than Li anodes, partic-
ularly in ASS architectures lacking solvents, remains largely
unexplored.

The selection of suitable anode materials is also a critical factor
in the design of chloride-ion battery architectures. Indium metal
has been proposed as a candidate anode material in preliminary
studies of chloride-ion systems due to its theoretical redox activity
[24]. In this work, we introduce a powdered indium anode
composite paired with a CsSn,.qIn,.qs;,Cl; (CSIC) solid electrolyte,
a configuration not previously explored in solid-state CIBs to our
knowledge.

Notably, CSIC exhibits high chloride-ion conductivity (c;,, =
3.45 x 107* S cm™! at 25°C) and remarkably a low electronic
conductivity (0ge. = 3.7 x 107" S cm™' at 1 V under DC
polarization), making it an ideal solid electrolyte for efficient
ion transport while suppressing electronic leakage [25]. While
a detailed electrochemical assessment of the anode-electrolyte
interface, particularly its stability under polarization, remains
an avenue for future investigation, ex situ XRD analyses of
cycled electrodes unveiled discernible phase conversion pro-
cesses along with minor electrolyte degradation. These obser-
vations highlight the dynamic structural evolution that occurs
during repeated cycling. Advancing the interfacial stability of
indium-based systems will require targeted optimization of elec-
trode architecture and implementation of interfacial engineering
strategies to suppress degradation while enabling sustained ion
transport.

A systematic investigation was undertaken through the careful
preparation of VOCI-based composite cathodes. Four distinct
formulations with varying ratios of VOCI, CSIC, and carbon
were prepared to optimize ionic and electronic percolation. The
influence of stack pressure (~ 130, ~ 250, and ~ 400 MPa), current
density, and temperature on cell performance was evaluated. FIB
cross-sectional imaging and Rietveld-refined XRD were further
used to correlate electrochemical performance with electrode
morphology. FIB-SEM provided critical insights into interfacial
contact evolution, particle cracking, and void formation, while
XRD confirmed the structural integrity of the solid electrolyte
post-cycling [26, 27].

Although ASS-CIBS offer a promising anionic electrochemistry,
their practical realization faces a profound physical and engineer-
ing challenges at the electrode-electrolyte interface. Our current
understanding of these microstructural challenges stems from
extensive development of all-solid-state lithium batteries (ASS-
LIBs). Optimization of the cathode active material (CAM), solid
electrolyte (SE), and conductive carbon (C) ratio is universally
recognized as a critical strategy to establish robust ionic and
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electronic percolation networks in ASS-LIBs. For example, in
sulfide and halide-based electrolyte systems, balancing CAM:SE
ratio and managing carbon distribution have been shown to
be essential for achieving high active-material utilization while
mitigating interfacial resistance and diffusive limitations [28-
30]. Furthermore, the application of stack pressure has proven
to be a critical parameter across all solid-state battery classes as
they cannot naturally adapt to volume expansion and contraction
(“breathing”) of the active materials during cycling. Recent
studies have demonstrated that identifying the optimum stack
pressure, typically falling within the 5-75 MPa range for brittle
sulfide and halide systems, is a delicate balancing act. Insufficient
pressure leads to high interfacial impedance and void formation,
while excessive pressure can crack particles and mechanically
degrade the composite cathode structure [31-33]. Despite these
well-established principles in ASS-LIBs, analogies systematic
studies regarding composite cathode formulation and stack
pressure regulation in ASS-CIBs, particularly using oxychloride
cathode and CSIC electrolytes, remain remarkably scarce.

Beyond these challenges in composite architecture and pressure
engineering, a quantitative understanding of how interfacial
resistance evolves during operation in the VOC1/CSIC/In system
is equally lacking. Although electrochemical impedance spec-
troscopy (EIS) is widely used in solid-state battery research,
conventional Nyquist analysis of composite powder electrodes
suffers from the overlap of multiple relaxation processes, making
the unambiguous assignment of cathode, anode, and electrolyte
contributions inherently difficult. The distribution of relaxation
times (DRT) method addresses this by converting impedance
data into a time-domain representation, allowing individual
polarization processes to be resolved without assuming an
equivalent circuit model. DRT has been successfully applied in
sulfide and halide-based all-solid-state lithium battery systems
to track interfacial resistance growth and identify dominant
kinetic bottlenecks during cycling [34-36]. Yet, its application
to chloride-ion systems remains unexplored. In this work,
time-resolved EIS and DRT analysis are therefore performed
on symmetric VOCI/CSIC/VOCI and In/CSIC/In cells as well
as on the full VOCI/CSIC/In cell, enabling electrode-resolved
impedance tracking that directly connects to the microstruc-
tural and phase evolution characterized by FIB-SEM and
ex situ XRD.

To provide a comprehensive overview of the experimental strat-
egy and key governing factors explored in this work, Figure 1
illustrates the architecture of the ASS-CIB system, the systematic
workflow for cathode composite optimization, and the critical
role of stack pressure in determining electrode compactness and
interfacial contact. As illustrated, a range of cathode composite
ratios, abbreviated as CAM 1 (55:15:30), CAM 2 (45:25:30), CAM
3 (30:60:10), and CAM 4 (20:50:30), were systematically investi-
gated, and stack pressure influence was studied to elucidate their
influence on microstructure and electrochemical performance.
The schematic further highlights how lower stack pressures
result in reduced compactness and increased interparticle gaps,
underscoring the importance of mechanical engineering in
achieving high-performance solid-state batteries. This integrated
approach establishes the framework for the detailed experimental
results and mechanistic insights presented in the following
sections [37, 38].

2 | Results and Discussions

2.1 | Uniform Distribution and Phase Stability in
Cathode Composites

Figure 2a presents the XRD data and corresponding Rietveld
refinement of the 30:60:10 (CAM 3) cathode composite, with
analogous refinements for CAM 1, 2, and 4, as well as pristine
VOCI powder (Figure Sla) and CSIC (Figure Slb), provided
in Figure Slc,d,e. The refinement profiles confirmed that the
ball-milling process with lower rotational speed preserved the
crystal structure of all components across all composite ratios, as
evidenced by the absence of peak shifts or new reflections indica-
tive of side reactions. The refined lattice parameters of VOCI
and CSIC, summarized in Table S1, remain within experimental
uncertainty across all samples, underscoring the robust structural
stability of both the active material and electrolyte throughout the
processing steps.

Figure 2b represents SEM micrographs of VOCI pristine parti-
cles, while Figure 2c,d depicts the prepared cathode composite
pellets of CAM 3. Additional images for CAM 1, 2, and 4
are provided in Figure S2. As depicted in Figure 2b, the pris-
tine VOCI particles exhibited a distinct, elongated, flat, rice
grain-shaped morphology. Laser diffraction particle size analysis
further quantified the powder as having D,, = 2.04 pm, Dj,
= 6.32 pm, and Dy, = 14.1 pm (Figure S11), confirming that
the VOCI particles span a broad size distribution within the
micrometer range. The distributions of active particles within
the cathode composite are illustrated in Figure 2c, as further
illustrated by FIB-SEM cross-sections discussed in Section 2.3
(Figure 4b). These observations have significant implications for
particle packing and interfacial contact within the composite.
The dark-colored particles in Figure 2d represent the VOCl active
materials.

The ball milling mixing method resulted in minimal cleavage of
the active materials, as illustrated in Figure 2c. The composition
and concentration of the electrolyte affect the conductivity of
halide ions within the bulk of the composite, as the active material
has limited ionic and electronic conductivity [38]. Therefore, a
uniform distribution of CAM and substantial contact with the
electrolyte significantly affect the performance. Subsequently,
SEM-EDS analysis was conducted (Figure 2d) to confirm the
distribution of the cathode, electrolyte, and carbon. The elemen-
tal distribution of vanadium (yellow), cesium (red), and carbon
(purple) was selected to provide a comprehensive overview of
CAM, SE, and conductive carbon within the composite (Figure 2).
Due to VOCI being a poor electronic conductor, achieving a
fine distribution of active materials with SE and conductive
carbon is essential for improved electrochemical performance
[39]. According to percolation theory, the electrochemical per-
formance is significantly influenced by the fine distribution of
particles and the particle size distribution of active materials and
SE [15].

Since reducing particle sizes is known to minimize ionic transport
resistance and maximize solid-solid contact across the electrode-
electrolyte interface, thereby leading to better distribution of the
active material within the cathode composite [40], a subsequent
approach involving ball-milling at a higher rotational speed was
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FIGURE 1 | Schematic and workflow for VOCI/CSIC/In ASS-CIB cell assembly and microstructural control. (a) Schematic illustration of the
VOCI/CSIC/In full cell architecture. (b) Stepwise workflow for cathode composite preparation, composite ratio optimization, and pressure application.
(c) Microstructure of the cathode composite under high stack pressure, highlighting densely packed VOCI, C, and CSIC particles. (d) Microstructure

under low stack pressure, illustrating a loosely packed cathode composite.

explored. While this method achieved particles in the broad size
range of 100 nm-5 pm (Figure S9a,b), the high-speed processing
still successfully produced and distributed the reduced cathode
particles within the composite (Figure S9c), with the accompany-
ing EDS elemental mapping confirming the uniform distribution
ofV, Cs, Cl, and C. However, the increased mechanical energy and
highly reduced particle dimensions led to detrimental structural
changes [41]. The XRD analysis (Figure S8) of these size-reduced
particles clearly indicated amorphization and increased reactiv-
ity, ultimately resulting in the formation of minor V,0; (COD
database code: 2106583) phase. This demonstrates a critical trade-
off, where aggressive size reduction compromises the structural
integrity of the active material despite achieving the desired
particle morphology and uniform composite distribution.

2.2 | Electrochemical Performance Under
Variable Operating Conditions

To ensure optimal cell performance and reproducibility, all
electrochemical measurements in this study were conducted at
60°C. This temperature was selected based on the significant
increase in chloride-ion conductivity of the CSIC solid electrolyte
at elevated temperatures, as determined by electrochemical
impedance spectroscopy (EIS). Specifically, the ionic conductivity
rises from 3.45 x 107* S cm™! at 25°C to 6.9 x 10™* S cm™! at
60°C, as evidenced by the comparative Nyquist plots shown in
Figure S4. The enhanced ionic conductivity at 60°C enables more
efficient chloride-ion transport, thereby supporting consistent
and reliable electrochemical performance throughout this study.
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FIGURE 2 | (a)Rietveld refinement of the powder XRD pattern for the CAM 4 cathode composite, with crystal structures of CSIC and VOCI shown
as insets. (b) SEM image of synthesized VOCI particles. (c) High-magnification SEM image of the CAM 3 cathode composite. (d) SEM image of the CAM
3 pellet with EDS elemental maps for V, Sn, Cs, C, In, and Cl, respectively (bottom panels left to right).

Figure 3 presents a comprehensive analysis of the electrochemical
behaviour of CAM composites. Cyclic voltammetry (CV) was
employed to probe the redox mechanisms of the optimized
cathode composite. Figure 3a shows the CV profile of the CAM
3 composite over a potential window of —1.0 to 1.0 V vs. In at
a scan rate of 0.05 mV s~'. In the first cathodic scan, a broad
reduction feature spanning 0 to —0.5 V is observed, which is
plausibly associated with the conversion of VOCI to a reduced
state via chloride ion extraction [24]. The corresponding anodic
scan displays a prominent oxidation peak between 0.1 and
0.6 V vs. In, which can be reasonably attributed to the reverse
process, involving chloride ion re-insertion and re-oxidation of
vanadium. While this interpretation aligns with the expected
redox chemistry of VOCI systems, the precise mechanistic details
may involve additional complexities.

The reversible nature of these redox processes, evidenced by
the similar potential ranges for reduction and oxidation across
multiple cycles, is characteristic of quasi-reversible behaviour
in cyclic voltammetry [42, 43]. This is further supported by
the progressive decrease in peak current density and increased
peak broadening observed with continued cycling. Such quasi-
reversible features may arise from kinetic limitations associated
with solid-electrolyte interface evolution or a gradual loss of elec-

trochemically active material, both of which could contribute to
the observed capacity fading during extended operation. Notably,
both cathodic and anodic scans exhibit shoulder features particu-
larly evident at ~0.5 V during oxidation, pointing to a multi-step
reaction mechanism that may involve intermediate phases or
structural relaxation of the VOCI host during conversion [22].

The emergence of subsidiary shoulder peaks aligns with the
complex conversion chemistry inherent to metal oxychlorides
and may reflect subtle interfacial phenomena involving the CSIC
electrolyte during redox cycling, further explored in Section 2.3.
These features provide electrochemical evidence for additional
redox activity beyond the primary VOCI/VO transformation.
While the precise nature of these processes remains to be fully
characterized, the shoulder peaks likely correspond to inter-
mediate phases formed through multi-step redox pathways, as
observed in previous studies with Mg anodes [22]. These CV
insights underpin the capacity evolution and cycling behaviour
observed in galvanostatic testing, underscoring the need for
further investigation into the multi-phase redox mechanisms in
this system.

These redox features are mirrored in the galvanostatic charge-
discharge profiles (Figure 3b,c), where pronounced voltage
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FIGURE 3 | (a)CV curve of CAM 3 composite. (b) Charge-discharge profiles of CAM 3 at 0.1 mA cm~2 for selected cycles. (c) Charge-discharge
profiles of CAM 1 at 0.02 mA cm~2 for the first five cycles. (d) Comparison of first discharge-charge cycles for CAM 1-4 composites. (e) Comparison of
discharge capacity vs. cycle number for composites with varying component ratios. (f) Comparison of discharge capacity vs. cycle number for CAM 3
pressed at 130, 250, and 400 MPa. (g) Long-term cycling performance of CAM 3 at 0.1 mA cm™2.
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plateaus are observed near —0.1 V vs. In during discharge and
between 0.1 and 0.3 V during charge vs. In. These plateaus are
indicative of phase transformations between VOCI and reduced
vanadium oxide species (VOCI,_,/VO,), and their correspondence
with the CV peaks underscores the reversibility of the underlying
electrochemical reactions [44, 22].

A notable aspect of the charge-discharge profiles is the intersec-
tion point of the charge and discharge curves, which consistently
occurs at approximately 0.1 V vs. In across all composite formula-
tions. This point, often referred to as the voltage plateau midpoint
or average cell potential, marks the voltage at which the chemical
potentials of the oxidized and reduced phases are equal during
the (de)chlorination reaction. The discharge and charge curves
crossover at the same potential over the other composite ratios,
suggesting that the redox chemistry is governed primarily by the
intrinsic thermodynamics of the VOCI/VOCI,_, system, rather
than by variations in electrode composition or architecture. Such
a well-defined equilibrium potential is characteristic of a two-
phase reaction mechanism, as commonly observed in systems
with reversible conversion [45] or intercalation processes [46, 47].

The comparative first discharge-charge cycles for CAM 1-4
composites (Figure 3d) reveal that the CAM 3 composite delivered
the highest initial discharge capacity of 160 mAh g=!. This value
corresponds to 64% of the theoretical capacity (261 mAh g1)
and reflects the transfer of approximately 0.7 electrons per VOCI
formula unit. Among the four compositions, CAM 3 exhibited
superior performance due to an optimized balance between ionic
and electronic conductivity, underscoring the critical role of
compositional tuning. Although CAM 4 showed comparatively
stable retention, its lower active material loading (20 wt.%)
and higher carbon content (30 wt.%) resulted in a lower initial
capacity and may limit direct ionic access to VOCI surface sites,
making CAM 3 the more effective formulation in terms of total
delivered capacity and active material utilization. The cycling
data in Figure 3e further support this trend, where the CAM 3
composite consistently demonstrated superior capacity retention
and stability compared to other formulations.

The effect of densification with stack pressure is explored in
Figure 3f, where increasing the stack pressure from 130 to
400 MPa results in a marked improvement in initial specific
capacity, rising from 115 to 169 mAh g=!. In order to mitigate the
risk of short circuits and enhance mechanical stability, an elec-
trolyte mass of 80 mg was introduced. The enhanced interfacial
contact between the composite components at higher pressures is
believed to reduce charge transfer resistance and promote more
efficient ion and electron transport. However, at elevated current
densities, kinetic limitations become increasingly significant,
likely due to solid-state diffusion constraints and the relatively
large VOCI particle size, which can hinder chloride ion mobility
[48].

Long-term cycling performance is shown in Figure 3g, which
demonstrates that the optimized CAM 3 composite maintained
stable discharge and charge capacities with a coulombic effi-
ciency close to 100% over 500 cycles. These results highlight the
strong cyclability and reversibility of the chloride ion storage
mechanism in the optimized composite. The prolonged cycling
stability curve till 500 cycles in Figure S7 reveals that even

though sharp capacity fading was observed in the initial 30
cycles, the system demonstrated notable persistence; it retained
almost 79% capacity between 100 and 250 cycles, and while
retention slightly lowered to approximately 55% between 250
and 500 cycles, the composite still continued to cycle. To fur-
ther optimize this behavior and address these constraints, we
investigated various scenarios, including the reduction of particle
size via high-speed ball milling. However, this approach proved
detrimental; even when utilizing the optimized CAM 3 (30:60:10)
composite ratio and higher stack pressures, the resulting com-
posite (morphology detailed in Figure S9c) exhibited significantly
compromised electrochemical performance, characterized by low
capacities (Figure S10). This failure conclusively demonstrates
that mechanical over-crushing induces irreversible structural
damage, thereby highlighting the necessity of pursuing a direct
synthesis approach for controlled, small particle morphology to
achieve sustainable improvements in electrochemical kinetics
and stability. Collectively, these findings emphasized the critical
interplay between electrode composition, processing conditions,
particle size, and electrochemical performance in developing
high-capacity, stable CIBs. In contrast to many all-solid-state
batteries that use dense metal foils as at least one electrode, our
VOCI/CSIC/In cell employed powder-based composite electrodes
on both sides; when such cells are pre-pressed at 400 MPa
and then operated at ~ 65 MPa (Figure S13), the capacity is
clearly reduced, indicating that this lower stack pressure is
insufficient to maintain the required consolidation and solid-
solid contact in the powder architecture. The impact of these
interfacial changes on the cell resistance is discussed in Sec-
tion 2.4, where time-resolved EIS and DRT analysis on symmetric
and full cells are used to isolate and quantify the individual
contributions.

2.3 | Cycling-Induced Degradation and Phase
Evolution

To elucidate the influence of stack pressure on the internal
microstructure and phase evolution of the CAM 3 cathode
composite, cross-sectional FIB-SEM imaging was performed on
samples subjected to different stack pressures both before and
after electrochemical cycling (Figure 4a—c). In the pristine state,
the FIB-SEM cross-section of the composite pressed at 250 MPa
(Figure 4a) reveals a non-uniform spatial arrangement of the
active material, solid electrolyte, and conductive carbon, with
noticeable regions of insufficient interfacial contact. Increasing
the stack pressure to 400 MPa (Figure 4b) resulted in a substan-
tially compact composite architecture, characterized by enhanced
connectivity and more continuous contact between the CAM
and SE/C phases. Despite this densification, localized bending
and deformation of the VOCI particles are observed, indicating
that mechanical stress under compression is accommodated by
particle flexure rather than by the complete elimination of inter-
particle voids. These observations underscore the critical role of
stack pressure in optimizing electrode architecture and suggest
that further reductions in particle size and improvements in size
uniformity could facilitate even more effective densification and
interfacial contact [37].

After 100 electrochemical cycles, FIB-SEM analysis of the cath-
ode composite pressed at 250 MPa stack pressure (Figure 4c)
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reveals significant microstructural evolution. The CAM particles
displayed pronounced exfoliation and “breathing,” with the
formation of internal cracks and voids throughout the bulk. These
features are consistent with repeated chloride ion extraction
and insertion, which induce considerable volume changes and
lattice relaxation within the layered VOCI structure [40]. The
development of internal voids and the disruption of percolation
pathways likely impede both ionic and electronic transport,
providing a mechanistic basis for the observed capacity fading
during cycling [26]. In addition to the qualitative FIB-SEM
observations, a semi-quantitative pore-segmentation analysis of
representative cross-sections after 100 cycles (Figure S14) yields
an internal pore area fraction of ~ 0.2 % within the VOCI1/CSIC/C
composite, consistent with localized intragranular cracking and
interparticle gaps while the bulk of the composite remains
largely intact. The relatively large particle dimensions of VOCI,
as established by FESEM and laser diffraction (Section 2.1,
Figure 2b, and Figure SI1), likely contributed to these effects,
as particles of such dimensions are generally more susceptible
to stress accumulation and intragranular fracture under cycling-
induced strain, a phenomenon well-documented in layered oxide
cathode materials where larger particle sizes correlate with
more pronounced mechanical degradation during electrochem-
ical operation [49]. This indicates that employing controlled
particle architectures and enhancing structural uniformity may
help mitigate mechanical failures, highlighting the need for
systematic investigation in future studies [48]. Post-cycling FIB-
SEM characterization was conducted at 250 MPa; however, the
higher stack pressure used in the pristine 400 MPa sample
likely promoted greater densification and improved initial inter-
facial contact, which may accounted for the observed superior
electrochemical performance.

These effects are expected to enhance the mechanical sta-
bilization of the electrode during cycling and mitigate some
microstructural degradation, although certain damage mecha-
nisms may persist. Supplementary images in Figure S3 further
illustrate post-cycling particle surface morphology, including the
degree of surface cracking and other morphological changes. The
cumulative insights from these microstructural and morpholog-
ical analyses underscore the critical need for optimizing stack
pressure, particle dimensions, and electrode architecture. This
optimization is essential to enhance interfacial contact, reduce
mechanical degradation, and ensure durable cycling stability in
solid-state chloride ion systems [38].

To gain deeper insight into the phase evolution accompanying
these microstructural transformations, detailed ex situ Rietveld-
refined XRD analyses were carried out on both discharged
cathode and anode composites (see Figure S6a-d). The overall
comparative XRD sequence of cathode composite (Figure 4d)
illustrates a gradual amorphization of the VOCI phase with
increasing cycle numbers, indicative of structural disordering,
a phenomenon also reported in Fe,.;TiOPO, [50]and SnO, [51]
electrodes during cycling, as well as in chloride-ion cathodes such
as BiOCl [12] and FeOCl [52]. The VOCI phase demonstrated a
reduction in phase fraction accompanied by emerging reflections
that likely correspond to reduced Vanadium Oxide (VO) (ICSD
Collection Code: 60486), included in the refinement (Figure
S6b-d). Due to significant overlap in peak positions between

VO and VOCI], unambiguous phase differentiation remains chal-
lenging. However, the irreversibility of the VOCI transformation
process is also well aligned with the partial decomposition of
the electrolyte to metallic Sn, as indicated in the following
paragraphs.

Detailed analysis reveals that the electrolyte predominantly
retained its crystallinity throughout cycling (Figure 4d,e); how-
ever, minor degradation is observed, presumably localized at
interfacial regions. This degradation is characterized by the
emergence of secondary phases—namely Sn (ICSD Collection
Code: 106072) and CsCl (ICSD Collection Code: 9008789)—
predominantly within the cathode composite (Figure 4d), while
Sn is the main impurity detected in the anode composite
(Figure 4e and Figure S6f-h). Rigorous Rietveld refinements
conducted on ex situ samples from cathode-electrolyte (Figure
S6b-d) and anode-electrolyte interfaces (Figure S6f-h) support
this targeted localization. These findings suggest that elec-
trolyte degradation primarily occurs within or near interfacial
boundaries, whereas the bulk electrolyte maintains its struc-
tural integrity over extended cycling, as further corroborated
by Rietveld refinement of the CSIC electrolyte after 10 cycles
(Figure S5). This indicates that the overall redox mechanism of
the VOCI-CSIC-In cell involves coupled cathode and interfacial
processes, with at least partly VOCI conversion to a VOCI,_,-
type (VO-related, most plausibly partly amorphous) phase at
the cathode, InCl formation at the anode, and minor elec-
trolyte participation reflected by the emergence of Sn and
CsCl [53].

To place the phase evolution and reduction in VOCI reflection
intensity in an electrochemical context, cell reactions for the
VOCI/CSIC/In system could in part be explained by:

Cathode:
VOCIl +xe” « VOCl_, +xCI~
Anode:
In + CI” & InCl +e”

Interestingly, these interfacial degradation products may not be
entirely detrimental. Over-extended cycling up to 500 cycles,
they could potentially facilitate chloride-ion transport across the
interface, partially alleviating capacity loss [54]. This nuanced
behavior highlights the complex interplay between interfacial
chemistry and electrochemical performance, meriting further
investigation.

Moving forward, detailed phase-resolved studies probing both
the bulk and interfacial regions are essential to fully eluci-
date the mechanisms governing structural transformation dur-
ing cycling. Such insights will not only clarify the role of
decomposition phases but also inspire strategies for optimiz-
ing stack pressure and particle engineering. Together, these
findings open exciting opportunities for the rational design of
next-generation chloride-ion battery materials, where controlled
interfacial chemistry may become a key enabler of long-term
performance.
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2.4 | Mechanistic Comparison and Interfacial
Kinetics

To place the all-solid-state VOCI/CSIC/In cell in the context of
earlier VOCI chloride-ion batteries, Figure 5a compares the first-
cycle galvanostatic profile of VOCl in a PP,,C1-PC electrolyte ( 1M
1-butyl-1-methylpiperidinium chloride in propylene carbonate)
with a Li anode [55] to the profile of the VOCI/CSIC/In full
cell (Figure 5b). In the liquid cell, the smooth sloping charge-
discharge curves between about 1.0 and 1.6 V vs. Li are consistent
with the topochemical CI~ intercalation/de-intercalation mecha-
nism proposed by Gao et al., which involves partial intercalation
of PP,,* species into the VOCI interlayers. In the solid-state
configuration, where solvent and ionic liquid species are absent,
and the anode is indium rather than lithium metal, the profile is
instead centred around 0 V vs. In and exhibited a flatter plateau,
in agreement with a direct conversion-type reaction pathway,
corroborated by ex situ XRD showing the formation of VO-type
phases upon discharge (Figure 4d). This comparison highlights
that the transition from liquid to solid state primarily changes
the operative reaction mechanism and polarization behaviour,
while maintaining a comparable accessible capacity for VOCI (»
169-189 mAh g!). To place the performance of the optimized
VOCI/CSIC/In cell in the context of state-of-the-art chloride-ion
systems, we compile literature data for representative ASS-CIBs
and related conversion-type solid-state batteries, including a
well-established VOCI cell employing a liquid electrolyte, as
summarized in Table 1.

All impedance measurements discussed in the following were
performed on the solid-state cells only. To disentangle the indi-
vidual interfacial contributions within the VOCI/CSIC/In archi-
tecture and monitor their evolution during operation, we carried
out time-resolved EIS on symmetric cells (VOCI/CSIC/VOCI and
In/CSIC/In) and on the full cell following the sequence of rest
and cycling steps illustrated in Figure 5. The use of symmetric
cells to isolate electrode-electrolyte interfaces is well established
in impedance studies of batteries, and is particularly important
for all-solid-state systems, where several processes with similar
time constants frequently overlap in full-cell spectra [61]. For the
VOCI/CSIC/VOCI symmetric cell, the Nyquist plots in Figure 5¢
show impedances in the kQ range even in the fresh state, with
a pronounced increase at mid to low frequency range during
the 6 h rest period. This behaviour indicates that the VOCI-
CSIC interface is intrinsically resistive and continues to evolve
under open-circuit conditions, consistent with interphase growth
and contact rearrangement at the cathode side [36]. In contrast,
the In/CSIC/In symmetric cell (Figure 5d) remains in the Q
range over the same time window and exhibits only a modest
increase in impedance, suggesting that the In/CSIC interface
contributes a relatively small fraction of the total cell resistance
under the present conditions. To better visualize and quantify
the involved kinetic processes, model-independent DRT analysis
was performed, which has been shown to provide deeper insight
into interfacial and bulk contributions in all-solid-state batteries
[62-64]. As shown in Figure S15a, the resistance contribution
from the In/CSIC/In, especially that related to charge trans-
fer, is about one order of magnitude lower than that from
the VOCI/CSIC/VOCI during the time-resolved test. It is also
observed in the DRT pattern that the characteristic time constant

for different kinetic processes associated with the In anode and
VOC cathode are closely spaced, a complete deconvolution of
the full-cell during cycling would be difficult without further
investigation of symmetric cells. However, the symmetric-cell
data indicate the dominant, strongly time-dependent resistance
in the VOCI/CSIC/In cell primarily to the cathode composite and
its interface with CSIC, shown in Figure S15b.

Figure 5e,f illustrates the evolution of VOCI/CSIC/In full cell
impedance, characterized by a continuous increase in impedance,
from the fresh state through Cycle 10. The Nyquist plots are
characterized by a barely distinguishable depressed semicircle in
the mid-to-low frequency regime, which is typical of composite
electrodes in all-solid-state batteries where charge transport
through interphases and interfacial charge transfer occur on
comparable time scales and cannot be easily separated into
distinct RC features. The Warburg-like capacitive tail at low
frequencies and its gradual increase with cycle number point to
an increasing contribution from diffusion-controlled and porous-
electrode-type processes rather than a single dominant interfacial
resistance [65]. The Nyquist plots in Figure S12 (Cycles 0, 1, 2,
and 10) illustrate this trend in more detail, showing a systematic
increase in both the real and imaginary components of the
impedance without the emergence of discrete semicircles.

A clearer evolution of resistance contribution isillustrated in their
corresponding DRT pattern, as shown in Figure 6a. These differ-
ent peaks on different time scales have been categorized based on
typical kinetic processes in ASSBs, as suggested in the literature.
The smaller peaks within the time regime II between 10~ and
1072 s are indicative of charge transport across the as-formed
interphase, and the more pronounced peaks observed in tIII
regime between 10~2 and 100 s reflect charge-transfer processes of
both electrodes. The individual contribution of impedance from
the anode and cathode during cycling would require additional
three-electrode cell experiments [64], which are beyond the scope
of this study. However, the DRT pattern of the full-cell provides an
insight into the overall cell impedance evolution of this system.
After individually fitting these peaks, the corresponding changes
in different resistances before and after cycling are presented in
Figure 6b. It is shown that, in the VOCI/CSIC/In cell, changes
in R, and R;,; upon cycling are continuous and significant, and
after 10 cycles, their values are almost 10 times higher than those
observed in the pristine cell (cycle 0). This aligns well with the
previous FIB-SEM and ex situ XRD analyses (Section 2.3), which
revealed progressive particle cracking, void formation, and inter-
facial decomposition products within the VOC1/CSIC composite,
suggesting a scenario in which the evolution of the VOCI-CSIC
cathode interface and the tortuous transport pathways through
the micrometre-sized VOCI particles can strongly influence the
R, and R;,,. These findings underline that further improvements
in ASS-CIB performance will require coordinated optimization of
interphase chemistry, VOCI particle size, and cathode composite
architecture to suppress impedance growth.

3 | Conclusion

This study establishes a newly functional ASS-CIBs through
the realization of a synergistic VOC1/CsSn.qIn,.qs;,Cl; (CSIC)/In
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EIS steps, where each EIS measurement was recorded after the corresponding galvanostatic cycling step.
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TABLE 1 | Comparison of the VOCI/CSIC/In all solid-state cell with selected chloride ion and conversion type solid state batteries.

Initial discharge Number of
Cathode Electrolyte Anode capacity (mAh g™1) cycles Refs.
VOCl CsSny4Ing o6, Cly In 169 500 This work
(Indium doped)
vocl 0.5M PP,,Cl-PC Li 189 100 [55]
(liquid electrolyte)
BiCl, CSSny65Y 0 05Cls o5 Sn 178 100 [56]
(Yttrium doped)
wocl, CsSny 6N 067 Cls Li 108 20 [25]
(Indium doped)
AgCl CsSn,955Na 075Cl5 005 Ag 64 30 [44]
(Na doped)
AgCl €SN 675N 075CL, o5 Li-In 179 30 [44]
(Na doped)
MoCls CsSny ,5Na 475Cl, 055 Li 135 1 [44]
(Na doped)
BiCl, Pby 0sKo 0,Cl, os Pb 187 30 [57]
(K doped PbCl,)
FeOCl ([ALg(uy- Li 155 100 [58]
OH),4(OH,)y,(mdip)s]
6C1-6H,0)
(cationic Al-based
MOF)
BiCl, CsSny 95Y 05Cls o5 Sn-carbon 188 15 [59]
(Yttrium doped) nanocomposite
BiCl, CsSng 9sMny 5 Cl; o Sn 169 30 [60]
(Manganese doped)

architecture. We showed that a 30:60:10 (VOCI:CSIC:C) cath-
ode configuration represented a critical percolation threshold
by methodically navigating the compositional space. This con-
figuration optimizes ionic and electronic transport to achieve
near-theoretical discharge capacities of 169 mAh g=!. Our find-
ings highlight the critical function of mechanical confinement,
where customized stack pressures of up to 400 MPa act as
a key lever to create close interfacial contact and encourage
electrode densification, ultimately optimizing active site accessi-
bility throughout the conversion process. Post-mortem analysis
revealed the conversion-induced evolution through three com-
plementary lenses: FIB-SEM imaging captured the microstruc-
tural reconfiguration, ex situ XRD tracked the emergence of
cathode reaction products and interfacial side products, most
notably CsCl and metallic Sn, and time-resolved EIS with DRT
analysis shows that resistance growth is mainly associated with
the VOCI-CSIC cathode interface, while the In-CSIC anode
side remained comparatively stable. In particular, resistance
contributions associated with interphase formation and charge-
transfer processes increased progressively with cycling. We found
that the formation of internal micro-voids and particle cracking,
especially in the larger VOCI particle fractions, is closely related
to the intrinsic structural breathing during cycling. This suggests
that the polydispersity and average particle size are critical factors
in the localized loss of interparticle connectivity. By delineating
conversion chemistry from morphological stability, this study

elucidates a mechanistic pathway for enhancing anionic shuttle
battery performance. Going forward, controlled synthesis of
sub-micron VOCI particles, deliberate regulation of interfacial
reaction products, and DRT-assisted impedance diagnostics to
pinpoint and reduce cathode-side resistance represent the most
promising directions toward durable and high-performing ASS-
anionic shuttle batteries.

4 | Experimental
4.1 | VOCI Synthesis

The precursor materials for the preparation of VOCI are VCl,
(99+%, Sigma-Aldrich) and V,0; (99.7%, Thermo Scientific);
both materials react in a molar ratio 1:1.8 according to solid- gas
transport reaction [55]

VCL, + V,0; — 3VOCl )

A quartz ampoule measuring 180 mm in length and 20 mm in
diameter was selected for loading the precursors. The compo-
sition comprised 850 mg of vanadium (IIT) chloride (VCl;) and
450 mg of vanadium oxide (V,0;). The materials were hand-
ground in a mortar for 15 min. Ampoules were sealed at a
glass workshop in the presence of liquid nitrogen, maintaining
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FIGURE 6 | EIS-DRT analysisof the VOCI/CSIC/In cells. (a) DRT pattern of cycled cells in Figure 5fand In symmetric cell after 5 h of rest (Figure 5d).
The involved kinetic processes and their corresponding characteristic time constants are indicated. (b) Fitted resistances (interface and charge transfer)
are categorized according to their characteristic time constants based on the literature in ASSBs.

a pressure of 2 X 107 mbar. Sealed ampoules were subjected to
a controlled thermal regime in a muffle furnace (Carbolite Gero,
CWF 1300), encompassing stepwise heating and cooling over 120
h at 893 K, with a ramp rate of 1 K min~!. Upon removal from
the furnace, the sealed ampoules revealed a dense, fine crystalline
mass of purple-brown VOCI crystals. The ampoule was opened in
afume hood, and its contents were suspended in water to dissolve
any unreacted compounds. The mixture was centrifuged (Hermle
Labortechnik, Z 206 A) with water and acetone three times to
separate the VOCI. The washed VOCI was stored in a vacuum
oven (Thermo Fisher Scientific, VT 6060T) at 100°C overnight to

dry.

4.2 | CSIC Synthesis

The electrolyte was synthesized utilizing a solid-state reaction
via mechanochemical ball milling. The precursors CsClI (99.999%;
Thermo Scientific), SnCl, (99.99%; Sigma-Aldrich), and InCl,
(99.999%; Alfa Aesar) were preheated for 12 h (overnight) at a tem-
perature of 120°C within a vacuum environment, supplemented
by argon support, utilizing a glass oven (Biichi Corporation,
B-585).

4.3 | Composite Electrode Preparation

All CAMs were prepared using a standardized mechanical ball-
milling protocol. Four formulations—CAM 1 (55:15:30), CAM 2
(45:25:30), CAM 3 (30:60:10), and CAM 4 (20:50:30) by weight
ratio of vanadium oxychloride (VOCI, 99.9%, Sigma-Aldrich),
CSIC solid electrolyte, and Super P carbon (Alfa Aesar, 99+%),
were synthesized to systematically investigate the influence of
composition on electrochemical performance. For each compos-
ite, the cathode active material and half of the total carbon were
first combined and loaded into the milling jar inside an argon-
filled glovebox (O,, H,O < 0.1 ppm) to prevent any exposure
to air or moisture. The sealed jar was then transferred out for
milling at 250 rpm for 3 h in a planetary ball mill (Pulverisette

6, Fritsch, Germany). After milling, the jar was returned to the
glovebox and opened only under an argon atmosphere. The solid
electrolyte and the remaining carbon were then added inside the
glovebox, and the jar was resealed and subjected to a second
identical milling step. Finally, all powders were collected and
homogenized by a further hour of milling, with all handling and
transfers performed exclusively under argon to eliminate any risk
of reactivity or contamination. For comparative studies involving
reduced VOCI particle size, the pristine VOCI powder was first
subjected to high-energy ball-milling at 600 rpm for 2 h.

The Indium-based anode composite was prepared by thoroughly
mixing Indium mesh powder (40 wt.%, 99.99%, 100 mesh, Thermo
Scientific), CSIC solid electrolyte (50 wt.%), and dried carbon
black (10 wt.%, Alfa Aesar, 99+%) in a stoichiometric ratio,
followed by hand grinding in an agate mortar for 15 min inside
the glovebox to ensure uniformity and to maintain an inert
environment throughout the process.

4.4 | Cell Assembly and Electrochemical
Measurements

ASS-CIBs were assembled entirely in an argon-filled glovebox
(0,, H,0 < 0.1 ppm) to prevent exposure to air and moisture. For
each cell, 80 mg of CSIC solid electrolyte, 5 mg of cathode compos-
ite, and 4 mg of indium-based anode composite were sequentially
layered inside the internal sleeve of the solid-state test cell (8 mm
diameter), with each layer compacted using a calibrated torque
wrench for 3 min to ensure optimal densification and interfacial
contact. Galvanostatic charge-discharge and CV measurements
were conducted at 60°C using a Biologic MPG2 multi-channel
Potentiostat at various current densities. Before testing, cells
were aged for 6h to ensure interfacial equilibration. All elec-
trochemical measurements, including cycling and impedance
spectroscopy, were performed within the temperature-controlled
climate chamber to maintain fixed temperature conditions. Ionic
conductivity measurements of CSIC were carried out using a
Biologic SP-150e single-channel Potentiostat.
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4.5 | X-Ray Diffraction

XRD was utilized to investigate the diffraction patterns of the
synthesized cathode, electrolyte, composite powders, and the
phase changes in the active material and anode after galvanostatic
discharge. The measurements were conducted with a STOE
STADI-P diffractometer (operated at 50 kV, 40 mA) in Debye-
Scherrer geometry, using Mo K, radiation (A = 0.7093 A). Data
acquisition was performed over an angular range of 26 = 2° to
50°, with a total measurement duration of 30 min and a step
size of 4.5°. The data were analysed using Rietveld refinement
with TOPAS (Bruker AXS, Version 5) software. The distribution of
instrumental intensity was established based on a reference scan
of LaB,. All thermal factors remained constant for the Rietveld
analysis.

4.6 | Scanning Electron Microscope

All the CAMs were pelletized within an 8 mm solid-state cell
for overnight at a pressure of 250 MPa to mimic the surface
topology of the cathode composite in its pristine state. Surface
morphology of the CAM, SE, and composite cathode pellets was
characterized using a Thermo Scientific Apreo 2 FESEM. Imaging
was performed at an accelerating voltage of 5 kV and a beam
current of 1.6 nA. Elemental mapping was conducted at 20 kV
and 6.4 nA with a dwell time of 10 min.

4.7 | Focussed Ion Beam- Scanning Electron
Microscopy (FIB-SEM)

The cross-section images of the pristine and cycled cathode
pellets were captured using the Zeiss NVision 40 FIB-SEM. The
Ga*t FIB was used to mill the composite cathode. The images
were captured with tilt correction enabled, utilizing a stage tilt
of 54° and a tilt angle of 36° between the electron beam and
the cross-section. The images were captured with 5 kV using the
Everhart-Thornley detector and Inlens secondary electron detec-
tor, respectively. Semi-quantitative pore analysis was performed
on representative FIB-SEM images. Images acquired at different
magnifications were first cropped to a common magnification,
after which the pore phase was segmented using the Labkit plugin
in Fiji and quantified by area measurement using the Measure
function.

4.8 | Particle Size Analysis

Particle size distribution of the VOCl powder was measured
by laser diffraction using a Malvern Panalytical Mastersizer
instrument. Volume-weighted size distributions are reported as
Dy, Ds,, and Dy, values.
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