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ABSTRACT

Chalcopyrite (CuFeS,), composed of earth-abundant and environmentally benign elements, was synthesized via solid-state
sintering of an equimolar CuS/FeS mixture and evaluated as a cathode material for lithium all-solid-state batteries (ASSBs).
CuFeS, was compared with a mixture of the CuS and FeS parent materials, which are theoretically expected to show similar
conversion reaction products during lithiation. Galvanostatic cycling, XRD, XAS, SEM, and EDX analyses revealed that both
samples undergo displacement reactions with lithium, leading to phase separation into Cu®, Fe°, and Li,S. However, CuFeS,
exhibits superior reversibility due to the formation of intermediate phases (LiCuFeS,, Li;CuS,, Li,FeS,), where Cu-related
phases may promote uniform Fe reactivation during charging. The synergistic Cu-Fe interactions improve reaction kinetics and
reversibility, thereby enhancing overall electrochemical performance. In contrast, the CuS-FeS composite exhibits rapid capacity
decay due to independent phase segregation and irreversible Fe® passivation. Electrochemically, CuFeS, delivers 207 mAh g
with 61% retention after 100 cycles, outperforming CuS-FeS (132 mAh g—!, 40% retention). This work provides the most detailed
mechanistic insight to date into the function of CuFeS, in rechargeable Li cells and shows that controlled intermediate distribution
and dynamically evolved conductive networks during phase transformation can improve conversion-type electrodes for ASSBs.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2026 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

Advanced Functional Materials, 2026; 36:€76585 10f13
https://doi.org/10.1002/adfm.76585


http://www.afm-journal.de
https://doi.org/10.1002/adfm.76585
https://orcid.org/0000-0001-9565-7301
https://orcid.org/0000-0002-6363-4591
https://orcid.org/0009-0004-7517-1338
https://orcid.org/0000-0003-2379-3632
https://orcid.org/0000-0002-9221-4756
https://orcid.org/0000-0001-7749-5089
https://orcid.org/0000-0003-2439-8802
mailto:katherine.mazzio@tuwien.ac.at
mailto:philipp.adelhelm@hu-berlin.de
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/adfm.76585
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.76585&domain=pdf&date_stamp=2026-06-22

1 | Introduction

All-solid-state batteries (ASSBs) promise higher energy density
and improved safety compared to lithium-ion batteries (LIBs) by
replacing liquid organic electrolytes with solid electrolytes (SEs)
with better mechanical properties and higher Li* transference
numbers [1]. Numerous cathode active materials (CAMs) have
been investigated for LIBs. Among these, layered oxides are
widely used due to their favourable electrochemical properties
[2, 3]. However, their performance is approaching theoretical
limits, and they exhibit drawbacks such as high cost and lattice
instability at too high electrode potentials, the latter leading to
the release of gaseous O, and triggering electrolyte decomposition
[4]. These issues are not limited to conventional LIBs, as the
decomposition of materials and the degradation of the SE/CAM
interfaces are also key challenges in ASSBs [5]. The development
of new CAMs that enable stable cycling in ASSBs while using
lower cost is therefore of high interest. Transition metal sulfides
have attracted increasing attention as alternative CAMs due
to their ability to enable reversible “double redox” involving
both cations and anions [6]. While the use of sulfides has the
drawback of lower redox potentials, these are better aligned
with the oxidative stability window of sulfide-based SEs, thereby
mitigating severe interfacial degradation [7]. At the same time,
they have more favourable mechanical properties than oxides for
ASSBs, as they are more deformable and hence the preparation
of dense materials with good interface contacts is generally easier

[8].

Transition metal sulfides (e.g., CuS [9, 10], FeS [11], TiS, [12],
FeS, [13], etc.) exhibit diverse reaction mechanisms that have
been extensively investigated for Li-ion and Na-ion batteries, and
are the topic of several recent reviews [14, 15]. These materials
demonstrate distinct electrochemical behaviours depending on
their composition, structure, and the chosen charge/discharge
voltage window, including: intercalation mechanisms (e.g., TiS,),
conversion reactions (e.g., FeS, CuS), and step-wise intercala-
tion/conversion reactions (e.g., FeS,). While intercalation pro-
cesses offer high reversibility, they exhibit limited theoretical
capacities due to typically low contents of Li* intercalation [16].
Conversion reactions, on the other hand, facilitate high capacity
by leveraging multi-electron redox of transition metals, but with
the drawbacks of severe volume expansion and poor reversibility
[17]. Among these systems, Fe-based sulfides are particularly
prone to such challenges, often exhibiting pronounced polariza-
tion and limited reversibility during cycling [18]. Furthermore,
at varying depths of discharge, intercalation and conversion
mechanisms can couple to form complex multi-electron transfer
pathways. While these stepwise reactions enable high capacity,
they also tend to suffer from phase segregation, polarization, and
volume instability during cycling [19].

In this work, we address these limitations by introducing Cu
into an Fe-based sulfide system, forming CuFeS, (chalcopyrite)
as a model compound to investigate whether cation coupling
can modify the reaction pathway and improve electrochemical
performance in ASSBs, while also benefiting from the earth-
abundance and low cost of Fe [20]. The material was synthesized
via solid-state sintering of stoichiometric CuS and FeS precursors.
CusS is known to undergo a special type of conversion reaction
called a displacement reaction, in which the metallic Cu can

migrate over long distances (um range) during electrochemical
cycling, even in ASSBs [21]. While there is surprisingly high
reversibility in the Li/CuS system with lower polarization than
in other conversion electrodes, there remain kinetic limitations
that are at least partially related to the macroscopic displacement
of Cu [19]. To this end, Cu is introduced as an electrochemically
active component into an Fe-based sulfide system, enabling
us to investigate how Cu incorporation influences the reaction
environment of Fe and its electrochemical reversibility. Moreover,
we find that Cu* ions play a crucial role in modulating the elec-
trochemical environment around Fe-phases, thereby improving
its activity [22]. After equimolar mixing of CuS and FeS, the
ideal lithiation products of CuFeS, and a mixture of CuS and FeS
(herein referred to as CuS-FeS) are identical in the case of full
lithiation, as described by Equations (1) and (2).

CuFeS, + 4Lit + 4 e~ — Cu + Fe + 2Li,S ¢))

CuS + FeS + 4Li* + 4~ - Cu + Fe + 2Li,S )

However, despite identical overall conversion products, their
fundamentally different cation distributions provide a plat-
form to probe how structural integration influences reaction
pathways and reversibility. The differential capacity (dQ/dV)
analysis reveals fundamentally distinct reaction pathways, with
clearly separated voltage plateaus demonstrating independent
electrochemical behavior of the CuS and FeS components in
the physical mixture. Through comprehensive characterization
with XRD, XAS, and SEM-EDX, we were able to identify a
critical distinction in the reversibility of their mechanisms.
CuFeS, maintains excellent cycling stability through well-defined
intermediate phases (LiCuFeS,, Li;CuS,, and Li,FeS,). During
the initial discharge, Cu and Fe from LiCuFeS, decomposition
remain uniformly distributed. Subsequent discharge leads to
confined Cu crystallization within individual particles while
maintaining uniform Fe nucleation. The combined electronic
and ionic conductivity of Cu and Cu* phases facilitates Fe site
reactivation during charging, thereby promoting the reversal of
the conversion reaction. In contrast, while the CuS-FeS cathode
forms some analogous intermediates (Li;CuS, and Li,FeS,),
severe phase separation between Cu and Fe prevents complete Fe
site activation during charging and hence limits cycle life. Our
findings demonstrate that precise control of intermediate phase
distribution and formation of conductive networks are crucial for
optimizing conversion-type electrodes in solid-state batteries.

2 | Results and Discussion
2.1 | Synthesis and Structural Characterization of
CuFeS,

Phase-pure CuFeS, was obtained by the high-temperature solid-
state reaction of CuS and FeS precursors. Detailed synthesis
procedures are described in the Supporting Information. XRD
and Rietveld refinement confirm the phase purity of the synthe-
sized CuFeS, in an I42d space group (see Figure S1 and Table
S1). XPS of CuFeS, reveals a mixed chemical state comprised
of Cu?*/Cut, Fe**/Fe?*, and S,%>~/2S*~ (Figure S2). All sieved
particles exhibited similar size distributions, as confirmed by both
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FIGURE 1 | Electrochemical properties of the ASSB [Anode (In/InLi) | Lis sPS, 5Cl; s (LPSCI-1.5) | Cathode] with various CAM (CuFeS,, CuS-FesS,

or FeS) at 50 mA-g~!, 20°C, and 60 MPa stack pressure. The cathodes contain 55 wt% of CAM, 40 wt% LPSCI-1.5 SEs, and 5 wt% C65 conductive additive.
(a) Cycling performance and Coulomb efficiency of CuFeS,, CuS-FeS, and FeS cells. Corresponding voltage profiles for (b) CuFeS, and (c) CuS-FeS cells

showing the first, second, 107, 50, and 100™ cycles. (d) Rate capability comparison of CuFeS, vs. CuS-FeS cells at different current densities.

SEM imaging and laser diffraction particle size analysis (15-20 um
range), as shown in Figures S3 and S4. EDX elemental mapping
further demonstrated a homogeneous spatial distribution of Cu,
Fe, and S throughout the materials, verifying their uniform
chemical composition (see Figure S5).

2.2 | Electrochemical Properties of the ASSBs

ASSBs were fabricated with four distinct CAMs: (a) CuFeS,,
(b) CusS, (c) FeS, and (d) CuS-FeS composite cathodes with
LissPS,sCl, s (LPSCI-1.5) as SE, and all with controlled active
material loading of around 9.0 mg cm~2. Assembled cells were

cycled between 0.08 and 2.38 V vs. In/InLi at 20°C [23]. Assuming
full conversion, the loading corresponds to areal capacity values
between 5.0 and 5.5 mAh cm™2, depending on the CAM. All
capacity values in this work refer to the total mass of metal sulfide
unless otherwise specified. Figure 1a and Figure S7a show data for
the Coulomb efficiency (CE), which is here calculated by CE (%) =
Quis/ Qcng- Values for the initial Coulomb efficiencies approaching
120% indicate that charging is incomplete. This behavior is
typically observed in conversion reactions, particularly for larger
particles, and is further enhanced by the solid-state configuration
[24]. Stabilization of the Coulomb efficiency at 100%-101% is
found in subsequent cycles, reflecting the benefits of an initial
discharge activation process. The critical performance metrics

Advanced Functional Materials, 2026

30f13

85US017 SUOWWOD BAIER.D 3ot (dde a1 Aq peuenoB a2 sajoie O ‘88N 40 S8|nJ 10} Afeiq18UIUO A1 UO (SUOTIPUOD-PUE-SWLISIW0D" A3 1M Akeq1putjuo//Sdny) SUORIPUOD Pue SWie | 81 89S *[9202/80/TT] U0 ARIqiTauIuO AS|IM *BIUSD Yolessay HAWS Yoline WwniuezsBunysiod Aq 5859, Wipe/Z00T 0T/10p/Wod’ A3 1M Ake.q putjuo’peoueApe/sdny Wolj pepeo|umod ‘95 ‘920z ‘8Z0E9TIT



TABLE 1 | Properties of CuS, FeS, and CuFeS, as CAMs in ASSBs at 25°C.

CuS FeS CuFeS,
A,G° (kI mol™) —378.8 -3314 —-670.1
Number of transferred electrons (n) 2 2 4
Voltage (V vs. Li*/Li) 1.96 1.72 1.74
Voltage (V vs. In/InLi) 1.34 1.10 1.12
q., by weight (mAh g™) 561 610 587
qy, by volume (mAh cm™3) 2670 2952 2524
Volume expansion during lithiation (%) 72.3 90.6 62.2
Specific energy density (Wh kg™) 961 906 887
Volumetric energy density (Wh L) 3037 2663 2708
Conductivity (S cm™) 870 (293K) [9] 50 (333K) [25] 190 (300K) [26]
Mohs hardness 1.8 [21] 4.0 [27] 3.0-4.0 [28]

Note: The thermodynamic data were obtained using the HSC chemistry software database. As these materials do not inherently contain lithium, the theoretical
energy density was calculated by considering both the mass and volume of the active material as well as the lithium required to form the fully lithiated products.

The calculated volume expansion, specific energy density, and volumetric energy density are summarized in Table S2.

for CuS, FeS, and CuFeS, as CAMs in ASSBs are summarized
in Table 1, including their theoretical capacities, which are com-
parable across the investigated series. Despite universal capacity
fading, all cells demonstrate stable cycling over 100 cycles, with
different capacity retentions of CuS (264 mAh g, 75% retention)
> CuFeS, (207 mAh g™, 61%) > CuS-FeS (132 mAh g™, 40%) >
FeS (181 mAh g™, 35%), directly correlating with their different
mechanical stabilities and ionic/electronic conductivities, in both
the pristine state and during electrochemical cycling.

Voltage profiles are presented in Figure 1b,c and Figure S7b,c.
All materials except FeS exhibited similar initial charge/discharge
capacities (CuFeS,: 285/339 mAh g™!; CuS: 320/354 mAh g%; CuS-
FeS: 281/328 mAh g™'), with values ~200 mAh g™ below their
theoretical capacities, likely due to their large particle sizes. FeS
(442/518 mAh g™) exhibits a higher initial capacity compared to
the other materials, which may be associated with differences
in structural evolution during the early cycles. This exposes a
greater electrochemically active surface area, particularly in the
case of larger particle sizes [29]. Two independently assembled
CuFeS, and CuS-FeS cells were tested for cycling performance
(Tables S3 and S4). The voltage profiles of CuFeS, and CuS-
FeS cathodes exhibit distinct first discharge curves that differ
markedly from subsequent cycles, which is due to the pristine
chemical state of the active materials (e.g., mixed valence in
CuFeS,, see XPS of pristine material in Figure S2) that evolves
in subsequent cycles. To further elucidate the electrochemical
reaction mechanisms, dQ/dV analysis for all four CAMs is shown
in Figure S8. CuFeS, exhibits two broad reduction peaks at
11 V and 0.65 V vs. In/InLi, corresponding to its multi-step
metal conversion mechanism. However, after the first cycle,
these reduction peaks shift to higher potentials and stabilize,
suggesting the presence of irreversible reactions during the initial
discharge process. During the charging process, two oxidation
peaks appear at1.18 Vand 1.78 V vs. In/InLi. The first corresponds
to the oxidation of the Cu and Fe metal redox centers, which
are expected to overlap, while we attribute the second oxidation
process to S redox [30]. CuS exhibits two distinct redox peaks
during the initial cycles, corresponding to the sequential redox

processes of Cu?*/Cu* and Cu*/Cu®, although some S redox may
also take place [21]. By the 50" and 100™ cycles, the oxidation
process displays additional peaks. This behavior is attributed
to the complexity of the Cu-S phase diagram, which includes
multiple binary compounds with varying homogeneity ranges,
leading to the formation of diverse intermediate phases during
cycling [19, 31]. FeS exhibits a broad single reduction peak during
the first cycle, which shifts to a higher potential from the second
cycle onward, indicating an irreversible process in the first cycle
and/or initial polarization. This type of activation cycle is typical
for most conversion electrode materials [15, 32]. During the
charging process, a prominent oxidation peak appears at 1.20 V
vs. In/InLi, corresponding to the oxidation of Fe® [33]. A second,
much weaker peak is observed at 1.88 V vs. In/InLi is attributed
to a minor transformation of the S chemical state [34]. The mixed
CuS-FeS cathode exhibits dQ/dV peaks that simply combine the
individual signatures of CuS and FeS, indicating no synergis-
tic electrochemical interactions between the two components.
All cathode materials demonstrate measurable electrochemical
polarization during cycling.

The rate capabilities of different CAMs were systematically
assessed across current densities ranging from 20 to 500 mA g™!
(see Figure 1d; Figure S9). At all current rates, CuFeS, and CuS
demonstrated superior cycling stability compared to FeS and CuS-
FeS, as evidenced by their higher discharge capacities at each
rate. After cycling from 500 to 20 mA g}, the rate performance
followed the same trend and recovered to nearly the original
capacity levels. Two independently assembled CuFeS, and CuS-
FeS cells were tested for rate performance (Tables S5 and S6).
The rate-dependent behavior primarily reflects differences in
conductivity between the CAMs, as evidenced by the increasing
polarization in the voltage profiles from 20-500 mA g™ (see
Figure S10), which directly correlates with the observed reduction
in capacity at higher currents. The comparative electrochemical
analysis reveals that while CuS delivers optimal performance
due to its superior material properties, with the addition of
Fe to form CuFeS,, a high capacity retention is maintained at
significantly reduced material costs. Notably, the addition of Cu to
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make CuFeS, enables significantly enhanced capacity retention
relative to FeS, highlighting the synergistic advantages of the
bimetallic system. CuFeS, outperforms CuS-FeS composites,
demonstrating enhanced cycling stability, despite their similar
theoretical conversion reaction products. To further investigate
the origin of this improved performance, we examined differences
in the reaction mechanisms and morphological changes during
electrochemical cycling.

2.3 | Elucidating Reaction Mechanism
Differences

2.3.1 | Structural Evolution of CuFeS, Cathodes by SXRD

Due to distinct electrochemical behavior and capacity differ-
ences, ex situ synchrotron XRD (SXRD) was performed to study
differences in the reaction mechanisms. Figure 2 shows the
SXRD patterns for the CuFeS, and CuS-FeS cathodes at different
charge/discharge states. The SXRD patterns and corresponding
voltage profile of the CuFeS, cathode are shown in Figure 2a,
and a representative Le Bail fitting is presented in Figure S11
and Tables S7-S12. At OCV, only CuFeS, and LPSCI-1.5 are
observed, showing the high phase purity of the synthesized
CuFeS, and limited interaction during processing (see Figure Slla
and Table S8). The first new crystalline phase appears after the
first discharge plateau, where small amounts of LiCuFeS, are
detected alongside predominantly residual CuFeS, and LPSCI-
1.5. In LiCuFeS,, Li occupies the octahedral sites between sulfur
layers, and at low lithium concentrations Cu can easily migrate
into the tetrahedral sites of this layer as a Li,_,Cu,FeS, (0 <x <1)
solid solution phase [35]. Upon further discharge to 0.9 V, Li, FeS,
is found to develop, showing an initial elemental segregation
between Cu and Fe species. It should be noted that the Li,FeS,
phase is the endpoint of the isostructural Li,_,Cu, FeS, phase, and
aside from fitting the data, this phase can be visually identified
in the diffraction patterns based on the increased intensity at q
=1.85 A~1. Continued discharge to 0.65 V leads to the formation
of Li;CuS, and Cu® (Figure S11b and Table S9). Assuming only
ideal crystalline end-products at this stage leads to an inability
to balance the sulfur count strictly with these endmembers.
This points toward the presence of an unresolved Fe-containing
phase with low sulfur content (e.g., amorphous or nanocrystalline
FeS/Fe-rich sulfide domains or heavy antisite disorder), which
is further explored by XAS below. At full discharge to 0.08 V,
the Cu® fraction significantly increases and Li,S is also found,
supporting the overall conversion reaction mechanism. In this
case, crystalline Fe? is not observed by diffraction, consistent with
Fe residing in amorphous/poorly crystalline sulfide domains or
as ultrasmall metal clusters below the diffraction detection limit.
In the fully discharged state (Figure Slic and Table S10), Le Bail
fitting indicates the coexistence of a complex phase mixture of
Li,S, Cu®, LPSCI-1.5, Li,FeS,, Li;CuS,, LiCuFeS,, and residual
CuFesS,. This phase mixture includes all products associated with
the different reaction steps, which is likely attributed to the
initially large particle size and significant overpotentials during
the electrochemical process. During the charging process, Li,S
is consumed, and the amount of Cu® significantly decreases
following the first charging plateau at 1.18 V, leaving predomi-
nately Li,FeS, and Li;CuS,, and some residual Cu® crystals. Upon
further charging to 1.4 and 2.38 V, the SXRD patterns show the

reappearance of LiCuFeS, and CuFeS, as the primary phases,
coinciding with the complete disappearance of Cu® reflections.
The presence of mixed phases and low crystallinity in CuFeS,
at full charge (2.38 V) suggests partial irreversibility in the
reaction pathway, consistent with the dQ/dV behavior, which
shows shifted reduction peaks toward higher potentials after the
first discharge process. The second discharge process exhibits
voltage plateaus at higher potentials compared to the first cycle.
The electrochemical products maintain remarkable consistency
with the first discharge process, as evidenced by consistent phase
evolution at the different voltage plateaus. Significantly, refine-
ment confirms complete CuFeS, consumption in subsequent
cycles (see Figure S11d and Table S11), demonstrating that initial
cycling activates the bulk material over time. After 50 cycles, the
cathode is found to undergo a more extensive reaction, with the
formation of Li,S and Cu® discharge products, suggesting more
sluggish reaction kinetics after long-term cycling (Figure Slle and
Table S12).

2.3.2 | Structural Evolution of CuS-FeS Cathodes by
SXRD

According to the dQ/dV results, the equimolar CuS-FeS mixture
exhibited no synergistic electrochemical behavior between CuS
and FeS. The SXRD patterns also reveal the evolution of distinct
phases corresponding to CuS and FeS, respectively. The SXRD
patterns and corresponding voltage profile of the CuS-FeS cath-
ode are presented in Figure 2b and a representative Le Bail fitting
is presented in Figure S12 and Tables S13-S18. Already at OCV
there are some unexpected phases when fitting the XRD patterns
(see Figure S12a and Table S14). Rather than just containing Cus,
FeS, and LPSCI-1.5, there was a small contribution of additional
unidentified species. Examining the pristine commercial precur-
sor materials made it clear that these unidentified compounds
correspond to additional Fe,S, impurities, including FeS,, and
two different phases of Fe,S; (P 31 2 1 and C12/c 1), and these
compounds were included in subsequent fittings (see Figure S12b
and Table S15). The initial structural changes occur following
the first voltage plateau (0.9 V), where CuS converts to a-LiCuS
while pristine FeS remains unreacted. Upon further discharge to
0.7 V (second voltage plateau), a-LiCuS undergoes conversion
into Cu® and Li;CuS,, whereas FeS persists in its pristine state.
At the first full discharge (0.08 V), a new Li,S phase emerges (as
evidenced by a peak at g = 1.90 A1), coexisting with Li,CuS, and
crystalline Cu®. Notably, unlike the case of CuFeS,, no Li,FeS,
formation is observed in the CuS-FeS cathode during discharge.
However, the weakening of FeS reflections suggests its gradual
conversion to Fe° and Li,S rather than Li,FeS,. Le Bail fitting of
the fully discharged state (see Figure S12c and Table S16) con-
firms a multiphase composition, including Li,S, Cu®, LPSCI-1.5,
Li;CuS,, and residual FeS. While no crystalline Fe was observed
after the first discharge, similar to CuFeS,, we can nevertheless
anticipate its formation based on the conversion reaction, but
this must be confirmed with additional techniques, like XAS as
discussed below. The conversion reaction products derived from
CuS demonstrate reversibility during the subsequent charging
process. Initially, the discharge products (Li,S and Cu®) reconvert
to Li;CusS, at the first charge voltage plateau (1.2 V). Upon further
charging to the second plateau (1.5 V), Li;CuS, transforms into
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FIGURE 2 | Exsitusynchrotron XRD patterns (SXRD) of (a) CuFeS, and (b) CuS-FeS cathodes during the first cycle and following second discharge
process at different cell voltages when cycled at 50 mA g~!, plotted as a function of scattering vector q (1 = 0.207379 A).

B-LiCusS, accompanied by the disappearance of Cu®. At full charge
(2.38 V), partial conversion of §-LiCuS to Cu,¢S is observed,
indicating that the original CuS phase is not regained during
charging. This is consistent with previous reports [31]. However,
the Li,_,FeS, (0 < x <1) phase forms after the first charge plateau
and persists throughout the charging process. Even at the fully
charged state, the Li,_,FeS, phase remains detectable, indicating
that only a portion of Fe participates in the reaction to form the
Li,_,FeS, layered material, while some Fe loses electrochemical
activity. While Li,_ FeS, demonstrates mixed ionic-electronic
conductivity, the progressive electrochemical deactivation of Fe°
and Li,S during cycling leads to continuous capacity degradation
[36]. This phenomenon directly correlates with the observed
cycling instability in FeS-containing cathodes (see Figure 1la;

Figure S7). The second discharge process differs fundamentally
from the first, as it begins with pre-existing phases (5-LiCusS,
Cu,S, and Li,_,FeS,) rather than pristine CuS and FeS. This
compositional difference explains the positive shift in reduction
peaks observed in the dQ/dV profiles. While the CuS-derived
conversion products show similar behavior between cycles, the
Li,_,FeS, phase undergoes a two-step reaction: first delithiation,
followed by conversion to Fe® and Li,S. Interestingly, after the
second discharge to 0.08 V, Fe reflections become visible in
the SXRD patterns where they were not observed after the first
discharge (see Figure S13). Otherwise, the phase composition of
the second discharge products matches that of the first discharge,
demonstrating consistent electrochemical behavior during sub-
sequent cycles (see Figure S12d and Table S17). After 50 cycles,
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FIGURE 3 | Exsitu XAS spectra of CuFeS, cathodes. Ex situ XANES spectra for the (a) Cu K-edge, (b) Fe K-edge, and (c) S K-edge for OCV, first
discharge to 0.08 V, first charge to 2.38 V, second discharge to 0.08 V. Ex situ Fourier transforms of the EXAFS spectra for the Cu K-edge during the

(d) first discharge process, (e) first charge process, and (f) second discharge process. Corresponding Fourier transforms of the EXAFS spectra of the
Fe K-edge during the (g) first discharge process, (h) first charge process, and (i) second discharge process. (j) Voltage profile highlighting the different

measurement voltages shown in (d-i) for a CuFeS, cell.

Fe® becomes undetectable by SXRD, but FeS remains, suggesting
limited reaction kinetics for FeS, possibly due to growth of large
and inaccessible domains (see Figure S12e and Table S18).

2.3.3 | Evolution of Oxidation States and Local Structure
of CuFeS, Cathodes by XAS

To further elucidate the reaction mechanism in CuFeS, and CuS-
FeS cathodes, XAS was employed to investigate oxidation state
changes and the local structural evolution at the Cu, Fe, and
S K-edges. In Figure 3a, the Cu K-edge spectra for CuFeS, at

OCV and the first charge (2.38 V) exhibit slight but measurable
changes, suggesting minimal changes in the Cu oxidation state.
Meanwhile, the first and second discharge (0.08 V) exhibit strong
overlap, indicating a highly reversible electrochemical behavior
of the Cu species. In Figure 3b, the same states of charge are
shown for the Fe K-edge. At OCV a distinct pre-edge feature
at 7113 eV is observed, which is characteristic of tetrahedrally
coordinated iron sulfides [37]. This feature reappears after charg-
ing to 2.38 V, demonstrating significant structural reversibility.
However, the Fe K-edge of the second discharge (0.08 V) shifts
to lower energy compared to the first discharge (0.08 V), sug-
gesting sluggish redox kinetics of Fe phases in the initial cycle.
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The corresponding EXAFS spectra (Figure 3d-i) reveal that Cu
undergoes progressive reduction and Cu—Cu bond formation
during discharge, which is fully reversible upon charge. Fe
shows the expected solid-solution behavior in LiCuFeS,/Li,FeS,
at intermediate potentials and develops reduced Fe domains at
deep discharge, consistent with a mixed and highly disordered
(amorphous or nanocrystalline) state that remains undetected
by SXRD, although contributions from Fe-rich sulfide phases
with short-range order cannot be excluded. A comprehensive,
voltage-resolved discussion of all Cu, Fe, and S K-edge XANES
and EXAFS spectra, including additional intermediate states, is
provided in the Supporting Information.

2.3.4 | Evolution of Oxidation States and Local Structure
of CuS-FeS Cathodes by XAS

XAS measurements were also performed at the Cu, Fe, and S K-
edges for the CuS-FeS cathodes, and the XANES spectra for OCV,
first discharge (0.08 V), first charge (2.38 V), and second discharge
(0.08 V) are presented in Figure 4a-c. Figure 4a reveals some
small but measurable changes in the Cu K-edge spectra between
the OCV state and first charge (2.38 V), indicating that while the
reaction is largely reversible, there exists a mixture of products
during the first cycle. During the first discharge, the Cu K-edge
shifts to lower energy, reflecting reduction of Cu species, and
a minor offset relative to the second discharge suggests a small
degradation of Cu redox activity upon cycling.

In contrast, the Fe K-edge spectra (Figure 4b) show that the
distinct pre-edge feature at 7113 eV observed at OCV disap-
pears irreversibly upon charging to 2.38 V, indicating a perma-
nent structural transformation and the formation of new Fe-
containing phases. Nevertheless, the first and second discharge
spectra overlap strongly, demonstrating reproducible formation
of the same Fe-containing discharge products, consistent with
the SXRD results. The corresponding Fe K-edge EXAFS evolution
reveals minimal Fe participation during the initial conversion
of CuS, followed by a sharp decrease in the amplitude of the
EXAFS spectra at 0.7 V as Fe—S bonds break and FeS begins
to be amorphized. At deeper discharge, the EXAFS spectra
show increased Fe-S distances and the appearance of higher-
R features, suggesting the formation of partially lithiated FeS,
intermediates and, ultimately, reduced Fe-containing domains
within a mixed and structurally disordered state. The low ampli-
tude of the longer-distance EXAFS features indicates limited
structural order (amorphous or nanocrystalline character), in
agreement with the absence of corresponding reflections in
SXRD. During charging, contraction of the Fe-S coordination
at the first voltage plateau marks substantial structural recon-
struction toward Li,_ FeS,, although further charging leads to
only partial reformation of FeS. The second discharge proceeds
with more gradual changes in Fe-S coordination and higher
overall EXAFS intensities, demonstrating improved reversibility
and increased Fe® crystallinity at full discharge, again consistent
with SXRD. The S K-edge XANES (Figure 4c) further confirm
these redox processes. The discharged state (0.08 V) exhibits
two broad peaks characteristic of Li,S formation. In the sec-
ond discharge, these features shift slightly to higher energy,
suggesting a more complete conversion, possibly facilitated by

improved electronic conductivity in Li,_,FeS, [38]. In contrast,
the spectra at OCV and after the first charge (2.38 V) exhibit broad
peaks near 2473.6 and 2477.0 eV, showing features corresponding
to S, and S° species at systematically lower energies than
those in CuFeS,, consistent with the oxidation of sulfur to
higher valence states (S,>~—S°) during charge and confirming
the electrochemical generation of defective Cu, ;S and elemental
sulfur.

Taken together, these XAS results confirm that Fe in the CuS-
FeS composite undergoes a two-step electrochemical process: (i)
an initial conversion from FeS to Fe® and Li,S during the first
discharge, followed by (ii) partial reversibility through formation
of Li,_,FeS, during charge. However, unlike in CuFeS,, the Fe
redox process in CuS-FeS remains largely decoupled from that of
Cu, and no synchronous phase transformation is observed. The
formation and stabilization of Li,_,FeS, during cycling leads to
partial Fe electrochemical activity loss and structural hysteresis,
consistent with the progressive capacity fade observed electro-
chemically. The stronger Fe? features and enhanced reversibility
during the second discharge indicate that prior structural reor-
ganization facilitates more complete conversion, but at the
expense of increasing heterogeneity and phase segregation during
cycling. These results indicate that the distinct intermediate
phase evolution between CuFeS, and CuS-FeS is fundamentally
governed by their intrinsic structural characteristics. Specifi-
cally, the single-phase CuFeS,, with homogeneous cation dis-
tribution, enables continuous formation of intermediate phases
throughout the matrix, whereas the phase-separated CuS-FeS
mixture leads to spatially confined reactions within individual
particles.

2.3.5 | Morphological and Elemental Evolution of
CuFeS, and CuS-FeS Cathodes by SEM/EDX

The XAS results clearly demonstrate the oxidation state changes
and local structural evolution during electrochemical cycling.
The CuFeS, cathode maintains superior structural stability and
reversibility, as evidenced by the highly reversible changes in
both XANES and EXAFS spectra. Moreover, Cu and Fe species
in CuFeS, undergo phase conversion simultaneously at similar
potentials. In contrast to the synchronous redox behavior in
CuFeS,, the CuS-FeS system demonstrates decoupled phase
evolution for Cu and Fe species. This distinct behavior is directly
reflected in the markedly different evolution of the Fe-EXAFS
spectra in CuS-FeS compared to CuFeS, during cycling, which
reflects their phase-separated electrochemical responses. It is
noteworthy that despite these differences in reaction pathways,
the phenomenological analysis of the EXAFS spectra indicates
the formation of Fe® at low discharge (0.08 V) in both cathode
systems. Although the reaction pathways have been clearly
elucidated, the underlying mechanisms governing the mechan-
ical evolution during the conversion reaction are still not fully
understood. To further elucidate the origin of these distinct
electrochemical and structural behaviors, the morphological and
elemental evolution of the cathodes was examined by SEM
and EDX mapping. These analyses provide insight into particle-
level changes, element redistribution, and phase separation
phenomena accompanying the conversion reactions.
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FIGURE 4 | Exsitu XAS spectra of CuS-FeS cathodes. Ex situ XANES spectra for the (a) Cu K-edge, (b) Fe K-edge, and (c) S K-edge for OCV, first

discharge to 0.08 V, first charge to 2.38 V, second discharge to 0.08 V. Ex situ Fourier transforms of the EXAFS spectra of Cu K-edge: (d) first discharge
process, (e) first charge process, and (f) second discharge process. Ex situ Fourier transforms of the EXAFS spectra of Fe K-edge: (g) first discharge
process, (h) first charge process, and (i) second discharge process. (j) Voltage profile highlighting the different measurement voltages shown in (d-i) for

a CuS-FesS cell.

SEM imaging and EDX mapping (Figure 5) reveal distinct mor-
phological and elemental evolution in the two cathode systems.
In CuFeS,, Cu and Fe are initially co-localized within the same
particle domains at OCV. During the first discharge, some Cu
is observed to remain with Fe distributed within the CAM
particle matrix, while bright Cu spots are found to segregate
into discrete metallic domains, demonstrating reversible phase
separation. Upon charging, Cu redistributes, restoring a uni-
form Cu-Fe distribution, and the second discharge reproduces
this reversible behavior. After extended cycling (50 cycles), Cu
exhibits broader migration beyond the initial particle bound-
aries and into adjacent regions of the solid electrolyte, while

Fe remains localized, indicating strong synergistic coupling
that stabilizes the composite structure. In contrast, the CuS-
FeS composite displays persistent phase separation where Cu
undergoes pronounced aggregation into metallic domains during
discharge, whereas Fe retains a homogeneous distribution within
individual particles throughout cycling. Long-term cycling shows
continued Cu migration, but Fe remains largely segregated.
These observations corroborate the decoupled redox behavior
revealed by XAS and SXRD and highlight how particle-scale
phase segregation and elemental migration govern the differing
electrochemical performance and cycling stability of the two sys-
tems. Further discussion including representative EDX spectra,
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discharge (0.08 V), and (1) 50t charge (2.38 V).

region-of-interest (ROI) analyses, and detailed mapping of minor
elements (P, Cl, S) are provided in Supporting Information and
Figures S19-S25.

2.4 | Reaction Pathways of CuFeS, and CuS-FeS
Cathodes

The electrochemical reactions in ASSBs are frequently hampered
by polarization and inadequate interfacial contact, leading to
incomplete conversion and a mixture of residual and intermedi-
ate products. Our analysis delineates the actual reaction pathways
for CuFeS, and CuS-FeS cathodes (Figure 6a,b). Furthermore,
a key finding is that the CuS-FeS cathode follows a different
mechanism in the first discharge process than in the following
cycles. These results clearly reveal that Cu and Fe species undergo
progressive phase separation into increasingly larger domains
during cycling. However, CuFeS, maintains superior structural
stability, with Cu and Fe remaining homogeneously distributed
within the entire particle domain. This bulk-scale atomic inte-
gration enables synergistic effects, where the combined electronic
and ionic conductivity of Cu and Cu* phases help to maintain the
Fe redox activity during cycling. In contrast, the CuS-FeS system
exhibits complete phase segregation between Cu and Fe species,
leading to electrochemically isolated Fe domains that readily lose
their redox activity. This structural separation, coupled with the
formation of defective Cu, ¢S and the irreversible passivation of
Fe active sites, results in severe and rapid capacity degradation
during cycling.

3 | Conclusion

CuFeS, was synthesized via solid-state sintering of an equimolar
CuS-FeS mixture. Both CuFeS, and the equimolar CuS-FeS
composite were used as active materials to assemble ASSBs.
By combining galvanostatic cycling, XRD, XAS, SEM, and EDX
analyses, we found that both materials undergo a displacement
reaction with lithium, resulting in the macroscopic phase separa-
tion of Cu®, Fe°, and Li,S. However, a key difference lies in their
reversibility: CuFeS, achieves a much more reversible cycling
through intermediate products such as LiCuFeS,, Li;CuS,, and
Li,FeS,. During the initial discharge, Cu and Fe species from
LiCuFeS, decomposition remain uniformly distributed within
the particle domain. Upon further discharge, Cu aggregates into
crystalline domains confined to individual particles, while Fe
nucleates uniformly within a single particle. During charging,
the combined electronic and ionic conductivity of Cu-related
phases activate Fe reaction sites, enabling highly reversible
conversion. In contrast, although the CuS-FeS cathode forms
similar intermediates (Li;CuS, and Li,FeS,), pronounced phase
separation between Cu and Fe species inhibits the activation of
some Fe sites. This structural segregation, combined with the
formation of defective Cu, ¢S and irreversible passivation of Fe
active sites, leads to rapid capacity degradation compared to
CuFeS,. The electrochemical performance further underscores
the superiority of CuFeS,, which delivers a capacity of 207
mAh g! with a retention of 61.0% after 100 cycles, significantly
outperforming the CuS-FeS phase mixture (132 mAh g™' and
40.2% over the same period). At the same time, CuFeS, shows

10 of 13

Advanced Functional Materials, 2026

85US017 SUOWWOD BAIER.D 3ot (dde a1 Aq peuenoB a2 sajoie O ‘88N 40 S8|nJ 10} Afeiq18UIUO A1 UO (SUOTIPUOD-PUE-SWLISIW0D" A3 1M Akeq1putjuo//Sdny) SUORIPUOD Pue SWie | 81 89S *[9202/80/TT] U0 ARIqiTauIuO AS|IM *BIUSD Yolessay HAWS Yoline WwniuezsBunysiod Aq 5859, Wipe/Z00T 0T/10p/Wod’ A3 1M Ake.q putjuo’peoueApe/sdny Wolj pepeo|umod ‘95 ‘920z ‘8Z0E9TIT



(a) 3 .
e (e CuFeS, + LiCuFeS,
ST
o T oy A B P
nol’n o d: S tz{tq;: i n.vn LS 4/0
5 B 38 b B "n“'dﬂ a Al
F— B B L2 E
-=l 2 CuFesS, o i oCoOOO B e
— -
£ | oo
'; o e P g i 0¥Y0g
E Sty LisFes, + LiCusS, + Cu 9
=
S s Q_ CuFeS; + LiCuFeS,
S 2 0000 o o
(=} Cu Ry R o 0%0p
> Li,FeS, + Li,CusS, + Cu T . o i %% o
R h R %o 09000 o P
0 W= Wi o e 09000 o
e N . 00%0 0 5 .
{i Ry SR, 00000 Li,FeS, + Li,CuS, + Li,S + Cu + Fe
T T T L]
0 200 400 600 800
Capacity / mAh g
(b) * : :
¥ o i . . % &
{ = i: o8 n“’qx ] z,l*‘t; &
v LK 8 b o 3 s
- gl : y : P °or°°o°oo B Li, FeS, + Cu, ¢S + B-LiCus
E 2] $ o - L of 00° oOg\‘x,q’)u
= CusS + FeS R 0Y00%  j,, FeS, + Li;,Cus, 0900% * e
£ Qo . %0% + Cu + B-LiCuS %0% |4
@ no_ 0%0g° [ 0%0g° o
; %ﬂ Li,FeS, + Li,Cus, + %. Li,FeS, + Cu, ¢S +
< : -LiCusS + Li,CuS, + Cu
=0 Srticus + Fes ez °z e
) iy y 0¥09
o 3 TR e 0% e—LijFeS, +Li,Cus, + Cu
% 9 B Ry 09000
> 9 cu  Li;CuS, + Cu +FeS
0000 i 09000 o o° o°
O Fe O 9% + R “00% o ) ]
0 ; 00%0 —_— e %0 —
WK 09000 HR o 0900 ., 0P o
- LisCuS, + Cu + FeS + Li,S + Fe
T T T T T T
0 200 400 600 800 1000
Capacity / mAh g

FIGURE 6 | Reaction pathways of CuFeS, and CuS-FeS cathodes for the initial cycles. The actual phase evolution of (a) CuFeS, and (b) CuS-FeS
cathodes during the discharge/charge process. Residual FeS always exists in the CuS-FeS cell. Therefore, the FeS crystal structure is not shown for other

electrochemical states in the figure. The figure was drawn with reference to the illustration reported by Zou et al. [31].

enhanced rate performance which can be attributed to the
synergistic interaction between Cu and Fe compounds.

This study demonstrates that displacement reactions in the solid
state can be fairly stable in solid-state cells despite showing large
volume changes. The CuFeS, cathode avoids complete phase
separation in the mixed state, while the combination of Cu and
Fe has the added benefits of cost reduction and enhanced Fe
activity. These findings provide the most detailed understanding
to date of the reaction mechanism of CuFeS, in rechargeable Li
cells and propose an effective strategy for regulating intermediate-
product distribution and introducing highly conductive active
components toward high-performance ASSBs.
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