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Fe-doped CuCo,S, thiospinel as a high-
performance oxygen electrocatalyst for
rechargeable all-solid-state zinc—air batteries
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Jayanta Parui,? Tisita Das (22 and Aditi Halder (2 *©

The commercial viability of rechargeable zinc—air batteries (ZABs) is hindered by their poor round-trip
efficiency, the dendritic growth of the anode and expensive cathode electrocatalysts with limited stability
and durability in alkaline media during prolonged operation. Thus, exploratory research studies are
essential to replace these platinum-group noble metal catalysts with other stable transition metal oxides.
In this work, we demonstrate the facile one-step hydrothermal synthesis of Fe-doped CuCo,S4
thiospinels. Both experimental and theoretical analyses confirm that Fe incorporation into the CuCo,S4
lattice markedly enhances its electrocatalytic activity for the ORR and OER compared with the undoped
material by modulating the electronic structure and elevating the metal valence states. The optimized
composition, Feg 03CuCo0,S,4, exhibits outstanding bifunctional activity with an oxygen reduction reaction
(ORR) onset potential of 0.89 V vs. RHE, a half-wave potential (E1/;) of 0.80 V vs. RHE, and an oxygen
evolution reaction (OER) overpotential of 330 mV at 10 mA cm™2, resulting in a low bifunctional voltage
gap (AE) of 0.76 V. Furthermore, a prototype ZAB assembled using Feq osCCS as the air cathode delivers
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a peak power density of 82 mW cm™2 and a specific capacity of 803.4 mA h gz, 1 The battery

demonstrates excellent cycling stability, maintaining performance over 200 cycles (75 hours) at 5 mA
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with 20 minutes charge—discharge intervals. During the depth of discharge study for extended

charge—discharge durations (up to 6 hours cycles), the ZAB retains impressive stability for over 50 hours.
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Introduction

Fossil fuel-based energy systems are largely responsible for the
economic expansion and modernization of growing econo-
mies." However, the declining fossil fuel reserves, coupled with
the rising global energy demand, pose a serious threat to the
long-term sustainability of the global energy supply.” To foster
a sustainable energy ecosystem, it is important to utilize
renewable energy resources.® Unfortunately, the intermittent
nature of renewable energy makes it vulnerable during practical
applications.* Hence, to ensure the uninterrupted use of
renewable energy, it is important to store it using energy storage
devices. This allows users the flexibility and keeps a balance
between the supply and demand chains, not restricted by the
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This study highlights a promising strategy for designing efficient bifunctional electrocatalysts, paving the
way for practical applications in next-generation zinc—air batteries.

period of abundance. Therefore, the development of alternative
electrochemical energy storage systems (like Zn-air batteries)
and conversion systems (e.g. fuel cells) will build a sustainable
ecosystem to address the energy crisis of the 21st century for
sustainable and clean energy technology.>”

Among many kinds of metal-air batteries, the zinc-air
battery has attracted serious attention due to its low cost,
environmental friendliness and high theoretical energy density
(1086 Wh kg™ ').>'° The operating voltage of the zinc-air battery
is around 1.65 V,* which is not a very high voltage for degrading
the electrolyte in the aqueous medium. In terms of cost
comparison, Li ion batteries cost between $200 and $250 per
kWh, whereas zinc-air batteries cost only $150 per kWh. An
efficient rechargeable zinc-air battery requires a bifunctional
electrode material, which could efficiently perform the oxygen
reduction reaction (ORR) during discharging and the oxygen
evolution reaction (OER) during charging.”*** Unfortunately,
both these processes involve multielectron and multistep
transfer processes, making the reaction kinetics sluggish.'>*”
The sluggish kinetics for OER and ORR increase the voltage gap
between charging and discharging cycles, which leads to a low
round-trip efficiency of zinc air battery in a range from 55 to

This journal is © The Royal Society of Chemistry 2026
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65%.'® To lower the cost of the battery and to maintain a stable
energy supply, it is important to develop and design an
improved cathode material with good bifunctional activity.

There are many strategies adopted by different research groups
to improve the bifunctional activity of the electrode in the
rechargeable ZAB."*' Two well-adapted strategies to improve the
reversible capacity and electrochemical energy storage in batteries
is surface structure engineering and interlayer spacing expan-
sion.”” Heteroatom insertion in the crystal lattice is found to be
effective in regulating the physicochemical properties of the elec-
trode materials at the atomic level.**** Recently, ternary thiospinel
(AB,S4)*** materials have gained more attention as oxygen
bifunctional electrocatalysts. Thiospinels have two metal ions (A**
and B**) occupying a tetrahedral site and an octahedral position
with a sulfur atom in a closely packed crystal structure, respec-
tively.”” Such a structure with many redox centers can facilitate
low-energy electron hopping between various metal cations,
improving electrical conductivity and providing a large number of
active sites for oxygen species adsorption and desorption.*®

In this work, we explore a spinel chalcogenide (CuCo,S,) as
a bifunctional cathode material for zinc-air batteries. We
systematically introduce Fe as a dopant into the spinel lattice
without disrupting its original crystal structure. The atomic radii
of Fe and Co are very similar (125 pm and 126 pm, respectively),
and their comparable size facilitates the substitution of Co®* with
Fe*" within the CuCo,S, framework (Fig. 1). This incorporation
leads to a slight lattice expansion and improves the electro-
chemical reaction kinetics by optimizing the electronic structure
and active-site configuration. Lattice strain, both compressive and
tensile, can tune the intermediate binding strength and modulate
the electronic configuration of transition metal cations, which
consequently enhances the catalytic activity. A similar observation
is also noted here. The undoped CuCo,S; shows excellent
bifunctional activity with a half-wave potential of 0.76 V for the
ORR and an overpotential of 370 mV at 10 mA cm ™ for the OER,
leading to a bifunctional activity (AE) of 0.84 V, which is capable of
producing a power density of 52 mW cm 2 and a specific capacity
of 748.8 mA h gz, '. The systematic doping of Fe in CuCo,S,
improves the bifunctional activity, achieving a positive half-wave
potential of 0.80 V for the ORR and an overpotential of 330 mV
at 10 mA cm? for the OER, leading to a bifunctional activity of
0.76 V, which leads to the maximum power density of 82 mW cm >

—
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Fig. 1 Schematic of the crystal structure of Fe-doped samples
Fe,CCS.
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and a specific capacity of 803.4 mA h gz, *. The maximum round-
trip efficiency is found to be 61.72%. The optimization of the
dopant Fe in the spinel chalcogenide is crucial. Our experimental
data show that excessive Fe doping leads to the failure of the
performance and phase segregation. Thus, the systematic and
calculated doping of Fe in CuCo,S, is important to improve its
battery performance and rechargeability. Theoretical DFT calcu-
lations also reveal that the overpotential values decrease signifi-
cantly on the doped surface, and the Co site is the best possible
active site with the lowest overpotential among all the considered
active sites. Substitutional doping modifies the local electronic
structure and directly influences the electron transfer between the
surface and adsorbates, thereby facilitating the OER process and
improving the bifunctional activity.

Experimental section

Chemicals and materials

Cobalt(u) acetate tetrahydrate [Co(CH3;C0OO),-4H,0, 99%] and
ethylene diamine (EDA) (99.5%) were purchased from SRL
Chemicals. Cupric acetate monohydrate [Cu(CH;COO),-H,0,
99.0%], a pure sulphur powder and KOH were purchased from
Loba Chemicals. Iron(m) chloride hexahydrate [FeCl;-6H,0] was
purchased from Himedia, while Pt/C and RuO, were purchased
from Alfa Aesar and Sigma Aldrich, respectively. A Nafion 5 wt%
solution was purchased from Metnmat Innovations. All chem-
icals were used without further purification.

Synthesis of pure copper cobalt sulfide (CCS)

Briefly, to synthesize copper cobalt sulfide (CCS), 1 mmol of
copper acetate (0.1996 g) and 2 mmol of cobalt acetate (0.4982 g)
were dissolved in 30 mL of deionized water under vigorous
stirring for 10 minutes to form a homogeneous solution. In
a separate beaker, an S-EDA complex was prepared by adding
4 mmol of sulphur powder to 3 mL of ethylene diamine. The
deep-red complex was then added dropwise to the homoge-
neous solution of copper acetate and cobalt acetate with
constant stirring to form a dark-brown solution. The dark-
brown solution was transferred to a Teflon-lined hydro-
thermal autoclave and heated to 180 °C for 12 h in an oven. After
12 h, the hydrothermal autoclave was allowed to cool naturally
to room temperature, and the black precipitate was collected
through centrifugation and washed several times with DI water
and ethanol. The collected sample was dried in an oven at 50 °C.
The synthesis scheme is given in Fig. 2(a).

Synthesis of Fe-doped samples Fe,CCS

The Fe-doped samples were synthesized following the same
procedure with varying amounts of FeCl;-6H,O added to the
copper acetate and cobalt acetate precursor solution, followed by
the dropwise addition of the S-EDA complex and subsequent
hydrothermal reaction. The elemental composition of the Fe,-
CuCo,S; samples was quantified using inductively coupled
plasma mass spectrometry (ICP-MS). The obtained Fe, Cu, and Co
ratios confirmed the successful incorporation of Fe into the
CuCo,S, (Table S1).
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Fig. 2
spectra of CuCo,S4 and Fe,CuCo,S4 (X = 0.01, 0.03, 0.05 and 0.07).

Physical characterisation

The crystal structure examination was done with the help of
Rigaku MiniFlex. The diffractions were recorded in the 26 range
from 10° to 85° at a one-degree scan rate with Cu Ko radiation (A =
0.154 nm). Raman spectra were recorded using LabRAM HR
Evolution, Horiba Jobin Vyon, with a 532 nm laser. The morpho-
logical analysis of the catalyst was done using a field-emission
scanning electron microscope (FE-SEM) facility (Nova Nano SEM
450). Further, high-resolution transmission electron microscopy
(HRTEM) was performed using a Tecnai G2 20 S-TWIN TEM at an
acceleration voltage of 200 kV employing LaBs as an electron
source. The surface and chemical composition analyses of the
catalyst were performed by X-ray photoelectron spectroscopy using
Thermo Fisher Scientific Nexsa, employing Al-Ka. (A = 1486.6 eV).
All the binding energies were calibrated with the C 1s peak at
284.8 eV.

Electrochemical characterisation
OER studies

All electrochemical studies were performed with a conventional
three-electrode assembly in a single-compartment cell, wherein
a glassy carbon electrode (GCE, @ = 5 mm) containing the drop-
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(a) Schematic of the synthesis of Fe,CuCo,S4. (b) XRD patterns of CuCo,S,4 and Fe,CuCo,S4 (X = 0.01, 0.03, 0.05 and 0.07). (c) Raman

coated catalyst acted as the working electrode (WE), a Pt wire
acted as the counter electrode, and Ag/AgCl (3 M KCl) served as
the reference electrode. The electrochemical measurement was
done with the help of an electrochemical workstation (Autolab,
Metrohm) using a N,-purged 1 M KOH solution as the electro-
lyte. Before each analysis, the GCE was cleaned with an alumina
slurry of different grits (1, 0.3 and 0.1 pm grain sizes, respec-
tively) and washed with deionized water. Electrochemical
impedance spectroscopy (EIS) measurements were performed
in the frequency range from 1 MHz to 0.1 Hz. To prepare the
working electrode for electrochemical measurements, 3 mg of
the powder catalyst, mixed with 3 mg of Vulcan carbon, was
dispersed in a blend of deionized water and isopropyl alcohol
(2:1) containing 15 pL of the Nafion solution (5 wt%) as
a binder, and it was ultrasonicated for 30-40 min to form
a homogeneous catalyst ink. The loading of the catalyst ink on
the GCE was kept at 99.6 pg cm 2. All the potentials were
referred to the RHE for convenience, and the current density
was normalized by dividing the obtained current by the
geometric area of the electrode.

ORR studies

To evaluate the ORR activity of the synthesized catalyst, hydro-
dynamic experiments, namely, rotating disk electrode (RDE)

This journal is © The Royal Society of Chemistry 2026
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and rotating ring-disk electrode (RRDE) measurements, were
performed in 0.1 M KOH. The experiments were performed at
various rotation rates between 225 and 2025 rpm at a scan rate
of 5mV s ' in a three-electrode assembly using a glassy carbon
disk-Au ring (@ = 5.5 mm) ring-disk electrode from Pine
Research Instrument Inc., USA, as a WE with 10 pL (200 pg
cm ™ ?) of the catalyst slurry drop-coated on the GCE disk. The
measurements were performed under an inert atmosphere
(purged with N,) and in an oxygen (O,)-saturated medium by
bubbling it through the electrolyte for 30 min before the start of
the experiment, and then, a constant flow was maintained
above the electrolyte throughout the measurements.

Rechargeable aqueous zinc—air battery

For practical application, an aqueous rechargeable ZAB was
assembled in a two-electrode setup. The cathode part was
designed using a porous carbon paper (1 cm x 1 cm) coated
with the catalyst ink as a support. The catalyst ink was prepared
by dispersing 5 mg of the catalyst with 10 mg of Vulcan carbon
in a mixture of IPA (485 pL) and DI water (485 pL) with the
addition of 30 puL of the Nafion solution (5 wt%). Then, 150 pL of
the catalyst ink was drop-casted over the carbon paperina1cm
x 1 cm area. A polished Zn foil with the same area was used as
an anode. The electrolyte used for the aqueous ZAB testing was
6 M KOH with 0.2 M Zn(acetate),.

Rechargeable solid-state zinc—air
battery

Further, Fe, (3CCS catalysts were also used in solid-state zinc—
air batteries to explore their wider applications. The cathode
was made using a conductive carbon cloth as the substrate, and
200 pL of the ink containing the active catalyst was drop-casted
over 1 sq. cm” area of the carbon cloth, resulting in a loading of
1 mg cm % A PVA KOH membrane was used as the active solid-
state electrolyte, which was prepared using 1.5 g of PVA in
12 mL of water at 80 °C till the solution became viscous. Then,
3 mL of 9 M KOH was added to the solution with constant
stirring. Then, the solution was poured into a glass Petri dish
for drying. After drying, the PVA KOH membrane was dipped in
6 M KOH for further saturation of the electrolyte in the
membrane. Further, this membrane was sandwiched between
the cathode and zinc anode to make the solid-state battery.

Results and discussion

Undoped CuCo,S, is in the spinel phase with the space group of
Fdsm. The thiospinel CuCo,S,, having the general formula
AB,S,, is composed of trivalent Co*>* ions occupying octahedral
B sites and divalent Cu®" ions present at the tetrahedral A site.
The crystalline structure of the synthesized catalyst was exam-
ined using the powder X-ray diffraction technique, which
confirms the crystal structure. The XRD pattern of CCS shows
the diffraction peaks at 16.69°, 27.11°, 31.78°, 38.46°, 46.76°,
50.50°, 55.28°, 64.91°, 69.12°, 77.85°, and 81.70°, which are

This journal is © The Royal Society of Chemistry 2026
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indexed to the (111), (022), (113), (004), (224), (115), (044), (335),
(444), (137) and (008) planes, respectively (Fig. 2(b)). The XRD
pattern of CCS well matches the carrollite structure of CuCo,S,
(JCPDS no. 42-1450). The XRD pattern of CCS also consists of
some other peaks at 27.7°, 32.2° and 46.2°, which are matched
with the Cu,_,S (JCPDS no. 00-002-1281). The introduction of Fe
in the CCS structure shifts the diffraction peaks towards
a slightly lower angle than that in pristine CCS. This suggests
that Fe** jons have been assimilated into the octahedral Co®*
sites. A greater interplanar distance results from the slightly
increased ionic radius of Fe*", leading to a shift in the XRD peak
to a lower 26 value, in accordance with the Bragg's law.

Rietveld refinement of CuCo,S, and Fe-doped CuCo,S,

The XRD patterns of CuCo,S, and Fe-doped CuCo,S, were
analyzed by multiphase Rietveld refinements with the Fullprof
program employing the pseudo-Voigt axial divergence asym-
metry function. The cubic structure with the Fd3m space group
is successfully refined from all peaks of CuCo,S, and Fe-doped
CuCo,S,. Less than 6% Cu,S (Fdm) is quantified in CuCo,S,
and Fe-doped CuCo,S,, as shown in Fig. S1. Fe, (;CCS doping
results in 97% CuCo,S, and 3% Cu,S. The FeS phase (P6;/mmc)
is observed to segregate as the Fe doping increases, leading to
a quantification of less than 5%. A slight decrease in the unit
cell dimension is observed from CuCo,S, (9.47 A) to Fey 9;CCS
(9.46 A) (Table S2). This decrease is attributed to the occupancy
of Fe at the octahedral site. Further, the addition of Fe increases
the phase segregation, which leads to the formation of FeS,
resulting in less occupancy of Fe at the octahedral site of
CuCo,S,. The Fe, ,;CCS and Fe, (;CCS exhibit a negative shift in
the 26 value (a shift to lower 26 values) for the (224), (044), and
(117) planes. This suggests that Fe** ions have been assimilated
into the octahedral Co®" sites. A greater interplanar distance
results from the slightly increased ionic radius of Fe**, leading
to a shift in the XRD peak to a lower 26 value, in accordance with
the Bragg's law. With the exception of one plane (224), where
there is no 2-theta shift in Fe, ,sCCS and a lower 2-theta shift in
Fey.07CCS, whereas all other planes shift to higher 2-theta in
both samples (Table S3 in SI).

The intensity of the (111) plane is given as 16.63 in the
standard JCPDS 042-1450 and decreases to 16.24 in the pure
CuCo,S,, according to the intensity value of 100 for the (113)
plane. The percentage change in relative intensity is displayed
in Table S4, where a decrease in intensity is indicated by
a negative sign and an increase in intensity relative to the
standard JCPDS is indicated by a positive sign. An increase in
peak intensity is shown by the (135) and (117) planes of pure
CuCo,S, and Fe, 3CCS, the (117) plane of Fe, ¢, CCS, the (111)
and (117) planes of Fe, ¢sCCS, and the (111), (044), (135), and
(117) planes of Fe, 4;CCS. The increased intensity suggests that
doped Fe®" may exist in the interstitial voids. The peaks that
show a decrease in intensity can be attributed to the inclusion
of Fe*" at the octahedral site of Co*”, as a slightly weaker scat-
tering effect is produced by Fe** than by Co**. The decrease in
peak intensity may also be caused by the sulphur point defects.
The surrounding metal cations (Co®>" and Cu®") capture the

J. Mater. Chem. A, 2026, 14, 2218-2234 | 2221


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta07350b

Open Access Article. Published on 18 November 2025. Downloaded on 4/13/2026 12:22:08 PM.

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

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

Fig. 3

trapped electrons from the sulphur vacancies, reducing Co** to
Co”" and Cu** to Cu". This reduction causes an increase in the
d-spacing due to the larger ionic radii of Co*" and Cu* compared
with those of Co®" and Cu®, respectively, and results in negative
20 shifts in XRD.

The chemical nature of the samples was further investigated
using Raman spectroscopy. Fig. 2(c) shows the Raman spectrum
of undoped CuCo,S,, and the peaks observed at 463.7, 503.9
and 601.6 cm ™! correspond to the E,, A1 and F,, modes of the
Co-S bond, respectively,” while the peak observed at
670.5 cm ™' corresponds to the F,, mode of the S-S bond.* The
addition of Fe in the pristine CCS structure results in a red shift
(toward lower wavenumbers) for all peaks, implying the lattice
distortion in the crystal structure.*® The red shift increases with
an increase in the Fe content. More lattice distortion is intro-
duced in the crystal structure with Fe insertion, confirming the
XRD results.

The morphology of the synthesized catalyst was studied by
field-emission scanning electron microscopy (FESEM). The
FESEM images of pure CCS show a nanosheet-type morphology
(Fig. S2). These nanosheets are not interconnected to each
other, and some nanosheets are flat on the substrate. The Fe
doping of the pristine structure has no effect on the morphology
(Fig. 3(a) and S2). The morphology after Fe addition remains the
same. Fig. 3(b) shows the EDS mapping of Fe, (3CCS, which
demonstrates the homogeneous distribution of the elements
Co, Cu, S and Fe.

Furthermore, transmission electron microscopy was
employed to study the detailed interior structure of the catalyst.
Fig. 4(a) presents the bright-field TEM image of Fe, (;CCS at
a 200 nm magnification, which displays its 2D nanosheet
morphology. In HRTEM analysis, we found that the flat surfaces

2222 | J Mater. Chem. A, 2026, 14, 2218-2234

FESEM image at 1 um of (a) Feq g3CCS. (b) SEM EDS mappings of Feg gzCuCo,S4, (c) Co, (d) S, (e) Cu and (f) Fe.

are predominantly exposed to the (111) plane. In some cases,
the perpendicular surfaces are exposed to the (311) and (004)
planes (Fig. 4(b)). Fig. 4(c) shows the selected area electron
diffraction (SAED) with the ring pattern, indicating the poly-
crystalline nature of the catalyst. The SAED pattern contains the
diffractions from the (111), (022), (113), (004), (115), and (044)
planes of CCS, which is consistent with the XRD result. Further,
Fig. 4(d) presents the HRTEM image of CCS, showing
a perpendicular sheet with a reflection from the (004) plane.
The XPS survey spectrum shows the signals of Cu, Co, S, N
and C for CCS, while for Fe-doped samples, the signal corre-
sponding to Fe is also present without any additional peaks,
demonstrating the purity of the synthesized catalyst (Fig. 5(a)
and (b)). The deconvolution of the Co 2p spectra displays two
doublets corresponding to Co 2p;, and Co 2p;/,. The decon-
voluted spectra show the peaks at 778.64 eV and 793.7 eV, which
are the characteristic peaks of Co®*, while the peaks at 780.5 and
796.1 eV correspond to Co>" (Fig. 5(c)). Two satellite peaks are
also present in the deconvoluted data, corresponding to Co 2p3,
» and Co 2p;,,. Upon Fe doping, the XPS spectra of the doped
samples show almost negligible change in the Co 2p spectra
(Fig. S3(a)). Similarly, the Cu 2p spectra are deconvoluted into
two doublets due to spin-orbit coupling. The peaks at 932.3 and
952.1 eV are attributed to Cu'*, while the peaks at 934.2 and
955.5 are attributed to Cu®* (Fig. 5(d)). The addition of Fe in the
CCS structure shows no change in the XPS spectra (Fig. S3(b)).
The S 2p peaks are deconvoluted into a satellite peak (168.7 eV)
and three peaks. The peaks at 161.6 and 162.7 eV are ascribed to
S 2p3/» and S 2p4,, respectively. The peak at 164.1 eV suggests
the presence of the sulfur-metal (S-M) bond (Fig. 5(e)). The
deconvoluted Fe spectra show two spin-orbit doublets corre-
sponding to 2ps), and 2p,,,. The peaks at 710.7 and 732.8 eV

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) Low-magnification TEM image of Feg ¢zCCS. (b) HRTEM image of Feg o3CCS. (c) SAED pattern of Feg 3CCS. (d) HRTEM image of CCS.
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correspond to Fe®*, while the peaks at 713.4 and 736.1 eV
represent Fe’" (Fig. 5(f) and S3(d)). XPS depth profiling was also
performed to investigate the elemental distribution from the
surface to the bulk phase for Co 2p, Cu 2p, Fe 2p and S 2p by
sequential etching for 60 s and 120 s, as shown in Fig. S4-S7.
After etching, the S 2p peak exhibits a slight shift toward higher
binding energies, accompanied by the diminution of the satel-
lite peak. This behavior suggests the removal of surface-
adsorbed or reduced sulfur species and the exposure of more
stoichiometric lattice sulfur. Meanwhile, the Fe 2p, Co 2p, and
Cu 2p spectra show no significant change in binding energy, but
their intensities increase after etching, indicating that the
oxidation states of the metal cations remain stable and that Fe
is homogeneously distributed throughout the structure without
surface segregation.

The electrochemical ORR activity of all samples was first
examined by CV in N, and then in an O,-saturated 0.1 M KOH
electrolyte over a wide potential range from 0.16 to 1.16 V vs. RHE
at a scan rate of 20 mV s~ . As shown in Fig. S8(a), a featureless CV
is observed in an N, environment; however, subsequent studies in
O,-saturated 0.1 M KOH demonstrate a steep increase in the
reductive current density, ascribed to ORR activity. Further, to gain
insights into the ORR mechanism and kinetics, detailed experi-
ments were performed under hydrodynamic conditions, viz., RDE
and RRDE measurements.

The RDE linear polarisation curves of various catalysts at
a rotation rate of 1600 rpm at 5 mV s~ ', as shown in Fig. 6(a),
demonstrate a good onset potential and a high diffusion-limited
current density for all the catalysts. Remarkably, the optimized
Fey 03CCS shows comparable onset (0.89 V) and half-wave poten-
tials (0.80 V), respectively, and a higher diffusion-limited current
density (Fig. 6(a)). Fig. 6(b) presents the bar graph comparison of
the onset and half-wave potentials of all the catalysts. The
Fe,.03CCS catalyst performs better than other catalysts but still
poorer than the commercial Pt/C. To gain a deeper insight into the
ORR, the RRDE measurements were conducted at different rota-
tion rates from 225 to 1600 rpm at a 5 mV s~ * scan rate (Fig. 6(c)
and S8(c-1)). With an increase in the rotation rate, the reduction
current density increases, which indicates the faster diffusion of
oxygen on the surface of the catalyst with an increase in the mass
transport current. To determine the mechanistic pathway for the
ORR, Koutecky-Levich (K-L) plots, derived from the RDE
measurements at different potentials (Fig. 6(c) and S8), were
plotted, which show good linearity between the reverse square root
of rotation and reverse current density, confirming the first-order
kinetics for ORR process. Fig. 6(d) shows the ORR durability test.
The ORR durability tests were performed by running the CV in the
potential range from 1.01 to 0.61 V vs. RHE at a 100 mV s~ scan
rate for 1000 cycles, followed by LSV at 5 mV s~ *. The LSV curves
before and after the durability test show only a 17 mV shift in the
half-wave potential with a slight decrease in the current density.

Moreover, the Fey o3CCS shows excellent methanol tolerance
and exhibits greater stability (Fig. 6(e)). Fig. 6(f) shows the
number of electrons transferred and H,O, production yield for
CCS and Fe, 43CCS calculated at different potentials from 0.3 V
to 0.7 Vvs. RHE from the LSV curves of the RRDE. The number
of electrons transferred for the ORR process is close to 4, while
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the H,0, production yield is less than 5%. The number of
electrons transferred was calculated from the RRDE plot and is
found to be ca. 3.98 for Fe,(;CCS, with an average H,O,
production of 0.5-10%.

To probe the bifunctional activity, the OER activity of all the
catalysts was evaluated by performing LSV at 5 mV s~ ' in the
potential range from 1.20 V to 1.82 V vs. RHE. The OER activity
was studied in a 1 M KOH solution in a N,-saturated environ-
ment; all the catalysts were examined by cyclic voltammetry in
a wide potential range from 0.02 V to 1.62 V at a scan rate of
50 mV s~ ' (Fig. S9(a)). Fig. 6(g) shows the OER polarization
curve of all the catalysts at a scan rate of 5 mV s~ *. The Feg o3CCS
has a better onset potential than CCS and other Fe-doped
catalysts for the OER. Fig. 6(h) shows the bar graph compar-
ison for the OER at different current densities for all the
synthesized catalysts and RuO,. The Fe, o;CCS catalyst has the
lowest overpotential (330 mV) at a 10 mA cm ™ > current density.

Moreover, the current density of Fe, ,;CCS is far greater than
that of CCS. The Fe, ¢;CCS has a lower overpotential at 10 mA
cm™? than other synthesized catalysts. The Tafel plot was also
determined from the corresponding polarization curves
(Fig. 6(i)). The Fe, o3CCS has a lower Tafel slope (69.9 mV dec™*)
and faster kinetics for the OER compared to CCS (79.8 mV
dec™). Fig. 6(j) shows the Nyquist plot for the prepared cata-
lysts. All the catalysts have a similar solution resistance (R), as
electrochemical studies were performed at the same electrolyte
concentration. The Fe, (;CCS shows a lower value of charge
transfer resistance than the pristine CCS catalyst. The acceler-
ation durability test (ADT) was also conducted to study the long-
term durability of the Fe,,3CCS catalyst. The ADT was per-
formed from 1.04 V to 1.62 V vs. RHE at 100 mV s~ (Fig. 6(k)
and S9(b)). Initial cycles show quite good stability with an
increase in the oxidation state, and even after 500 cycles, the
OER performance shows greater stability (Fig. 6(1)).

The electrochemical double-layer capacitance (Cyq;) was esti-
mated by cyclic voltammetry in the potential window from
1.12 Vto 1.22 Vvs. RHE at different scan rates from 10 to 100 mV
s (Fig. S9(c-1)). Double-layer capacitance was determined
from the slope of the current density vs. scan rate plot. Fig. 7(a)
shows the Cy; values of all the prepared catalysts, with Fe, o3CCS
having the highest value of Cq; at 28.84 mF compared with the
pristine CCS (6.02 mF). The long-term stability was studied via
chronoamperometry at a 10 mA cm™> current density on the
carbon paper (Fig. 7(b)). Fig. 7(b) shows the chro-
noamperometry study's results at 10 mA cm > for 24 h, which
exhibits the stable nature of the catalyst with a minimal
reduction in the current density. The post catalysis analysis was
also performed before and after the chronoamperometry study.
The XRD and Raman spectra show no change in the peaks
before and after the chronoamperometric test, indicating the
good recyclability of the catalyst (Fig. 7(d) and (e)). The excellent
oxygen electrocatalytic activity of the Fe, ,3CCS catalyst makes it
a potential candidate as an air electrode for metal-air batteries.
The difference in the potential (AE) (where AE = E;_1o ma
Cm’Z(OER) — E1pp0rr), Where E;_;, is the potential required to
produce a 10 mA cm~ > current density during the OER and E;,
is the half-wave potential for the ORR) is the measure of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) ORR comparison plots of all the synthesized catalysts and

20% Pt/C in oxygen-saturated 0.1 M KOH at 1600 rpm in the potential

window from 0.3 to 1V vs. RHE at a scan rate of 5 mV s, (b) Bar graph comparison of all the synthesized catalysts and 20% Pt/C. (c) LSV plot of
Feo.03CCS at different rotation rates from 225 to 1600 rpom ata 5 mV s~1 scan rate, with the inset showing the Koutecky—Levich plot for the
Feq.03CCS catalyst at various potentials and the number of electrons transferred. (d) ORR polarization comparison of Feq o3CCS after cycling in
oxygen-saturated 0.1 M KOH for 1000 cycles. (e) Methanol tolerance test of the Feg g3CCS catalyst. (f) Number of electrons transferred and H,O,
percentage yield of CCS and Feq g3CCS at different potentials based on the RRDE data. (g) OER comparison plot of all the synthesized catalysts
and RuO, in 1 M KOH at 1600 rpm in the potential window from 1.2 to 1.82 V vs. RHE. (h) Bar graph comparison of all the synthesized catalysts for
the OER at different current densities. (i) Tafel plot with the corresponding Tafel slope values for all the synthesized catalysts. (j) Nyquist plot. (k)
Acceleration durability test showing 1st, 100th and 500th cycles. (1) LSV polarization comparison of Feq o3CCS after cycling in nitrogen-saturated

1 M KOH for 500 cycles.

bifunctional activity of the oxygen electrocatalyst. The smaller
value of AE indicates the improved bifunctionality of the Fe-
doped spinel. Fig. 7(f) shows the bifunctional activity bar
graph for all the catalysts, and the Fe, 3CCS catalyst shows the
lowest AE value of 0.76 V, indicating its superiority over the
other catalysts. Table S5 presents the Ey/;(orr), Ej—10 ma Cm’Z[OER)
and AE values of various catalysts reported, showing that our

This journal is © The Royal Society of Chemistry 2026

catalyst exhibits greater performance compared to other
catalysts.

All state Zn-air battery testing

In order to assess Fe, ,3CCS's possible use in storage devices, we
built a standard Zn-air battery and measured its battery
performance in an alkaline medium. The aqueous battery was
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(a) Electrochemically active surface area (ECSA) of all the synthesized catalysts in the EDLC region. (b) Chronoamperometric response of

Feo.03CCS in nitrogen-saturated 1 M KOH. (c) LSV polarization comparison of Feg g3CCS before and after the chronoamperometry study. (d) XRD
patterns before and after the 24 h chronoamperometry study. (e) Raman spectra before and after the 24 h chronoamperometry study. (f)

Bifunctional activity bar graph of all the synthesized catalysts.

assembled using a Fe, (3CCS air cathode and a Zn foil anode in
a 6 M KOH + 0.2 M zinc acetate electrolyte. For comparison,
a pristine CCS catalyst-based zinc-air battery was also made.
The open-circuit potential of the Fe,,3;CCS-based battery is
approximately 1.43 V, as shown in Fig. 8(a), and it stays constant
even after 24 hours, while the pristine CCS battery shows an
OCP value of 1.35 V. The battery's energy storage capacity,
measured at 5 mA cm 2, shows a voltage platform at 1.20 V,
resulting in a specific capacity of 803.4 mA h g™, normalized
with the mass of lost zinc, and the CCS-based battery has a value
of 748.8 mA h g~ * (Fig. 8(b)). Fig. 8(b) inset shows the bar graph
of the discharge test of the Fe, o3CCS aqueous zinc-air battery at
different current densities ranging from 2 to 20 mA cm . The
specific capacity of the aqueous zinc-air battery was calculated
by discharging at a specific current density and regularized
using the weight of zinc consumed in the process. The specific
capacities at 2 mA em 2, 5 mA cm 2, 10 mA cm™ > and 20 mA
cm Zare 804.1mAhg ', 801.9mAhg ",799. 8 mAhg " and
793.6 mA h g™, respectively (Fig. S10(a)). Fig. 8(c) shows the
step discharge for both the catalysts, CCS and Fe, ;CCS, at
various current densities ranging from 1 to 20 mA cm 2. The
discharge potential of CCS decreases more than that of
Fe(.93CCS when the current density reaches 20 mA cm™2. The
peak power density of the Fey ,;CCS catalyst is 82 mW cm ™2,
and the peak power density of CCS is only 52 mW cm™2, as
illustrated in Fig. 8(d). Furthermore, the efficiency and long-
term durability were investigated by galvanostatic charge-
discharge at a constant current density of 5 mA cm™> for 10
minutes for charging and —5 mA em™> for 10 minutes for di-
scharging (Fig. 9(a)).

2226 | J Mater. Chem. A, 2026, 14, 2218-2234

More importantly, a negligible fading in the performance is
observed even after 75 h and 210 cycles. During the initial
period of battery operation, the voltage gap is low, with a high
round-trip efficiency of 61.7% (Fig. 9(b)). After 100 cycles of
GCD, the voltage gap increases to 0.88 V with a round-trip
efficiency of 56.65% (Fig. 9(c)). For comparison, the galvano-
static charge-discharge performance of CCS was also studied
under similar conditions. In contrast, in the CCS-based battery,
the voltage gap increases drastically after 60 hours, showing
poor oxygen bifunctional activity.

Most of the research articles reported on zinc-air batteries
have only evaluated the galvanostatic charge-discharge for 20
minutes per cycle. To evaluate the performance for practical
applications, it is necessary to conduct longer charge-discharge
tests as during longer discharge times, the zincate ion gets
saturated and forms the insoluble zinc oxide in the electrolyte,
which restricts the performance of the zinc-air battery.
However, during longer charging times, dendritic growth
increases, which increases the voltage during charging.

To study the effect of longer charge-discharge times, we
conducted galvanostatic charge-discharge at 4 h per cycle and
6 h per cycle. During the 4 h per cycle test, the battery can easily
run for 54 hours, with a small increase in the voltage gap,
a lesser amount of zinc oxide formation and a lower increase in
polarization (Fig. 9(d)). By contrast, during the 6 h per cycle test,
the initial 8 cycles show a smaller voltage gap and the battery
runs for 50 hours (Fig. 9(e)). After this, both the charging and
discharging voltages start increasing, showing the effects of
dendritic growth and the formation of zinc oxide in the elec-
trolyte, respectively. The discharging voltage increases more

This journal is © The Royal Society of Chemistry 2026
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ir battery at different current densities ranging from 2 to 20 mA cm™2). (c)

Step discharge at various current densities ranging from 1 to 20 mA cm™2. (d) Discharge polarisation curves and the corresponding power

densities.

than the charging voltage, which indicates the effect of the
increased passivation of zinc oxide.

Furthermore, a solid-state zinc-air battery composed of the
Fe, 03CCS catalyst was assembled using a solid-state polymer as
an electrolyte. Fig. 10 shows the digital photographs of the
foldable ZABs at different bending angles used to light an LED
lamp. Discharge-charge curves of Fe, o;CCS in foldable ZABs at
various bending angles show that the battery is efficient at all
bending angles.

The assembled solid-state zinc-air battery shows an OCP
value of 1.37 V, which is slightly less than that of the aqueous
battery due to the internal resistance of the solid-state electro-
lyte (Fig. 11(a)). When the two solid-state batteries are con-
nected in series, the OCP value almost doubles to 2.706 V
(Fig. 11(b)). Using two solid-state batteries, we can light an LED,
providing a real-life demonstration of our catalyst (Fig. 11(c)).
Fig. 11(d) shows the galvanostatic charge-discharge plot of the
Fe.03CCS catalyst at 2 mA cm ™2 with a 5 min charge and 5 min
discharge cycle. The GCD shows stability for 25 h with a small
change in the voltage gap, showing the good durability of our
catalyst under the solid-state condition.

This journal is © The Royal Society of Chemistry 2026

Additionally, Fig. 11(e) shows the specific capacity of the
Feo.03CCS catalyst at 5 mA cm ™ 2. The zinc foil was mechanically
scratched, and the amount lost was used to calculate the
specific capacity of the solid-state battery. Additionally, we
performed the discharge testing of the Fe,,3CCS solid-state
zinc-air battery at various current densities from 1 to 10 mA
em~? (Fig. S10(b)). Fig. 11(f) shows the step discharge of the
solid-state battery at different current densities ranging from
0.5 mA to 5 mA cm 2. The step discharge of the Feqo3CCS
catalyst shows its good stability at all current densities and
better reversibility. The Feq (;CCS catalyst shows promising
behavior for real-life zinc-air battery applications. These results
illustrate that Feq03CCS is a promising alternative to noble
metal-based catalysts and can be successfully used as an air
cathode for Zn-air batteries.

Theoretical analysis

In order to have a deeper understanding of the underlying
mechanism of the electrocatalytic OER-ORR performance on
the CuCo,S,; (113) surface, we performed first-principles

J. Mater. Chem. A, 2026, 14, 2218-2234 | 2227
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Fig. 9 (a) Galvanostatic charge—discharge curve at 5 mA cm™2 in a 10 minutes charge—discharge cycle. (b) and (c) Corresponding round-trip
efficiency calculation during 1-10 cycles and 90-100 cycles, respectively. Galvanostatic charge—discharge plot of the Feg czCCS zinc—air battery
at a current density of 5 mA cm™2 with (d) 4 h per cycle and (e) 6 h per cycle tests.

calculations under the framework of the density functional
theory (DFT). To model the experimentally synthesized struc-
ture, we cleaved the (113) plane of both pristine CuCo,S, (CCS)
and Fe-doped CuCo,S, [Fe,CuCo,S,] surfaces from the bulk.
Our theoretical investigation of the OER-ORR activity was
mainly based on Negrskov's approach® of reaction coordinate
mapping. According to this approach, for a good OER-ORR
catalyst, all the reaction steps involved in the process should
have a free energy change (AG) close to 1.23 eV, as the redox
potential for water splitting is 1.23 V. This ensures that the
catalyst will bind with reaction intermediates (O*, OH*, and
OOH¥) neither too strongly nor too weakly for the reaction to
occur without applying a significant amount of external bias.

2228 | J Mater. Chem. A, 2026, 14, 2218-2234

The free energy of the adsorbed intermediates on the catalyst
surface can be determined using the following equation:

AGy = EX

ads

+ AZPE — TAS,

where X are the intermediates O*, OH* and OOH*, EXy, gives the
adsorption energy of the intermediates, and (AZPE — TAS) is the
correction due to zero-point energy and entropic contribution
between the adsorbed state and the free state of each
intermediate.

The oxygen evolution reaction (OER) in aqueous solutions
proceeds via the direct four-electron oxidation of water (H,O) to
oxygen (0O,), which leads to oxygen evolution.

This journal is © The Royal Society of Chemistry 2026
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Fig. 10
Feo.03CCS in foldable ZABs at various bending angles.

2H,0 — O, + 4H" + 4¢~ (E° = +1.23 V vs. SHE)

The free energy change for the four elementary steps of OER
can be obtained as follows: AG; = AGon+ ~ AGy,0, AG, = AGo+ -
AGOH*, AG3 = AGOOH* - AGO*, and AG, = AGO2 - AGOOH*- The
maximum free energy change AGn.x = max [AGy, AG,, AGs,
AG,] among these four steps defines the potential needed to
make the OER thermodynamically favourable; i.e. all steps must
be downhill. The extra potential is known as the overpotential,
defined as the amount of extra potential (voltage) that must be
applied beyond the thermodynamic equilibrium potential to
drive the reaction. For the OER, the overpotential (nogg) is given
by the formula:

A _ 1.23

MOER =

The free energy values on pristine and doped surfaces for the
oxygen evolution reaction (OER) are summarized in Table 1.

From Table 1, it is observed that when we consider the
pristine CCS surface, the Co site has a lower overpotential of
0.97 V compared to the 1.96 V on the top of Cu, which indicates

This journal is © The Royal Society of Chemistry 2026
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(a—e) Digital photographs of the foldable ZABs at different bending angles, lighting an LED lamp. (f) Discharge—charge curves of

relatively poor OER performance on the Cu site. If Co acts as the
active site, we need to apply at least 2.19 V bias to make all OER
steps thermodynamically favorable, i.e. exothermic, which gives
rise to an overpotential of 0.96 V. Fig. 12(a) and (b) show the
corresponding free energy profiles for the OER on the pristine
CuCo,S, surface. From the table and the free energy profile, it
can be inferred that the formation of OOH* is the potential-
determining step with the largest positive AG, value on both
active sites.

By contrast, when we consider the doped surface, the over-
potential values are found to decrease significantly on some of
the active sites upon doping with Fe. For the doped surface also,
the Co site turns out to be the best possible active site with the
lowest overpotential among all considered active sites. Fig. 12(c)
shows that the nogr reduces from 0.96 V to 0.49 V on the top of
Co, while a small change is observed in the case of Cu, which
reduces from 1.96 V to 1.75 V (Fig. 11(d)). The Fe site performs
better than Cu but poorer than Co, with an overpotential of
1.17 V (Fig. 11(e)). It is anticipated that the substitutional
doping alters the local electronic structure, which has a direct
impact on the electron transfer between the surface and
adsorbate and hence facilitates the OER process. This result
matches well with the experimental outcome, where the doped
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powered LED. (d) Galvanostatic charge—discharge curve of the solid-state zinc—air battery ata 2 mA cm
discharge capacity of the Feg 03CCS-based solid-state zinc—air battery at 5 mA cm

current densities.

surface is found to exhibit enhanced OER
performance.

The oxygen reduction reaction (ORR), in which molecular
oxygen (O,) is reduced to water (H,0), follows exactly the reverse
steps of the OER while involving the same reaction intermedi-

ates, i.e. OH*, O* and OOH*.

catalytic

0, + 4H* + 4e~ — 2H,0 (E° = +1.23 V vs. SHE)

Similar to the case of the OER, the free energy changes for
the four elementary steps of the ORR can be obtained as follows:
AG; = AGoon+ ~ AGo,, AG, = AGo+ ~ AGoon+ AGs = AGop+ —
AGo+, and AG, = AGy,0 - AGoy+ The theoretical overpotential
for the ORR is calculated as follows:

A max
G +1.231V

MORR =

~2 current density. (e) Plot showing the

~2_(f) Step discharge of Feg 03CCS at different discharge

The adsorption free energies for the ORR are summarized in
Table 2.

Ideally, in the ORR, all the steps are exothermic at zero
applied bias. When we studied the ORR mechanism on the
pristine CCS surface, we observed that there exists no such
adsorption site which can facilitate the process, with all four
steps being exothermic at zero applied bias. It is evident from
Table 2 that on Co and Cu active sites, AG, and AGj; steps are
uphill, respectively, indicating thermodynamically unfav-
ourable ORR kinetics. Between Co and Cu, Co has the lower
overpotential of 1.31 V.

By contrast, when we consider the ORR on the Co and Cu
sites of the Fe,CuCo,S, surface, all four steps are found to have
an exothermic nature at zero applied bias. Fig. 12(f) shows the
free energy profile for the ORR on the Co active site of the doped
CuCo,S, surface. Cu, as an active site, has a slightly higher
overpotential of 1.04 V than that of Co with an norr value of
~0.81 V. By contrast, Fe shows poor catalytic performance for

Table 1 Gibbs free energy values for all the active sites on pristine and doped CuCo,S4 in the OER pathway

Surface(OER) Active site* AG; (eV) AG, (eV) AG; (eV) AG, (eV) Noer (V)
CuCo,S, (CCS) Co —0.08 0.95 2.19 1.84 0.96

Cu 1.32 —0.51 3.19 0.93 1.96
CuCoFeS; (Fe,CuCo,Sy) Co 0.42 1.42 1.72 1.36 0.49

Cu 1.19 0.19 2.98 0.56 1.75

Fe —-0.11 0.53 2.10 2.39 1.17
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Fig. 12 Free energy profile of (a) Co and (b) Cu active sites in CuCo,S,4 for the OER mechanism. Free energy profile for CuCoFeS, for the OER
mechanism on (c) Co, (d) Cu and (e) Fe active sites. (f) Free energy profile of the Co active site in CuCoFeS, for the ORR mechanism.

the ORR due to positive AG,4, which leads to a high overpotential
of 1.34 V. This result suggests that Fe doping reduces the ORR
overpotential on the Co site from 1.31 V on the pristine surface
to 0.81 V on the doped surface by making the AG, step downhill.
A similar observation is made for the Cu site, with the over-
potential reducing from 1.74 V to 1.04 V, but by making AG;
downhill. We calculated both the adsorption energy and free
energy changes for the three reaction intermediates, namely,
OH*, O* and OOH* (where * represents the intermediate
adsorbed on the catalyst surface), but in the table provided in
the manuscript, only the free energy changes required to map
the free energy profile diagram are given. We have also clearly
mentioned both the adsorption energy and free energy changes
for intermediate adsorption on both pristine and doped catalyst
surfaces in Tables S6 and S7. The adsorption energy was
calculated for the adsorption of H,O and O, on all possible

active sites of pristine and doped surfaces, which completes the
calculations for the whole range of intermediates. From the
adsorption energy values, it is evident that both H,O and O, are
chemisorbed on the pristine CuCo,S, surface. Upon doping, the
binding energies change significantly, with AG values closer to
the thermoneutral condition. This suggests that initial inter-
mediates (i.e. H,O in the case of the OER and O, in the case of
the ORR) neither bind too strongly nor too weakly on the doped
CuCoFeS, surface, thereby making it a better catalyst for facil-
itating the OER and ORR processes. The optimized geometries
of H,O and O, adsorption on pristine and doped surfaces are
depicted in Fig. S14-S17.

In addition to the free energy profiles for overpotential
calculations, we also investigated the band structure and atom-
projected density of states (DOS), which show the metallic
nature of both the pristine and doped surfaces. It is anticipated

Table 2 Gibbs free energy values for all the active sites in pristine and doped CuCo,S4 in the ORR pathway

Surface(ORR) Active site* AG; (eV) AG, (eV) AG; (eV) AG, (eV) Norr (V)
CuCo,S, (CCS) Co —1.84 —2.19 —0.95 0.08 1.31

Cu —0.93 -3.19 0.51 —1.32 1.74
CuCoFeS, (FexCuCOZS4) Co —1.36 —1.72 —1.42 —0.42 0.81

Cu —0.56 —2.98 —0.19 —-1.19 1.04

Fe —-2.39 —2.1 —0.53 0.11 1.34

This journal is © The Royal Society of Chemistry 2026
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that the metallic surface acts as the source of free electrons for
accelerating the catalytic process. The band structures and
density of states plots are depicted in Fig. 13.

The atom-projected density of states shows a major contri-
bution of Co-d orbitals near the Fermi level in the valence band
of CuCo,S,, which acts as a potential source of electrons and
thus plays a crucial role in the overall OER and ORR process.
The doped surface also shows a similar behaviour. This is also
reflected in the free energy profile, which shows that among all
considered active sites, Co acts as the best possible site with the
lowest overpotential for the OER and ORR on the pristine and
doped surfaces.

These results suggest that the Fe doping is beneficial for
enhancing both the OER and ORR catalytic performance, and
thus, Fe-doped materials can be used as alternative cathode
materials for rechargeable Zn-air batteries. Detailed XRD
analysis indicates the existence of an optimum dopant
concentration, beyond which new phase formation begins.
Rietveld refinement confirms trace amounts of Cu,S in all
samples, with pristine CuCo,S, exhibiting the highest content.
Upon Fe incorporation, the Cu,S phase decreases, correlating
with enhanced OER and ORR performance. Both electro-
chemical measurements reveal that Fe doping in CCS must be
carefully optimized, as excess Fe (>125 ppb) induces the
formation of catalytically inferior FeS. Converging evidence
from XRD, Raman spectroscopy, and XPS suggests that exces-
sive FeS formation adversely affects oxygen reduction due to the
reduction of catalytically active sites in the thiospinel. Micro-
structural characterization, electrochemical studies, and DFT
calculations consistently identify Fe, o3CCS as the most effective
catalyst. Detailed electrochemical analysis further confirms that
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Fig. 13 Band structures and density of states for (a), (b) pristine and (c), (d) doped surfaces, respectively.

new phase formation degrades catalytic activity. The pristine
CuCo,S, catalyst exhibits bifunctional performance, achieving
a half-wave potential of 0.76 V vs. RHE for the ORR and an OER
overpotential of 370 mV at 10 mA cm > (AE = 0.84 V), resulting
in a peak power density of 52 mW c¢cm > and a specific capacity
of 748.8 mA h gz,”' in Zn-air batteries. Fe incorporation
enhances these metrics, yielding a half-wave potential of 0.80 V
and an OER overpotential of 330 mV (AE = 0.76 V), corre-
sponding to an impressive power density of 82 mW cm > and
a specific capacity of 803.4 mA h gz, '. DFT calculations
corroborate these findings, revealing that the initial interme-
diates (H,O for the OER and O, for the ORR) bind neither too
strongly nor too weakly on the Fe-doped CuCo,S, surface,
thereby  facilitating  efficient  bifunctional oxygen
electrocatalysis.

Conclusions

In summary, we report a single-step hydrothermal approach for
synthesizing an Fe-doped CuCo,S, thiospinel. A series of Fe,-
CuCo,S, is successfully synthesized and demonstrated as an
oxygen bifunctional electrocatalyst for both aqueous and solid
rechargeable zinc-air batteries. The extensive experimental and
theoretical investigations strongly suggest that Fe doping has
a significant effect on oxygen electrocatalysis. The impact of Fe
doping on the OH site effectively tunes the e, occupancy of Co
and therefore improves oxygen electrocatalysis. The Fe doping
in the CuCo,S, crystal increases the active site concentration
(Cq1 ~28.84 mF) as compared to pure CuCo,S,, which has a Cq
of 6.2 mF. Galvanostatic charge-discharge shows excellent
stability for 75 hours with more than 200 cycles. Moreover, the

This journal is © The Royal Society of Chemistry 2026
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solid-state battery composed of Fe, o3CCS shows good stability
for 25 hours with a specific capacity of 541 mA h g, '. The
demonstrated solid-state battery can glow an LED, showing the
real-life application of our optimized catalyst. The demon-
strated zinc-air battery with Fe, o;CCS as an air cathode shows
excellent activity and higher stability. The Fe insertion into the
thiospinel structure increases the catalytically active sites,
which enhances the oxygen bifunctional behavior, making it
a potential catalyst for advanced zinc-air battery applications.
The outstanding durability and flexibility of the developed ZAB
hold potential for portable and wearable electronic applica-
tions. The robust performance under repeated bending and
continuous cycling indicates that the developed catalyst and
electrode design are highly suitable for next-generation flexible
energy devices.
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