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Zinc—air batteries are known for high theoretical energy density and environmental friendliness. The successful
commercial utilization of rechargeable zinc—air batteries is limited by unstable electrochemical interfaces and
sluggish kinetics with poor round-trip efficiency. In this study, we report a nanocrystalline high entropy alloy
(HEA) comprising Cu—Co-Mn-Ni—-Fe (CCMNF) prepared by casting-cum-cryomilling method. This multi-
component HEA embodies multiple catalytically active sites with diverse functionalities, thus enhancing the
electrochemical redox reactions, e.g., oxygen reduction (ORR) and oxygen evolution reaction (OER). The
bifunctional electrocatalytic performance of this HEA is comparable to that of standard catalysts, RuO, and Pt/
C, as evidenced by low overpotential requirements towards OER and ORR. The HEA was tested for use in the
air electrode catalyst in the zinc—air battery, where it performed stable oxygen electrocatalysis that was durable
over 1045 charging—discharging cycles for ~90 hours of continuous operation. The microstructural analysis
of HEA at different time scales (0, 24, 87 h) during the zinc—air battery operation suggested a dynamic partici-
pation of multiple metal active sites on the catalyst surface. Detailed studies revealed that despite leaching in
harsh alkaline operation conditions, the synergistic electronic interactions between the component metal sites
sustained good electrocatalytic performance and promoted oxygen electrocatalysis through the modification
of electronic and chemical properties.

1. Introduction

Nanomaterials are an integral part of the advanced techno-
logical systems in every sector, such as electronics, energy, nano-
medicines, computing, catalysis, etc." The domain of electrocata-
lysis has switched to nanocrystalline materials that prominently
increase the efficiency and stability of the reactions. For various
energy-related applications involved in electrochemical energy
conversion or storage devices, there is still a dependence on
electrocatalysts that belong to the class of noble metals. Precious

“School of Chemical Sciences, Indian Institute of Technology, Mandi,
Himachal Pradesh, 175005, India. E-mail: aditi@iitmandi.ac.in
b Department of Material Science and Engineering, Indian Institute of Technology,
Kanpur, Uttar Pradesh, 208016, India. E-mail: kbiswas@iitk.ac.in
¢ Department of Metallurgical and Materials Engineering,
Indian Institute of Technology, Kharagpur, West Bengal, 721302, India.
E-mail: Chandra.tiwary@metal.iitkgp.ac.in
@ Amity Institute of Applied Sciences, Amity University Noida, Sector 125,
201303 Uttar Pradesh, India
i Electronic supplementary information (ESI) available: A supplementary file
with the associated data from SEM, TEM, XPS, EDX, and ICP-MS used in this
work is provided as ESI. See DOI: https://doi.org/10.1039/d3ya00356f

© 2023 The Author(s). Published by the Royal Society of Chemistry

metals, such as Pt, Ru, Au, etc., exhibit suitable electronic proper-
ties that make them ideal catalyst materials for multiple catalytic
reactions, especially energy conversion reactions. However, their
high cost and scarcity impede the commercial practicability
of devices, such as fuel cells, water electrolyzers, and metal-air
batteries. Society’s primary concerns are environmental safety and
lower energy costs which can be achieved by utilizing environmen-
tally benign, low-cost, and abundant materials, such as 3d-transition
metal compounds. A study by Olivetti et al.> encompasses a plethora
of metrics, such as cost, regional availability, and recyclability of
various transition metals, which are utilized in fabricating high
entropy alloys. Their results have confirmed the overall superiority
of 3d-transition metals. The availability of vacant 3d orbitals allows
the adoption of various oxidation states. The tunable electronic
bands of the 3d transition metals enable modifying their electronic
and chemical behavior leading to remarkable enhancement in the
desired catalytic material.>® The 3d transition metals (Mn, Fe, Co,
Ni, Cu) are relatively more abundant in comparison to the other
transition metals (4d and 5d).° They also have a lower environmental
impact in terms of processing, recycling, and disposal."® Hence,
it is preferred to employ 3d-transition metal-based materials
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to fabricate high-entropy alloys that yield desirable catalytic
properties without compromising environment, safety, and
economy.

In the past decade, the development of high-entropy alloys
(HEAs) has attracted researchers’ attention due to their chemical
homogeneity despite having multi-metallic elements.""** In an
HEA, the number of participating metals is usually five or higher,
which are present in nearly equiatomic compositions.'*® This
class of alloys is termed multi-composition or multi-principal
metal alloys” and is generally referred to as high-entropy alloys
(HEAs) because entropy is the stabilization force.'® These HEAs
exhibit interesting hybrids of structural and mechanical™ proper-
ties, such as better tensile strength, flexibility, ductility, corrosion
resistance, etc. as well as electrical and electrochemical proper-
ties.? These arise from four “core effects”,”’ namely the high-
entropy effect, the lattice distortion due to the interplay of
different atomic sizes of the combining elements, the slow
diffusion effect, and the cocktail effect.

The term “high entropy” signifies an increase in the confi-
gurational entropy of mixing five or more metals with different
atomic sizes and electronegativity. The contribution of increased
configurational entropy with a higher number of constituent
metals to the total free energy outsteps the enthalpy change
associated with the compound formation, thus forming a stable
solid solution and preventing the formation of detrimental
intermetallic systems.>* Therefore, the high entropy of mixing
of different metals could lower the immiscibility gap and result
in a more uniform concentration of constituents. The massive
variety of possible configurations of atomic and surface
arrangements in such multi-component systems allow opti-
mized adsorption sites. The exceptional catalytic activity of
HEA is revealed to be derived from plentiful active atomic sites
on the surface® that could be tuned for local electronic
arrangement,** defect sites,> and tuned intermediate adsorp-
tion/desorption energies.>® An HEA has multiple principal
metals arranged in infinitely possible combinations and micro-
structures at its surface, offering a large number of active sites.
The lattice distortion present in an HEA causes its potential
energy to rise, which reduces the energy barrier for the adsorp-
tion of catalytic intermediates.”” Various recent studies adver-
tise the utility of HEAs in heterogeneous catalysis involving
electrochemical energy-related applications.>*?®**° Sharma et al.
reported low-cost equiatomic high-entropy alloys (Co-Fe-Ga-Ni-Zn)
for efficient and stable OER (oxygen evolution reaction) reactions.*
The two well-known core effects of high-entropy alloys directly
impact the electrochemical reaction. As a result of the cocktail
effect, arising from atomic-level homogeneity, a high-entropy
alloy exhibits a re-oriented electronic structure. According to
the cocktail effect, where all the components of the alloy dandle
over the surface (five or more than five metallic elements), the
alloy becomes susceptible to the chemisorption of analytes.
Another predominant effect is ‘lattice distortion’, which directly
alters localized atomic spacing, both in the form of tensile and
compressive stress due to differences in atomic radii.

The involved electrochemical redox reactions at the electro-
des of a metal-air battery require the electrocatalyst to catalyze
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the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at the air electrode efficiently. The center of
d-bands in catalytic materials plays a significant role in adsorp-
tion energy and activation barrier. Electrochemical ORR takes
place at an optimum d-orbital occupancy of the catalytically
active sites near the Fermi level.’* A larger value of atomic
spacing forces the oxygen molecules to dissociate before the
adsorption, and therefore, a smaller value than the optimum
reduces the repulsive force and forces analytes for dual site
absorption,® enhancing the catalytic mechanism for ORR. The
tensile strain upshifts the d-band center, and the compressive
strain downshifts the d-band center.**** In the case of high-
entropy alloys, Katiyar et al.'> have reported in the Ag-Au-Cu-Pd-
Pt catalyst for Formic acid oxidation, whereby all the metallic
elements in the alloy system shifted their d-band center toward
the Fermi energy or upshifted as compared to the pure metallic
entity. Therefore, plentiful active atomic sites on the surface in
HEAs* could be tuned for a local electronic arrangement,* defect
sites,”® and modified intermediate adsorption/desorption ener-
gies® by altering the elemental ratio and elemental composition.
The HEA offers a huge variety of surface-active sites with various
plausible combinations of atomic environments and local electro-
nic arrangements, along with associated intermediate adsorption
energies, thus proving to be a potential multifunctional electro-
catalyst. For instance, a high-entropy alloy oxide synthesized by Yu
et al. was composed of Cr, Fe, Co, and Ni and showed excellent OER
performance owing to the formation of Cr,O; microdomains that
leached out of the cobalt ions; amorphization of interface between
the different existing phases also took place.*®

To date, platinum-based catalysts are the most sought-after
for the ORR reaction, while ruthenium or iridium-based catalysts
are most widely accepted for OER. HEAs offer a huge variety of
surface-active sites with various plausible combinations of atomic
environments, local electronic arrangements, and the associated
intermediate adsorption energies, making them potential multi-
functional electrocatalysts.

In the present study, an equiatomic high-entropy alloy of Cu-Co-
Mn-Ni-Fe (CCMNF) has been synthesized via the casting-cum-
cryomilling method and investigated for its electrochemical perfor-
mance behavior in a three-electrode system for bifunctional oxygen
electrocatalysis. The excellent performance of CCMNF prompted the
study of its application in zinc-air battery (ZAB) energy storage devices.
This study discusses ongoing modifications occurring at the surface of
CCMNF at different time scales during zinc-air battery operation that
impact the chemical structure and electronic properties of the catalysts
over its performance. Thus, it establishes an understanding of the
modification of behavior and stability of an HEA electrocatalyst during
electrocatalytic energy storage applications.

2. Experimental section
2.1. Chemicals

All the metals were purchased from Alfa Aesar® with 99.99%
purity in the form of metal chips and buttons. All the chemicals
used in this study were of analytical grade. Potassium hydroxide

© 2023 The Author(s). Published by the Royal Society of Chemistry
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flakes, isopropyl alcohol, and zinc acetate powder were purchased
from Merck. Nafion D-520 (5% w/w in water and 1-propanol) was
purchased from Alfa Aesar™ and used as it is. Standard catalyst
20% platinum carbon and ruthenium oxide powder were also
bought from Alfa Aesar. Zinc foil (thickness 0.25 mm and purity
99.9%) was purchased from Merck®™. Conducting carbon paper
was purchased from Vritra Technologies (hydrophilic, thickness
0.3 mm, resistance 3-5 ohms per sq).

2.2. Synthesis procedure

The all-metallic elements, Cu, Co, Mn, Ni, and Fe, were melted
together in a vacuum arc melting furnace. The concentration of
all elements was selected in equiatomic proportion. To ensure
chemical homogeneity, the casted ingot was melted three to
four times and solidified. For homogenization, the casted HEA
ingot was vacuum sealed inside a quartz tube, homogenized at
1000 °C for 10 hours, and then quenched in cold water to freeze
the high-temperature phase. After ensuring single-phase for-
mation using X-ray diffraction, the ingot was divided into
smaller pieces and then cryomilled for 7 hours using custom-
built cryomill to form high-entropy alloy nanoparticles.***°
Liquid nitrogen (LN,) was used to reduce the milling tempera-
ture to below —150 °C in such a way that the LN, and milling
powder were never mixed; Ar gas (inert) was purged continu-
ously in the milling chamber to protect nanoparticles from
oxidation.

2.3. Physicochemical characterization

X-ray diffraction (XRD) patterns of the as-synthesized HEA were
recorded using a Rigaku smart lab diffractometer using Cu Ka
radiation (1 = 1.54056 A). X-ray photoelectron spectroscopy
(XPS) was performed using ThermoFisher Scientific NEXSA
surface analyzer with a micro-focused (400 um, 72 W, 12000 V)
XPS source monochromatic Al-Ko source (hv = 1486.6 eV). The
scanning electron microscopic (SEM) images of the electrodes
were obtained using FEI Nova NanoSEM 450. Energy dispersive
spectroscopy (EDS) was used to estimate the nanoparticles’ size
and composition with transmission electron microscopy (TEM)
using FEI TECNAI G> T20. The nanoparticles were dispersed
in ultrapure methanol by ultrasonication and drop cast over
400 mesh TEM Cu-grid. The sample was dried under a vacuum
overnight before the TEM analysis. Inductively coupled plasma-
mass spectrometry (ICP-MS) was performed using Agilent ICP-MS
Model 7850 with Mass Hunter software.

2.4. Electrochemical characterization

The working electrode was prepared by making an ink of the
catalyst in a specific manner and loading it uniformly onto a
5 mm-diameter glassy carbon rotating disk electrode (RDE).
To prepare the catalyst ink, 10 mg of HEA was added to 500 pL
of isopropyl alcohol (IPA) with 10 pL of 5% Nafion solution,
which was sonicated for 1 hour. Then, 10 pL of this suspension
was drop cast on a clean glassy carbon RDE (0.196 cm?) and
allowed to dry completely under ambient conditions. The inks
for the standard catalyst, RuO,, and Pt/C standard were pre-
pared using the same composition. A constant catalyst loading

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of 1000 ug cm ™ on the working electrode was maintained for
all the catalysts. All the electrochemical measurements were
conducted using PARSTAT multi-channel potentiostat PMC
from AMETEK Scientific Instruments with an RDE (5 mm
diameter) from Pine Research Instruments. Cyclic voltammetry
(CV) sweeps were performed to pre-condition the working
electrode surface at a 20 mV s~ ' scan rate in a three-electrode
configuration which consisted of a Pt electrode as the counter
electrode, saturated in 3 M KCl silver-silver chloride (Ag/AgCl)
electrode as the reference electrode, and a catalyst of coated
glassy carbon RDE as described above for the working elec-
trode. The potential of the reference electrode was recalculated
against the reversible hydrogen electrode (RHE) using the
equation:

Erug = Eagiagal + 0.059 x pH + 0.197

Linear sweep voltammetry (LSV) scans were recorded at a
10 mV s~ ' scan rate in the anodic scan direction (0 to 1 V) for
evaluating the OER and in the cathodic scan direction (0 to
—1 V) for evaluating the ORR. The alkaline electrolyte used for
all these measurements was 1 M KOH which was de-aerated by
nitrogen gas purging. Electrochemical impedance spectroscopy
(EIS) was performed in the frequency range of 10 kHz to 0.1 Hz
at an amplitude of 10 mV at the onset potential. Chronoam-
perometric tests were also performed for the OER and the ORR
for 24 hours at specified potentials. To evaluate the intrinsic
activity, electrochemically active surface area was calculated by
measuring double-layer capacitance, whereas cyclic voltamme-
try was carried out in a non-faradaic region (0.85-1.15 V vs.
RHE) at varying scan rates (5-30 mV s~ '). Accelerated durability
test (ADT) was performed by scanning 1000 cyclic voltammetry
curves between 0.75-1.5 V vs. RHE at a scan rate of 20 mV s~ .

2.5. Zinc-air battery performance

Testing of aqueous zinc-air battery performance was conducted
in a homemade setup using a zinc foil (2 x 1 cm? long) as the
anode, a catalyst-coated carbon paper (loading of 1 mg cm™~?) as
the air electrode working as the current collector and the gas
diffusion layer, and 6 M KOH with 0.2 M zinc acetate solution
as the electrolyte. The galvanostatic charge-discharge cycles
were performed at a current density of 5 mA cm ™ > with 5 minutes
of charge and discharge time each for approximately 88 hours,
leading to ~1045 cycles. The same current density was provided
for the galvanostatic discharge experiment. Standard catalyst ink
(Pt/C-RuO,) was also coated on the carbon paper working elec-
trode to compare with the bifunctional activity of CCMNF in an
aqueous zinc-air battery device.

3. Results and discussion

3.1. Structural characterizations

The high-entropy alloy with equiatomic composition Cu-Co-
Mn-Ni-Fe (CCMNF) was prepared in nanocrystalline form
using casting-cum-cryomilling process as the schematic shown
in Fig. 1(a). In the nanocrystalline HEA, CCMNF, the crystalline
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Fig. 1 (a) Schematic of nanocrystalline HEA preparation by casting-cum-cryomilling, (b) X-ray diffraction peaks of the nanocrystalline CCMNF alloy,

(c) bright-field TEM micrograph of CCMNF nanocrystalline powder, (d) ring diffraction pattern of a selected area of the nanoparticles, (e) EDS spectrum
produced through TEM associated EDAX, (f) survey spectrum of CCMNF nanoparticles by XPS, (g) composition comparison between XPS and EDS, and

(h) EDS elemental mapping by EDAX associated in TEM.

phase was found to be face-centered cubic (FCC), which was
revealed by an X-ray diffraction pattern shown in Fig. 1(b). The
approximate average particle size was found to be 14 £ 5 nm,
estimated using a bright field TEM micrograph as shown
in Fig. 1(c). The ring diffraction pattern of the selected area
corroborates the result of the X-ray diffraction pattern to be
FCC as shown in Fig. 1(d). Compositional analysis was per-
formed by energy dispersive spectroscopy (EDS) and X-ray
photoelectron spectroscopy (XPS), and the composition estima-
tion has been compared in Fig. 1(e-g). The EDS showed higher
Cu content due to the Cu-TEM grid used for mounting the
powder sample. The XPS showed high C and O content because
the XPS is a surface-sensitive technique, and the powder is
exposed to the environment during mounting over the carbon
tape. cryomilling provides high-purity metallic
nanoparticles. The chemical homogeneity of high-entropy
alloys is its virtue and has been tested by EDS elemental
mapping. In the nanoparticles, all elements are homogeneously
distributed at the atomic level as shown in Fig. 1(h).

It is desirable to have a single-phased FCC lattice structure
HEA with homogeneously distributed active elements for super-
ior oxygen electrocatalysis.*>** The atomic radii of the selected
3d-transition metals (Fe, Co, Ni, Cu, and Mn) are similar

However,
39,41

2058 | Energy Adv, 2023, 2, 2055-2068

enough to favor the stabilization of HEA into an FCC
structure.”>** High-entropy alloy systems stabilized with high
configurational entropy have stressed lattice structures thus man-
ifesting plenty of defect sites and coordinatively unsaturated sites
that are randomly distributed across the multi-component
surface.”® Such multi-metal sites have reorganized electronic
arrangements leading to synergistic charge transfer and enhanced
intrinsic activity®® that could serve as the epicenter of catalytic
activity. Thus, motivated by the unique structural features that
promise good catalytic activity, electrochemical studies were
performed for the high-entropy CCMNF.

3.2. Electrochemical performance

The working electrode preparation is discussed in the Experi-
mental section; it was subjected to cyclic voltammetry precon-
ditioning in which the catalyst was scanned for multiple cycles
at a high scan rate until constant overlapping curves were
obtained. This step ensured that the cleaned surface of the
catalyst was loaded on the working electrode. Linear sweep
voltammetry scans were run for CCMNF in the anodic direction
to analyze its performance in the oxidative environment as
shown in Fig. 2(a). It was observed that CCMNF could ini-
tiate the catalysis of the oxygen evolution reaction at an onset

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Anodic linear sweep voltammetry (LSV) scans of CCMNF in comparison with the state-of-the-art catalysts (b) Tafel plots showing the Tafel

slope, (c) Nyquist plots obtained from EIS giving information about interface resistance, (d) Long-term chronoamperometric tests of CCMNF run for
24 hours at a potential generating 10 mA cm™~2 current density. () A comparison of undiminished OER activity in the LSV curves from before and after the

chronoamperometric test, (f) a comparison of the overall OER performance.

potential of 1.57 V vs. RHE, while the standard catalyst RuO,,
which is known as the state-of-the-art OER catalyst, initiates
oxidation at the onset potential of 1.51 V vs. RHE. CCMNF
requires only ~60 mV more overpotential than the superior
standard RuO, thus proving it to be an excellent competitor
catalyst. Also, CCMNF could obtain a current density of
10 mA cm > at an overpotential of 380 mV, while for RuO,,
320 mV overpotential was needed. Fig. 2(b) shows the Tafel
slope of the catalyst in comparison to RuO,, where a small Tafel
slope of 89.7 mV dec ™" indicates fast charge transfer kinetics in
CCMNF. This indicates faster kinetics towards OER for CCMNF
as compared to RuO,. The homogeneous distribution of
surface-active sites in CCMNF reconfigured the electronic states
and optimized adsorption energies for the various inter-
mediates that were involved during the multiple steps of
OER, leading to enhanced catalytic activity.

The EIS results in the form of Nyquist plots were fitted into
the Randles circuit as shown in Fig. 2(c), where the charge
transfer resistance was measured by the diameter of the semi-
circle. The smaller diameter of the RuO, semicircle corre-
sponds to a charge transfer resistance (R.) of 34 Q, which is
much smaller than the R, of CCMNF that was measured to be
80 Q. This indicates a slightly higher resistance at the elec-
trode-electrolyte interface of the CCMNF catalyst compared to
the standard RuO,. Also, the long-term stability of the CCMNF
catalyst in a highly oxidative anodic potential of 1.61 V (at
10 mA cm ™ ? current density) was tested in a chronoampero-
metric test for 24 hours as shown in Fig. 2(d). The catalyst
retained a constant current density of approximately 10 mA cm™>
throughout the test, thus confirming its excellent operational
stability during the OER. The small disturbances in the current

© 2023 The Author(s). Published by the Royal Society of Chemistry

density-time curve depict the fluctuations in the current arising
from the release of oxygen bubbles evolving from the surface of the
catalyst during the measurement. The LSV curve recorded after
the chronoamperometric test shows a slightly more fluctuating
current, due to more vigorous oxygen bubble evolution, which is
possibly an effect of the modifications in the surface of the
CCMNF catalyst after 24 hours of continuous operation. However,
the current density and the OER onset potential are consistent
with the performance before undergoing the chronoamperometric
test as shown in Fig. 2(e). The long-term stability test of RuO, was
also conducted by measuring its chronoamperometric response at
a potential of 1.55 V to obtain a current density of 10 mA cm ™2,
depicted in Fig. S1(a) (ESIT). The vigorous oxygen bubble evolution
from the RuO, catalyst surface led to fluctuations in the current
density and was also responsible for the detachment of the catalyst
from the electrode surface leading to a decline in the performance.
The LSV curves shown in Fig. S1(b) (ESIt) were used to compare
the OER performance after the long-term stability test, whereby
RuO, lost the catalytic activity significantly due to poor stability in
anodic conditions. An overall OER performance comparison
between CCMNF and the state-of-the-art OER catalyst, RuO,, is
summarized in Fig. 2(f).

This confirms the good operational stability of CCMNF in
the continuous oxygen evolution operation. The composition of
CCMNF has nickel, iron, and cobalt sites that have been
identified by many research studies?” as the sites of coherent
electronic interaction required for superior oxygen evolution
activity. Most importantly, the synergistic electronic interaction
between nickel and iron promotes optimal binding energies for
OER intermediates at B-NiOOH,*® which makes it a favorable
catalytic site.

Energy Adv., 2023, 2, 2055-2068 | 2059
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The surface structural features of CCMNF, possessing multi-
ple transition metals (including Fe and Co) provide plentiful
active sites and favorable reactant and intermediate adsorption
energies. The synergistic electronic interactions between the
component metal sites propose good oxygen reduction electro-
catalytic activity, especially for HEA. To evaluate the catalytic
behavior of CCMNF toward the oxygen reduction reaction
(ORR), linear sweep voltammetry was performed in the catho-
dic region as shown in Fig. 3(a). The ORR performance of
CCMNF was compared with the best-performing standard
catalyst Pt/C; it was observed that CCMNF requires 120 mV
more overpotential than Pt/C. However, an ORR onset potential
of 0.78 V vs. RHE is significantly superior to many existing
bifunctional catalysts. A comparison of the ORR performance
of CCMNF with the various bifunctional oxygen electrocatalysts
in the literature is summarized in Table S1 (ESIY).

The Tafel plots shown in Fig. 3(b) also suggest that CCMNF
has relatively slow kinetics towards ORR as compared to Pt/C.
The Nyquist plots shown in Fig. 3(c) also confirm the activity
trend with a larger R, value for CCMNF and a small R, for Pt/C.
The long-term stability of CCMNF was tested chronoampero-
metrically under the operational conditions of the ORR at the
onset potential given in Fig. 3(d). The catalyst preserved a stable
current response over 24 hours of continuous operation.
Fig. 3(e) compares the ORR LSV curves before and after the
chronoamperometric test, and the results complied with the
chronoamperometry data, reflecting only a minor decrease in
the current density over the long-term operation but no signi-
ficant change in the onset potential was observed. To demon-
strate the ORR stability of the synthesized catalyst CCMNF,
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its chronoamperometric performance was compared with Pt/C.
Fig. S1(c) (ESIt) depicts the long-term chronoamperometric
tests of the standard catalyst Pt/C at the ORR onset potential
that was run for 24 hours to estimate its stability. Pt/C retained
a fairly stable performance without fluctuations in the current
density, similar to the long-term stability performance of
CCMNF illustrated in Fig. 3(d). CCMNF retained excellent
performance stability of the ORR, which was comparable to
Pt/C. The LSV plots of Pt/C exhibited similar ORR performance
after the 24 hour continuous operation test as shown in
Fig. S1(d) (ESIt). A comparison of ORR performance between
CCMNF and Pt/C is summarized in Fig. 3(f).

A progressive increase in the rotation rates of the working
electrode led to an increase in the ORR current densities as well
as depicted in the LSV plots in Fig. 4(a); the inset presents the
Koutecky-Levich plot (K-L plot) at different potentials whereby
the linearity between the parallel indicates the first-order
kinetics of the reaction.*” Another important parameter to
assess the intrinsic catalytic performance of an electrocatalyst
is its electrochemically active surface area (ECSA). ECSA
denotes the area on the surface of the catalysts that participate
in interacting with the electrolyte for charge-transfer reaction.
A higher ECSA implies more participation of the catalyst sur-
face in the redox reactions, thus availing better performance.
To gain insights into the electrocatalytic activity at the catalyst’s
surface, its ECSA was evaluated by the double-layer capacitance
method®® since ECSA is directly related to double-layer capaci-
tance (Cq;). Cyclic voltammetry scans were run in non-faradaic
regions at different scan rates as shown in Fig. 4(b) inset.
Fig. 4(b) shows the linear correlation between the difference
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(a) A comparison of the linear sweep voltammetry (LSV) scans of CCMNF in the ORR region with the state-of-the-art catalyst, (b) Tafel plots

indicating Tafel slope, (c) Nyquist plots obtained from EIS giving information about interface resistance, (d) long-term chronoamperometric tests of
CCMNF run for 24 hours operation at the onset potential, (e) the comparison of undiminished ORR activity in the LSV curves from before and after the

chronoamperometric test, (f) comparison of the overall ORR performance.
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the slope represents the Cq, value (inset: CV plots at a progressive scan rate in the non-faradaic region to calculate double layer capacitance (Cq) which
corresponds to the ECSA). (c) Accelerated durability test of CCMNF for 1000 CV scans at 20 mV s* scan rate. (d) LSV curves comparing the OER

performance before and after the ADT test of 1000 scans.

between cathodic and anodic current density and the applied
scan rate, where the slope of the linear plot represents the
double-layer capacitance (Cq;) value which is representative of
the ECSA. The Cgq, value of 2.89 mF cm ™2 for CCMNF indicates a
high ECSA, thus more participation of the catalyst surface is
evident in its electrocatalytic performance.

An accelerated durability test (ADT) of CCMNF was also
performed to evaluate its stability during longer operations,
as demonstrated in Fig. 4(c). The cyclic voltammetry curves
remain unchanged in the potential values, with only a minor
decrease in the current density, thus confirming the excellent
stability of CCMNF in extreme operation durations. Fig. 4(d)
depicts the OER performance of CCMNF from the initial scan of
the ADT and the OER performance after 1000 scans, where the
onset potential remained unshifted; only a small decrease in
the current density was observed due to the loss in the number
of active sites that leached into the electrolyte.

From the above experimental analysis, it is evident that
CCMNF can catalyze both OER and ORR with not only excellent
bifunctional oxygen electrocatalytic activity but also exceptional
stability during both reactions. The outstanding electrocatalytic
activity of CCMNF is attributed to the lattice effect and cocktail
effect arising at the surface of the 3d transition metals.>
Fig. 5(a and b) represents the bifunctional activity descriptor

© 2023 The Author(s). Published by the Royal Society of Chemistry

AE values calculated at the difference of potential required to
reach 10 mA cm ™2 current density in OER and the potential at
the half-wave of the ORR curve. A catalyst that exhibits the
minimum AE value requires the least overpotential to catalyze
the redox couple reactions of oxygen evolution and oxygen
reduction, thus being a superior bifunctional catalyst. CCMNF
shows a AE value of 0.92 V, which is slightly more than Pt/C but
lower than RuO, standard catalysts. The promising bifunc-
tional performance motivated us to use it as an oxygen/air
electrode for an aqueous zinc-air battery.

3.3. Zinc-air battery performance

Fig. 6(a) depicts the typical set-up of an aqueous zinc-air
battery cell, where the anode is a plate made of zinc foil while
the cathode has a current collector and carbon paper as a gas
diffusion layer. The active electrocatalyst material was coated as
ink/paste on the carbon paper. The electrolyte is typically a
highly concentrated alkali to achieve excellent conductivity,
with a salt of zinc added to maintain uninterrupted redeposi-
tion of zinc®® from the electrolyte to the anode. The discharging
polarization curves of the CCMNF catalyst, as shown in Fig. 6(b)
reach a maximum current density of 70 mA cm™> while having
an open-circuit voltage of 1.52 V. The peak power density as obtained
from the CCMNF battery in Fig. 6(c) was 16.5 mW cm ™ > A typical
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galvanostatic charge-discharge curve for the battery assembled
with CCMNF is shown in Fig. 6(d). At a current density of
5 mA cm 2, the charge-discharge cycles maintained a voltage
gap of approximately 1.1 V and were fairly stable till 24 hours of
continuous cycling. The energy density calculated for the zinc-
air battery made from the CCMNF catalyst was found to be
481.5 W keg™', while the specific capacity for this aqueous
battery was calculated to be 688.6 mA h g~ " as represented in
Fig. 6(e and f). These results confirm the excellent performance
of CCMNF as a bifunctional electrocatalyst for the air-electrode
of a zinc-air battery. The zinc-air battery assembled from the
standard catalysts (Pt/C-RuO,) at the air electrode performed
significantly poorly than CCMNF. Fig. S2(a) (ESIt) shows the
lower power density of 12.2 mW c¢cm ™ achieved from the zinc-
air battery of Pt/C-RuO,; Fig. S2(b) (ESIt) represents the galva-
nostatic charge-discharge with 5 minutes of charging and
discharging each at 5 mA cm™? current density with a much

wider, in fact, almost double, voltage gap (AE = 2.1 V) between
charging-discharging than the one obtained for CCMNF zinc-
air battery. The battery from the standard catalyst also could
not last more than 33 hours of continuous cyclic operation
indicating low durability of operation and unsatisfactory
performance as the air electrode of the zinc-air battery.

Given the extraordinary stability of the air electrode made by
using CCMNF electrocatalyst, the charge-discharge cycles were
carried out for an approximately 87 hour period as shown in
Fig. 7(a). All the parameters for charge-discharge cycles were
maintained as in the case of the previous study. It was noticed
that even after 12 hours of continuous charge-discharge opera-
tion shown in Fig. 7(c) the voltage gap (AE) of 1.05 V was the
same as what was present initially during the first two hours of
cycling in Fig. 7(b). This indicates an outstanding interaction
of the CCMNF-coated carbon paper with the electrolyte that
does not need any long stabilization periods to deliver a stable
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(a) A schematic representing the aqueous zinc—air battery set-up, (b) i—v polarization curve of CCMNF zinc—air battery depicting its open-circuit

voltage. Various evaluation parameters to assess the performance of the zinc—air battery: (c) power density measurements, (d) galvanostatic charging and
discharging at 5 mA cm™2 current density, (e) energy density, and (f) specific capacity measurements are presented.
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activity. The prevention of loss of any catalytic activity of
CCMNF after 12 hours of operation proves its durability. When
the continuous cycling of the charge-discharge approaches 24
hours of operation, an increase in the voltage gap is evident
which raises the AE to 1.3 V as indicated by Fig. 7(d). This
suggests a loss in the activity of the CCMNF electrode owing to
a drastic change in the structural or chemical properties that
initiate the degradation of the catalyst. After 48 hours of
charge-discharge cycles, shown in Fig. 7(e), the CCMNF catalyst
had undergone further degradation and a decline in its cataly-
tic activity as compared to its initial activity that could be
inferred by an increase in the voltage gap to 1.7 V. After the
catalyst had performed more than 84 hours of continuous
charging and discharging, the zinc plate at the anode was
cracked due to its poor stripping-plating preference originating
from dendrite formation as illustrated by the SEM morpholo-
gical in Fig. S3 (ESI{). This stopped the battery experiments.
During every discharge cycle, the zinc from the anode enters
the electrolyte as soluble zincate ions, thereby causing mass
loss and morphology change at the anode. The subsequent
charging cycles are incapable of homogeneously redistributing
the deposited zinc as a result of the unevenness in the mor-
phology; therefore, under the influence of the tip effect, a
dendritic regrowth of the zinc occurs on the anode. In a highly
alkaline environment, the oxidation of zinc dendrites into the
insoluble zinc oxide is accelerated, which passivates the surface
of the zinc anode from forming the Zn@ZnO core-shell inter-
face. This electrically non-conducting ZnO severely limits the

© 2023 The Author(s). Published by the Royal Society of Chemistry

activity of zinc anode making it inaccessible for the electro-
chemical activity. The gradual growth of the Zn@ZnO dendritic
morphology after numerous charge-discharge cycles makes the
electrode brittle and pulverized, which is detrimental to the
battery performance.>” The SEM image illustrated in Fig. S3
(ESIY) displays the dendritic morphology emerging on the zinc
anode as a result of the tip effect during the constant charging
and discharging cycles of the zinc-air battery. In the case of a
solid-state zinc-air battery, these dendrites are found to pierce
through the separator and electrolyte membrane and come in
contact with the cathode thereby short-circuiting the battery.
Even after performing for > 87 hours of continuous charge-
discharge cycle as evident from Fig. 7(f), the voltage gap of the
CCMNF catalyst between charging and discharging was still
1.7 V. The constant voltage gap suggests excellent stability and
durability of the catalyst. Fig. S4 (ESIf) demonstrates subse-
quent TEM micrographs of the CCMNF catalyst after scrapping
it from the battery electrode at the end of its operation.
Fig. S4(a) (ESIt) presents a brightfield TEM micrograph, depict-
ing agglomerated materials. This agglomeration was a result of
nanoparticles being embedded within the binder, as evidenced
by the corresponding ring diffraction patterns shown in Fig.
S4(b) (ESIt). The diffraction rings, while clear, exhibit broad-
ness due to the presence of an amorphous binder. The distinct
ring pattern serves as compelling evidence of the nanocrystal-
line nature of the materials, with no significant signs of
coarsening observed. Furthermore, the diffraction pattern con-
tinues to demonstrate the presence of the FCC crystal structure.
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Consequently, it can be concluded that the catalytic materials
maintain their stability as single-phase high-entropy alloys.

3.4. Post zinc-air battery testing analysis

A high-entropy catalyst like CCMNF confining multiple quasi-
equiatomic metals likely exhibits a synergistic electronic inter-
action at the atomic scale that offers considerable catalytic
properties specifically towards the surface.>® The experimental
characterizations that can identify the ongoing modifications at
the catalyst surface during operation are the most reliable for
understanding the behavior of the catalyst. In this study, the
modifications happening in the CCMNF catalyst were moni-
tored using X-ray photoelectron spectroscopy (XPS) as it is the
best physical characterization technique to interpret the chemical
changes occurring on the surface of the catalyst during electro-
catalysis as these changes are interfacial phenomena arising
majorly at the interface between the electrocatalyst and the
electrolyte. The post-catalysis XPS and ICPMS studies are very
useful approaches to understanding the mechanistic pathway
and microstructural changes the catalysts endured during the
operational condition while performing oxygen electrocatalysis in
the zinc-air battery operation.

XPS data were recorded for the CCMNF -catalyst before
testing its battery performance (¢ = 0 h) and after 24 hours
(¢t =24 h) and 87 hours (¢ = 87 h) of the battery operation. Fig. S5
(ESIt) depicts the XPS survey spectrum of the time-dependent
stages of the device operation. All the metallic elements present
in the catalyst remained after the test operation of the zinc-air
battery, indicating good stability of the catalyst under opera-
tional conditions, however, a change in the intensity of peaks
and the positions of binding energy could be observed. In the
survey spectrum of ¢t = 24 h and ¢ = 87 h samples, the peak
arising at ~284.8 eV represents carbon from the carbon paper
substrate used to load the CCMNF catalyst for the battery
cycling tests. Also, in their survey spectrum, the presence of
zinc on the CCMNF catalyst was detected. High-resolution XPS
spectra of zinc 2p that were evident in CCMNF for ¢ = 24 h and
¢t = 87 h sample is shown in Fig. S6 (ESIT). The availability of
zinc ions in the electrolyte solution or the stripping/plating of
zinc at the anode occurring in tandem with the discharging and
charging of the battery could be responsible for the appearance
of zinc ions at the CCMNF electrocatalyst. It could be antici-
pated that the decline in the activity of CCMNF as suggested by
the increasing voltage gap between the charge-discharge cycles
is a consequence of the active catalytic sites being blocked by
the involvement of zinc ions. The presence of zinc at the
CCMNF catalyst alters the chemistry of electronic interactions
occurring at the interface of the electrolyte and the catalyst
surface. The surface atomic composition obtained from the
XPS, Table S1 (ESIY), verified an increased percentage of zinc
from 0.62 atom% to 0.80 atom% on the surface of the catalyst
at 24 hours and 87 hours respectively. Also, there was a decline
in the relative percentage of other metallic species present in
the catalyst, suggesting the leaching of catalytically active
metallic sites into the electrolyte over time, thus accelerating
a decline in the electrocatalytic activity. As can be discerned
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from Fig. S7 (ESIt), the EDX data is no longer quasi-equimolar
for the different metallic components as was at the beginning
of the battery testing, i.e., at ¢ = 0 h. As the catalyst performs
charging-discharging cycles of the battery, the loss in the
activity arises from the loss of catalytically active metallic sites.
The loss of manganese and nickel is the most predominant,
and the corresponding loss in the electrocatalytic activity of
oxygen suggests them to be a major contributing active site.
Table S2 (ESI) compares the relative compositions of the
metallic species present near the surface and throughout as
evaluated from the XPS survey and EDX composition analysis.
The detection of leached metallic species from the catalyst
electrode into the electrolyte was confirmed by the ICP-MS
analysis. The electrolyte was filtered thoroughly to avoid any
undesirable solid particles and diluted with de-ionized water to
prevent any ionic contamination before the ICP-MS measure-
ments. Table S3 (ESIT) displays the increasing concentration of
the leached metallic ions detected in the electrolyte, collected
after 24 and 87 hours of battery cycling experiments (parts per
billion scale).

From these results, it was confirmed that the metallic
components from the HEA catalyst were leaching out in the
harsh oxidative alkaline conditions of the electrolyte. However,
there was no significant decline in the activity after 48 hours of
operation, and remained almost the same till 87 hours. This
indicates that there was no further leaching or degradation
of the catalyst after some time; thus, it retained the activity
thereafter. To understand the mechanism of catalyst evolution
during battery operation, an iz situ study would be very helpful,
however, here we could not perform it. However, a study of
changes in the local electronic structure affecting the activity
was assessed using XPS data. The high-resolution XPS spectra
of the metallic components are shown in Fig. 8(a-e).

The presence of metallic peaks M° at their specific binding
energies was consistent for all the composite metals of the HEA
in all the stages of operation. However, various oxidation peaks
corresponding to M>* were found to have undergone changes in
the binding energy during different stages of operation dura-
tion. The +2 state of copper moved towards a lower binding
energy over the course of the operation. This could indicate an
increased electron density at the copper sites, favoring the
oxygen reduction reaction. For cobalt, the binding energy
corresponding to the Co®>" peak increased after 87 hours of
operation, suggesting the progress towards oxidation of Co** to
Co®" which is a critical step for catalysts supporting oxygen
evolution reaction.” In the case of iron, the binding energy
corresponding to Fe’ and Fe?* remained approximately the
same, but for Fe**, after 24 hours, a decrease was observed,
while after 87 hours the binding energy increased again to
nearly the same value as it was before the battery testing. This
could have occurred due to iron’s active participation in the
oxygen reduction reaction initially, but the loss of activity over a
long-term operation possibility occurs with the irreversible
oxidation of the surface of iron to the highly active oxyhydr-
oxide species responsible for the oxygen evolution reaction. It is
a well-known fact from the literature that metal oxides undergo

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 High-resolution XPS plots for the composition metals (a)—(e) in CCMNF and the modifications in their binding energies over the duration of
charge—discharge operation of the zinc—air battery, (f) the deconvoluted O 1s spectra peaks of oxygen at the surface of CCMNF for each time set.

surface reconstruction to convert into oxy-hydroxide species via
electrooxidation which behaves as the site for oxygen evolu-
tion reaction.>**® The high-entropy catalyst, CCMNF, is also
expected to have undergone surface and electronic reconstruc-
tion to form (oxy)hydroxide responsible for its superior OER
activity. From this XPS data, the observance of negative shifts in
the binding energy of high oxidation metal states after 87 hours
of operation suggests the loss of catalytically active oxy-
hydroxide species as a consequence of changing electronic
interactions induced by reduction. Like the XPS binding energy
trend of cobalt, manganese exhibits an almost unchanged
metallic peak, while the Mn*>" and Mn*" shift to a higher
binding energy, thus indicating an active electron transfer from
manganese sites. The Ni*" binding energy shifts to a lower

© 2023 The Author(s). Published by the Royal Society of Chemistry

value after a continuous operation of 87 hours thus losing its
activity as an efficient oxygen evolution reaction site. A positive
shift occurred in the binding energy of Mn>*, Mn**, and Co*",
while a negative shift occurred in the binding energy of Ni**
and Cu®*, whereas the binding energy of Fe*" remained the
same essentially, which suggested an inconsistent stoichiome-
try, dynamic charge transfer, and lattice distortion occurring at
the metallic sites, while sustaining ORR and OER catalytic
activity during continuous operation. For a critical examination
of the ongoing dynamics, operando techniques, such as SECM
(scanning electrochemical microscopy), in situ XPS, and XAS
(X-ray absorption spectroscopy) would be highly insightful in
studying the surface microstructural changes as well as electro-
nic changes. The continuous modification of oxidation states of
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the composite metals to compensate for the activity loss
arising from cation vacancies created by the neighboring
leaching metal sites proves the synergistic electronic inter-
actions in the high-entropy alloy. This interplay of charge
transfer also explains how CCMNF retains its electrocatalytic
activity despite continuous leaching in harsh alkaline condi-
tions. The synergistic electron transfer makes it an efficient
electrocatalyst for two fundamentally opposite reactions of
oxygen electrocatalysis. Loss in the performance of the zinc-
air battery over 87 hours of operation is due to the leaching
out of the catalyst from the gas diffusion layer, thus decreas-
ing the availability of active sites, as well as leaving the
electronic states irreversibly modified. This eventually leads
to a decline in the zinc-air battery performance of the
CCMNF as compared to its initial activity. From the O 1s
spectra, in Fig. 8(f), the deconvoluted peaks indicate the
presence of a metal-oxygen bond, adsorbed moisture, or
the hydroxide bond as well as the carbonyl bond arising
from the inevitable carbon contamination.

Another observation with the catalyst-coated electrode that
caused a decline in the performance of the CCMNF catalyst was
the incorporation of zinc on the sites of catalysis. The presence
of zinc ions in the electrolyte as an additive facilitates the
replenishment of zinc at the anode during charging by main-
taining a reserve of zincate ions.’®>® However, as confirmed by
the XPS survey spectra and high-resolution zinc 2p spectra, zinc
was found to be incorporated at the CCMNF catalyst either by
substituting for the leached metal sites or by replacing them. In
either case, the electrocatalytic activity of CCMNF was dimin-
ished by the structural and electronic defects brought by
unrequited zinc incorporation.”” Such constitutional changes
in CCMNF electrocatalyst over the operation could be avoided
by using a solid electrolyte membrane which would selectively
allow the passage of hydroxide ions and inhibit the intrusion of
zinc ions from the solution at the oxygen electrode, thus
prolonging its excellent catalytic activity.

Initially, a parallel between the time-dependent declining
performance of the CCMNF zinc-air battery and the gradual
leaching of manganese and nickel catalytic sites could be
recognized. Even though the leaching of all the catalytically
active metal sites from CCMNF was observed from the EDX
and ICP-MS results, the concentration loss was maximum for
Mn and Ni. Synergistic electronic interaction between Mn
and Ni has been recognized in the literature as responsible
for bifunctional oxygen electrocatalytic activity.’*®° Hence,
it led to the proposal of the predominant catalytic activity
arising from Mn and Ni sites. The high-resolution XPS results
of each metal indicated a positive shift in the binding energy
of Mn**, Mn**, and Co®', a negative shift in the binding
energy of Ni** and Cu®*, and essentially constant binding
energy of Fe**, which implied an inconsistency in the stoi-
chiometry, dynamic charge transfer, and lattice distortion
occurring at these metallic sites during continuous catalytic
operation. This observation propounded an in-tandem inter-
action between all metallic sites rather than being limited to
only Mn and Ni.
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4. Conclusion

High-entropy alloys offer the most suitable choice of catalytic
materials owing to the virtually infinite number of combina-
tions of surface microstructures and atomic interactions. The
various features have several advantages for catalysis, such as
lattice distortion exhibiting a favorable intermediate adsorp-
tion/desorption kinetics, thus enabling their utility for oxygen
electrocatalysis. The bifunctional activity results and aqueous
zinc-air battery test approve the deployment of CCMNF as the
oxygen electrocatalyst. The long-term charging-discharging of
the battery showed stable performance for a certain duration
and then an increase in voltage gap. This trend followed as long
as the zinc anode was functional. The loss of metallic sites due
to leaching and the incorporation of zinc sites at the CCMNF
could be the cause of this fall in the activity. The synergistic
changes in electronic states might help circumvent the decline
in the electrocatalytic activity associated with the loss of
metal species through leaching. The XPS results corroborate
our hypothesis that shifts in the binding energies of different
constituent metals of the HEA catalyst occur because of the
coordinated electron transfer among the metallic sites of the
alloy. Thus, the reorganized oxidation states of the metallic
sites sustain electrocatalytic performance till a certain degree
before undergoing degradation. This suggests excellent syner-
gism between the active sites of the catalyst CCMNF for
extended activity and stability.
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