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The development of efficient and durable catalysts for the oxygen evolution reaction (OER) is urgent for
renewable and sustainable energy storage and conversion. High-entropy oxides (HEOs) have gained
significant attention for OER electrocatalysis owing to their multielement synergy and tunable electronic
structure. The presence of multiple cations and anions in HEOs' crystal structure leads to a slow
diffusion effect, lattice distortion, high configurational entropy, and cocktail effect. The high
configurational entropy of HEOs reveals outstanding electrochemical activity due to the large number of
active sites compared with their individual counterparts. Herein, a series of equimolar (quaternary,
quinary, and senary) and non-equimolar HEOs were fabricated using a rapid microwave irradiation
method. The crystal structure, morphology, elemental composition and oxidation states of the HEOs
were explored via different physical characterizations. The OER activity of the HEOs was investigated
through cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry, and
electrochemical impedance spectroscopy (EIS). All the prepared HEOs demonstrated outstanding OER
activity, where the optimum composition exhibited a low overpotential of 350 mV, Tafel slope of
49.4 mV dec™! at 10 mA cm™2 and excellent stability for 3600 s. Other electrocatalytic parameters
including high diffusion coefficient (D°) (2.2 x 1078 cm? s71), mass transport coefficient (my) (2.9 x
10~* cm s7Y), heterogeneous rate constant (k%) (5.85 x 10~* cm s73), high active surface area (A)
(0.0116 cm?), and turnover frequency (TOF) (1.388 s~ were observed for optimized composition. EIS
analysis revealed low solution resistance and charge transfer resistance values. This outstanding
performance is attributed to multiple cationic contribution due to the synergistic effect, high durability,
improved conductivity, and high entropy stabilization. However, the electrochemical behavior of HEOs
depends on each metal ion and its concentration on the catalyst's surface, thus providing new
opportunities for tailoring their functional properties by simply changing their elemental composition for
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previously unattainable, spanning the complete periodic
table."” The process of material design based on the high-
entropy concept makes the formation of a single-phase system
composed of 5 or more principal elements possible. These

1. Introduction

The development of cutting-edge research procedures and the
groundwork for materials with unique properties and capabil-

ities are two main approaches for advancement in materials
science. A revolutionary approach known as “high entropy”
gained significant popularity because it offers a distinct oppor-
tunity to discover and tune properties of materials that were
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materials differ from a doped system where the concentration
of the dopant is restricted and destabilization can occur if the
concentration surpasses a specific threshold.>* A high-entropy
system can be described in two ways: based on its composition
and configurational entropy. Based on the composition, high-
entropy materials are composed of five or more principal
elements with 5-35 wt% contribution. The configurational
entropy of these materials is greater than 1.5R (where R is the
general gas constant), irrespective of whether these are single
phase or multiphase solid solutions. These special compounds
are classified into low entropy (< 1R), medium entropy (1-1.5R)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and high entropy (>1.5R) materials depending on their con-
figurational entropy.’

In 2004, Yeh et al.® and Cantor et al.” reported the first high-
entropy material composed of five principal metal atoms, known
as a high-entropy alloy (HEA). Advance studies on the develop-
ment of HEAs have revealed that these materials have unique
properties compared to conventional alloys because of four core
effects, i.e., high configurational entropy, lattice distortion, hyster-
esis diffusion, and cocktail effect."® The concept of high entropy
is broadened now, and various types of high entropy materials
(including high entropy carbides, sulfides, nitrides, silicides,
diborides, and oxides) have been reported.”** These HEMs have
a wide range of potential applications in electrocatalysis, photo-
catalysis, and environmental remediation. High-entropy oxides
(HEOs), an emerging class of HEAs with unique structures and
tailorable properties, have gained significant attention from
researchers due to their rainbow of versatile properties. HEOs
possess some outstanding advantages, including excellent
mechanical strength, high-temperature stability, stable material
structure, and excellent magnetocaloric effect, and they are
regarded as multifunctional in catalytic converters and thermo-
electric, electromagnetic, energy, and data storage devices. The
configurational entropy for HEOs is calculated from eqn (1):">°

n m
ASconf =—-R |:(Z Xi In X,-) + (Z X; In X,') :| ,
i=0 cation-site Jj=0 anion-site
1)

where x; represents the mole fraction of elements in the cation
site, x; represents the mole fraction of elements in the anion sites,
and R is the general gas constant."”

In 2015, which is just a few years ago, the first HEO was
reported by Rost et al.,, which was composed of five metal
atoms, [MgCoCuNiZn]O, a single-phase rock salt structure.
The cation distribution was random and uniform in the crystal
lattice.'® Depending on the synthesis route and composition of
HEOs, different crystal structures have been reported, including
rock salt, fluorite type, perovskite, spinel and scheelite
structures.">* Various potential applications of HEOs in electro-
chemical technologies include Li-ion batteries, Zn-air batteries,
electrocatalysis, supercapacitors, and solid oxide fuel cells. Oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR) are
two main electrochemical reactions in various energy storage and
conversion devices.

OER is a half reaction of electrochemical water splitting
composed of four electron transfers. Because of its large over-
potential and sluggish kinetics, OER requires a highly efficient,
stable, and selective electrocatalyst to improve its kinetics.**
State-of-the-art electrocatalysts (RuO,/IrO,) showed outstanding
OER activity; however, their high cost, low availability, and weak
stability hindered large-scale applications.>® Transition metal-
based materials, such as alloys, oxides, hydroxides, sulfides,
phosphides, and nitrides, are emerging in the field of OER
electrocatalysis because of their low cost, high abundance, and
excellent stability in alkaline media.>*>° HEOs are also potential
catalysts for OER because the presence of multiple cations in the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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crystal structure provides a large number of active sites. More-
over, their high configurational entropy maintains their defect
concentration (oxygen vacancies) and improves crystal stability,
which leads to high activity.>*?

Huan He and coworkers synthesized (FeCoNiCrMn);O,
spinel-type HEO coupled with a carbon sphere (CS) by applying
the microwave solvothermal method and studied OER activity
in alkaline media.** As-prepared HEO coupled CS demon-
strated outstanding efficiency with a low overpotential of
263 mV at 10 mA cm ™2, a small Tafel slope of 41.24 mV dec ™"
and long-term stability of 100 h. Wang et al. reported (CoCu-
FeMnNi);0, decorated with multi-walled carbon nanotubes
prepared through low-temperature solvothermal technology.
The prepared material showed the best OER performance with
a low overpotential 350 mV at 10 mA cm™ > and a Tafel slope of
95.5 mV dec '.**> Liu et al explored the oxygen evolution
reaction (OER) with Mg, ,Co, ,Nij ,Cuy »Zn, ,0 electrocatalysts.
HEO shows better intrinsic OER activities at 1.65 V compared to
CoO and NiO, with turnover frequencies (TOFs) that are 15 and
84 times higher, respectively. Furthermore, chronopotentiome-
try testing at 10 mA cm~ > for over 25 hours showed only a
minor decrease in the stability of HEO.?® Zhang et al. prepared
high entropy oxide (CoNiMnZnFe);0;, using the mechanical
alloying method, which exhibited a single-phase rock salt
structure. Excellent OER performance was observed with an
overpotential of 336 mV and a Tafel slope of 47.51 mV dec™ " at
10 mV cm™ . This is because of the large number of MOOH
nanosheets at the edge of the HEO core, which leads to a core-
shell structure after electrochemical activation.®” For instance,
Duan et al. reported (FeCoNiCrMn);0,, which exhibited a high
catalytic activity towards OER with an overpotential of 288 mV
at a current density of 10 mA cm™? and outstanding stability
(potential change of only 1.3% after a 95 h OER test at
10 mA cm ?) in 1 M KOH electrolyte.®® Lao and coworkers
reported (CoNiCuZn)O doped with Fe, Mn, Mg and Al to form
quinary HEO.*>® Among the different compositions of HEOs,
(FeCoNiCuZn)O has demonstrated the best OER performance
with an overpotential of 323 mV at a current density of
10 mA cm™ > and a Tafel slope of 64.5 mV dec' in 1 M KOH
solution with a long-term stability of 50 h.* Several HEOs and
HEAs with different elemental compositions and wt% have
been reported to have outstanding OER activities.*’

Herein, a series of equimolar (composed of 4, 5, and 6
metals) and non-equimolar with Al (25, 30, and 35%) HEOs
are synthesized using the microwave irradiation method. The
microwave irradiation method provides a time-saving and
energy-saving strategy to control the precise composition, mor-
phology, and structure of materials. After synthesis, the crystal
structure, morphology, oxidation states, and chemical composi-
tions of HEOs were studied using different analytical techniques.
The OER activity of HEOs was studied in 1 M KOH and 1 M KOH +
methanol at room temperature. Among equimolar HEOs, one with
5 metals (AlFeCuNiCo)O showed the best OER performance with a
lower overpotential of 353 mV and Tafel slope of 52.3 mV dec™" at
a current density of 10 mA cm>. However, in non-equimolar
HEOs, Alj;[FeCuNiCo],,O demonstrated low overpotential
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(350 mV) and Tafel slope (49.4 mV dec™') at 10 mV s .
Other electrochemical parameters, including active surface area,
double-layer capacitance, turnover frequency, and charge transfer
resistance, were also calculated, which highlighted the best OER
performance of all prepared HEO electrocatalysts. The prepared
HEOs demonstrated long-term electrochemical stability for 3600 s.

2. Materials and methods

2.1. Materials

Aluminum nitrate nonahydrate (Al(NO3);-9H,0, Sigma Aldrich,
99%), magnesium nitrate hexahydrate (Mg(NO;),-6H,0, Sigma
Aldrich, 99%), iron nitrate nonahydrate (Fe(NO3)3-9H,0, Sigma
Aldrich, 99%), copper nitrate trihydrate (Cu(NOj3),-3H,0,
Sigma Aldrich, 99%), nickel nitrate hexahydrate (Ni(NOj),
6H,0, Sigma Aldrich, 99%), and cobalt nitrate hexahydrate
(Co(NO3),-6H,0, Sigma Aldrich, 99%) were used as metal pre-
cursors and employed as acquired without further purification.
Ammonium hydroxide (NH4(OH), 3 M, Merck) was used to adjust
the pH of the reaction medium.

2.2. Synthesis of high entropy oxides

The required stoichiometric amount of all metal precursors was
taken and dissolved in deionized water using a magnetic stirrer
at room temperature. After obtaining a homogeneous solution,
the pH of the solution was adjusted to 12 with the addition of
ammonium hydroxide in a controlled fashion. The gelatinous
solution was further stirred for 30 minutes for complete homo-
genization. Then, the solution was exposed to microwave
radiation for 3 minutes at 700 W heating power in a household
microwave oven (frequency is ~2.45 GHz). The solution taken
from the microwave was suddenly cooled in an ice bath. Next,
the solution was centrifuged to separate the precipitated pow-
der. Finally, the precipitated product was washed using deio-
nized water and ethanol, and the washed samples were dried at
80 °C for 12 h in an oven. The dried sample was ground into a
fine powder using a mortar and pestle and subjected to physical
and chemical characterizations. The composition and sample
codes of all prepared HEOs are listed in Table 1.

2.3. Material characterizations

2.3.1. Physical characterizations. X-ray diffraction (XRD)
analysis was conducted to investigate the nature of the crystal
structure and its associated properties using PANalytical Empyr-
ean, CuKoo, 4 = 1.5406 A, and scan range: (10° < 20 < 90°)
device with a step size of 0.02°. To determine the percentage of

Table 1 Composition of the synthesized high entropy oxides and their
sample codes

Composition Sample code Class

1 [AlFeCuNi]O MEO-4 Medium entropy oxide
2 [AlFeCuNiCo]|O HEO-5 High entropy oxide

3 [AIMgFeCuNiCo]O HEO-6 High entropy oxide

4 Al 55[FeCuNiColp 750 HEO-AI25 High entropy oxide

5 Al 30[FeCuNiCo]p 700 HEO-AI30 High entropy oxide

6 Al 35[FeCuNiCol 650 HEO-AI35 High entropy oxide
8492 | Mater. Adv, 2024, 5, 8490-8504
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each metal in the complex system of as-synthesized high entropy
oxides, an inductively coupled plasma-mass spectrometer (ICP-
MS, Agilent 7800) was employed. To study the morphology of as-
synthesized high entropy oxides, scanning electron microscopy
(SEM) was used. Additionally, the elemental composition of the
sample was determined by applying an energy dispersive X-ray
spectrometer (EDS) performed during the SEM analysis. X-ray
photoelectron spectroscopy (XPS, Specs-Flex XPS, energy range:
200 eV-4 keV) analysis was performed to study the oxidation
states and electronic structure of the catalysts. The elemental
composition and concentration of each metal in HEO were
studied using energy dispersive X-ray spectroscopy.

2.3.2. Electrochemical characterizations. Prepared high
entropy oxides were tested as electrocatalysts for oxygen evolution
reaction. Prior to the modification of the working electrode, its
surface was polished with alumina slurry to remove any contam-
ination on the electrode surface. For electrode modification, 5 pL
ethanol was dropped on the electrode surface, followed by 0.1 mg
of catalyst and 5 puL of Nafion solution. The modified electrode
was dried at room temperature and employed for electrochemical
studies. A conventional three-electrode system was used where Ag/
AgCl (3 M KCl), modified glassy carbon (with a geometric area of
0.07 cm?), and Pt wire were used as the reference, working, and
counter electrodes, respectively. A Gamry Potentiostat 1010B
electrochemical workstation was used for data acquisition.

1 M KOH was used as a supporting electrolyte, and a small
amount of methanol was added to envision its effect on the kinetics
of the OER process. Cyclic voltammetry was performed to investigate
the OER activity of the prepared HEOs. For the electron transfer
behavior and electrochemical stability of the designed electrocata-
lysts, EIS and chronoamperometry were employed, respectively. CV
was also performed in non-faradaic regions to determine double-
layer capacitance and electrochemical surface area. Prior to OER
testing, the working electrode was activated electrochemically by
cyclic voltammetry (CV) ranging from —1.5 to 1.5 V [vs. Ag/AgCl] at a
scan rate of 100 mV s~ for 50 cycles. In all electrochemical tests, the
potential values obtained with respect to the Ag/AgCl reference
electrode were converted into a reversible hydrogen electrode
(RHE) using the following potential conversion formula:*'

Erug = Eagiagal + 0.197 + 0.0591pH. (2)

The OER onset and overpotential were examined by linear
sweep voltammetry (LSV) at a current density of 10 mA cm™>
and a scan rate of 100 mV s~ in both the KOH and KOH +
methanol electrolytes. Tafel slopes (TS) are the thermodynamic
scale for checking process feasibility, and they relate the
kinetics of the electrochemical process to the inherent chemis-
tries associated with the catalyst material. TS values for all
electrocatalysts were obtained by plotting log (current density)
versus the overpotential from the linear region of the LSV
polarization curves and fitted into the Tafel equation:**

n =a + blogj. (3)

Active surface area (A) for all electrocatalyst-modified elec-
trodes was determined through CV in the potential window of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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0-0.6 V (vs. Ag/AgCl) using 1 M KCl + 5 mM potassium
ferricyanide (redox couple). The Randles-Sevcik equation esti-
mates the active surface area:**

I, = 2.69 x 10°n*”ACD"*1'">. (4)

The electrochemical surface area (ECSA) correlates the sur-
face properties of the catalytic materials with the feasibility of
the process. To calculate the double layer capacitance (Cq;) and
ECSA, CV experiments were performed in the non-faradaic
region 0.3-0.7 V (vs. RHE) at scan rates of 20, 40, 60, 80, 100,
120, and 140 mV s '. Using the absolute values of the differ-
ences between the anodic and cathodic current densities at
0.55 V, a linear graph was obtained between the Aj (jox — Jjred)
and the scan rate, v. Cq; was obtained from the slope of the linear
plot, and ECSA was calculated using the following relation:**

ECSA = Cq)/Cs, (5)

where Cj is the specific capacitance of the oxide smooth sur-
face, which is typically 0.060 mF cm ™2,

Roughness factor (Ry) is another performance parameter for
evaluating the catalytic nature of the envisioned materials. R of
the modified electrodes was calculated by dividing the ECSA by
the geometric area of the working electrode (0.07 cm?). Higher
ECSA and roughness factors are witnessed in the enhanced
OER activity because many active sites are being exposed to
electrochemical reactions.

Turnover frequency (TOF) is the direct estimate of the reac-
tion kinetics. The TOF values were estimated by assuming that
all metal atoms are involved in the electrochemical process. The
following equation was used for the TOF calculations:**

TOF =j/4 X F X m, (6)

where j is the current density at a specific overpotential, F is
Faraday’s constant, 4 is the total number of electrons involved
in the OER process, and m is the number of moles of the
catalyst used.

Electrochemical impedance spectroscopy (EIS) is a versatile
technique used to endure a direct connection between the
chemical nature of the catalyst material and the electrochemical
stress (load). EIS analysis was conducted for all modified elec-
trodes, and Nyquist plots were obtained at a frequency range of
0.1 Hz-20 kHz at the applied DC voltage in the range of 1.1-
1.5 V. All the electrochemical experiments were carried out at
room temperature.

3. Results and discussion

3.1. Physical characterization of prepared catalysts

The configurational entropy of all prepared HEOs was com-
puted using eqn (1), where the anionic contribution was none
because only oxygen was present at the anion site. Configura-
tional entropy is dependent on the number of cations present
in the composition and their wt% as well, regardless of their
chemical nature, thus posing universality. The calculated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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configurational entropy for all prepared HEOs is summarized
in Table 2.

Fig. 1(a) illustrates the XRD pattern of all prepared equimo-
lar and non-equimolar high entropy oxides (HEOs). The diffrac-
tion peaks appearing at 26 values around 36°, 42°, 62°, 74°, and
78° are highly consistent with the CoO diffraction peaks (PDF-#
78-0643 and PDF-# 43-1004) and can be indexed as (111), (200),
(220), (311), and (222) planes of rock-salt crystal structure with
space group Fm3m, respectively.*®*® No additional peak can be
observed in the XRD pattern, which confirms the single-phase
formation of the synthesized materials. All HEOs are mono-
crystalline without any phase segregation within the detection
range. The relative intensities of the Bragg peaks (111) and
(200) deviate from the ideal rock-salt lattice, revealing aniso-
tropic strain broadening, as observed by Bérardan et al.*® The
average crystallite size, D,, for all prepared HEOs was calculated
using the Debye-Scherrer equation, as illustrated in Table 2.
The lowest D,, of 8.97 nm was estimated for HEO-A130. This
minimum crystallite size indicates better OER performance.
ICP-MS analysis was carried out to determine the percentage of
all constituents in the prepared HEOs, as summarized in
Table 2. The wt% of metal constituents is similar to that of
theoretical/stoichiometric amounts taken during synthesis.

Fig. 1(b)-(d) illustrates the SEM micrographs of HEO-5 at
different magnification scales. At 10 pm, HEO-5 exhibited
aggregates of nanoparticles with different shapes. However,
high magnification (200 nm) particles have a spherical mor-
phology. These spherical particles are almost similar in size
and uniformly distributed throughout. SEM analysis confirmed
the successful formation of HEOs using the microwave irradia-
tion method with a controlled particle size.*® The EDS spec-
trum of HEO-5 is shown in Fig. 1(e), which confirms the
chemical composition, and all the metal atoms are present in
equal or nearly equal concentrations. The EDS results (wt% and
atomic%) of all the prepared samples are summarized in
Table 3 and are in good agreement with the stoichiometric
amounts used for synthesis.

XPS analysis was carried out to examine the elemental
composition and oxidation states of the chemical constituents
in the presence of HEOs. The XPS results of HEO-5 are shown in
Fig. 2(b)-(g), which confirms the coexistence of all metal
cations. Fig. 2(a) illustrates the core-level XPS spectra of Al
2p, Fe 2p, Cu 2p, Ni 2p, Co 2p, and O 1s acquired for the cations

Table 2 Average crystallite sizes, ICP-MS results (elemental wt%) and
configurational entropy of all the prepared electrocatalysts

Weight (wt%)

Catalyst  D,, (nm) Mg Al Fe Co Ni Cu ASconfig
MEO-4 11.11 16.54 33.68 34.51 15.24 1.386R"
HEO-6 9.62 8.58 11.64 23.60 26.20 20.28 9.66 1.791R
HEO-5 9.01 11.61 23.52 26.71 24.61 13.52 1.609R
HEO-AI25 12.43 14.70 21.87 24.82 23.74 14.84 1.602R
HEO-AI30 8.97 19.01 22.46 24.90 22.83 10.78 1.581R
HEO-AI35 9.17 22.15 20.71 23.24 22.20 11.67 1.548R
¢ It is medium entropy oxide by definition.

Mater. Adv., 2024, 5, 8490-8504 | 8493
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Fig. 1 Microstructure and chemical composition of the prepared HEO materials: (a) XRD patterns of all the prepared HEOs confirming the formation of a
rocksalt-type crystal structure; (b)—(d) SEM images of HEO-5 at different magnifications, with the inset showing the spherical morphology of HEO-5; and

(e) EDS analysis of HEO-5 with elemental percentages.

Table 3 Weight ratio and atomic ratio of all catalysts confirmed by EDS analysis

EDS composition

Weight% Atomic%

Catalyst O K MgK AIK Fe K Cu K Ni K Co K O K MgK  AIK Fe K Cu K Ni K Co K
MEO-4 28.37 10.39 26.82 11.9 22.51 55.25 12 14.97 5.84 11.95

HEO-6 28.18 6.26 7.91 17.12 7.03 14.43 19.07 53.4 7.81 8.89 9.29 3.35 7.45 9.81
HEO-5 22.4 6.5 19.27 11.44 18.74 21.66 46.08 8.44 12.1 6.31 11.19 12.88
HEO-AI25 17.93 11.1 19.46 10.66 18.55 22.29 40.86 15.01 12.71 6.12 11.52 13.79
HEO-AI30 28.9 6.03 16.55 8.47 21.61 18.44 57.52 7.12 9.44 4.25 11.72 9.95
HEO-AI35 31.35 14.21 13.73 7.12 20.42 13.17 61.34 9.21 6.34 5.67 10.21 7.23

and anions of HEO-5. The spectral line for Al 2p is centered at In the Fe 2P spectra, spectral peaks centered at 712.2 eV and
74.01 eV and 74.95 eV indexed to AI** and Al'", respectively.*”*”  725.3 eV represent 2P;,, and 2P;;, with their satellite peaks at

8494 | Mater. Adv., 2024, 5, 8490-8504
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high energies. This spectrum also confirms the co-existence of

Fe** and Fe*" oxidation states.>"*?

Cu 2P spectra show 2P;/, and
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2P, centered at 933.3 €V and 952.6 eV, respectively, with their
corresponding satellite peaks. The peak at 2P;/, confirms the
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Fig. 2 (a) XPS full range spectra of HEO-5 and (b)-(g) XPS high-resolution spectrum of Al, Fe, Cu, Ni, Co, and O of HEO-5 composition.
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Fig. 3 Cyclic voltammograms of equimolar HEOs (MEO-4, HEO-5, and HEO-6) in (a) 1 M KOH and (b) 1 M KOH + 1 M methanol. Inset shows the LSV
response of the same catalyst. (c) and (d) Cyclic voltammograms of non-equimolar HEOs (HEO-AI25, HEO-AI30, and HEO-AL35) in 1 M KOH and 1 M
KOH + 1 M methanol. LSV scans are shown in figure inset, (e) and (f) CV responses of HEO-5 and HEO-AI30 in the absence (red) and presence (black) of
methanol, (g) onset and overpotential of all HEOs in 1 M KOH and 1 M KOH + 1 M methanol recorded at 10 mA cm™2 current density, and (h) Tafel slopes
of all the prepared HEOs calculated in 1 M KOH +1 M methanol.
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presence of Cu®'/Cu’®"; however, the ratio of Cu®" is more than
70%, which confirms that Cu®* is present throughout the
samples.*® Ni 2P spectra also exhibit 2P;, and 2P, at
855.7 eV and 871.8 eV, respectively. Satellite peaks at higher
energies are also observed in the spectra. The 2P;/, appearing at
853.7-855.7 eV, and the 2P,,, appearing at 870.5 eV-872.1 eV
confirmed the presence of Ni** oxidation state."**° In CO 2P
spectra, peaks centered at 780.4 eV and 796.3 eV correspond to
2P5/, and 2P, ,, respectively, with their satellite peaks. Peaks at
779.2 €V-781.9 eV for 2P;, confirmed the presence of Co>*
oxidation states.>***>° The XPS spectra confirmed that all
metal cations are present as divalent corresponding to the
rock-salt crystal structure. Fig. 2(g) depicts the XPS spectra of
O 1s, consisting of one intense and two shoulder peaks. These
three peaks appeared at 529.7 eV, 530.8 €V, and 531.9 eV, which
correspond to the lattice oxygen (O1), metal oxide oxygen
vacancy (02), and surface-adsorbed oxygen (0O3), respectively.
Oxygen vacancy contribution is significant in spectra, suggest-
ing that HEOs are rich in oxygen vacancies.”' > Energy storage
characteristics are significantly influenced by oxygen vacancies
because they enhance electrical conductivity by increasing the
concentration of charge carriers. Oxygen vacancies can also
accelerate overall surface kinetics, promote OH adsorption, and
act as an electroactive center for redox processes. Consequently,
oxygen vacancies enhance specific capacitance and electrical
conductivity and serve as an electroactive core for the ultrafast
surface redox reaction.”*

3.2. OER performance of prepared electrocatalysts

The electrochemical measurements were carried out to inves-
tigate the OER performance of all equimolar and non-
equimolar HEOs in alkaline media (1 M KOH and 1 M KOH +
methanol) using a conventional three-electrode setup. CV and
LSV experiments were performed to record the OER responses
of the HEO-modified electrodes. Comparative CV and LSV
voltammograms of equimolar HEOs in 1 M KOH and 1 M
KOH + 1 M methanol are shown in Fig. 3(a) and (b), respec-
tively. Among the three equimolar compositions, HEO-5
demonstrated the best OER performance, which was attributed
to the high configurational entropy and large number of active
sites present on the surface of the catalyst. The decrease in the
OER activity of HEO-6 is due to the presence of Mg, which may
hinder some active sites and create a deactivation layer at the
surface.”® A higher ionic radius of Mg ions hinders the for-
mation of oxygen vacancies on the catalyst surface, which are
crucial for the adsorption and activation of water molecules.
Additionally, the strong affinity of Mg for oxygen leads to the
formation of the Mg-O bond, which competes with the for-
mation of THE O-O bond necessary for the OER, hence
decreasing the overall efficiency of the catalyst. The OER
responses of non-equimolar HEOs recorded in 1 M KOH and
1 M KOH + 1 M methanol are shown in Fig. 3(c) and (d),
respectively. HEO-AI30 exhibited the best OER response with a
high output current and low overpotential. The addition of
methanol increases the OER response, which is due to an
increase in hydroxyl ions in the electrolyte (directly related to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen production) and a decrease in the hindrance of the
conversion of hydroxyl ions to oxygen molecules. Furthermore,
a salt-like specie (CH;0 - - -K') was produced upon the addition
of methanol in KOH, which increased the adsorption of OH™
ions on the surface of catalysts; therefore, enhanced OER
response was observed.***®*” Methanol oxidation reaction
(MOR) requires lower potential (0.016 V vs. RHE) compared to
OER and occurs during the OER study. MOR requires high
overpotential, has slower kinetics than OER and produces less
current (in pA). However, when we scan the potential limit to a
higher value for OER, the anodic peak observed for MOR
diminishes because of the high current obtained for the OER
process (in mA). Methanol-assisted HER and OER have been
reported over various catalysts, emphasizing the positive effect
of the addition of methanol during water splitting analysis.”®
Comparative cyclic voltammograms of HEO-5 and HEO-AI30
are shown in Fig. 3(e) and (f), which clearly show that there is a
pronounced increase in the OER output current upon the
addition of methanol. The CV responses of the other prepared
samples are summarized in Fig. S1 (ESIY).

The onset potential E,, is an important parameter used for
the evaluation of the electrocatalyst activity of material.>® For all
HEO-modified electrodes, E,, was calculated in both media,
i.e., KOH and KOH + methanol. The minimum onset potentials
were observed for HEO-5 (1.257 V and 1.402 V) and HEO-AI30
(1.241 V and 1.379 V) in 1 M KOH and 1 M KOH + 1 M
methanol, respectively. The calculated onset potential values
for all HEO-modified electrodes in 1 M KOH and 1 M KOH +
1 M methanol are shown in Fig. 3(g). These low onset potential
values of HEOs make them potential candidates for future
electrocatalysis technologies. Another important parameter for
measuring catalytic efficiency is the overpotential value, which
reflects the improvement in the kinetics of the OER process. The
main purpose of catalyst development is to decrease the over-
potential barrier associated with the four-electron transfer of the
OER process.*® The overpotential values for all modified electro-
des were calculated at a 10 mA cm™ > current density in 1 M KOH
and 1 M KOH + 1 M methanol. Minimum overpotential was
observed for HEO-5 in equimolar compositions, which were
353 mV (in 1 M KOH + 1 M methanol) and 608 mV (in 1 M
KOH). However, in non-equimolar compositions, HEO-AI30 pos-
sessed minimum overpotential values of 350 mV (in 1 M KOH +
1 M methanol) and 602 mV (in 1 M KOH). The overpotential
values for all HEOs in both mediums are shown in Fig. 3(g). The
low overpotential values suggest that HEOs accelerate the OER
electrocatalysis more efficiently.

The Tafel slope is an important parameter in describing the
catalytic activity, kinetics, and mechanism of OER electrocata-
lysis. The smaller value of the Tafel slope reflects the faster OER
kinetics.®® Fig. 3(h) shows the Tafel slopes of all equimolar and
non-equimolar HEOs calculated at a 10 mA cm > current
density. The minimum Tafel slopes were 52.3 mV dec ' and
49.4 mV dec ' for HEO-5 and HEO-AI30, respectively. This
suggests that the rate determining step of the OER occurs in
the middle or at the end of the multiple electron transfer
reaction.

Mater. Adv., 2024, 5, 8490-8504 | 8497


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00667d

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

Open Access Article. Published on 19 September 2024. Downloaded on 4/7/2026 3:56:56 PM.

(cc)

Materials Advances

2
Peak Current (I) J (mA em?) J (mA cm™)

I(RA)

al @ HEO-5 ] ® HEO-AI30
100 mV 5" e 100 MV 5™
574 |===90mVs’ 57 |===90mVs"
—30 mVs" e 80 MV 5™
e 70 mV s': “— 2 70 mV s
429 |60 mV s ‘s G0 mV 5" /
—50mV s’ © 50mvs’
284 40mvs' E 28 40mv s’
e 30 MV 5™ ~ e 30 MV s
20mvs’' = 20mvs’
14 144
Scan direction 100 mV s Scan direction 100 mv s
J - " 0 = e =
0 20mV s 20mvs’
T T T T T T T T T T T T T T T T
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
E (V vs. RHE) E (V vs. RHE)
© HEO-5 854 (d) HEO-A130
86
1M KOH+2M MeOH e M KOH+2M MeOH
=IMKOH+1.75M MeOH " | — 1M KOH+1.75M McOH
69| ===1M KOH+1.5M McOH e 1M KOH+1.5M McOH
= 1M KOH+1.25M MeOH 579 | —=——1M KOH+1.25M McOH
51| = IMKOH+IM McOH "2 1M KOH+IM McOH
1M KOH+0.75M MeOH S 4 1M KOH+0.75M MeOH
IM KOH+0.5M MeOH < 1M KOH+0.5M MeOH
34| ===1MKOH+0.25M MeOH E 28] | =1M KOH+0.25M MeOH
1M KOH - 1M KOH
174 14
Scan direction / ™M Scan direction ™M
| Scmdirecton - T o 4.7_77:#// !
oM oM
T T T T T T T T T T T T T T T T
06 08 10 12 14 1.6 18 20 06 08 10 12 14 16 18 20
E (V vs. RHE) E (V vs. RHE)
(e) | el
4.0 Y MEO-4
* MEO-4 554 Y% HEO-5
* HEO-5 ~ % HEO-6
30| * HEOS - % HEO-AI25
- % HEO-AI2S = 44 HEO-AI30
HEO-AI30 5 % HEO-AI35
HEO-AI35 )
J = 334
2.0 3
2
<
& 224
1.0
1.1
T T T T T T T T T T T T T T
0.15 018 021 024 027 030 025 050 075 1.00 125 150 175 2.00
Scan Rate (v') [Methanol]
5 HEO-5 HEO-AI30
10
5 -
04
100 mVs”
-5 r
5 20mvs’
-104
-104

0.0 011 012 0:3 014 015 0.6
E (V) vs. Ag/AgCl (3 M KCl)

0.0 0:1 012 013 0:4 0:5 0.6
E (V) vs. Ag/AgCl 3 M KCI)

View Article Online

Paper

Fig. 4 Cyclic voltammograms of (a) HEO-5 and (b) HEO-AI30 in 1 M KOH + 1 M methanol at 20-100 mV s~ scan rate. (c) and (d) OER response of HEO-
5 and HEO-AI30 at 100 mV s~ in 0-2 M methanol, (e) linear plots of peak current versus scan rate for all the HEO-modified electrodes, (f) dependence of
peak current on methanol concentrations for all the HEO-modified electrodes, and (g), (h) CV response of HEO-5 and HEO-AI30 in 1 M KCl + 5 mM
potassium ferricyanide redox couple at a 20-100 mV s~ scan rate.
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The diffusion coefficient is another parameter used to
determine the electrocatalytic activity of any material. This tells
us how rapidly the analyte species diffuse towards the electrode
surface. To determine the diffusion coefficients for all
HEO electrocatalysts, cyclic voltammograms were recorded in
1 M KOH + 1 M methanol at scan rates ranging from 20 to
100 mV s~ '. Fig. 4(a) and (b) illustrate a record of the OER
responses of HEO-5 and HEO-AI30, respectively, where the peak
current increased with increasing scan rate by verifying the
diffusion-controlled mechanism of the OER process. Linear
graphs of I, vs. v"* were plotted, as shown in Fig. 4(e), and
from the slope values, the diffusion coefficients for all HEOs
were calculated using the Randles Sevcik equation, as summar-
ized in Table 4. The mass transport coefficients for all prepared
high entropy materials were also calculated, as summarized in
Table 4. The highest values of diffusion coefficients (2.2 x
107% em® s and 1.9 x 10~® em” s™') and mass transport
coefficients (2.9 x 10™* cm s and 2.7 x 10* cm s™') were
obtained for HEO-5 and HEO-AI30, respectively.

The effect of methanol addition in the electrolyte on the
OER response of all HEO-modified electrodes was also investi-
gated. The OER kinetics improved efficiently at the initial steps
and gradually at later steps as the methanol concentration
increased (0-2 M). Fig. 4(c) and (d) show the voltammograms
of HEO-5 and HEO-AI30 at varying methanol concentrations,
where the peak current increases with methanol concentration.
Heterogenous rate constant k°, which informs us of the reac-
tion kinetics of the OER process occurring at the electrode-
electrolyte interface, is also an important parameter for evalu-
ating electrocatalytic activity.®"** Linear graphs of I, vs. [metha-
nol] were plotted, as shown in Fig. 4(f). From the slope values,
k° was calculated for the HEO-modified electrode using the
Reinmuth equation. Better k° values of 5.85 x 10~* cm s~ " and
5.51 x 10~* cm s~ were obtained for HEO-5 and HEO-AI30,
respectively.

The redox behavior of the HEO-modified electrode was
investigated through cyclic voltammetry using 1 M KCIl +
5 mM potassium ferricyanide redox couple in the potential
range of 0-0.6 V [vs. Ag/AgCl] at 20-100 mV s~ * sweep rates. The
CV voltammograms of HEO-5 and HEO-AI30 are shown in Fig.
4(g) and 3(h), respectively, which confirm one electron transfer
process, and the peak current increases linearly with the scan
rate. The CV responses of the other materials are shown in
Fig. S2 (ESIf). The active surface area for all HEO-modified
electrons was calculated from the observed peak current value
using the Randles Sevcik equation.®® For different HEO
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compositions, active surface area (A) was observed in the range
of 0.0065-0.0116 cm?, where the highest value was observed for
the HEO-5-modified electrode. The calculated active surface
area for all compositions is shown in Fig. 5(a).

Another critical parameter frequently used for the evaluation
of catalytic activity is electrochemical active surface area (ECSA),
which can be determined from double-layer capacitance (Cqj).
CV was performed in the non-faradaic region (0.32-0.72 V vs.
RHE). Fig. 5(b) and (c) show the cyclic voltammograms of HEO-5
and HEO-AI30 at a scan rate of 20-160 mV s ', respectively.
Linear plots were drawn between Aj (difference of anodic and
cathodic current densities at 0.55 V) as a function of scan rate
for all prepared HEOs electrocatalysts, as shown in Fig. 4(d).
Compared to other catalysts, HEO-AI35 exhibits a superior
double-layer capacitor and maximum ECSA value (7.503 cm?),
which is significantly larger than the values for MEO-4
(7.208 cm?), HEO-5 (4.721 cm®), HEO-6 (2.461 cm®), HEO-AI25
(2.146 cm?), and HEO-AI30 (5.601 cm?). It can be observed that
increasing the optimum concentration of a specific metal con-
stituent leads to exposure to more active sites.®* Estimated Cgj,
ECSA, and Ry for all HEOs are summarized in Table 5.

TOF values were calculated using eqn (6) by assuming a
hundred percent faradaic efficiency at 500 mV overpotential in
1 M KOH and 1 M KOH + 1 M methanol, as shown in Fig. 5(e).
Among equimolar compositions, the highest value of TOF was
obtained for HEO-5 (0.221 s' in 1 M KOH and 1.388 s~ ' in
1 M KOH + 1 M methanol), whereas for MEO-4 (0.144 s~ and
1.047 s~') and HEO-6 (0.138 s ' and 1.026 s ') values were
obtained in 1 M KOH and 1 M KOH + 1 M methanol,
respectively. In the case of non-equimolar HEOs, HEO-AI30
possessed high TOF values of 0.228 s * and 1.252 s ' in 1 M
KOH and 1 M KOH + 1 M methanol, respectively. To investigate
the long-term electrochemical stability of the prepared HEO
electrocatalysts, chronoamperometric analysis was carried out
for 3600 s. The responses of all electrocatalysts are shown in
Fig. 5(f) over the entire investigation period. For the first 800 s,
the responses were irregular due to the activation of surface
particles; however, after the activation, all the HEO-modified
electrodes showed outstanding stability with a negligible
decrease in output current.®® For a longer time stability test,
HEO-5 was selected, and chronoamperometric analysis was
carried out for 4 h. The catalyst was stable over the entire
duration, and the same output current was obtained, confirm-
ing the physical and electrochemical stability of the catalyst
surface at the electrode/electrolyte interface. The stability test
response of HEO-5 is shown in Fig. S4 (ESIT).

Table 4 Electrocatalytic parameters of all the prepared HEOs derived from OER response

Diffusion coefficient, Mass transport coefficient,

Heterogeneous rate constant,

Over-potential Tafel slope

Catalyst D°/ x 10~ ® (em® s7") my/ x 107* (em s7Y) K/ x 107 (em s o 1o (MV) (mV dec™)
MEO-4 1.8 2.6 5.44 0.934 386 57.1
HEO-5 2.2 2.9 5.85 0.943 353 52.3
HEO-6 1.1 2.0 5.01 0.941 387 69.4
HEO-AI25 1.4. 2.3 4.17 0.938 380 53.9
HEO-AI30 1.9 2.7 5.51 0.942 350 49.4
HEO-AI35 0.8 1.7 4.49 0.932 381 61.9
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(a) Bar graphs showing active surface area of all the prepared HEOs, (b) and (c) CV response of HEO-5 and HEO-AI30 in the non-faradaic region at a

20-160 mV st scan rate, (d) linear plots of all the HEO-modified electrodes for double layer capacitance calculation, (e) turnover frequency values of all the
prepared HEOs in 1 M KOH and 1 M KOH + 1 M methanol, and (f) chronoamperometric responses of all the HEO-modified electrodes at 1.4 V for 3600 s.

To reveal the OER kinetics of all prepared HEOs, electro-
chemical impedance spectroscopy (EIS) was performed in 1 M
KOH and 1 M KOH + 1 M methanol at different applied where HEO-5 and HEO-AI30 showed lower impedance values.

potentials. EIS parameters calculated from the equivalent cir-
cuit model fitting of Nyquist plots are summarized in Table 6,

Table 5 Active surface area, Cqy, ECSA and TOF values of all the HEO materials retrieved from cyclic voltammograms

Turnover frequency TOF (s )

Active surface Double layer capacitance Electro-chemical Roughness
Catalyst area A (cm?) Cai (MF cm™?) surface area ECSA (cm?)  factor Ry 1MKOH 1M KOH + 1 M methanol
MEO-4 0.0103 0.4325 7.208 102.97 0.144 1.047
HEO-5 0.0116 0.2833 4.721 67.44 0.221 1.388
HEO-6 0.0067 0.1477 2.461 35.15 0.138 1.026
HEO-AI25 0.0065 0.1288 2.146 30.65 0.173 0.863
HEO-AI30 0.0104 0.3361 5.601 80.01 0.228 1.252
HEO-AI35 0.0103 0.4502 7.503 107.18 0.137 0.905
8500 | Mater. Adv.,, 2024, 5, 8490-8504 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Electrocatalytic parameters retrieved from the equivalent circuit model fitting of EIS analysis

1 M KOH 1 M KOH + 1 M methanol

Catalyst R (Q) Rt (Q) CPE (uF) o R, (Q) R (Q) CPE (UF) o

MEO-4 34.94 97.25 2.53 0.90 25.01 30.02 6.70 0.83
HEO-5 26.12 93.61 7.77 0.91 28.90 35.67 5.45 0.91
HEO-6 65.78 145.41 8.17 0.80 30.02 46.01 7.90 0.79
HEO-AI25 30.83 75.21 7.67 0.81 33.03 50.05 7.76 0.81
HEO-AI30 26.01 68.81 8.79 0.93 27.01 35.03 6.84 0.84
HEO-AI35 33.34 97.82 6.93 0.82 39.04 64.02 6.86 0.86

Fig. 6(a) shows the Nyquist plots of HEO-5in 1 M KOH and 1 M the CV response in the presence and absence of methanol.
KOH + 1 M methanol, which signifies that the addition of Nyquist plots were also recorded at different DC voltages (1.1-
methanol decreases the charge transfer resistance by decreas- 1.5 V), as shown in Fig. 6(b). Charge transfer resistance R
ing the diameter of the semicircle. These results agree well with ~ decreases with increasing applied potential due to a decrease in
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Fig. 6 (a) Nyquist plots of the HEO-5-modified electrode in the 1 M KOH and 1 M KOH + 1 M methanol, (b) Nyquist plots of the HEO-5 modified
electrode at 1.1-1.5 V applied DC voltage, (c) Nyquist plot of HEO-5 with equivalent circuit model fitting and the circuit diagram, (d) R values of HEO-5in
1 M KOH and 1 M KOH + 1 M methanol at different DC voltages, (e) Nyquist plots of the HEO-AlI30-modified electrode in 1 M KOH and 1 M KOH + 1 M
methanol, and (f) Nyquist plots of the HEO-AI30-modified electrode at 1.1-1.5 V applied DC voltage.
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the overpotential barrier for the electron transfer process
occurring at the electrode/electrolyte interface. Fig. 6(c) shows
the equivalent circuit model fitting of the Nyquist plots and the
resultant equivalent circuit model used for the calculation of
EIS parameters.®"®® R, values of HEO-5 recorded in 1 M KOH
and 1 M KOH + 1 M methanol at different applied DC voltages
are shown in Fig. 6(d). All HEOs presented similar responses
during The EIS analysis, where Fig. 6(e) and (f) show Nyquist
plots of HEO-AI30 in different electrolytes and at different
applied potentials, respectively. EIS Nyquist plots of other
materials at different applied voltages are shown in Fig. S3
(ESIT). The overall outstanding OER activity of HEO-AI30 is
attributed to the optimum concentration of Al within the HEO
composition. Because of the smaller cationic size of Al and its
potential to form an Al-O bond, HEO-AI30 showed high elec-
trical conductivity and a large number of surface sites to adsorb
water molecules. Furthermore, Al incorporation alters the
electronic structure of HEOs and improves synergy within the
crystal structure, leading to the formation of oxygen vacancies.
Peng yang et al. reported Al-based HEO and HEF that showed
better OER performance and required 293 mV and 261 mV
overpotential at a 10 mA cm™ > current density.®”

4. Conclusions

In summary, high-entropy oxide-structured catalysts were synthe-
sized successfully using the easy and rapid microwave technique.
The physical characterization results of the synthesized catalysts
indicated that structures with the desired metal ratios were
successfully achieved. The OER performances of the catalysts were
assessed in an alkaline electrolyte. Based on the studies of CV, LSV,
and chronoamperometry, it was found that the Al,;(FeCuNi-
Co),,0 (HEO-AI30) catalyst had an overpotential of 350 mV and
a Tafel slope value of 49.4mV dec™' at a current density of
10mAcm ? and exhibited better OER performance attributed to
high configurational entropy (1.581R) and optimum concentration
of Al (30%). EIS conducted under different electrolyte conditions
demonstrates that the HEO-AI30 catalyst is the optimal catalyst for
the OER. The enhanced activity of the HEO-AI30 catalyst can be
attributed to the synergistic effect resulting from the interaction
between the metals present in its structure. Moreover, the results
indicate that the proportion of metal composition in the catalyst
structure has a substantial impact on the OER activity. Therefore,
we can conclude that the abundance of cations and anions in the
structure leads to a reorganization of the electronic structure,
resulting in enhanced OER activity. Based on the findings of this
study, we believe that high-entropy oxide structures can pioneer
the development of new catalysts that are highly active in OER and
cheap by controlling the ratio of elements.
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