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Abstract: High-entropy oxides (HEOs) have emerged as promising electrocatalysts due to
their high configurational entropy, modular electronic structures, and defect-rich multicationic
lattices. However, modifying their electrochemical kinetics through conductive surface
modification remains completely unknown. An Al-rich hexanary spinel, Cr, Cd, Fe, Mg, and
Mn-based materials were synthesized using a sol-gel method and then modified with graphite
(520 wt%) via rotary ball milling to improve conductivity and interfacial charge transfer,
resulting in a stable spinel phase as validated by Rietveld-refined XRD. The addition of graphite
significantly increased anodic activity, with the 10 wt% composite (HEO-10C) achieving a
peak current density of 47.09 mA c¢cm™2 in 1 M KOH + methanol. This was followed by
decreased charge-transfer resistance and better electron-transfer kinetics. The graphite-HEO
interface allows for faster reaction pathways, as evidenced by a high diffusion coefficient (8.65
x 1078 cm? s7!), a heterogeneous electron-transfer rate constant (3.75 x 10* cms™!), and a low
Tafel slope of 97 mV dec™!. To better measure intrinsic activity, we add a new descriptor, Jn
= (J, (peak current density)—Jonsec (Onset current density)), which represents the net operating
current above onset. Jn correlates strongly with traditional kinetic measurements, highlighting
the conductivity-driven performance gain in HEO-10C (44.59 mA cm?2), which is about 1.6x
greater than the uncoated HEO. These findings confirm graphite coating as a viable method
for modifying multication HEO electrodynamics and introduce a new measure for assessing

advanced oxide-based electrocatalysts.

Keywords: water electrocatalysis; high entropy oxides; graphite coating; low charge

transfer resistances; robust kinetics

1. Introduction

The increasing worldwide energy demand, driven by rapid industrialization, urban
development, and population increase, has put further strain on traditional energy
systems. Fossil fuels continue to meet a significant portion of global energy demand,
leading to greenhouse gas buildup, air pollution, water shortages, and ecosystem
degradation [1-3]. The continued use of carbon-intensive fuels has directly led to
global climate instability, resulting in rising temperatures, desertification, glacier melt,

and an alarming increase in the frequency of extreme weather events such as floods,
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droughts, and cyclones. These compounding issues highlighted the need to move
to more sustainable, environmentally friendly, and carbon-neutral energy conversion
routes [4].

Electrochemical energy technologies such as fuel cell devices, water electrolyzers,
metal-air batteries, and unitized regenerative systems have emerged as prominent
options due to their high energy density, modularity, and minimal environmental
effect [5-7]. Their widespread use, however, is dependent on the development of
strong electrocatalysts capable of speeding oxygen/hydrogen redox kinetics with high
efficiency, durability, and cost-effectiveness. Noble metal catalysts like Pt, IrO,, and
RuO; set the standard for HER, OER, and ORR. However, their scarcity, price, and
sensitivity to performance degradation under operating settings severely restrict their
viability for wider commercialization [8, 9]. These limits have driven research into
earth-abundant, multifunctional, and structurally tailored electrocatalysts suited for
OER, HER, and ORR in alkaline conditions.

Amongst renewable energy options, electrochemical water splitting consists of
two kinetically slow half-reactions: the oxygen evolution reaction (OER) at the anode
and the hydrogen evolution reaction (HER) at the cathode, both of which need active
electrocatalysts to overcome significant overpotentials and critical reaction barriers.
Monofunctional and bifunctional electrocatalysts have been extensively studied; yet,
attaining high catalytic activity, long-term stability, quick electron transport, and
structural robustness while scaling water splitting technologies remains a major
challenge [10-12].

The introduction of high-entropy oxides (HEOs) represents a paradigm shift in
catalyst design. HEOs, which were first described by Rost et al. [13], make use of a
multi-cation lattice with high configurational entropy to stabilize metastable phases and
create an extraordinarily adjustable electronic structure. The configurational entropy
of these systems, computed using Equation (1), originates mostly from the cationic

distribution, given the minimal entropic contribution of anions [14].
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where R is the universal gas constant, and x; and x; stand for the mole fractions of the
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elements found in the cation and anion sites, respectively. Since the entropy input from
oxygen ions is about zero by one mole fraction, the cationic contribution accounts for all
of the entropy. This entropy-driven stabilization results in distinct defect chemistries,
variable oxidation states, lattice distortions, and improved ionic/electronic transport-all
of which are extremely favourable for electrocatalytic applications. In recent years,
HEOs with spinel, rock-salt, perovskite, and fluorite structures have shown outstanding
performance metrics for OER, HER, and ORR, frequently outdoing or exceeding
noble-metal standards [15,16].

The catalytic potential of high-entropy oxides (HEOs) for oxygen evolution reaction
(OER) applications is highlighted by a growing number of recent studies [12, 17].
According to He et al., FeCoNiCrMn3 04 combined with hollow carbon spheres achieved
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exceptional structural stability and an astonishingly low overpotential of 263 mV [18]. By
creating a compositionally complex (Cro.2Mno.2Feo.2Nio.2Zn0.2):0a structure that preserved
excellent lattice resilience and produced an overpotential of 295 mV, Yang et al. further
illustrated the potential of multicomponent spinels [19]. In support of these findings,
Wang et al. produced CoCuFeMnNi:O4/MWCNT hybrids with an overpotential of 350
mV and faster charge-transfer kinetics [20]. By creating MOOH nanosheets in situ on
(CoNiMnZnFe);0s.2, Zhang et al. advanced this field and produced a highly active
core—shell shape with an overpotential of 336 mV [21]. Our own earlier research showed
that microwave-assisted synthesis of HEOs greatly increased OER activity, producing
overpotentials as low as 350 mV and preserving outstanding structural robustness under
working conditions [22].

These developments highlight the versatility of HEOs, but there are still two
major limitations: first, because oxide phases predominate, their intrinsic electronic
conductivity is frequently insufficient; and second, particle agglomeration or poorly
designed interfacial architectures can limit the accessibility and utilization of catalytic
surface sites. To fully harness the catalytic potential of HEO-based systems, these
enduring issues require purposeful material change, especially through conductive
carbon integration and interface engineering [23,24].

To address these constraints, carbon-based conductive interfaces have proven
to be a highly effective strategy. Charge transfer kinetics are accelerated, and
durability is improved by the high electrical conductivity, strong interfacial bonding,
vast surface area, and superior chemical stability of carbon materials, along with
graphene, carbon nanotubes, amorphous carbon, and graphite [25]. There is mounting
evidence that HEO-carbon composites and carbon-coated HEOs have significantly
increased electrocatalytic activity because of synergistic actions that alter electronic
states, stabilize surface intermediates, and prevent lattice breakdown during cycling.
In comparison to pure HEOs, many recent papers show that carbon-modified HEO
composites produce better OER/HER kinetics, lower overpotentials, and greater
lifespans [26-28].

In this study, we carefully designed carbon-coated high-entropy oxides (HEO-xC)
to take advantage of both conductive carbon interface and high-entropy configurational
tailoring. The conformal carbon coating carries out several mechanistic tasks,
including: (1) introducing oxygen-rich functional groups that modulate adsorption
energetics; (2) improving electrical conductivity, which facilitates quick electron
transport; (3) creating a protective structural matrix that enhances chemical and
mechanical stability; and (4) creating a core-shell morphology that maximizes
electroactive surface area. With an enhanced heterogeneous electron transfer rate
constant (ko = 3.75 x 10! cm s71), a high diffusion coefficient (Dy = 8.65 x 10”! cm?
s 1), and a favourable Tafel slope of 97 mV dec™!, the resultant HEO-10C catalyst has
markedly improved electrochemical kinetics. The efficacy of graphite-based interfacial
engineering is demonstrated in the current work, where the Jn descriptor shows that
HEO-10C provides a 1.6-fold increase in catalytic activity over its uncoated equivalent.

Current work establishes carbon-coated HEOs as a potential new class
of high-performance, structurally customizable, earth-abundant electrocatalysts.
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HEO-xC provides a scalable route toward next-generation oxygen evolution catalysts
that can enable sustainable electrochemical energy technologies and renewable
hydrogen production by fusing high-entropy lattice engineering with conductive

carbon topologies.

2. Materials and method

2.1. Materials

Aluminum nitrate nonahydrate (AI(NOs);-9H0), magnesium nitrate hexahydrate
(Mg(NO3)2-6H20), iron(IIl) nitrate nonahydrate (Fe(NOs)s;-9H20), cadmium nitrate
tetrahydrate (Cd(NOs)2:4H20), chromium(III) nitrate nonahydrate (Cr(NOs)s;-9H20),
manganese(Il) nitrate tetrahydrate (Mn(NOs)2-4H20), ammonium hydroxide (NH4OH),
citric acid (CsHsO~), potassium hydroxide (KOH), ethanol (C:HsOH), and methanol
(CHsOH). Nafion (5 wt% in lower aliphatic alcohols/H20) was used as a binder, and
Graphite powder (Purity: > 99.99%) was used as a carbon source. All the chemicals

were used as received without any additional treatment.

2.2. Synthesis procedure for high entropy oxide

HEOs were synthesized through an optimized sol-gel route followed by graphite
coating via ball-milling. This combined methodology provides several advantages:
(1) excellent phase purity, (2) energy-efficient processing conditions, and (3) precise
control over material morphology. For the sol-gel synthesis, stoichiometric amounts
of metal precursors (0.35 M for Al and 0.25 M for other cations) were sequentially
dissolved in deionized water under continuous magnetic stirring (500 rpm) to achieve
molecular-level homogeneity. Citric acid (1.5:1 molar ratio relative to total metal
ions) was introduced as a complexing agent, yielding a uniform sol. The pH was
carefully adjusted to 7.0 + 0.1 through controlled addition of ammonium hydroxide
(1 M) while maintaining vigorous stirring (800 rpm) to prevent localized precipitation.
The homogeneous sol was subsequently converted to a gel by heating at 120 °C for
12 h with constant mechanical agitation, ensuring uniform solvent evaporation while
preventing particle agglomeration. After aging at room temperature for 24 h, the
xerogel was calcined at 800 °C for 7 h (heating rate: 5 °C min') in air to crystallize
the single-phase HEO, which was then mortar-ground to a fine powder (particle size <
50 um).

2.3. Synthesis of graphite-coated high entropy oxides (HEO-xC)
The graphite coating was applied to the high-entropy oxide (HEO) through a

controlled rotary ball-milling process. Precise graphite loadings (5-20 wt%) were
achieved by mixing stoichiometric quantities of HEO with graphite powder in acetone
(20 mL solvent per gram of solids) using zirconia milling media (ball-to-powder
weight ratio = 4:1). Each composition underwent mechanical milling for 3 h at 300
rpm to ensure uniform carbon dispersion. Post-milling, the solvent was removed
through controlled evaporation at 80 °C for 12 h under static air conditions, yielding
homogeneous composite powders. This procedure was systematically repeated across
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all designed compositions, with the resulting specimens labeled HEO-xC (where x
=0, 5, 10, 15, and 20 wt% of graphite powder) and summarized in Table 1. The
as-prepared graphite-HEO composites were subsequently characterized and evaluated

for their physical and electrochemical properties.

Table 1. Composition, sample codes, average crystallite sizes, and EDS results of HEO-xC.

. Doy (mm) C (0] Mg Al Cr Mn Cd Fe
Composition/elements Code
+0.01 wt.%) (Wt.%) Wwt.%) Wwt.%) Wwt.%) Wwt.%) Wwt.%) (Wwt.%)
[Alzs(CdCrFeMgMn)es]304 HEO 20.7 0 51.45 3.56 3.23 4.04 8.83 14.15 7.39
[Al;s(CdCrFeMgMn)gs]304-5C - HEO-5C 214 437 48.26 3.28 2.70 6.88 10.36 16.88 7.26
[Al3s(CdCrFeMgMn)es ]304-10C HEO-10C  30.5 8.03 37.29 291 2.52 7.93 14.96 15.25 11.12
[Alzs(CdCrFeMgMn)es 304-15C HEO-15C  22.6 227 46.72 3.13 2.49 7.69 11.19 19.10 7.90
[Al3s(CdCrFeMgMn)es]304-20C  HEO-20C  25.2 5.49 22.45 1.39 1.44 12.45 23.04 15.81 17.94

2.4. Electrode modification

Prior to modification, the glassy carbon electrode (GCE) undergoes systematic
pretreatment to ensure a clean, reproducible surface. The electrode is sequentially
polished with aqueous alumina slurry using a microcloth pad, followed by thorough
rinsing with deionized water and HPLC-grade acetone to remove residual particulates
and organic contaminants. For catalyst deposition, we employ a controlled drop-casting
protocol: (1) the polished GCE is pre-wetted with 2 pL ethanol to enhance catalyst
adhesion, (2) 0.1 mg of finely ground catalyst is deposited, and (3) 2 uL of 0.5% Nafion
solution is applied as a polymeric binder. The modified electrode is subsequently cured

at 45 °C for 30 min to ensure uniform film formation while preserving catalyst integrity.

2.5. Physical and electrochemical characterizations

The crystallographic properties of synthesized materials were characterized by
X-ray diffraction (XRD) using a PANalytical Empyrean diffractometer with Cu Ka
radiation (A = 1.5406 A). Measurements were performed in the 20 range of 20-80°
with a step size of 0.02° and scan rate of 0.02° s™'. FTIR spectra for all the
prepared HEOs were obtained in the wavelength range between 4004000 cm ™!
using a Nicolet SPC instrument, where the samples were mixed with KBr powder.
Morphological analysis and semi-quantitative elemental mapping were conducted
using field-emission scanning electron microscopy with energy-dispersive X-ray
spectroscopy (FE-SEM/EDX, Zeiss Sigma 300) operated at 15 kV accelerating voltage.

The electrochemical properties of the synthesized carbon-coated-HEOs were
evaluated using a Gamry Interface 1010B potentiostat in a standard three-electrode
configuration. The system comprised: a modified glassy carbon electrode as the
working electrode, a Pt wire counter electrode, and an Ag/AgCl reference electrode (3
M KCl filling solution). All measurements were conducted in 1 M KOH with/without
methanol at room temperature.

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements
were conducted in 1 M KOH electrolyte (pH 13.6) with and without methanol

1

additive, employing scan rates ranging from 20 to 100 mV s . Electrochemical

impedance spectroscopy (EIS) measurements were performed using a sinusoidal

5
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potential perturbation with 10 mV amplitude, spanning frequencies from 0.1 Hz to
100 kHz (10 points per decade). The impedance response was recorded at multiple DC
bias potentials corresponding to key electrochemical processes, with each measurement
preceded by a 100 s open-circuit potential stabilization period. All potentials measured
against the Ag/AgCl reference electrode (3 M KCl) were converted to the reversible
hydrogen electrode (RHE) scale using the Nernst equation (Eryg = Eag/agct + 0.197
+ 0.059*pH). Key electrochemical parameters, including onset potential, overpotential
at 10 mA cm 2, Tafel slope, and impedance values, were derived from the measured
data.

3. Results and discussion

3.1. Structural analysis

Figure 1a presents the X-ray diffraction patterns of the synthesized materials. The
observed sharp diffraction peaks confirm the highly crystalline nature of the catalysts,
while the absence of extraneous peaks indicates phase purity. All graphite-coated
high-entropy oxides (HEO-xC) exhibit characteristic reflections consistent with a cubic
spinel structure (space group Fd3m), as evidenced by their precise alignment with the
reference pattern shown in Figure 1b (JCPDS #22-1084) [29].
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Figure 1. (a) XRD patterns; (b) XRD pattern comparison with JCPDS card; (¢) FTIR spectra
of synthesized HEO-xC; (d) EDX of HEO-10C, and EDX elemental composition Pi-chart for:
(e) HEO; (f) HEO-10C.

From these XRD patterns, the average crystallite size of as-prepared
graphite-coated high entropy oxides (HEO-xC) was calculated by using the
Debye-Scherrer formula [30].

KX
3 cosO

Where, D,y is the average crystallite size, K is the crystallite shape constant, and 3

D,y (nm) =

2

is the diffraction peak width in radians. The Dy, of the as-synthesized HEO-xC powders
was in the 20 to 30 nm range and summarized in Table 1.

FTIR was employed to verify the metal-oxygen bonding characteristics and phase
purity of the synthesized materials (Figure 1c). Spectra were acquired in transmission
mode (400—4000 cm ') for the sintered HEOs/C composites. Two distinct vibrational
regions were identified: (i) 400-700 cm™' corresponding to v(M-O) stretching modes
at octahedral coordination sites, and (ii) 7000—1100 cm™! representing tetrahedral-site
v(M-O) vibrations in the spinel lattice. The absence of absorption bands above 1100
cm™! confirms the lack of organic residues or surface contaminants. These spectral
features exhibit excellent agreement with reference data for cubic spinel oxides, further
validating the phase purity and structural integrity of the HEO-xC system [31-33].
Additionally, no water-related peaks were detected in the FTIR spectrum. EDX analysis
confirmed the presence of all expected elements, with the quantitative composition of
each element listed in Table 1. Additionally, the EDX spectrum and weight percentage
(wt%) pie chart for HEO and HEO-10C are presented in Figure 1d—f.

Scanning electron microscopy (SEM) analysis was carried out to study the surface
morphology, elemental distribution, and homogeneity of the HEO-xC materials [34—
36]. SEM analysis of the synthesized high-entropy oxide/carbon (HEO-xC) composites
was conducted at 1 um and 50 pm resolutions to evaluate their microstructural
characteristics. As depicted in Figures 2 and 3, the materials exhibit a spongy,
highly porous morphology with uniform distribution, suggesting an enhanced surface
area and potential catalytic activity. This structural homogeneity, combined with the
interconnected porous network, is conducive to facilitated mass transport and active

site accessibility, which may contribute to improved electrocatalytic performance.
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Figure 2. SEM images of HEO-xC at 50 pm resolution power, (a) HEO; (b) HEO-5C; (c)
HEO-10C; (d) HEO-15C; (¢) HEO-20C.

Note: The magnification scale is 50 pm.
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Figure 3. SEM images of HEO-C at 1 um resolution power, (a) HEO; (b) HEO-5C; (c)
HEO-10C; (d) HEO-15C; (e) HEO-20C.

Note: The magnification scale is 1 um; D values measured in Figure 3 (high magnification) are shown in nanometers (nm).

3.2. Electrochemical studies of HEO-xC towards OER

Electrochemical characterization of the high-entropy oxide/carbon (HEO-xC)
materials was conducted using a three-electrode configuration with a Gamry Interface



Materials Technology Reports 2026, 4(1), 3955.

JmA cm?

1000 potentiostat. The setup comprised a modified glassy carbon working electrode, a
platinum wire counter electrode, and an Ag/AgCl (3 M KCl) reference electrode. Cyclic
voltammetry (CV), linear sweep voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) were employed to evaluate the OER activity and electrochemical
performance. Key parameters, including overpotential, Tafel slope, and charge
transfer resistance, were derived from the obtained data to quantify the electrocatalytic
efficiency and reaction kinetics of the HEO-xC composites [37,38]. The OER activity
of the synthesized materials was evaluated via CV in 1 M potassium hydroxide (KOH)
electrolyte, both in the absence and presence of 1 M methanol as an additive. The
electrochemical measurements were performed using a glassy carbon electrode (GCE),
modified with the as-synthesized catalysts, as the working electrode. To assess the
reaction kinetics, systematic studies were conducted by varying methanol concentration
(to probe its influence on OER activity) and scan rates (to investigate charge transfer

dynamics and mass transport effects).
3.2.1. Methanol concentration effect

Methanol was employed as a supporting electrolyte additive in 1 M KOH to
investigate its influence on the electron transfer kinetics of the OER. As the methanol
concentration increased from 0.25 M to 1 M, a substantial enhancement in peak current
density (from pA to mA range) was observed (Figure 4a), indicating that methanol
facilitates faster electron transfer kinetics at the electrocatalyst surface. Figure 4b
illustrates the CV response in 1 M KOH + 1 M MeOH. Figure 4c,d presents the
Reinmuth plot and concentration-dependent response for all modified glassy carbon
electrodes (GCEs) in 1 M KOH + 1 M MeOH. Further increasing the methanol
concentration to 2 M led to continued peak current enhancement for most catalysts.
However, HEO-10C- modified glassy carbon electrode (MGCE) exhibited saturation
behavior beyond 1.5 M MeOH, as evidenced by marginal differences in anodic peak
current (I,,) between 1.5 M and 1.75 M. This suggests a diffusion-limited region or
active site saturation at higher methanol concentrations for this specific composite.
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Figure 4. For HEO-10C modified electrode: (a) Comparison of CV responses in the (black)
absence and presence of methanol (red); (b) CV scans of all catalysts modified GC electrode in
1 M KOH+ 1 M MeOH at 100 mV s™!; (¢)CV response of HEO-10C in 1 M KOH + (0-1.75
M) methanol; (d) Reinmuth plot for all MGCE.

The heterogeneous rate constant (k) serves as a critical kinetic parameter
for evaluating electrocatalytic activity, as it quantifies the intrinsic charge transfer
efficiency between the electrode and redox species. The magnitude of k® further
provides mechanistic insight, distinguishing between reversible (k° > 0.1 cm/s) and
irreversible (k < 1075 cm/s) electrochemical processes. For the as-synthesized
materials, k® was determined experimentally using the Reinmuth equation [39].

Ip = 0.277nFACK" (3)

The above equation is known as the Reinmuth equation used to calculate the value
of k%, which is given in Table 2. In Equation (3), “n” is the number of electrons involved
in the reaction, C is the concentration of methanol, A is the active surface area of the
working electrode, F is the Faraday’s constant, Ip is the anodic peak current, and K is

the heterogeneous rate constant.

Table 2. Retrieved OER kinetic parameters for all HEO-xC.

Sample Heterogeneous rate Diffusion constant Mass transport
codes constant k%/107* (cms™) D°/1078 (cm?/s) coefficient m/107* (cm/s)
HEO 3.14 1.25 2.20

HEO-5C 3.37 5.15 4.47

HEO-10C 3.75 8.64 5.80
HEO-15C 3.50 4.84 3.34
HEO-20C 3.20 2.75 3.27

3.2.2. Scan rate effect

The electrocatalytic properties of all MGCEs were evaluated through CV within
a potential window of 0 to 1.5 V (vs. RHE) at scan rates ranging from 20 to 100
mV s~ ! under ambient conditions (Figure 5a). Systematic variation of the scan rate

revealed enhanced electron transfer kinetics at the electrode-electrolyte interface, as

11
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evidenced by increasing peak currents. A linear correlation between the anodic peak
current (I,) and the square root of the scan rate (v!/?) was observed (Figure 5b),
confirming a diffusion-controlled reaction mechanism. Comparative analysis of all
materials demonstrated favorable oxygen evolution reaction (OER) activity across the
tested scan rates. The linear I, vs. v'/? relationships for all MGCEs further validate
the consistent diffusion-limited behavior across the catalyst series. Figure Sc¢ presents
a comparative analysis of the diffusion coefficient (D), heterogeneous rate constant
(k%), and mass transport (mr) parameters for all MGCEs. These results collectively
demonstrate the robust electrocatalytic performance of the synthesized materials.

The diffusion coefficient for an irreversible redox process was determined by using

the Randles-Sevcik equation [22,40,41], and it is given as:

= (2.99 x 10°)n ((1 — x)ngy) /2 ADO /2 Cv1/2 @

Where I, is anodic peak current in amperes (A), n is the number of electrons

involved in the reaction, n, is the number of electrons involved in the rate-determining

step, o is known as the transfer coefficient, A is active surface area of MGCE in cm?,

D is the diffusion coefficient in cm? s™!, C is the analyte concentration in mol cm 3,

and v is the scan rate in mV s

3.5

(@

35 | —gmvs

3.0 4 2.8

2.5+
2.1+

= 204

— 1.5 1.4

Ip (mA)

1.0+
0.74

0.5 4

0.0 4 0.0 4

L T L T ¥ T & T L] T ¥ T X T ¥ T L S T T T i) T T T T
00 02 04 06 08 10 12 14 16 012 0145 018 021 024 027 030 033
-z

E (V) vs.Ag/AgCl (3 M KCI) sy

-@-k°x 107 (cms)
-@-D°x107° (cm?sY)
»-mqx 10 (cms?)

4 84
\3: 5N 3.27
34 03 20
2.74

T T T T
HEO HEO-5C HEO-10C HEO-15C HEO-20C

Figure 5. (a) Scan rate effect for HEO-10C; (b) linear plot of all modified GCE; (¢) comparison
of DY, k%, and mr.

The transfer coefficient (o) for an anodic reaction can be calculated by using
Equation (5).

Epa — Epaja = 0.048/(1 — a)n (5)

12
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The diffusion characteristics of the water oxidation process were quantitatively
analyzed by constructing plots of anodic peak current (I,) versus the square root

122y Linear regression of these plots yielded slopes from which

of scan rate (v
the apparent diffusion coefficient (D°) was calculated using the Randles-Sevéik
equation. The observed linear relationships (R? > 0.98) across all catalyst compositions
provide strong evidence that the oxygen evolution reaction (OER) proceeds via
a diffusion-controlled mechanism. This conclusion is further supported by the
consistent proportionality between peak current enhancement and increasing scan
rate, characteristic of mass-transport limited electrochemical processes [42]. The
corresponding D° values are given in Table 2, and the maximum value 8.64 x 1078
cm? s~ was observed by HEO-10C. The mass transport coefficient is calculated by

using the formula.
mr = [D°/(RT/Fv)]*/2 (6)

The reversibility of any chemical reaction can be identified by a comparison of
its k with mr. Ifk° >> mr, indicates the reaction is electrochemically reversible, I
<< mr indicates the reaction is irreversible. k® <107 cm s™! indicate the EC reaction
is irreversible [40]. The values of mass transport coefficients for OER using modified
electrodes are given in Table 2.

3.2.3. Comparison of peak current values of all modified electrodes

The OER activity of the modified glassy carbon electrodes (MGCEs) was
systematically evaluated through cyclic voltammetry in 1 M KOH containing 1 M
methanol. As shown in Figure 6a, all catalyst compositions exhibited enhanced peak
current densities (J) with increasing scan rates (20—100 mV s 1), indicating a combined
diffusion- and kinetics-controlled reaction mechanism. Comparative analysis revealed
that the HEO-10C composite demonstrated superior electrocatalytic performance,

2. The improvement over

achieving a maximum current density of 47.09 mA cm™
the baseline HEO material (without carbon) suggests that the 10% graphite coating
optimally enhances both charge transfer efficiency and active site accessibility. The
observed performance hierarchy (HEO-10C > HEO-15C > HEO > HEO-20C >
HEO-5C) confirms that while all HEO-xC variants exhibit competent OER activity,
the 10% carbon incorporation provides the most favorable balance between electrical
conductivity and catalytic site availability.

The catalytic efficiency of the synthesized materials was comprehensively
evaluated through multiple electrochemical parameters: onset potential (Egpset),
Tafel slope (TS), diffusion coefficient (D°), heterogeneous rate constant (k), and
overpotential (). While Egpset determination presents challenges due to its operational
definition as the potential where charge transfer initiates, it remains a valuable
comparative metric for catalytic activity [43]. Tafel analysis provides critical insights
into the reaction kinetics and mechanism, with lower TS values indicating superior
catalytic performance. Our measurements in 1 M KOH + 1 M MeOH at 100 mV s~ !
revealed the following activity trend based on TS values: HEO-10C (90 mV dec ') <
HEO-5C (116 mV dec™') <HEO-15C (123 mV dec ') < HEO-20C (127 mV dec™!) <



Materials Technology Reports 2026, 4(1), 3955.

HEO (131 mV dec™!). The optimal performance of HEO-10C, exhibiting the lowest
TS, suggests its enhanced charge transfer kinetics and most favorable reaction pathway

among the series.
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Figure 6. For all MGCE in 1 M KOH plus 1 M MeOH: (a) Comparison of peak current density
vs. scan rate for water oxidation at all MGCE at a scan rate range of 20-100 mV s™!; (b) onset
potential; (¢) CV profile at HEO-10C MGCE indicating overpotential; (d) Tafel slope.

The overpotential (n = E—Egq), representing the additional energy required
beyond the thermodynamic potential (Eeq) to drive the reaction at a specific current
density, further confirmed this trend. As shown in Figure 6b,d, the HEO-10C

14
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catalyst demonstrated both the lowest onset potential and the most favorable Tafel
characteristics, consistent with its superior catalytic activity. These parameters
collectively establish that while all HEO-xC variants show competent catalytic
behavior, the 10% carbon incorporation achieves the optimal balance between
conductivity and active site availability [40,44].

The Tafel slope serves as a direct indicator of the activation energy barrier, where
lower values correspond to more favorable reaction kinetics. As shown in Figure
6¢, the onset potential (Egpset) for HEO-10C was determined from the intersection of
the baseline and tangent to the rising current, with the corresponding current density

denoted as Jopser. We introduce a novel performance metric, J,,, defined as:

Jy = I, (peak current density in KOH + MeOH) — Jonset @)

This parameter quantitatively reflects catalytic efficiency, where larger Jn values
indicate superior performance. The HEO-10C composite demonstrated exceptional
characteristics with a maximum J; (44.59 mA cm2), highest I, (47.09 mA cm 2),
optimal kinetic parameters (lowest TS = 97 mV dec™!), favorable overpotential (110
= 0.67 V), and low Egpset (1.73 V vs. RHE). These results, summarized in Table 3,
show excellent correlation with fundamental electrochemical parameters (k°, D). The
potential values, originally measured versus Ag/AgCl (3 M KCl), were converted to the
RHE scale using Equation (7). Figure 7a compares 1, Eqnset, and J across all MGCEs,
while Figure 7b shows a comparison of TS, Jp, and Egyset, confirming the superior

performance of HEO-10C through multiple evaluation criteria [45].

Erug(V) = Eagagar + 0.197 + 0.059 pH (8)

3.2.4. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) was employed to characterize
the charge transfer properties and interfacial behavior of the HEO-modified glassy
carbon electrodes in both 1 M KOH and KOH/methanol solutions. The impedance
data were modeled using an equivalent circuit incorporating solution resistance (Rs),
charge transfer resistance (R), constant phase element (Q), and pseudo capacitance
(C) [46,47]. Nyquist plots, presenting the real (Z) versus imaginary (Z") impedance
components, were analyzed using a CPE-modified diffusion model to extract
quantitative parameters. Notably, the HEO-10C composite exhibited superior charge
transfer characteristics, demonstrating the lowest R; values among all compositions -
decreasing significantly from 292.9 Q in pure KOH to 66.8 Q in methanol-containing
electrolyte. This substantial reduction in charge transfer resistance (~77% decrease)
clearly indicates methanol’s role in facilitating interfacial electron transfer processes.
The complete set of fitted electrical parameters for all samples is presented in Table 4,
with corresponding Nyquist plots shown in Figure 8. These EIS results correlate well
with the observed enhancement in catalytic activity, particularly for the HEO-10C

formulation, as evidenced by its superior performance in voltammetric studies.
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Table 3. OER performance parameters for HEO-xC.

JT] = (Jp_Jonsct)

Samples Jp (mA/cm?)  Jonser (MA/cm?*) N Eonset vs. RHE (V) npo vs. RHE (V) TS (mV dec™)
(mA/cm?)

HEO 29.28 1.39 27.89 1.87 0.80 131
HEO-5C 40.85 1.49 39.36 1.92 0.86 116
HEO-10C 47.09 2.50 44.59 1.80 0.67 90
HEO-15C 41.71 1.13 40.58 1.92 0.87 123
HEO-20C 37.43 1.19 36.24 1.92 0.86 127

Onset potential (mV) E
(a) Current density (mA/cm®) 0131 @Vdecl 123 dee'_:rlr D
Overpotential (mV) (b) s, Py 127 mVdec?
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Figure 7. (a,b) Comparison of OER performance parameters of all modified GCE in 1M KOH
+ 1M MeOH at 100 mV s,
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Table 4. EC data acquired from Nyquist plots for OER on HEO-xC-modified GCE in 1M

KOH and 1M KOH + 1M MeOH.

EC parameters HEO HEO-5C HEO-10C HEO-15C HEO-20C

R (Q) 142.99 80.99 72.07 54.60 24.62

Rer (©) 293.71 145.78 220.24 194.09 167.67
1M KOH CPE (uF) 3.8 2.6 5.0 8.2 4.0
o 0.95 0.92 0.83 0.87 0.88
Wq (mQ) 10.2 17.2 42 16.9 5.8

Rs (Q) 150.70 51.25 78.11 33.45 27.48

Rer (Q) 199.38 90.34 67.13 68.52 84.32
IM KOH + IM MeOH CPE (uF) 3.6 3.8 75 13.6 73
o 0.86 0.84 0.82 0.70 0.78
Wy (mQ) 249 15.6 3.0 13.5 10.6

4. Conclusion
We successfully synthesized aluminum-rich HEOs with composition

[Alss(CdCrFeMgMn)ss 304 and their graphite-coated derivatives (5—20% C) through
a combined sol-gel and ball-milling approach. Structural characterization revealed
a well-defined cubic spinel phase (XRD) with nanocrystalline domains (20—30 nm)
and characteristic metal-oxygen vibrational modes (FTIR), confirming phase purity.
Microscopic analysis (SEM/EDX) demonstrated a highly porous, agglomerated
morphology with uniform elemental distribution. Electrochemical evaluation in
alkaline methanol media (1 M KOH + 1 M MeOH) revealed exceptional oxygen
evolution reaction (OER) activity across all compositions, with the 10% carbon
2 -1

variant exhibiting optimal performance: a diffusion coefficient of 8.64 x 1078 cm? 57!,

heterogeneous electron transfer rate of 3.75 x 1074 cm s

, minimal charge transfer
resistance (66.8 Q), and favorable Tafel kinetics (90 mV dec™'). These superior
metrics, coupled with the observed diffusion-controlled mechanism and excellent mass
transport properties, establish these HEO-xC composites—particularly the 10% carbon
formulation—as highly promising electrocatalysts for water splitting applications and

related energy conversion technologies.
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