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The production of clean and affordable hydrogen energy relies on the development of affordable, efficient,
and durable bifunctional electrocatalysts for overall water-splitting. In this research, a quinary high-entropy
inverse spinel oxide, (CoCuFeMnNi)sO4, was prepared via the reverse co-precipitation method, employing
different surfactants as templates, namely, PVP, SDS, and CTAB. XRD, SEM, XPS, and HRTEM were employed
to analyze the structure, morphology, and other properties of (CoCuFeMnNi)sO4. The effects of the
different surfactants on the properties and electrocatalytic performance of (CoCuFeMnNi)sO,4 in water-
splitting reactions (HER/OER) were discussed. The results show that different surfactants influence the dis-
persion, surface area, and other properties of the synthesized (CoCuFeMnNi)zO4 particles. The electro-
chemical test results of the HER and OER were compared. Due to the superior performance of the PVP-
assisted (CoCuFeMnNi);O4 in the HER and OER, PVP was selected as the surfactant of choice. From the
metal salt-to-PVP ratio studies, HESOx with 1 wt% PVP as a synthesis template (HESOxpyp 15) exhibited the
best performance of all, requiring an overpotential of 16 mV to reach 10 mA cm™2 in HER and 381 mV to
reach 10 mA cm™ in the OER. The effects of the presence and absence of Cu on the HER and OER are
also investigated. Quaternary MESOx ((CoFeMnNi)zO,) is compared to HESOx. Cu is observed to increase
the SSA and ECSA of HESOXx, giving it superior initial HER/OER performance. However, it suffers active site
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losses due to the ready formation of cuprous oxide (Cu,O), leading to sluggish electrocatalysis at higher
overpotentials. In the two-electrode test, HESOx reaches 10 mA cm™2 at an overpotential of ca. 0.267 V,
compared to the 0.43 V required by (MESOx). However, MESOx shows a remarkably superior performance

rsc.li/nanoscale than HESOx, improving by 130 mV after 100 h of activity.
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Introduction

The global energy crisis and environmental concerns have
driven significant research into renewable energy sources.
Among these, green hydrogen, produced through environ-
ment-friendly methods like water splitting, is a promising
clean fuel. However, developing cost-effective electrocatalysts is
imperative for enhancing the performance of water-splitting
devices, particularly in alkaline medium. The oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) are the
two half-reactions involved in water splitting.

In alkaline media, the HER mechanism involves:

(i) volmer/water dissociation:

H,O+e +M — H*+0OH~

Followed by the Heyrovsky or Tafel step

Molecular Science Institute, School of Chemistry, University of the Witwatersrand,
Johannesburg 2050, South Africa. E-mail: Kenneth.ozoemena@wits.ac.za

This journal is © The Royal Society of Chemistry 2026

(ii) Heyrovsky step (desorption):
Hx+H,O+e — H,+OH +M

or
(iii) Tafel step (combination):

2H* — H,

The Volmer, Heyrovsky, and Tafel steps have values of
118 mV dec™, 39 mV dec™’, and 30 mV dec™’, respectively.
The Tafel slope is determined from the Tafel plot to identify
the pathway and rate-determining step (RDS) of the HER.

The strength of metal-hydrogen (M-H) bonds can be used
to predict the exchange current densities for HER across
different electrocatalysts. Trasatti initially noted this pattern
on metals in 1970."?

The OER mechanism in alkaline electrolyte involves the fol-
lowing steps:

(i) Hydroxide ion adsorption:

OHi(aq) + M — OH *(ads) +e
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(ii) Oxidation to hydroxyl radical:

H *(ads) + OHi(aq) — 0 * (ads) + Hzo(]) +e

(iii) Formation of hydroperoxyl radical:

O *(ads) T OH_(aq) — OOH *(ads) +€

(iv) Oxygen evolution:

OOH *(ad5) + OH™ (ag) = M + Oy(g) + HaO(p) + €~

where M represents the catalyst’s active site, and the species
adsorbed on these active sites are denoted as OH*, O*, and
OOH*.> Other OER mechanisms are suggested in literature,
such as lattice oxygen-mediated mechanism (LOM), which is
particularly relevant in metal oxides, and involves the partici-
pation of lattice oxygen in the OER process, contributing to
enhanced catalytic activity; and adsorbate evolution mecha-
nism (AEM), involving the adsorption and subsequent reac-
tions of various species on the catalyst surface.”

While the hydrogen ions in the electrolyte are reduced to
form H, at the cathode, OH™ oxidation occurs at the anode to
form O,.

The binding energy between the reaction intermediate and
the catalyst’s active site, and the water dissociation barrier
determine the reaction kinetics of the HER and OER.>”
Theoretically, to initiate water-splitting under standard
pressure and temperature (1 atm pressure and 25 °C), the
minimum voltage required is 1.23 V. Nevertheless, practical
water-splitting systems necessitate a potential higher than the
theoretical to overcome the kinetic barriers at the electrodes
due to various factors such as slow reaction kinetics, mass
transport limitations, resistance within the system, and com-
peting side reactions. The word “overpotential” (1) describes
how much additional potential is required to achieve a specific
current density. The smaller the overpotential (i) of an electro-
catalyst is for the reaction of interest, the more superior the
performance.®®

Optimizing the performance of electrocatalysts for both
reactions is essential for achieving high overall water-splitting.
The low cost, availability, and outstanding electrochemical per-
formance of high entropy alloys and their derivative oxides
have made them an attractive choice for electrocatalysis.'*™°

High entropy materials consist of a highly disordered
arrangement of atoms, and due to this sort of arrangement,
controlling their surface electronic structures and selectively
exposing their active sites can be difficult.'® These could
potentially hamper their electrocatalytic activity. Researchers
have tried different synthesis methods to fix these issues, but
they are faced with shortcomings such as non-uniform particle
shape and a wide range of particle size distribution. This is
because, during the synthesis process, nanoparticles suffer a
less stable colloidal system, which may result in the sorption
of surrounding molecules to achieve stability, leading to the
agglomeration/coagulation of the nanoparticles.”” Many
researchers have used surfactants as stabilizing agents to
improve the stability of nanomaterials.'” >
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Surfactants (also known as “surface active agents”) are
molecules that reduce the surface tension of liquids, allowing
them to spread and mix more easily. In a solution in the water
or oil phase, surfactants form micelles and absorb into the
interface between that solution and another phase (solid or
gaseous). Their ability to exhibit these two distinct properties
is due to their chemical structures, which comprise two
different functional groups with differing affinities within the
same molecule.”® These groups are simply referred to as the
hydrophobic group (water-hating or oil-loving tail) and the
hydrophilic group (water-loving head). Therefore, surfactants
are usually described as being amphiphilic molecules (lovers
of everything), making them versatile in various applications.

In an aqueous solution, the headgroup (hydrophilic side) of
the molecule would break into anions, cations, or a combi-
nation of both (depending on the pH of the solution), while
some do not dissociate into any ions (non-ionic). Therefore,
surfactants are categorized into cationic, anionic, amphoteric,
and non-ionic surfactants.>*>* In nanomaterials synthesis, sur-
factants assist to:

(i) Control the morphology of nanoparticles — the shape and
size of nanomaterials can be adjusted by adjusting the type
and concentration of surfactants.

(ii) Facilitate the dispersion of precursors — surfactants ensure
a uniform distribution of the precursor materials into the solu-
tion, thereby promoting the formation of well-defined
structures.

(iii) Stabilize the nanoparticles - they form a protective layer
around the particles. Thereby preventing agglomeration/coagu-
lation of the particles.

The surfactant is chosen based on the specific nano-
material and desired qualities. While surfactants are effective
for dispersing nanomaterials in water, anionic and cationic
surfactants might interact with precursor ions, thereby
affecting the properties of the material. They may also be
incompatible with certain precursors or solvents. Non-ionic
surfactants, on the other hand, offer steric stabilization
without introducing ionic charges, thereby minimizing inter-
action with precursors and leading to more consistent material
properties. However, they may be less effective for charged
nanomaterials compared to ionic surfactants and require
careful selection for optimal compatibility. Ionic surfactants
have better solubility than their non-ionic counterparts.
However, non-ionic surfactants have the advantage of not
changing the pH of the solution. In addition, their CMC (criti-
cal micelle concentration) is usually higher than those of ionic
surfactants, allowing for the addition and mixing of more of
the surfactant into the solution without concerns about the
possible formation of undesired micelle.>® Zwitterionic surfac-
tants possess excellent stability as they possess both positive
and negative charges within their structure, enabling effective
stabilization of various nanomaterials in aqueous solutions.
Zwitterionic charges can minimize unwanted interactions with
precursors compared to ionic surfactants, leading to more con-
sistent material properties. However, they can be more expen-
sive compared to some ionic and non-ionic counterparts. In

This journal is © The Royal Society of Chemistry 2026
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addition to that, tailoring their structure for specific nano-
materials might require additional synthetic efforts.

Surfactant-assisted synthesis of catalyst materials has
mainly been reported for different materials,"”*°"* with only a
few reports for high entropy materials.>>*® In this research,
(CoCuFeMnNi);0, high entropy oxide (HESOx) was prepared
via co-precipitation, employing three different dispersants/sur-
factants, namely, polyvinylpyrrolidone (PVP, non-ionic),
sodium dodecyl sulfate (SDS, anionic), and cetyltrimethyl-
ammonium bromide (CTAB, cationic), and using NH,OH as a
precipitating agent. The selected elements are transition
metals, which have nearly similar atomic radii to minimize
local lattice distortion and promote the formation of a stable,
single-phase, high-entropy material. Moreover, transition
metals are known for their redox activities. Besides the size
compatibility, the specific elements were chosen for their well-
established electrocatalytic performance.’”*® The synthesized
materials (HESOx, HESOx-PVP, HESOx-SDS, and HESOx-CTAB)
were characterized to study the effects of the different surfac-
tants on the electronic modulation of HESOx. The samples
were further tested as possible electrocatalysts for electro-
chemical water-splitting reactions.

Experimental methods
Synthesis of HESOx

The materials were synthesized using a simple reverse co-pre-
cipitation process.*® To make an equimolar high-entropy oxide
electrocatalyst, each metal precursor salt for Co, Cu, Fe, Mn,
and Ni was weighed in equimolar ratios to a total of 16.0245 g
and then stirred in 10 mL of water for 10 min, after which they
were all stirred together in a 250 mL beaker for 30 min.
200 mL of 0.2 M ammonia solution (NH,OH) was then added
to the above solution and left to stir on the magnetic stirrer for
3 h at ambient temperature, followed by centrifugation and
drying of the precipitate at 90 °C. The dried product was
crushed and then calcined in air at 500 °C for 8 h with a ramp-
up rate of 4 °C min~" and cooled to room temperature (HESOx
yield: 1.523 g).

Surfactant-aided synthesis of the HESOx

The same synthesis method was employed here. To make an
equimolar high-entropy oxide electrocatalyst, each metal pre-
cursor salt for Co, Cu, Fe, Mn, and Ni was weighed in equi-
molar ratios to a total of 16.0245 g and then stirred in 10 mL
of water for 10 min, after which they were all stirred together
briefly in a 250 mL beaker. Three beakers of this solution were
prepared. CTAB, SDS, and PVP were weighed to a metal salt-
surfactant ratio of 1:0.005 (0.5 wt%) each and stirred in separ-
ate beakers in 10 mL ultrapure H,O until a fine solution was
obtained. Each of the metal salt solutions prepared above was
mixed with a surfactant solution and stirred for 30 min.
200 mL of 0.2 M ammonia solution (NH,OH) was then added
to each of the above solutions and allowed to stir on the mag-
netic stirrer for 3 hours at ambient temperature, followed by
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centrifugation and drying of the precipitate at 90 °C. This was
followed by crushing in a mortar and calcination for 8 h in air
at 500 °C at a heating rate of 4 °C min™" and finally cooling to
room temperature. The obtained products were abbreviated as
HESOx-CTAB, HESOx-SDS, and HESOx-PVP.

Results and discussion
Physicochemical characterizations

XRD (Fig. 1A) shows that the materials consist of a mixture of
spinel and rock-salt phases. The peaks centered around 26°
values of 18.34°, 30.18°, 35.56°, 37.21°, 43.23°, 49°, 53.59°,
57.20°, and 62.74° are attributed to the reflections from the
planes of (111), (220), (311), (222), (400), (321), (422), (511) and
(440), and the high-intensity peak at (311), suggests an inverse
spinel cubic structure.’®*' The 26° values are assigned to the
reflections from the planes using the Fe;0,.

The properties (color, conductivity, diffusivity, catalytic per-
formance, and magnetism) of spinel materials are influenced
by the occupation of metals at their octahedral (Oy) and tetra-
hedral (Tq) sites. The distribution of the cations is influenced
by the chemical environment and heat treatment process
and can be characterized by the degree of inversion x,
which adopts values between zero (for normal spinel
materials) and 1 (inverse spinel materials) in the equation
(A1—sB)tet(AxBa_y)oct-”> Hence, while normal spinel have all
the A-site (divalent) cations filling the Ty sites and the B-site
(trivalent) cations at the Oy, sites, an inverse spinel has its diva-
lent cations occupying the Oy, sites while half of the trivalent
cations fill the Ty sites and the other half occupy the Oy, sites
and can be represented as B*‘[A>*B*]0,, or AB,O, where A
and B are metal cations.**** The extra peak around 39° 26
value is attributed to a secondary rock-salt phase due to the
presence of CuO (111),*>*® where Cu is a divalent cation. The
secondary rock salt (CuO) phase indicates that some of the
copper has crystallized to form an FCC lattice, with the cations
filling all Oy, sites.*’

The full width at half maximum (FWHM) of the (311) peak
of HESOx, HESOx-PVP, HESOx-SDS, and HESOx-CTAB are
0.2375, 0.1739, 0.2059, and 0.2119 6°, respectively, suggesting
higher crystallinity in the surfactant-aided HESOx materials
compared to the pristine HESOx. HESOx-PVP exhibits the
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Fig.1 (A) XRD patterns, (B) Raman spectra of HESOx, HESOx-PVP,
HESOx-SDS, and HESOx-CTAB.
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highest crystallinity, evidenced by the lowest FWHM. There is
a slight shift in the positions of the peaks of the HESOx-SDS,
HESOx-CTAB, and HESOx-PVP to higher 26° angles relative to
HESOx. This shift to higher angles suggests a decrease in the
spacing (d-spacing) between atoms within the crystal lattice of
the materials (lattice compression). In electrocatalysis, lattice
compression and expansion can influence the electronic pro-
perties of the catalyst material, influencing its ability to facili-
tate certain chemical reactions at the electrodes. Studies have
shown that lattice compression in certain electrocatalysts can
enhance their activity for some reactions, such as CO,
reduction.’® However, HESOx-PVP’s more expanded lattice
relative to HESOx-SDS and HESOx-CTAB is an indication of the
presence of more defects in HESOx-PVP, which facilitates
water-splitting by enhancing the movement of reactants and
products, thereby helping to overcome kinetic and mass trans-
port limitations. The highest intensity for HESOx-PVP, while
maintaining about the same position as the basic HESOx,
shows that while PVP tries to maintain the properties of the
basic HESOx, it enhances the crystallinity, thereby exposing
more active sites for electrocatalysis.

The Raman spectra (Fig. 1B) indicate a complex vibrational
structure typical of an inverse spinel with multiple transition
metals. The peaks observed can be primarily due to the sym-
metric and asymmetric stretching modes of metal-oxygen
bonds in both tetrahedral and octahedral sites. The strong
peak around 490 cm™" is typical for the F,, mode of the spinel
structure, related to the O}, metal-oxygen vibrations. The peak
around 629 cm™" could be a result of the M-O vibrations in
the tetrahedral sites. The peak around 797 ecm ™' corresponds
to the A;; mode, which involves symmetric stretching (“breath-
ing”) motion of the M-O bonds in the tetrahedral lattice sites
of the spinel.>** The bands around 900 cm ™" are due to the
interaction between the atoms in the tetrahedral and octa-
hedral sites and give rise to oxygen vacancies at these sites
during the high-temperature treatment. This may play a major
part in surface gas absorption. The peak around 1100 is
assigned to the second-order longitudinal optical (2LO)
mode.>>>> The peak intensity is dependent on the defect con-
centration. Defects such as vacancies, dislocations, or grain
boundaries can scatter phonons (quantized vibrational energy)
and disrupt the vibrational modes, leading to weaker Raman
signals, as can be observed in the F,, peaks of HESOx and
HESOx-PVP. A lower defect concentration means fewer disrup-
tions, allowing for a more intense and sharper peak, as can be
observed in the peaks of HESOx-SDS and HESOx-CTAB.’® The
presence of more defects in HESOx-PVP leads to a higher
number and diversity of active sites and improved electronic
properties, thereby creating a superior catalytic environment
and making for better overall performance for the HER and
OER.

The thermogravimetric analysis (TGA) of each sample is
presented in Fig. S1A. The total mass loss percentages of
HESOx, HESOx-PVP, HESOx-SDS, and HESOx-CTAB are
approximately 4.26% at ca. 900.7 °C, 4.15% at ca. 900.7 °C,
4.75% at ca. 902.7 °C, and 3.57% at ca. 906.7 °C, respectively.
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The mass loss could be attributed to the burning of oxygen in
the inert environment, leaving behind the metal residue.
There is a slight dip around ca. 717 °C observed with the
HESOx-SDS sample. This is likely due to the adsorbed nitrogen
and sulfur molecules, which weaken the M-O (metal-to-
oxygen) bonds and create more volatile species.

From the graphs of the first-order differential TGA (DTGA)
(Fig. S1B), the peaks (maximum decomposition temperatures)
are observed to be centered at 848.9 °C, 898.7 °C, and 855 °C
for HESOx, HESOx-PVP, and HESOx-CTAB, respectively. The
DTGA of HESOx-SDS shows an endothermic peak at 671.7 °C,
which is likely due to the desorption/decomposition of the
adsorbed organic moieties, particularly the SDS molecules
adsorbed during the synthesis.>’

The SEM images (Fig. S2A-D) reveal some very large par-
ticles in HESOx-SDS and HESOx-CTAB. A possible explanation
for this is an insufficient concentration of surfactant to effec-
tively coat all the forming particles, leading to aggregation and
the formation of larger particles. The 0.5 wt% used may be
insufficient for SDS and CTAB to effectively stabilize the par-
ticles, leading to Ostwald ripening and/or coalescence of the
nanoparticles,”®*®* where the smaller particles in the suspen-
sion dissolve slightly and redeposit onto the larger particles.
This mass transfer process, driven by the surface differences,
would allow the bigger particles to grow at the cost of the
smaller ones, leading to a broader size distribution/average
particle size, and loss of electroactive surface area. The pres-
ence of the large crystals could lead to a wider particle-size dis-
tribution in HESOx-SDS and HESOx-CTAB. The TEM images of
the samples are shown in Fig. 2A, B, and S3 along with their
respective. HRTEM images. The particle size distribution of
each sample was obtained from the TEM image, and the mean
particle sizes are 20.51 nm, 19.59 nm, 18.49 nm, and 12.92 nm
for HESOx, HESOx-SDS, HESOx-CTAB, and HESOx-PVP,
respectively. The larger mean particle sizes of HESOx-SDS and
HESOx-CTAB are expected due to the coalescence of the par-
ticles, leading to a wide particle size distribution. The HRTEM
analysis of the samples revealed the presence of multiple crys-
tallographic planes characteristic of the inverse spinel struc-
ture. The observed planes included (222) (d-spacing =
0.24 nm), (220) (d-spacing = 0.31 nm), and (311) (d-spacing =
0.25 nm). The presence of the planes of MnO and CuO con-
firms the coexistence of secondary phases. The variation in
observed planes across different samples may be attributed to
compositional differences, processing conditions, or the
subtle influence of synthesis parameters on crystallographic
preferences.

The energy-dispersive X-ray (EDX) spectra of the samples
(Fig. S4A-D) show the different elements of the samples, and
the elemental mapping images from TEM (Fig. 2C, D, and
S5A-D) suggest an even distribution of the elements across the
samples. The specific surface area, pore size, and pore volume
values of each sample (Table S1) were obtained from the
single-point BET gas sorption analysis (GSA) method via nitro-
gen adsorption-desorption isotherm analysis, which is a well-
known technique for the quick determination of the specific

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 TEM and corresponding HRTEM images of (A) HESOx and (B) HESOx-PVP; TEM elemental mapping of (C) HESOx and (D) HESOx-PVP.

surface area (SSA) of nanomaterials.®>*® The samples in des-

cending order of SSA and pore volume values are HESOx-SDS,
HESOx-CTAB, HESOx-PVP, and HESOx. The samples are seen
to be mesoporous, with HESOx-PVP having the smallest pore
size, which might make for better selectivity and could favor
the hydrogen evolution reaction.”®

The binding energies, chemical composition, and oxidation
states of the chemical species on the surface of the samples
were obtained using the XPS technique. The XPS survey
(Fig. S6A) further confirms the presence of Co, Cu, Fe, Mn, Ni,
and O in the materials.

As the oxidation state of each element changes, so does the
number of unpaired electrons and hence the properties of the
material. The peaks of the individual chemical species were
extracted and deconvoluted to better understand the oxidation
states of each element present in the sample. The scans of the
chemical states of the different elements are shown in Fig. 3A-
F & S6B. The O 1s spectra display three distinct components
(Fig. 3A). In the HESOx sample, the peak due to oxygen atoms
in the metal oxides (lattice oxygen (Op)) is positioned at 529.65
eV. The peak around 531.71 eV is attributed to surface hydrox-
ides (OH™) and oxygen vacancies (Oy) in the samples. Oxygen
vacancies are defects in a material’s crystal structure, where
there are missing oxygen atoms. This can influence the electri-

This journal is © The Royal Society of Chemistry 2026

cal, optical, and chemical properties of the material and
enhance its catalytic activities. The peak at 533.16 €V is
assigned to adsorbed water molecules or chemisorbed oxygen
(Oaas)-°>”"7* HESOX-PVP has these O 1s peaks at 529.59 eV,
531.64 eV, and 533.18 eV. These peaks are at 529.79 eV, 531.68
eV, and 533.25 eV in HESOx-SDS, and 529.69 eV, 531.72 eV,
and 533.20 eV in HESOx-CTAB. HESOx-PVP has the lowest
binding energies for both Oy and Oy, peaks compared to the
others, which indicates higher electron density, indicating that
both the lattice oxygen and defect oxygen are in the most elec-
tronically favorable state for electrocatalysis.

The intensities of the peak at ca. 531.7 (from the area
under the peak) are in the order HESOx (14 767.68 cps eV) >
HESOx-SDS (12 412.58 cps eV) > HESOx-PVP (8241.13 cps eV) >
HESOx-CTAB (6906.64 cps eV) (Table S2A). However, the inten-
sity of this peak could be influenced by surface contaminants
such as adventitious carbon. The 0,45 (C=O0) peak intensities
are in the order HESOx > HESOx-SDS > HESOx-PVP > HESOx-
CTAB (Table S2A). The Oy/Oy, ratio is an indicator of the rela-
tive amount of surface defect sites with low oxygen coordi-
nation.””> The O,/O,, ratios for HESOx, HESOx-PVP, HESOx-
SDS, and HESOx-CTAB are 1.00, 0.56, 0.79, and 0.68, respect-
ively, and their respective overall surface contaminant percen-
tages are 29.42%, 19.12%, 22.82%, and 25.28%. Hence, while
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Fig. 3 XPS scans of HESOx, HESOx-PVP, HESOx-SDS, and HESOx-CTAB showing the (A) O 1s, (B) Cu 2p, (C) Ni 2p, (D) Co 2p, (E) Fe 2p, and (F) Mn

2p scans.

HESOx-PVP has fewer intrinsic defects (Oy/Oy, ratio), it has the copper species, which are due to CuO on the surface of the

least amount of surface contaminants, which means that a sig-  catalyst,

788081 while the two Cu 2p;/, and Cu 2p,,, peaks at ca.

nificant portion of its active sites are exposed and accessible 935 and 955 eV, respectively, are attributed to Cu(OH), due to
for electrocatalysis. The C 1s scans (Fig. S6B) support this the presence of NH,OH in the synthesis.®*
finding, as HESOx-PVP has the least peak intensity among the The Ni 2p spectra (Fig. 3C) of the samples show two asym-

four samples.

metric peaks around 855 and 873 eV, consistent with the Ni

The Cu 2p scans (Fig. 3B) show asymmetric peaks corres- 2ps;, and Ni 2p,,, species, respectively, as well as satellite peaks
ponding to Cu 2p3, and Cu 2p,),. In HESOX, these peaks are  which are due to multiple splitting in the Ni energy levels. The
around 934.08 and 953.84 eV, respectively, with a spin-orbit satellite peaks confirm the existence of divalent nickel.***> The
splitting of ca. 19.76 eV. These binding energies are close to HESOx Ni 2p;/, peak features a doublet, with peaks at 855.37

those observed in CuO.

47,76,77

The peak separation of 19.76 eV and 857.78 eV attributed to the Ni** and Ni*" oxidation states,

suggests the presence of Cu in the divalent and lower valence respectively, which are consistent with NiO and Ni(OH),. These
states in the materials.”® The presence of shakeup (satellite) peaks are at 854.28 and 855.95 eV in HESOx-PVP, 855.40 and
peaks at ca. 940-942 (triplet) and 962 eV confirms the presence 857.62 eV in HESOx-SDS, and 855.54 and 857.34 eV in HESOx-
of Cu®".”®® As seen in Fig. 3B, the Cu 2ps;, and Cu 2p;,, of CTAB.**® Again, as in Cu 2p spectra, the peaks of HESOx-PVP
HESOxX-PVP are positioned at 933.74 eV and 953.67 eV, respect- show significant shifts to lower binding energies, while those of
ively. Interestingly, this shift to lower binding energies, HESOx-CTAB and HESOx-SDS show no detectable shift from
observed only in HESOx-PVP, signifies an increase in its elec- those of HESOx. This result shows that HESOx-PVP possesses
tron density and a less stable nucleus, which could enhance rich electron density compared to its counterparts, which could
the ability of HESOx-PVP to interact with water molecules, imply more efficient electrocatalysis.

potentially improving its electrocatalytic activity. For HESOx- The Co 2p scans are displayed in Fig. 3D. The HESOx
SDS, the Cu 2p;/, and Cu 2p;), are around 934.12 and 954.06 sample has two peaks at about 783.4 and 797.4 eV, consistent

eV, respectively, which signifies a loss of electron density. with Co 2p;, and Co 2p4,, respectively,

7288790 with an energy

HESOx-CTAB has these peaks at 933.72 eV and 953.60 eV. The splitting of 13.69 eV and a satellite at 805.04 eV. The deconvo-
deconvolution of the Cu 2p3, and Cu 2p,,, states displays luted Co 2pj, comprises peaks positioned at 780.83 eV and
three peaks each. The peaks of Cu 2ps,, and Cu 2py,, around 783.75 eV attributed to Co** and Co®* oxidation states, respect-
932.7 and 952.8 eV, respectively, are due to Cu in the metal ively. Along with these peaks are satellite peaks around 788.01
state. The peaks around 933.7 and 953.9 eV are due to divalent and 792.39 eV, suggesting the presence of Co;0, and CoO. The
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Co 2p3, and Co 2p,,, peaks of HESOx-PVP are at 780.06 and
795.77 eV, with an energy splitting of 15.70 eV, and satellite
peaks at 787.07, 789.60, and 803.43 eV. The Co 2p;/, peak has
a shoulder at 782.47 eV. The Co 2p3, and Co 2p,,, peaks of
HESOx-SDS are at 783.01 and 797.49 eV, respectively, with an
energy splitting of 14.48 eV and a satellite peak at 804.73 eV.
The deconvoluted Co 2p;, features peaks at 780.580 and
782.91 eV, accompanied by satellite peaks at 785.52 and 789.53
eV. The HESOx-CTAB samples have Co 2p;, and Co 2p;,
peaks at about 782.10 and 796.53 eV, respectively, with an
energy splitting of 14.44 eV and a satellite at 803.95 eV. The
deconvoluted Co 2p;, comprises peaks positioned at 781.24
and 784.20 eV attributed to Co®>" and Co®' oxidation states,
respectively. Along with these peaks are satellite peaks at
787.92 and 791.28 eV. In summary, the peaks of HESOx-PVP
shift to higher binding energies compared to other HESOx
materials, suggesting increased electron density.

From the Fe 2p scans (Fig. 3E), two peaks are present
around 710.4 and 724.6 eV, corresponding to the Fe 2p;,, and
Fe 2p,,, species. Given the position of these two peaks, a
hematite (Fe,0s) structure is more likely than a magnetite
(Fe;0,) structure.”*°'"®* The peak around 710.4 eV suggests
the presence of Fe,O3, Fe;0,, Fe(OH);, or FeOOH, while the
one at ~724.6 eV is due to the presence of ferric oxides (Fe
(m)).”” In the HESOx sample, the Fe 2p;/, peak positions for
Fe** and Fe’* are at circa 709.49 and 710.59 eV, respectively,
and the Fe 2p,,, peaks of Fe** and Fe*" appear at 723.19 and
724.89 eV, respectively. The presence of the Fe** and Fe®*
species indicates partial oxidation of the samples. Satellite
peaks of Fe>* and Fe** appear at 712.41 and 718.38 eV, respect-
ively.* From the peak areas, the proportions of Fe>" and Fe’" in
the Fe 2p;,, peak are 47.9% and 52.1%, respectively. HESOx-PVP
has the Fe 2p;, peaks at 709.49 and 710.81 eV, corresponding
to Fe”" and Fe’", respectively. These peaks are at 709.59 and
710.81 eV, respectively, for HESOx-SDS, and at 709.81 and
711.20 eV, respectively, for HESOx-CTAB. In summary, there is
no significant shift in peak for all the HESOx materials,
suggesting that Fe is redox-silent in this work.

The Mn 2p scans are shown in Fig. 3F. A doublet is
observed due to spin-orbit splitting, with energies at 641.79
and 649.85 eV for HESOx, corresponding to the 3/2 and 1/2
states, respectively, with a spin-orbital splitting of around 8.06
eV. The very broad peaks could be due to multiple oxidation
states and suggest the presence of Mn;O,, as it consists of
mixed oxidation states, Mn®" and Mn>". The presence of a sat-
ellite peak at 646.56 €V is attributed to the multiple oxidation
states. The deconvoluted Mn 2p3/, and Mn 2p,,, peaks consist
of two components with binding energy values of 640.3 (Mn®;
Mn*") and 642.7 eV (Mn**) for the Mn 2p;,, and the Mn 2p,,
has peaks at 649.5 (Mn>") and 654.6 eV (Mn’**, Mn"", or a
higher oxidation state, such as Mn’").”"728%9399 The Mn 2p;/,
and Mn 2p,;, peaks of HESOx-PVP are positioned at 641.45
and 648.85 eV, respectively, with an energy splitting of around
7.39 eV. The deconvoluted Mn 2p;,, consists of peaks at 638.21
(Mn?), 641.28 (Mn**), and 643.74 eV (Mn’"), while those of the
Mn 2p4, are at 648.77 and 654.65 eV. HESOx-SDS has Mn 2p;,,

This journal is © The Royal Society of Chemistry 2026
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and Mn 2p,,, peaks at 641.30 and 649.44 eV, respectively, with
an energy splitting of around 8.14 eV, and the appearance of a
satellite peak at 646.14 eV. The deconvoluted Mn 2p3/, consists
of peaks at 637.40 (Mn®), 640.70 (Mn**), and 642.11 eV (Mn*"),
while those of Mn 2p;,, are at 648.72 and 652.09 eV. HESOx-
CTAB has Mn 2p;,, and Mn 2p,,, peaks at 641.87 and 649.38
eV, respectively, with an energy splitting of around 7.5 eV, and
the appearance of a satellite peak at 646.98 eV. The deconvo-
luted Mn 2p;,, consists of peaks at 640.62 (Mn% Mn**) and
642.61 eV (Mn’"), while those of the Mn 2p,,, are at 649.34
and 652.77 eV. All four samples suggest the presence of Mn;0,
(broad peaks, Mn**, Mn®") and the likelihood of MnO, (Mn"*).
In summary, the HESOX-PVP shows a slight shift to the higher
binding energy, indicating decreased electron density.

In general, the XPS data show the unique influence of PVP
on the electronic structure of HESOx. Compared to the other
samples, the Cu 2p, Co 2p, Fe 2p and Ni 2p electronic states of
HESOX-PVP generally appear at lower binding energies, while
Mn 2p shifted to higher binding energies, indicating that Cu,
Co, Fe, and Ni gain electron density and have a weaker
effective nuclear charge, while the reverse is the case for
Mn.'® Although HESOx is expected to possess unique but
complicated electronic structure due to the different cations, it
is interesting to observe that PVP further aids this electronic
complication. One expects this electronic modulation to facili-
tate the transfer of electrons and promote the HER process.

The electronic structure, including the position of the
Fermi level relative to the band edges, influences electro-
catalytic activity. The valence band spectra of the XPS are pre-
sented in Fig. 4. The energy difference between the Fermi level
and the valence band maximum (Er — Eygpy), like the d-band
center, can provide an insight into the electronic structure of
the transition metals of the HESOx and its impact on the
electrocatalytic properties. For example, a larger Er — Eygy value
means a weaker interaction between the d-states and the Fermi
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Fig. 4 Valence band XPS spectra of (A) HESOx, (B) HESOx-PVP, (C)
HESOx-SDS, (D) HESOx-CTAB.
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level, which can influence the adsorption and reaction of mole-
cular intermediates. Here, the estimated values of the Ex — Eygym
are 0.2865, 0.1477, 0.2865, and 0.3310 eV for HESOx, HESOx-
PVP, HESOx-SDS, and HESOx-CTAB, respectively. The smaller
value of the HESOx-PVP means that its electrons are at a rela-
tively lower energy compared to the others,”>'°"'* indicating a
stronger interaction between its d-states and the Fermi level.
This indicates that HESOx-PVP could optimize the HER/OER
performance by lowering the reaction energy barrier and enhan-
cing the electronic interaction with the reaction intermediates.
This corroborates the findings in Fig. 3.

Electrochemical tests

To activate the electrodes and obtain information about the
redox behavior of the multi-metal electrocatalyst, cyclic voltam-
mograms (Fig. 5A) of the RDE modified with the electrocata-
lysts were obtained at a scan rate of 25 mV s™' at ambient
temperature. Hydrogen adsorption/desorption peaks occur at
the potential region between 0.1 and 0.2 V vs. RHE. The oxi-
dation and reduction signatures of the transition metal oxides
are found between 0.3 V and 1.25 V vs. RHE. These peaks are
due to the reversible and continuous electrochemical reactions
happening at the electrode-electrolyte interface, signifying
pseudocapacitive behaviors.'®*"'°* The electrochemically active
surface area (ECSA) is a critical parameter for determining how
much of the exposed surface of the electrocatalyst is available
for electrochemical activity. To determine the ECSA, cyclic vol-
tammograms obtained at the non-faradaic region of the cata-
lysts at different scan rates (10-70 mV s~ ') were plotted
(Fig. 5B-E). The double-layer capacitance (Cq) is obtained
from the slope of the plot of current density differences (AJ/2 =
(J1 = J2)/2) between the upper current density (J1) and lower
current density (j2) in the middle of the potential window
against the scan rates, or by plotting the anodic current
density (/1) and cathodic current density (J2) and obtaining
the average of absolute values of the slopes (Fig. 5F),
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where J1 is the anodic current (I,,) and j2 is the cathodic
current (Ic).
The ECSA was then determined using the equation:

Cal X geometric surface area
Cs

ECSA = (1)
where Cyq; is the double-layer capacitance of electrocatalysts,
and Cs is the specific capacitance of the glassy carbon rotat-
ing disk electrode (RDE)."®>'°¢ For the C;, we used a general
value of 0.040 mF cm 21951977199 The g4 and ECSA values
of the electrocatalysts are summarized in Table S3. The
larger ECSA of HESOx-PVP suggests that, regardless of the
total surface area provided by the GSA, HESOx-PVP has a
greater portion accessible to electrocatalytic reactions than
other samples.

The HER curves (Fig. 6A) were obtained from LSV measured
at room temperature with a scan rate and a rotation rate of
10 mV s and 1600 rpm, respectively. A comparison of the
overpotentials of the samples is shown in Fig. 6B and summar-
ized in Table S4. HESOx-PVP exhibits a better HER perform-
ance than the other samples, reaching 10 mA cm™> at an over-
potential of 87 mV. The smaller overpotential suggests a more
efficient HER with HESOx-PVP. These findings are consistent
with the XPS analysis, indicating a correlation between lower
binding energies and enhanced HER performance.

To investigate the HER mechanism, the Tafel slopes were
determined from the Tafel plots shown in Fig. 6C, and the
values indicate that the electrocatalysis proceeds through the
Volmer-Heyrovsky pathway (eqn (2) and (3)):"****

H,O+e +M < M-Hugs + OH™ (Volmer) (2)
H,O + e~ + M-Hags < H, + OH™ (Heyrovsky) (3)

where “M” denotes an available site on the electrocatalyst’s
surface, and M-H,qs denotes the hydrogen atoms adsorbed.
The HER kinetics of electrocatalysts depends on the strength
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Fig. 5 (A) Cyclic voltammograms in 1 M KOH at 25 mV s, (B—E) CV scans of the non-faradaic region of the samples at different scan rates in 1 M

KOH, and (F) their corresponding linear plots.
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Fig. 6 (A) HER polarization curves in 1.0 M KOH at 10 mV s~* and 1600 rpm, (B) HER overpotential at 10 mA cm™2 of the electrocatalysts, (C) HER
Tafel plots, (D) OER polarization curves in 1.0 M KOH at 10 mV s~ and 1600 rpm, (E) OER overpotential at 10 mA cm™2 of the electrocatalysts, (F)

OER Tafel plots.

of the M-H,4s bonds, and the M-H,4s bonds formed on the
electrocatalysts, according to Sabatier’s principle, should not
be too strong or too weak to promote the efficient adsorption
and desorption of M-H,qs intermediate and the release of
H2.115

Similarly, the OER activity of HESOx-PVP is the best of the
four samples, attaining a current density of 10 mA cm™> at an
overpotential of 415.8 mV, compared to 419, 463.7, 490.3, and
507.2 mV required by HESOx, HESOx-CTAB, HESOx-SDS, and
IrO,, respectively. From the Tafel slopes (Fig. 6D), HESOx-PVP
shows the lowest value (153.5 mV dec™') among all the syn-
thesized catalysts and commercial IrO,, indicating the best
OER kinetics.

Metal salt-to-PVP ratio studies

Based on the HER and OER performances, PVP was selected
for further studies. Different wt% of PVP (1-50%) were used as
templates in the synthesis of the HESOx using the same
method specified above for the HESOx-SAS materials. XRD and
Raman (Fig. S7) show the same signatures as obtained in the
HESOx materials above. From the GSA (Table S5), the SSA of
HESOXpyp 195 (21.8 m® g™') and its pore volume are higher
than those of the other prepared catalysts. The Cq; values were
obtained from the non-faradaic cyclic voltammograms in
Fig. S8 and the linear plots in Fig. S9. The C4; and ECSA values
are summarized in Table S6. The larger ECSA of HESOXpyp 19
suggests that it has a greater portion accessible to electro-
catalytic reactions than other samples. The different PVP-
assisted materials were compared in 1 M KOH with a three-
electrode setup and 10 mV s™' scan rate to determine the
optimal ratio for HER and OER.

The HER polarization curves (Fig. 7A) show that the
HESOxXpyp 19, €xhibits a high HER activity, requiring 16 mV to
reach 10 mA cm™>. A comparison of the overpotentials of the
samples is shown in Fig. 7B and summarized in Table S7. The

This journal is © The Royal Society of Chemistry 2026

HER polarization curves feature reduction peaks around —0.25
V vs. RHE. Cyclic voltammetry was performed to obtain a
reverse scan (Fig. $10) to study the complementary hydrogen
oxidation reaction (HOR). The presence of anodic peaks
around —18 mvV vs. RHE in the reverse scan of the Linear
Sweep Voltammetry (LSV) curves suggests that the materials
are active for Hydrogen Oxidation Reaction (HOR) (H, + 20H™
— 2H,0 + 2e7). Therefore, the detailed investigation of the
material’s electrocatalytic activity and kinetics towards the
HOR will be the focus of future research.

The HER Tafel slopes are compared in Fig. 7C. All the pre-
pared samples have Tafel slopes above 40 mV dec,
suggesting that the HER follows the Heyrovsky-Volmer
pathway on all the samples, where the Volmer step is the rate-
determining step.''® From the mass activity of each catalyst
(Fig. 7D) obtained at —0.25 V (vs. RHE) from the LSV curves
in Fig. 7A, HESOXpyp 10 has a mass activity of 24.72 mA
Mgmetal ', Which is better than the other prepared catalysts.
Moreover, the electrochemical impedance spectra (EIS)
(Fig. 7E) suggest that HESOXpyp 19, has a higher charge trans-
fer efficiency than all the other synthesized samples
(Table S8). During continuous HER at 10 mA cm™> for 15 h
(Fig. 7F), HESOxpyp 19, iS seen to be quite stable, with the
overpotential slightly shifting to less negative values. The pro-
longed operation under constant current might have facili-
tated an in situ surface activation in the high-entropy inverse
spinel oxide. After 2000 CV cycles, the overpotential at 10 mA
cm™? shifted negatively by 11 mV after 2000 cycles (to 27 mV)
(Fig. 7F inset). The shift to higher overpotentials is commonly
associated with poor kinetics. Extended cycling usually leads
to the formation of surface films, leading to loss of electrical
conductivity.

Similarly, a comparison of the OER of the electrocatalysts
(Fig. 8A) clearly shows that HESOxpyp 19, €xhibits the highest
OER activity compared to the other electrocatalysts and com-
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10 mA cm~2 in comparison with literature,'%7=12% (C) Tafel plots of the electrocatalysts, (D) mass activity of these catalysts at —0.25 V vs. RHE, (E)
EIS Nyquist plots @ —0.77 V, (F) chronopotentiometric test of HESOXpyp 1% at —10 mA cm™2 in 1.0 M KOH for 15 h (inset: LSVs before and after 2000

CVs).
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Fig. 8 (A) OER polarization curves at 10 mV s™* scan rate and a rotation rate of 1600 rpm in 1.0 M KOH, (B) overpotential of the catalysts at 10 mA
cm™2 compared with literature.***~1%” (C) Tafel plots of these catalysts, (D) mass activity of the catalysts at 1.5 V vs. RHE, (E) chronopotentiometric
test of HESOxpyp 1% at 10 mA cm™2in 1.0 M KOH for 15 h, (F) overall water splitting long-term durability test at 10 mA cm™2. Inset: polarization curves

before and after the durability test.

mercial IrO,. The respective overpotentials at 10 mA cm > of
the samples are shown in Fig. 8B and summarized in Table S7.
The Tafel slopes are compared in Fig. 8C. The mass activity
(Fig. 8D) of each catalyst was calculated at 1.5 V vs. RHE from
its LSV curve in Fig. 8A. The OER mass activity of HESOXpyp 19,
is 46.37 MA Mgcea ', Which is better than other catalysts and
commercial IrO,. After 2000 CV cycles, the overpotential at
10 mA cm™ shifted positively by 59 mV after 2000 cycles (to
444 mvV). However, chronopotentiometry (Fig. 8E) run at

Nanoscale

10 mA cm™> shows that HESOXpyp 1, is fairly stable as the
overpotential shifts negatively by 69 mV over 14 h.

Based on the HER and OER performance, the potential
water-splitting performance of HESOxpyp 14, Was evaluated
using a two-electrode setup as depicted in Scheme $5.'%''°
Two 5 cm X 1 cm carbon cloth strips were used for the anode
and cathode. The catalyst ink was prepared by dispersing
10 mg of HESOXpyp 14, and 10 mg of OLC in 500 pL of ethanol
(99.99% absolute ethanol) and 20 pL of Nafion (5 wt%) and

This journal is © The Royal Society of Chemistry 2026
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sonicated for 30 min. 120 pL of the ink was loaded on a 1 cm X
1 cm area of each carbon cloth. LSV was obtained at 5 mV s,
In comparison to the 1.74 V achieved by commercial Pt/C||IrO,
catalyst combination, HESOXpyp 19, Shows a superior perform-
ance, requiring a potential of ~1.497 V to reach 10 mA cm™>
(Fig. 8F inset) and is comparable to literature
(Table §9).'*116:119.1287133 ynder a constant current of 10 mA
cm™2, HESOXpyp 10, WOrks stably with ~13% increase in poten-
tial over a 100-hour testing period (Fig. 8F). LSV collected after
100 hours shows only a little increase in the potential required
(1.53 V) to reach 10 mA cm™>.

The effect of Cu

Besides HEAs, other categories of alloys based on their config-
urational entropy AS..,r include low entropy alloys (LEAs) and
medium entropy alloys (MEAs). LEAs consist of one or two
primary elements and the configurational entropy, AScons <
0.69R, while MEAs comprise a mix of three or four primary
elements and 0.69R < AS.ons < 1.61R.

While multi-principal element alloy systems (MEAs and
HEAs) and their oxides have received a lot of attention as elec-
trocatalysts for various applications, more attention is concen-
trated on high-entropy materials than on medium-entropy
materials.">*3*713°

Moreover, Cu-based materials have shown outstanding
electrocatalytic activity and great stability and have been a
center of research for applications such as HER, OER,
ammonia sensing, CO, reduction, and hydrogen storage.'*”"'*?
In this section, we compare the physical properties and the
effect of the presence and absence of copper (Cu) high- and
medium-entropy spinel oxides (CuCoFeMnNi);0, (HESOx) and
(CoFeMnNi);0, (MESOx), synthesized via reverse co-precipi-
tation and calcination, as discussed earlier’® (excluding the
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salt of Cu in the MESOx miXx) as well as their behaviors towards
alkaline water splitting.

Physicochemical characterizations

The XRD (Fig. 9A) reveals peaks centered around 26° values of
18.42°, 30.28°, 35.65°, 37.22°, 43.31°, 53.72°, 57.26°, and
62.87° for HESOx, and 18.52°, 30.31°, 35.71°, 37.32°, 43.37°,
54.08°, 57.32°, and 62.89° for MESOx and are attributed to the
reflections from the planes of (111), (220), (311), (222), (400),
(422), (511), and (440), and the high-intensity peak at (311),
suggests an inverse spinel structure,"***® consistent with the
patterns of Fe;0, (COD ID 1010369). The slight shift to the left
of HESOx suggests that the addition of Cu introduces lattice
expansion. The peaks of HESOx are also seen to be broader
than the peaks of MESOx, suggesting higher crystallinity of the
MESOx particles. The FWHM values of the (311) planes of
HESOx and MESOx are 0.4638 26° and 0.2684 26°, respectively,
suggesting smaller particle sizes in HESOx than in MESOx.
The minor traces observed in the patterns of MESOx match
the phase of Fe,O; and are consistent with COD ID 1011240,
while the minor traces observed in HESOx match the CuO
phase and are consistent with COD ID 1011148.

The Raman spectra (Fig. 9B) show almost similar signatures
for HESOx and MESOx. Both spectra exhibit the characteristic
E,, Fsg, and A;; Raman active modes of AB,O, spinels, corres-
ponding to metal-oxygen (M-O) vibrations at tetrahedral
(A-site) and octahedral (B-site) cation sites.*® Cu addition
seems to promote site preference, giving rise to reduced cation
disorder and leading to better-defined peaks in HESOx. In con-
trast, the peaks of MESOx appear broader and merged,
suggesting higher cation disorder arising from random A/B
site occupancy, suggesting a higher defect density in MESOxX.
The splitting of the E; mode in HESOx indicates local octa-
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hedral distortion, which creates more active sites for the
adsorption of reaction intermediates."*”'*® The main F,,(2)
band (~470-490 cm™') also appears at slightly higher wave-
number in HESOx relative to MESOx, indicating shorter M-O
bond lengths, and suggesting stronger bonding. The sharper
A;; peak in HESOx compared to MESOx indicates a higher
degree of structural order and crystallinity and more stable
tetrahedral networks, which could lead to more efficient elec-
tron transfer. The A;, mode (~680 c¢cm™) is also shifted
upward, emphasizing the bond strength.

The SEM images in Fig. 9C and D show spherical crystals
with smaller particle sizes of the HESOx material, suggesting a
larger surface area than in the MESOx. The EDS mapping
images (Fig. 9E and F) show a uniform distribution of the
elements across the samples.

The GSA agrees with the SEM, revealing surface area values
of 21.25 m* g~ for HESOx and 2.8 m> g~ for MESOx,
suggesting more potential active sites for reactions on HESOXx.
HESOx is also more porous with a pore volume of 0.06 cm® g™
compared to 0.01 cm® g”* of MESOx. The samples are meso-
porous, with the HESOx sample having a smaller pore size of
11.36 nm compared to the value of 15.77 nm for MESOx.
These values suggest superior electrocatalytic performance
with HESOx than MESOx.

According to the IUPAC classification, both samples display
type-IV features, which suggests the presence of mesopores in
the samples, as shown by the adsorption-desorption isotherm
plots in Fig. 9G. The type H3 hysteresis loop, associated with
the presence of slit-like pores, is observed in MESOx. The
absence of the limiting step observed in mesoporous sorbents
of type-IV isotherm at high relative pressure suggests an
incomplete pore filling. In contrast, the type-H2 hysteresis
observed in HESOx indicates bottleneck constrictions and is
associated with disordered materials where the pore size and
shape distribution are not well defined.***™*>*

The as-synthesized spinel materials exhibited a narrow
pore-size distribution, which is centered at 10 nm (Fig. 9H).
Meanwhile, a higher cumulative pore volume is observed with
the addition of Cu in the mix (inset of Fig. 9H).

The TEM images (Fig. 10A and B) confirm the smaller par-
ticle sizes of HESOXx, with an average particle size of 13.65 nm,
smaller than the average particle size (74.45 nm) of MESOx.
This corroborates the broader (311) peak and SEM images. The
HRTEM micrographs (Fig. 10C and D) show the d-spacing
values corresponding to the (111), (220), (311), and (222)
planes and agree with the XRD patterns.

The chemical compositions and oxidation states of the
spinels were investigated using X-ray photoelectron spec-
troscopy (XPS) analyses, shown in Fig. 11.

The Co 2p peak of MESOx at 779.94 eV is attributed to the
Co”" oxidation state, and the other at 782.21 eV is attributed to
the Co®" state at 782.21 eV.”>®37°° In the Fe 2p scan, the peak
at 709.42 eV corresponds to Fe’* and the peak at 710.47 eV
corresponds to Fe*".”»%*% In the Ni 2p scan of MESOX, the
peak corresponding to Ni*" is positioned at 855.53 eV, while
Ni*" is positioned at 857.27 eV.®*'*” The peak at 640.76 eV in
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MESOXx(222)
\

Fig. 10 (A and B) TEM images, (C and D) HRTEM images of the samples.

the MESOX Mn 2p scan is attributed to Mn>*, whereas another
peak at 642.13 eV is attributed to Mn**.718%97:99

With the addition of Cu, the Co 2p and Ni 2p states of
HESOx shifted to lower binding energies than MESOX,
suggesting some electron transfer to Co and Ni from Cu. In
contrast, the binding energies of Mn 2p and Fe 2p changed
positively, suggesting electron loss in Mn and Fe.'®® In
addition to the shifts, the Mn 2p of HESOx has an extra peak
at 638.17 eV due to Mn°, suggesting that the presence of Cu
may promote reduction and the formation of Mn metal clus-
ters or nanoparticles. The binding energies obtained from the
fitting of the spectra are shown in Table 1. The Cu 2p scan of
HESOX, the Cu 2p scan reveals the chemical states of Cu. The
Ccu® (Cu metal), Cu** (Cu0), and Cu*>" (Cu(OH),) states of Cu
are positioned at 932.66 eV, 933.62 eV, and 934.89 eV,
respectively.

The valence band spectra (Fig. 11H & I) reveal the energy
difference between the Fermi level and the valence band
maximum (Er — Eygy), which can provide insight into the elec-
tronic structure of the transition metals of MESOx and HESOx
and its impact on the electrocatalytic properties. The smaller
Ep — Eypm value of HESOx (0.082 eV) means that its electrons
are at a relatively lower energy compared to MESOx (0.209 eV),
indicating a stronger interaction between the d-states of

This journal is © The Royal Society of Chemistry 2026
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Fig. 11 (A-G) XPS scans of MESOx and HESOx, and (H and 1) their valence band spectra.
Table 1 A summary of the XPS
Sample
Binding energies (eV)/peak area
HESOx MESOx
Chemical species 2Ppas2 Area 2Pz Area 2P3s2 Area 2Pz Area
cu’® 932.66 3872.20 952.69 3613.64
Cu** (Cu0) 933.62 7654.16 953.76 2641.11
Cu** (Cu(OH),) 934.89 11 892.69 955.04 4678.50
NiZ* 854.36 1970.87 871.60 361.99 855.53 19702.31 872.80 878.12
Ni** 855.97 2750.30 873.55 1216.54 857.27 15477.81 874.97 4193.92
o> 779.53 7877.87 795.51 6997.12 779.94 3393.94 795.68 251.13
03" 781.53 42 500.06 797.39 4559.46 782.21 5208.41 796.97 165.05
Co** 799.33 1212.84
Fe** 710.07 3789.01 723.21 991.57 709.42 4397.55 723.05 2243.29
Fe** 711.67 3818.58 724.75 2981.40 710.47 8803.41 724.58 8161.27
Mn° 638.17 20 126.89
Mn>* 641.45 47 753.11 649.62 41365.09 640.76 3682.96 651.71 703.98
Mn** 643.55 26 901.94 653.73 22 842.09 642.13 4979.48 653.12 2271.93
Mn** 654.46 651.09
This journal is © The Royal Society of Chemistry 2026 Nanoscale
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HESOx and its Fermi level.”>'°"'°* This is in good agreement
with the XPS and indicates that the presence of Cu enhances
the interaction of HESOx with the reaction intermediates.

Electrocatalytic HER performance

From the HER LSV plots of the electrocatalysts and Pt/C,
which was used as the standard (Fig. 12A), the addition of
Cu in the spinel mix (HESOx) results in a lower potential
requirement to reach 10 mA cm~> (16 mV). This is lower than
the overpotentials of MESOx (167 mV) and Pt/C (18 mV). The
overpotentials required by each electrocatalyst to reach
10 mA cm™> and 100 mA cm™> are summarized in Fig. 12B,
however, at higher overpotentials (beyond 202 mV), the per-
formance of HESOx is observed to decline, to the reduction
of cupric oxide (CuO) and hydroxide (Cu(OH),) to cuprous
oxide (Cu,O) in an alkaline electrolyte, thereby creating a
passivating film on the surface of HESOx and blocking active
sites.'>* This layer acts as a barrier to electron transfer and
hinders the electrocatalytic process, giving rise to larger over-
potentials at higher current densities. The Tafel slopes
(Fig. 12C) calculated from LSV curves show faster HER kine-
tics for HESOx (106.5 mV dec™') than MESOx (159.5).
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Potentiostatic electrochemical impedance spectroscopy
(PEIS) (Fig. 12D) fitted with the equivalent circuit (Fig. 12D
inset) revealed a smaller solution resistance (6.12 Q) for
HESOx, compared to the resistance offered by MESOx (6.81
Q). This lower ohmic resistance could be the primary driver
for the superior initial performance of HESOx. However,
HESOx reveals a slightly higher diffusion resistance (Rgis:
0.81 Q) than MESOx (0.78 Q), suggesting more efficient mass
transport on MESOx. MESOx also displays a lower charge
transfer resistance (R.; 657.8 ) compared to HESOx
(749.8 Q).

Non-faradaic CV scans were obtained at scan rates from
10 mV s~ to 70 mV s~ in steps of 10 mV s~ (Fig. 12E and F)
and used to obtain the values of the electrical double-layer
capacitance (Cyq;) of HESOx and MESOx and hence the electro-
active surface area (ECSA) of each sample (Fig. 12G). The
higher values obtained for HESOx suggest that the addition of
Cu in the entropy mix increases the active surface area, hence
the higher initial catalytic performance of (CoCuFeMnNi);0,.
Using chronopotentiometry to examine the stability of HESOx
under HER conditions (Fig. 12H), the potential is observed to
decrease from —0.284 V to —0.246 V over 10 h.
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Fig. 12 (A) HER polarization curves in 1.0 M KOH at 10 mV s~ and 1600 rpm, (B) HER overpotentials of the electrocatalysts at 10 mA cm™

2 and

100 mA cm™2, (C) HER Tafel plots, (D) PEIS spectra of MESOx and HESOX (inset: equivalent circuit used in fitting the impedance spectra). (E) Non-far-
adaic CV scans of MESOXx. (F) Non-faradaic CV scans of HESOx. (G) Plots of the current density differences vs. scan rates for Cy analysis. (H) HER

chronopotentiometry test of HESOx.
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Fig. 13 (A) OER polarization curves in 1.0 M KOH at 10 mV st and 1600 rpm. (B) OER overpotentials of the electrocatalysts at 10 mA cm™2 and

100 mA cm™2, (C) OER Tafel plots. (D) PEIS spectra of MESOx and HESOXx.

(E) OER stability test of MESOx. (F) Two-electrode water-splitting tests of

MESOx, HESOx and Pt/C||IrO,, and stability tests of (G) MESOx and (H) HESOx.

Electrocatalytic OER performance

Similarly, LSV was used to evaluate the OER performances of
the electrocatalysts, using IrO, as a reference. From the LSV
curves in Fig. 13A, HESOx is seen to have a better performance
until around 1.56 V and 5 mA cm™?, after which it, again, gets
sluggish. Hence, MESOx reaches 10 mA cm™ at a lower overpo-
tential of 363 mV, lower than the overpotentials of HESOx
(381 mV) and IrO, (507.2 mV). The overpotentials are summar-
ized in Fig. 13B. The Tafel slopes (Fig. 13C) calculated from
LSV curves show faster OER kinetics on MESOx. PEIS
(Fig. 13D) revealed a smaller R, for MESOx (228 ) compared
to HESOX (364.8 Q).

Chronopotentiometry was also employed to evaluate the
stability of MESOx under OER conditions (Fig. 13E), and the
potential increases by ca. 12.5% over 8 h.

Two-electrode water-splitting test

HESOx and MESOx were evaluated for their overall water-split-
ting capabilities in 1 M KOH using a two-electrode setup. After
dispersing 10 mg of HESOXpyp 19, and 10 mg of OLC in 500 pL

This journal is © The Royal Society of Chemistry 2026

of ethanol (99.99% absolute ethanol) and 20 pL of Nafion
(5 wt%) and sonicating for 30 min, the obtained catalyst ink
was loaded at the anode and cathode to loading of 2 mg cm™
with carbon cloth (1 cm x 1 ¢cm) as the substrate at both elec-
trodes. LSVs obtained at 5 mV s~ (Fig. 13F) reveal HESOX as
having the best bifunctional electrocatalytic performance,
requiring a potential of ~1.50 V to reach 10 mA cm™>, com-
pared to the potentials of MESOx (~1.60 V) and Pt/C||IrO, (1.74
V) at 10 mA cm™>. Under the constant current of 10 mA cm™>
(Fig. 13G and H), MESOx is observed to be more stable than
HESOX over 100 h, retaining ~94.5% of its activity, compared
to the 87% activity retention of HESOx. LSV collected after
100 h shows only a slight decrease in the performance of
HESOx, which requires 1.53 V to get to 10 mA cm ™2, and a tre-
mendous improvement in the performance of MESOx, with a
potential of ~1.47 V at 10 mA cm™?, which could be attributed
to the formation of new active sites.

In HESOX, the EIS data acquired before and after 100 h of
operation (Fig. 14) reveal a significant decrease in R (4.772 Q
to 1.6 Q), confirming catalyst activation and improved reaction
kinetics, while the increased Warburg impedance (28.96 Q to
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Fig. 14 PEIS spectra of HESOx and MESOx before and after 100 h, and
the equivalent circuits used in fitting them.

100.5 Q) suggests diffusion limitations arising from continu-
ous gas evolution during long-term water splitting. The
increased post-CP LSV overpotential is therefore attributed to
mass-transport limitations rather than intrinsic kinetic degra-
dation, as evidenced by the elevated Warburg impedance,
likely arising from gas bubble accumulation during the pro-
longed two-electrode water splitting. In contrast, MESOx shows
a significant decrease in both the charge transfer resistance
(7.659 Q to 1.457 Q) and the Warburg impedance (164.1 Q to
112.6 Q) after long-term chronopotentiometry, indicating
improved interfacial kinetics and enhanced mass transport,
resulting in lower post-CP LSV overpotentials, as seen in
Fig. 13G, confirming electrochemical activation and structural
robustness under continuous water-splitting conditions.

Conclusions

A series of (CoCuFeMnNi);0, materials were synthesized as
bifunctional electrocatalysts for alkaline water-splitting reac-
tions via the reverse coprecipitation method with surfactants
(CTAB, SDS, PVP) assistance at a surfactant weight percentage
of 0.5%, followed by calcination. XRD shows that using surfac-
tants in the synthesis does not alter the phase composition
but influences the crystallinity of (CoCuFeMnNi);0,. SEM and
TEM observations show that PVP-assisted (CoCuFeMnNi);O,
has a more uniform particle size distribution, while the SDS-
and CTAB-assisted (CoCuFeMnNi);0, suffers agglomeration,
probably due to an insufficient concentration of surfactants,
thereby having a wide range of particle size distribution. XPS
suggests more efficient catalysis on  PVP-assisted
(CoCuFeMnNi);0,, and the electrochemical tests show
enhanced reaction kinetics in the water-splitting reactions
(HER/OER), reaching 10 mA ¢cm™? at overpotentials of 87 mV
and 415.8 mV, in the HER and OER, respectively. Based on the
performance of the PVP-assisted (CoCuFeMnNi);0,, different
salt-PVP ratios were used to synthesize (CoCuFeMnNi);0,, and
the (CoCuFeMnNi);0, synthesized with 1 wt% PVP (HESOXpyp
19,) exhibits the best overall performance for HER and OER,
requiring 16 mV to reach 10 mA cm™? in the HER and 381 mV
to reach 10 mA cm™2 in the OER. HESOXpyp 10, is also highly
efficient in the overall water-splitting bifunctionality test,
achieving 10 mA cm™ current density at a potential of 1.497 V,
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and demonstrating long-term stability towards alkaline water-
splitting.

MESOx was synthesized under the same conditions as
HESOx (HESOXpyp 195), and the presence of Cu in HESOx is
observed to increase the specific surface area and electroche-
mically active surface area of the material, enhancing the
initial performance of the material. However, it suffers a loss
of active sites due to the possible formation of Cu,O. The
influence of Cu is also observed in the two-electrode test,
where (CoCuFeMnNi);0, reaches 10 mA cm™> at an earlier
potential of about 1.50 V compared to the 1.60 V required by
(CoFeMnNi);0,. However, after 100 h of chronopotentiometry,
the performance of (CoFeMnNi);O, is observed to improve,
requiring 1.47 V to get to 10 mA ecm™2, which is attributed to the
decreased charge transfer resistance and diffusion limitations.
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