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inverse spinel oxides via Fe
substitution for enhanced water splitting reaction†

Saraswati Roya and Sounak Roy *ab

Owing to their expeditious kinetics and remarkable catalytic prowess, spinel oxides have attracted

significant attention as promising non-precious metal electrocatalysts for oxygen evolution reaction

(OER). Modulating the oxidation state of the catalytically active B site in the spinel structure is a highly

potent strategy for amplifying their OER activity. Investigations into the impact of Fe doping on the

oxidation state as well as the electronic configuration of Co in NiCo2O4 revealed the generation of Co3+

ions with an electron occupancy close to one in the eg orbital, leading to an increased production of

intermediate –OOH species, thereby accelerating the OER kinetics. The synergistic effect due to the

optimal presence of Fe and Co in the NiCo0.5Fe1.5O4 catalyst allowed the catalyst to exhibit a reduced

overpotential of 310 mV at 10 mA cm−2 with a constant current density for 22 h in the

chronoamperometric study.
1. Introduction

The depletion of fossil fuels coupled with escalating concerns of
global warming has attracted the attention towards the
advancement of renewable and environmentally friendly energy
sources. Hydrogen energy stands out as a potential alternative
due to its remarkable energy density per unit weight/volume.
Moreover, it can be perceived as an inherently pristine fuel,
offering a pathway to carbon-free energy generation. The
process of water electrolysis has emerged as a promising
method for creating sustainable hydrogen feedstock, powered
by renewable energy sources.1–6 Fundamentally, the process of
water splitting involves a duo of half reactions within the elec-
trolyser: the cathodic hydrogen evolution reaction (HER) and
the anodic oxygen evolution reaction (OER). In contrast to HER,
OER represents a multi-step process involving a four electron–
proton transfer, intricately intertwined with the adsorption of
different oxygen intermediates. From a thermodynamic
perspective, the process of water splitting necessitates an energy
input equivalent to 286 kJ mol−1 (i.e., electric potential of 1.23
V) under standard ambient conditions. However, a substantial
overpotential, surpassing the theoretical potential, is generally
essential to activate OER owing to its sluggish kinetics. To date,
Ru- and Ir-based oxide catalysts are still considered the state-of-
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the-art choices.7,8 However, their inherent value and signicant
expense oen present substantial obstacles to their widespread
implementation within real-world electrolytic industries.
Hence, economical substitutes exhibiting remarkable intrinsic
activity are urgently desired for advancing the eld of overall
water electrolysis.

Presently, mixed-valence non-noble metal oxides are
attracting signicant attention due to their low cost, high
abundance, and intriguing electronic congurations.9–15 Spinels
are such mixed-valence metal oxides consisting of a closely
packed array of O2− ions with the occupancy of A and B cations
in tetrahedral and octahedral sites, respectively. For the ternary
spinel structure AB2O4, the cation distribution formula can be
represented as (A1−lBl)Td[AlB2−l]OhO4 (0 # l # 1), where l

denotes the degree of inversion of the spinel structure. Normal
spinels are represented by l = 0 while l = 1 are inverse spinels.
Among the mixed-valence transition metal spinels, those with
Co occupying the B site have attracted much research interest
based on the superior OER activity of Co in octahedrally coor-
dinated environments.16–26 For example, pristine NiCo2O4,27

supported NiCo2O4,28,29 and doped NiCo2O4 have shown
remarkable OER activity.30 To elucidate the superior catalytic
activity, various descriptors, such as the number of d electrons
in the transition metal, electron occupancy in the eg orbital,
bulk formation energy, metal–oxygen covalency, and the posi-
tion of the O 2p band centre, are oen considered as key factors
contributing to enhanced OER catalytic efficacy. While these
descriptors are well established in the perovskite family, further
studies are necessary to comprehend their implications in
spinel chemistry.

In general, Co cations in spinel oxides would prefer elec-
tronic congurations with a high spin in a tetrahedral
This journal is © The Royal Society of Chemistry 2024
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View Article Online
coordination and low spin in an octahedral coordination,
respectively.22 On the other hand, Fe cations in an octahedral
coordination usually prefer a high-spin conguration.31 Inter-
estingly, upon the incorporation of Fe3+ into octahedra, the
electron conguration of octahedral Co3+ in the eg orbital is
supposed to transform from a low spin to intermediate spin,
thus making the electron lling in the eg orbital close to unity.32

The near unity eg occupancy would facilitate the formation of
the key intermediate species –OOH, and thereby would
contribute to a superior catalytic OER efficacy.33–35 To achieve
this, varied amounts of Fe were doped in to NiCo2O4 with the
help of a solution combustion synthesis route. The obtained
materials were then morphologically and structurally charac-
terized by FE-SEM and XRD, and the electronic conguration
was thoroughly probed by XPS and EPR spectroscopy. Among
the synthesized materials, NiCo0.5Fe1.5O4 exhibited a superior
OER activity. The study considered the particular descriptor of
electron occupancy in the eg orbital towards rationalizing the
OER activity of NiCo0.5Fe1.5O4.
2. Experimental method
2.1 Synthesis

NiCo2O4, NiCo1.5Fe0.5O4, NiCoFeO4, NiCo0.5Fe1.5O4, and
NiFe2O4 were synthesized using a novel solution combustion
method, known for its energy efficiency and low-temperature
initiation.21,36,37 The advantages of the solution combustion
method are many. It is a low temperature-initiated process with
a high transient temperature and produces a huge amount of
gases. The combustion process is fast (instantaneous) and due
to the production of the huge amount of gases, the products are
homogenous nanocrystalline materials with the desired
composition and structure. This process utilizes the highly
exothermic redox chemical reactions between metal nitrates
and fuels, as the metathetical (exchange) reactions between
reactive compounds or reactions involving redox compounds/
mixtures. Combustion synthesis is also known as self-
propagating high-temperature synthesis. In this synthesis,
water-soluble Ni(NO3)2$6H2O (S.D. Fine Chem Limited, 99%)
Co(NO3)2$6H2O (S.D. Fine Chem Limited, 99%), and Fe(NO3)3-
$9H2O (S.D. Fine Chem Limited, 99%) were utilized as oxidizers
while glycine served as the fuel. The synthesis of NiCo2O4 was
carried out by dissolving 0.29 g of Ni(NO3)2$6H2O, Co(NO3)2-
$6H2O, and 0.16 g of glycine in 20 mL of water, respectively. The
resulting homogeneous aqueous solution was then placed in
a preheated furnace at 450 °C for 15 min. Initially, the solution
exhibited boiling, and foaming, and the exothermic redox
reaction generated a sufficient heat of combustion, compen-
sating for the energy required for oxide formation, and resulting
in a burning ame at the ignition point. Subsequently, the
complete dehydration of the solution led to the formation of
a solid powder product of pristine NiCo2O4, accompanied by the
evolution of N2, and CO2. Similarly, NiCo2−xFexO4 (x = 0.5, 1,
and 1.5) samples were synthesized with the respective varied
molar ratio of Co(NO3)2$6H2O and Fe(NO3)3$9H2O. The
synthesis of pristine NiFe2O4 was carried out by dissolving
This journal is © The Royal Society of Chemistry 2024
Ni(NO3)2$6H2O, Fe(NO3)3$9H2O, and glycine in a weight ratio of
1 : 2.8 : 0.6, respectively.

2.2 Characterization

The structure and crystalline nature of the synthesized spinels
were assessed through X-ray diffraction (XRD) analysis per-
formed on a Rigaku Ultima IV apparatus employing Cu Ka
radiation. The XRD scans were conducted using a scan rate of
0.03° per minute, employing a step size of 0.01. The Debye–
Scherrer formula was employed to ascertain the nanocrystalline
dimensions of the synthesized spinels. The surface morphology
and composition analyses were conducted using a eld emis-
sion scanning electron microscopy system (FE-SEM, FEI-Apreo
S) equipped with an energy dispersive spectroscopy (EDS)
unit. The instrument was operated at an acceleration voltage of
20 kV. The Brunauer–Emmett–Teller (BET) method was
employed to determine the surface area and pore size of the
synthesized catalysts. X-Ray photoelectron spectroscopy (XPS)
of the synthesized materials was performed using a Thermo
Scientic K-Alpha surface analysis spectrometer with Al Ka
radiation (1486.6 eV). The data proles were subjected to
a nonlinear least-squares curve tting program with
a Gaussian–Lorentzian production function and processed with
Avantage soware. The binding energies (BE) of all the XPS data
were calibrated vs. the standard C 1s peak at 284.8 eV. The EPR
spectra were measured at room temperature using a JEOL JES-
FA200 EPR spectrometer. The photoluminescence (PL) spectra
of the solid samples were collected using a Horiba Fluorolog FL-
3C instrument at an excitation wavelength of 320 nm.

2.3 Electrocatalysis

Electrochemical tests were carried out using a conventional
three-electrode system with glassy carbon (GC) as the working
electrode, Hg/HgO as the reference electrode (saturated with
aqueous KOH solution), and Pt wire as the counter electrode.
About 3 mg of synthesized catalyst and 0.5 mg of commercial
carbon nanotubes (CNTs) powder were dispersed in 1 mL
methanol and 10 mL of 5% aqueous Naon (Sigma-Aldrich)
solution. The active mass ratio of the catalyst to commercial
CNTs was maintained at 6 : 1. The solution was sonicated for
60 min to achieve a homogenized dispersion. About 5 mL of the
prepared ink of the catalyst was then drop-cast on to a clean GC
electrode (diameter of 0.07 cm2) with a 0.21 mg cm−2 active
mass loading and was kept at room temperature for drying.
Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
electrochemical impedance spectroscopy (EIS) were performed
in basic electrolyte medium in 1 M KOH at a scan rate of 10 mV
s−1. CV cycles were performed in between 1 and 1.85 V (vs. RHE)
and OER polarization curves were obtained through linear
sweep voltammetry (LSV) from 1 to 1.85 V (vs. RHE) at a scan
rate of 10 mV s−1. EIS was carried out in the frequency range of
100 kHz to 10 mHz by applying the corresponding over-
potentials. The potentials were converted into the reversible
hydrogen electrode (RHE) using the equation: ERHE = EHg/HgO +
0.059 pH + E0Hg/HgO, where ERHE is the nal converted potential
with respect to the RHE, EHg/HgO is the experimental potential
Sustainable Energy Fuels, 2024, 8, 3854–3864 | 3855
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View Article Online
with respect to the Hg/HgO electrode, and E0Hg/HgO is the
standard reduction potential of the Hg/HgO electrode. Chro-
noamperometric (CA) analysis was performed to check the
materials' stability in a three-electrode system for 22 h in 1 M
KOH solution. The gaseous product O2 was measured using
a portable gas chromatography system (Mayura Analytical,
India) with different potentials.

3. Results and discussion
3.1 Structures and surfaces of the catalysts

The powder XRD patterns are presented in Fig. 1 and illustrate
the phase purity and structure of the synthesized oxides. The
indexed peaks correspond to the face-centered cubic inverse
spinel structure with the space group Fd�3m. Notably, no addi-
tional peaks, beyond the expected reections, could be observed
in the XRD patterns, conrming the formation of phase-pure
solid solutions. While the reections appeared intense for
pristine NiCo2O4 and NiFe2O4, the solid solutions displayed
peak broadening attributed to their nanocrystalline nature. The
crystallite size from the plane (311), calculated using Scherrer's
formula and presented in Table 1, supports the observed
changes in crystallinity in both the solid solutions and end-
members. A dotted line was introduced in the powder XRD
pattern to emphasize the peak shis towards lower 2q angles
with the increase in Fe doping. This shi was likely a result of
lattice substitution, where the lower atomic radius Co was
replaced by the higher atomic radius Fe. The corresponding
lattice expansion due to the incorporation of Fe is detailed in
Table 1. It should be noted that the pristine NiFe2O4 exhibited
the highest cell parameters. The Co2+ and Co3+ in tetrahedral
environment displayed ionic radii of 0.58 and 0.4 Å, whereas
Fe2+ and Fe3+ in tetrahedral environment displayed ionic radii
of 0.63 and 0.49 Å. A similar trend was also observed in the
octahedral environment. The higher ionic radii of Fe compared
to Co rationalizes the increased cell parameters in NiFe2O4.
Further, Rietveld renements of the pristine and doped oxides
were also carried out, resulting in a good prole t. The reli-
ability factors along with rened lattice parameters and
constraints are provided in Table S1.† The rened lattice
parameters corroborated the similar trend in variation with
respect to doping shown in Table 1. The FE-SEM micrographs
displaying the surface morphology of the synthesized spinels
are presented in Fig. 1 The micrographs clearly reveal the
porosity in all the materials with an average pore diameter
greater than 100 nm. Notably, NiCo0.5Fe1.5O4 exhibited the
highest porosity compared to the other spinels. The EDS
elemental mapping revealed a signicant and widespread
distribution of the elements across the matrix. The surface
elemental atomic percentages calculated from the EDS data
(Fig. S2†) matched well with the theoretically calculated amount
of the bulk solid solutions and XRF analysis results (Table 2).

Electrocatalysis is inherently connected with the surface of
a material, and so investigations were extended to the surface
area analysis, and we found that the materials possessed a type
II adsorption–desorption isotherm with minimum hysteresis
(Fig. 2a). The average surface areas estimated from the BET
3856 | Sustainable Energy Fuels, 2024, 8, 3854–3864
equation were found to be 3–7 m2 g−1, and the pore diameters
according to BJH analysis ranged from 48–70 nm (Table 1).
Further, the electrochemical active surface area (ECSA) of the
synthesized spinels was determined using the following equa-
tion ECSA = Cdl/Cs, where Cdl represents the electrochemical
double-layer capacitance, and Cs stands for the specic
capacitance.38–41 Cdl was extracted from the slope of half of the
capacitive current derived from the CV traces within the non-
faradaic range (Fig. S3†) against the scan rate, as shown in
Fig. S4.†42 Also, CS was determined using the following equa-
tion: CS ¼ ðÐ v dvÞ=ðm� Vs � DVÞ, where

Ð
v dv ðmA mVÞ

represents the area under the CV curve in the faradaic region
obtained with a scan rate of 10 mV s−1 (Fig. S6†), m (0.21 mg) is
the active mass of the catalyst loaded onto the electrode (with an
area of 0.07 cm2), VS is the scan rate (mV s−1), and DV is the
potential window difference (mV). The calculated ECSA plotted
in Fig. 2b shows NiCo0.5Fe1.5O4 possessed a superior electro-
chemical surface area compared to the other synthesized
spinels.

Next, XPS was employed to investigate the surface elemental
composition and oxidation states of the synthesized catalysts.
The survey spectra in Fig. S6† of the synthesized catalysts
exhibited all the elements present, but with the surface
enrichment of the B site elements (Table 2). Fig. 3a displays the
spin–orbit doublet peaks of the high-resolution Ni 2p core-level
spectra for all ve catalysts. The deconvoluted Ni 2p demon-
strated 2p3/2 and 2p1/2 peaks associated with Ni2+ as well as Ni3+

ions. The Ni3+ peak appeared at a higher binding energy (2p3/2–
2p1/2 at 855.5–873.2 eV) compared to the Ni2+ (2p3/2–2p1/2 at
853.4–871.1 eV).43–47 Two satellite peaks were observed at 861
and 879 eV. The calculated Ni2+/Ni3+ ratio presented in Table 3
suggests a predominance of Ni2+ ions, which further rose with
increasing the Fe doping. The core-level spectra of Co 2p for all
the cobalt-containing catalysts are presented in Fig. 3b and
show the spin–orbit doublet peaks of 2p3/2 and 2p1/2 associated
with Co2+ (2p3/2–2p1/2 at 781.9–795.9 eV) and Co3+ (2p3/2–2p1/2 at
780.1–794.5 eV).48–50 A notable shi to higher binding energies
was observed with the Fe doping, and NiCo0.5Fe1.5O4 exhibited
the maximum shis. The calculated Co3+/Co2+ ratios presented
in Table 3 showed a gradual increase in the ratio with increasing
the Fe concentration. Fig. 3c illustrates the Fe 2p core-level
spectra with 2p3/2 and 2p1/2 peaks arising from Fe2+ (2p3/2–
2p1/2 at 710.4–719.3 eV) and Fe3+ (2p3/2–2p1/2 at 712.9–723.8
eV).33,51–53 The calculated Fe3+/Fe2+ ratio derived from the area
under the deconvoluted peaks in Table 3 suggests a monotonic
increase in the Fe3+ concentration with a higher doping of Fe. It
is important to note that with higher Fe doping, the lower
oxidation states of Ni were stabilized, while the higher oxidation
states of Co and Fe were stabilized in the spinels. From the
bivalent and trivalent ratios of the cations for A and B sites, we
derived the stoichiometric molecular formula of the endmem-
bers of the synthesized inverse spinels as
[Co0.46

2+Co0.27
3+]Td[Ni0.6

2+Ni0.4
3+Co0.27

3+]OhO4 and
[Fe0.42

2+Fe0.29
3+]Td[Ni0.77

2+Ni0.23
3+Fe0.29

3+]OhO4. The details stoi-
chiometric molecular formula provided in Table 3 show that
with Fe doping in NiCo2O4, the concentration of Co3+ in the
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Powder XRD patterns, FE-SEM, and image mapping of the synthesized spinels.

Table 1 Crystalline sizes, cell parameters, and pore sizes of the
synthesized catalysts

Catalysts
Crystalline
size (nm)

Cell parameter
(Å)

Pore size from
BJH analysis (nm)

NiCo2O4 33.52 8.07 49.01
NiCo1.5Fe0.5O4 26.13 8.21 66.29
NiCoFeO4 12.16 8.20 68.84
NiCo0.5Fe1.5O4 24.57 8.34 69.24
NiFe2O4 29.38 8.40 48.0
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View Article Online
octahedral geometry (B site) gradually increased. It has been
reported in the literature that the electron conguration of Co3+

in the octahedral environment undergoes a transition from
a low spin state to an intermediate spin state of t52ge

1
g in the

presence of Fe3+.29–34 While the electron occupancy of the
d orbital in the tetrahedral geometry does not matter, as neither
the high-lying t2 nor the low-lying e align effectively with the O
Table 2 Observed bulk atomic percentages of the elements from XR
percentages of the elements derived from EDS and the XPS survey spec

Catalysts Element
Theoretically
calculated atomic %

NiCo2O4 Ni 33.29
Co 66.71

NiCo1.5Fe0.5O4 Ni 33.54
Co 50.49
Fe 15.97

NiCoFeO4 Ni 33.84
Co 33.96
Fe 32.2

NiCo0.5Fe1.5O4 Ni 34.14
Co 17.14
Fe 48.72

NiFe2O4 Ni 34.4
Fe 65.6

This journal is © The Royal Society of Chemistry 2024
2p, the near unity electron occupancy in the eg orbital in the
octahedral geometry plays a crucially pivotal role in the OER
mechanism.54,55 It should be noted that the Co3+

t52ge
1
g conguration was found to be the maximum in the case of

NiCo0.5Fe1.5O4 (Table 3). The core-level deconvoluted spectra of
the O 1s region of the oxides are presented in Fig. 3d. The peak
at 529.56 eV was ascribed to the lattice oxygen (OL), whereas the
peak at 531.27 eV was assigned to the adsorbed oxygen species
in the defect sites or oxygen vacancies (Ov), while the feeble peak
at 532.5 eV was assigned to adsorbed water molecule (Ow).56–58 It
should be noted that the O 1s binding energy gradually shied
to a higher value with Fe doping. The lowering in the higher
valency (3+) cations with Fe doping in the synthesized spinels
(vide Table 3) rationalizes the shi in the binding energy of O 1s.
Also, the peak associated with OV exhibited a gradual increase
in intensity with higher levels of Fe doping. The OV/OT, where
OT = OL + OV + OW, as presented in Table 3, displayed the
maximum oxygen vacancies in the case of NiCo0.5Fe1.5O4.
F in comparison to the calculated percentages, and surface atomic
tra in the synthesized catalysts

Bulk atomic
% from XRF

Surface atomic
% from EDS

Surface atomic
% from XPS

30.96 34.1 22.44
69.04 65.9 77.56
39.93 43.94 18.54
41.98 36.95 72.56
18.09 19.11 8.9
31.57 30.86 16.38
39.42 33.76 36.88
29.01 35.38 46.74
33.05 37.1 19.8
21.41 18.8 29.91
45.33 44.1 50.29
32.01 33.3 20.24
67.99 66.7 79.76

Sustainable Energy Fuels, 2024, 8, 3854–3864 | 3857
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Fig. 2 (a) Adsorption–desorption isotherms, and (b) ECSAs of the synthesized catalysts.
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Oxygen vacancies are also known to play an important role in
the OER efficacy.19,49

Fig. 4a presents the EPR data, which were collected to
explore the number of unpaired electrons in the synthesized
Fig. 3 (a) Ni 2p core-level spectra; (b) Co 2p core-level spectra; (c) Fe 2p
catalysts.

3858 | Sustainable Energy Fuels, 2024, 8, 3854–3864
materials. The Fe-doped NiCo2O4 samples showed a sharp EPR
signal, whereas broad spectra were found for the endmembers
NiFe2O4 and NiCo2O4. The sharp signal from the doped samples
could be due to the unpaired electrons in the intermediate
core-level spectra; and (d) O 1s core-level spectra of the synthesized

This journal is © The Royal Society of Chemistry 2024
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Table 3 Metal oxidation state ratio, oxygen vacancy, and stoichiometric molecular formula

Catalyst Ni2+/Ni3+ Co3+/Co2+ Fe3+/Fe2+ OV/OT [B2+/3+ B02+/3+]Td[A2+/3+B3+B03+]OhO4−d

NiCo2O4 1.5 1.22 — 0.25 [Co0.46
2+Co0.27

3+]Td[Ni0.6
2+Ni0.4

3+Co0.27
3+]OhO4

NiCo1.5Fe0.5O4 2.23 2.12 0.61 0.35 [Co0.32
2+Fe0.62

2+Co0.34
3+Fe0.19

3+]Td [Ni0.69
2+Ni0.31

3+Co0.34
3+Fe0.19

3+]OhO4

NiCoFeO4 2.57 2.22 0.72 0.39 [Co0.3
2+Fe0.58

2+Co0.35
3+Fe0.21

3+]Td [Ni0.72
2+Ni0.28

3+Co0.35
3+Fe0.21

3+]OhO4

NiCo0.5Fe1.5O4 3.1 3.34 1.5 0.57 [Co0.23
2+Fe0.4

2+Co0.38
3+Fe0.3

3+]Td [Ni0.76
2+Ni0.24

3+Co0.38
3+Fe0.3

3+]OhO4

NiFe2O4 3.34 — 1.38 0.2 [Fe0.42
2+Fe0.29

3+]Td[Ni0.77
2+Ni0.23

3+Fe0.29
3+]OhO4
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electronic conguration of Co3+(t52ge
1
g), corroborating the XPS

results. Next, the photoluminescence of the synthesized mate-
rials was recorded to obtain additional information on the
oxygen vacancies. Fig. 4b shows the highest PL intensity for the
pristine endmembers of NiCo2O4 and NiFe2O4. However, the
doped solid solutions showed reduced PL intensities, and the
lowest PL intensity was observed with NiCo0.5Fe1.5O4. The
intermediate states generated between the valence and
conduction bands due to the oxygen vacancies reduce the
electron–hole recombination59 and it was apparent from the PL
spectra that the doped samples contained higher degrees of
oxygen vacancies than the pristine samples. The PL spectra
suggested the maximum presence of oxygen vacancies over
NiCo0.5Fe1.5O4, corroborating the XPS ndings.
3.2 OER

The catalytic OER activity of the synthesized materials on a GC
electrode was measured in 1 M KOH using the LSV polarization
curves, as shown in Fig. 5a. The pristine NiCo2O4 displayed
a feeble peak at approximately 1.5 V vs. RHE prior to reaching
the OER onset potential corresponding to the oxidation of Co2+

to Co3+.21 According to Fig. 5a, the doped spinel NiCo0.5Fe1.5O4

exhibited the best catalytic activity towards the OER. The over-
potential at a current density of 10 mA cm−2 is a metric relevant
to solar fuel production. Therefore, the overpotentials of all ve
catalysts weremapped at a current density of 10 as well as 50mA
cm−2 and are plotted in Fig. 5b. Apparently, a decreasing trend
of overpotentials could be observed with the higher doping of Fe
Fig. 4 (a) EPR and (b) fluorescence spectra of the synthesized spinels.

This journal is © The Royal Society of Chemistry 2024
in NiCo2O4, and interestingly the pristine NiFe2O4 exhibited the
poorest activity. Among the materials, NiCo0.5Fe1.5O4 exhibited
the best catalytic efficacy with the lowest overpotential of
310 mV at 10 mA cm−2 among the doped spinels. For bench-
marking, a commercial RuO2 sample was also measured under
similar conditions, and apparently NiCo0.5Fe1.5O4 showed
a lower overpotential than RuO2. For a global comparison and
practical applicability, it is highly desirable to nd out the mass
activity of a catalyst. The mass activity of electrocatalysts is
determined by normalizing the current density by the loaded
amount of catalytic material. Fig. 5c shows the mass activity of
the spinel catalysts at the OER onset potential, where it could be
evidently seen that NiCo0.5Fe1.5O4 exhibited a far superior OER
catalytic activity than the other spinels. The intrinsic activity,
which is dened by normalizing the current density by the
ECSA, is another global comparison metric. The intrinsic
activity of all the catalysts is shown in Fig. S7,† also suggesting
a similar trend of catalytic efficacy, with NiFe1.5Co0.5O4 showing
superior performance among the synthesized spinels. We
further compared the OER activity data with other reported
NiCo2O4-based catalysts, and Table 4 demonstrates that
exhausted NiCo0.5Fe1.5O4 exhibited comparable or even supe-
rior performance to the other NiCo2O4-based catalysts. Further,
the oxygen evolved during the OER was measured with the help
of gas chromatography, and the faradaic efficiency of oxygen at
three different potentials above the onset potential was plotted,
as shown in Fig. 5d. The faradaic efficiency of oxygen evolution
was calculated using the following equation:
Sustainable Energy Fuels, 2024, 8, 3854–3864 | 3859
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Fig. 5 (a) LSV polarisation plots; (b) overpotential at 10 and 50 mA cm−2 current densities; (c) mass activities, and (d) FE(%) of oxygen evolution
over the synthesized catalysts.
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FEO2
% ¼ experimentally produced O2

theoretically calculated O2

� 100%

¼ mol of O2 � n� F

i � t
� 100%

The faradaic efficiency (FE) describes the overall selectivity of
an electrochemical process and is dened as the amount
Table 4 Comparison of the OER activity data of NiCo2O4-based catalys

Catalyst Overpotential (mV)

Hierarchical NiCo2O4 290
NiCo2O4/carbon black 420
NiCo2O4/vanadium nitrides 395
Cu/NiCo2O4 570
Template free NiCo2O4 380
Pluronic-123 NiCo2O4 350
NiCo2O4 nanowire @NiCo2O4 nanoake 320
Reduced-NiCo2O4 370
Hierarchical rosettes-like NiCo2O4 480
Ir/NiCo2O4 300
Residual NiCo2O4 (NiCo2O4-R) 361
NiCo2O4 fabricated on Ni foam (NiCo2O4-N) 363
NiCoO2/NiCo2O4 351
g-C3N4/NiCo2O4 294
Porous nitrogen graphene/NiCo2O4 470
Fe-doped NiCo2O4 310

a 10 mA cm−2 current.

3860 | Sustainable Energy Fuels, 2024, 8, 3854–3864
(moles) of collected product relative to the amount that could be
produced from the total charge passed, expressed as a fraction
or a percentage. The highest OER catalytic activity apparently
facilitated NiCo0.5Fe1.5O4 exhibiting the highest FEO2

(%) over
the other materials.

To explore the kinetics of the OER over the spinels, the
activation energy was determined from an Arrhenius plot of the
current density vs. temperature at the OER potential. The
ts with previous works

vs. RHEa Working electrode References

Ni foam 60
Glassy carbon 61

Graphite felt 62
Glassy carbon 28

Carbon cloth 63
Ni foam 64
Rotating disc glassy carbon tip 65
Glassy carbon 66
Glassy carbon 67
Ni foam
Indium tin oxide 68
Glassy carbon 69
PNG 70
Glassy carbon This work

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Activation energy plots of OER and (b) scan-rate-dependent study of the synthesized materials.
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temperature ranged from 25 °C to 50 °C with a gap of 5 °C
(Fig. S8†). The activation energy plot in Fig. 6a shows a similar
trend for the mass activity and intrinsic activity of the catalysts,
with the lowest activation energy of 23.38 kJ mol−1 observed
over NiFe1.5Co0.5O4, indicating the fastest kinetics over the
optimally doped material. We further evaluated the scan rate
dependence of the OER activity over the materials by changing
the scan rate from 10 to 50 mV s−1 in the presence of a 1 M KOH
electrolyte. Fig. 6b reveals that the OER current density linearly
increased with the square root of the scan rate, indicating
a diffusion-controlled electrocatalytic OER over the spinel
catalysts.

The Tafel slope is another parameter to assess the activity
based on the overpotential vs. kinetic current relationship. The
lowest Tafel slope of 91.9 mV dec−1 was observed over
NiCo0.5Fe1.5O4, as shown in Fig. 7a. A low Tafel slope indicates
improved charge transfer between the electrode and electrolyte
over a doped material, rationalizing its efficient OER activity.
Nyquist impedance plots further help assessing the OER effi-
cacy. EIS measurements were thus done under OER conditions
with an applied frequency of 1 MHz to 100 mHz, and the results
Fig. 7 (a) Tafel plots and (b) Nyquist plots with the equivalent circuit (sh

This journal is © The Royal Society of Chemistry 2024
were tted to an equivalent circuit, as shown in the inset of
Fig. 7b. NiCo0.5Fe1.5O4 showed the lowest semi-circle, suggest-
ing the fastest shuttling of charges, i.e. higher conductivity, over
the optimally doped spinel. The improved charge transfer and
the consequent higher conductivity over NiCo0.5Fe1.5O4 could
be due to the occurrence of a high intermediate electronic
conguration of Co3+(t52ge

1
g), as was observed from the XPS and

EPR studies. The near unity electron occupancy in the eg of Co
3+

presents a strong hybridization between Co(eg)–O(p) states at
Fermi energy to enhance the covalency as well as the conduc-
tivity of the material, i.e. reduces the charge transfer resistance,
as was corroborated by the lowest Tafel slope or impedance
results.71–73

The electrochemical stability of the best catalyst was evalu-
ated by chronoamperometry (CA) studies in 1 M KOH solution
for 22 h at the corresponding OER overpotential. A remarkably
stable OER current density was observed over NiCo0.5Fe1.5O4

(Fig. 8a). To corroborate this further, we also collected the LSV
traces of NiCo0.5Fe1.5O4 before and aer the 22 h CA study. The
inset in Fig. 8a demonstrated an almost identical current
density for the fresh and exhausted catalyst, signifying the
own in the inset) of the synthesized materials.

Sustainable Energy Fuels, 2024, 8, 3854–3864 | 3861
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Fig. 8 (a) CA plots with polarisation curves of the fresh and exhausted NiCo0.5Fe1.5O4 in the inset; (b) XRD pattern with FE-SEM image of the
exhausted NiCo0.5Fe1.5O4; (c) CO 2p and (d) O 1s spectra of the exhausted NiCo0.5Fe1.5O4.

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

li 
20

24
. D

ow
nl

oa
de

d 
on

 0
3.

02
.2

6 
16

:1
5:

38
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
outstanding stability of the catalyst even in considerably high
alkaline conditions. The XRD pattern of the exhausted
NiCo0.5Fe1.5O4 with the FE-SEM image in the inset in Fig. 8b
exhibited the unchanged bulk crystalline structure and the
surface porosity. However, the core-level spectra of Co 2p from
the exhausted NiCo0.5Fe1.5O4 indicated there was a signicant
increase in Co3+ compared to the fresh catalysts (Fig. 8c). The
core-level deconvoluted spectra of the O 1s region of the
exhausted NiCo0.5Fe1.5O4 presented in Fig. 8d evidently showed
an extra peak at 533.8 eV, which was absent in the fresh catalyst.
This could be attributed to the formed intermediate Cooh

3+–

OOH during the OER.21 It could be concluded that the near
unity electron lling in the eg orbital and the signicant oxygen
vacancies as observed from the XPS and PL studies of the fresh
catalyst would lead to stabilisation of the Cooh

3+–OOH bond,
and thereby would contribute to the superior catalytic OER
efficacy of NiCo0.5Fe1.5O4.
4. Conclusion

Combustion-synthesized solid solutions of NiCo2−xFexO4 (x= 0,
0.5, 1, 1.5, 2) were crystallized in a phase-pure cubic inverse
spinel structure. While the pristine NiCo2O4 and NiFe2O4

showed a highly crystalline nature, the doped solid solutions
displayed nanocrystallinity. The FE-SEM and BET surface
analyses exhibited a high degree of porosity in all the materials.
However, the electrochemical surface area was found to be
highest for NiCo0.5Fe1.5O4. The XPS as well as the EPR data
concluded that with optimal Fe doping, the intermediate spin
3862 | Sustainable Energy Fuels, 2024, 8, 3854–3864
state of Co3+ with a t52ge
1
g conguration was stabilized in

NiCo0.5Fe1.5O4. The surface oxygen vacancies were also found to
be the maximum over NiCo0.5Fe1.5O4, as established from the
XPS and PL studies. The near unity electron occupancy in the eg
of Co3+ in NiCo0.5Fe1.5O4 enhanced the covalency, as corrobo-
rated by its lowest Tafel slope and impedance results. The
combined effect of the higher covalency, typical electronic
conguration of Co3+, and high degree of oxygen vacancies
facilitated NiCo0.5Fe1.5O4 to exhibit a superior OER efficacy,
with an overpotential of 310 mV at 10 mA cm−2, through the
formation of the key intermediate species of Cooh

3+–OOH. The
near unity electron occupancy in the eg orbital of the B site of
AB2O4, high degree of oxygen vacancies, and the ability of
oxygen vacancies to facilitate the formation of the intermediate
species of –OOHwere the key to the rational design of a superior
OER electrocatalyst. This particular study highlights the
importance of the electronic conguration of the active sites as
well as the role of oxygen vacancies in advancing the kinetics of
the oxygen evolution reaction.
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