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ABSTRACT: MnCo1.5Fe0.5O4 spinel oxide was synthesized using
the sol−gel technique, followed by heat treatment at various
temperatures (400, 600, 800, and 1000 °C). The prepared
materials were examined as anode electrocatalysts for water-
splitting systems in alkaline environments. Solid-state character-
ization methods, such as powder X-ray diffraction and X-ray
absorption spectroscopy (XAS), were used to analyze the
materials’ crystallographic structure and surface characteristics.
The intrinsic activity of the MnCo1.5Fe0.5O4 was fine-tuned by
altering the electronic structure by controlling the calcination
temperature, and the highest activity was observed for the sample
treated at 800 °C. A shift in the valence state of surface cations
under oxidative conditions in an alkaline solution during the
oxygen evolution reaction was detected through ex situ XAS measurements. Moreover, the influence of the experimental conditions
on the electrocatalytic performance of the material, including the pH of the electrolyte and the temperature, was demonstrated.

1. INTRODUCTION
MnCo2O4 spinel oxide is a material of interest in several
applications, for example, as an anode material for water-
splitting systems,1 a protective coating for solid oxide fuel cells’
interconnects,2−4 supercapacitors,5,6 solid oxide electrolysis
cells’ electrodes,7 and lithium-ion and lithium−oxygen
batteries.8,9 Generally, MnCo2O4 is considered an inverse
spinel with the Mn cations occupying the octahedral sites;
however, depending on the preparation method and
calcination temperature, a complex spinel structure may
occur as Co2+[Co2+Mn4+]O4, Co3+[Mn2+Co3+]O4,
C o 2 + [ M n 3 +

x C o 3 +
2 − x ] O 4 , o r

Co2+
0.965Mn2+

0.035[Mn3+
0.78Mn4+

0.21Co2+
0.21CoIII

0.8].10,11 The
spinel crystallizes in a cubic structure with the space group
Fd3̅m (no. 227). The spinel unit cell comprises 8 face-centered
cubic (FCC) cells, where oxide anions occupy 32 FCC lattice
points and metal cations occupy 8 tetrahedral and 16
octahedral voids.

Among the numerous materials proposed for electrocatalytic
reactions, the spinel family has garnered significant interest due
to the vast array of constituent elements, offering extensive
tunability of the properties. For instance, Wang et al.
investigated the composition effect of ZnMnxCo2−xO4 (x =
0−2.0) spinel oxides on CO oxidation,12 utilizing the local
chemistry and valency characterizations of the cations. The
authors suggested that Mn cations are the primary species
affecting the spinel’s ability to oxidize CO. The key to

achieving high activity lies in the coexistence of Mn4+ and
Mn3+ cations, with a ratio slightly above 1 (Mn4+:Mn3+ ratio of
1.58). The moderate oxygen adsorption strength facilitates O
vacancy refilling, which is a rate-determining step during CO
oxidation.

In our recent work, MnxCo3−xO4 (x = 0, 0.5, 1, 1.5, and 2)
spinel powders, fabricated via a facile EDTA-CA-EG method,
were evaluated as oxygen evolution reaction (OER) electro-
catalysts.1 The findings revealed that the addition of Mn (x ≤
1) to the cubic Co3O4 phase results in an enhanced
electrocatalytic performance. The lowest overpotential was
achieved for the sample designated as MnCo2O4, exhibiting a
dual-phase structure (∼30% Co3O4 and ∼70% Mn1.4Co1.6O4).
A comparatively low overpotential of 327 mV was used to
achieve the benchmark current density of 10 mA cm−2. In
another study, Chowdhury et al. investigated Ni−Co spinel
oxides with varying Ni:Co ratios to examine the influence of
compositional variation on the electrocatalytic activity.13

Among the synthesized catalysts, Ni−Co oxide with a Ni:Co
ratio of 1:3 demonstrated the best electrochemical perform-
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ance, with onset potentials of 1.51 V vs RHE for the OER. The
authors concluded that the enhanced electrocatalytic activity
was primarily attributed to improved electronic communica-
tion through Co3+/Co2+ and Ni3+/Ni2+ redox couples, and a
high ECSA providing ample accessible active sites. Recently,
we have further improved the OER activity of MnCo2O4 by
partially substituting Co with Fe.14 When compared to pristine
MnCo2O4, an ideal amount of Fe incorporated into the
octahedral sites (MnCo1.5Fe0.5O4) improved the overpotential
of the OER by 30 mV (at a benchmark 10 mA cm−2 GEO
current density). A volcano-type shape function of the eg
occupancy at octahedra sites and the OER-specific activity was
observed.

Spinel oxides provide tunability of their properties through
alterations to the synthesis conditions.15−17 Magalhães et al.
studied the impact of heat treatment on the catalytic properties
of iron cobaltite (FeCo2O4) nanoparticles prepared via
coprecipitation.18 The XPS results revealed a higher cobalt
content on the surface of nonheated samples compared to
those treated to 900 °C, which was attributed to the enhanced
catalytic activity in the unannealed samples. Qi et al. prepared
FeMn2O4 spinel nanoparticles using coprecipitation and
postannealing at varying temperatures, allowing modulation
of the cationic oxidation states and optimization of the OER
performance.19 Increasing the postannealing temperature led
to the changes in the spinel internal structure, with higher
Fe2+/Fe3+ and slightly increased Mn3+/Mn2+ ratios, which were
favorable for the OER performance. Under alkaline conditions,
the material produced at 500 °C exhibited the best OER
activity. Wei et al. prepared a series of MnCo2O4 cubic spinels
by a solid-sate chemistry method at various temperatures.20

They have observed that the Mn valence state ranges from
+3.2 to +3.7, while Co does not change and remains at ∼+2.5.
The authors concluded that the OER activity of various
MnCo2O4 exhibits a volcano shape as a function of the Mn
valence state in octahedral sites, which depends on the
materials preparation temperature.

In this study, MnCo1.5Fe0.5O4 spinel oxide (MCF500) was
synthesized using the sol−gel method and subjected to heat
treatment at various temperatures (400, 600, 800, and 1000
°C) to alter the valence of the constituent cations. The
research focused on examining the effects of these changes on
the material’s physicochemical and electrochemical properties,
particularly its OER electrocatalytic activity in alkaline
electrolytes.

2. EXPERIMENTAL SECTION
2.1. Materials Synthesis. MnCo1.5Fe0.5O4 spinel oxide powders

were prepared using the EDTA-citric acid method described in detail
in previous work.14 The obtained powders were heat-treated at
various temperatures (400, 600, 800, and 1000 °C) for 2 h in air on
alumina trays. Using yttria-stabilized zirconia (YSZ, Inframat)
spherical grinding media (1 mm), the calcined powders were ball-
milled in ethanol for 144 h in 20 mm diameter glass vials with a
rotation speed of 100 rpm to improve the electrocatalytic perform-
ance.
2.2. Characterization. With CuK radiation (= 1.5404) and a

Lynxeye XE-T detector in the range of 5 to 110° with a 0.01° step
size, powder X-ray diffraction (pXRD) was carried out at room
temperature on a Bruker D2 Phaser diffractometer. The mean
crystallite size was calculated using the Scherrer equation:

= K
cos (1)

where τ is the mean size of the crystallites, K is a dimensionless shape
factor (K = 0.9), λ is the X-ray wavelength, β is the line broadening at
half the maximum intensity (fwhm), and θ is the Bragg angle.

The MnCo1.5Fe0.5O4 samples were subjected to X-ray absorption
spectroscopy (XAS) observations for the L2,3-edge spectra of Mn,
Co, and Fe at the SOLARIS National Synchrotron Radiation Centre’s
04BM PIRX (formerly PEEM/XAS) beamline.21 A 1.31 T bending
magnet is used by the PIRX beamline to deliver a photon energy
range of 100 to 2000 eV with a maximum energy resolution of
2.510−4. The size of the beam spot illuminating the sample was 50 μm
× 40 μm (horizontal × vertical). Powder samples were placed on the
carbon tape and mounted on the Omicron-type plate sample holder.
The total electron yield detection mode (TEY), which reflects an
information depth of several nm, was used to record the XANES
spectra. Data was collected at room temperature and in UHV. The
Bessy program was used to process the obtained data. The data were
first adjusted to the actual incident photon flux I0. To further analyze
the data, a straight line fitted to the L3 pre-edge region was subtracted,
a polynomial function (degree 0) fitted to the L2 postedge region was
divided, and the intensity was normalized to a maximum of 1.

According to the BET isotherm model, the N2 adsorption
technique (Quantachrome, NovaTouch LX1) was used to quantify
the specific surface area of the powders. Prior to the sorption test, the
samples were degassed for 3 h at 300 °C in a vacuum.
2.3. Electrode Preparation and Electrochemical Measure-

ments. The powder catalysts were placed on glassy carbon rotating
disc electrodes (RDE-GCE, 0.196 cm2, ALS Co., Ltd.). The RDE
GCE was polished for 5 min with 9, 3, and 1 μm polishing diamond
solutions prior to the deposition of the catalyst inks. After being
sonicated for 10 min in deionized water or isopropanol, it was dried
overnight at room temperature. Using 1 mm YSZ grinding balls, the
catalyst and Super P Li Conductive Carbon Black (CCB) (Imerys
Graphite & Carbon) powder was ball-milled in ethanol for 144 h in
the same manner as catalyst powders. In the proper proportion, dried
spinel powder, CCB, and 5 wt % Nafion 117 solution (Sigma-Aldrich)
were combined to create 1 mL of ink with a solids weight ratio of
5:5:2 (catalyst:CCB:Nafion). The inks were then sonicated for 30
min in an ice−water bath. The RDE-GCE was then drop-cast with 5
μL of the ink while it was rotating at 500 rpm, resulting in a catalyst
total mass loading of 45.5 μg. In a specially constructed, three-
electrode Teflon cell system with a water jacket, all electrochemical
experiments were carried out in 0.1 M KOH aqueous solution
(produced from 1 M KOH Titripur from Merck, diluted with DI
water ∼12 MΩ). As the working (WE), counter (CE), and reference
(RE) electrodes, a catalyst-coated RDE-GCE, a Pt coil, and Hg/HgO
in 0.1 M KOH solution (ALS Co., Ltd., Japan) were used,
respectively. The rotating disc electrode (RDE) system (RRDE-3A
Rotating Ring Disc Electrode Apparatus ver. 2.0, ALS Co., Ltd.) was
used in the electrochemical testing along with a BP-300 (BioLogic)
bipotentiostat. To maintain the equilibrium of the O2/H2O over the
electrolyte, a gas flow of 50 mL min−1 was maintained over the
electrolyte for 30 min before each experiment using a 99.995% O2
purge. A Julabo F12 thermostat was used to maintain a 25 °C
electrolyte temperature. The same procedure was used for all
electrocatalytic tests. Through experimental calibration of the Hg/
HgO reference electrode against RHE, all recorded potentials were
converted to RHE. The range of (−928: −920) mV was found to
correspond to the value of EOffset versus RHE, which is equivalent to
the measured equilibrium potential of hydrogen electrocatalysis
(HER/HOR). Ten voltage cycles in the range of 1.0−1.7 V versus
RHE at a scan rate of 100 mV s were used to condition the disc
electrode. The background correction for the OER polarization curves
was carried out by averaging the positive- and negative-going scans.
To remove the resistance of the solution, all potential values were iR-
corrected. Electrochemical impedance spectroscopy in the frequency
range of 10 kHz to 0.1 Hz at 0 V versus OCV with an amplitude of 10
mV and a rotation speed of 1600 rpm was used to compute the
uncompensated resistance (Ru). Using the EC-Lab software, the
Randles equivalent circuit was fitted. The geometric surface area of
the RDE-GCE (0.196 cm2) was used to normalize the current density
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(expressed in the unit mA cm−2
GEO). The difference between the

potential at 10 mA cm−2
GEO and the typical potential of oxygen

electrocatalysis (1.23 V) was used to compute the OER overpotential.
Current normalization using the BET specific surface area of each
oxide catalyst was used to calculate the specific (expressed in the unit
μA cm−2

OX). At least three different samples of each substance were
made and tested for repeatability.

For the ex situ XAS measurements, 25 μL of the catalyst containing
ink was deposited onto the Sigracet 39 AA carbon paper covering a
surface area of 5 × 10 mm (presented in Figure S1). The electrode
was subjected to OER conditions by performing the following OER
protocol: 1, conditioning (10 cycles, 10 mV s−1, 1−1.7 V vs RHE); 2,
OER polarization (3 cycles, 10 mV s−1, 1−1.9 V vs RHE); 3,
chronopotentiometry (10 mA cm−2

GEO, 1 h). Data collected during
this protocol are presented in Figure S2. Subsequently, the electrode
was dried and the XAS spectra of the Mn, Fe, and Co were collected
at the PIRX beamline.

The OER tests at various temperatures were performed using a
Julabo F12 thermostat to control the temperature inside the
electrochemical cell (25, 31, 33, 37.5, 43.5, and 50 °C). From the
experimental OER current-polarization curves, the values of a current
at 0 V overpotential i0 were extracted and used to construct Arrhenius
plots. The following equation was used to calculate the apparent
activation energy Ea:

=i
T

E
R

dln( )
d(1/ )

0 a

(2)

where T is the temperature and R is the gas constant.
The influence of the pH on the OER activity was tested in the

electrolytes of the following concentrations: 0.01, 0.1, and 1.0 M
KOH. The exact value of the pH was measured with the CP-401 pH-

meter (Elmetron) coupled with ERH-11 combination pH electrode
(Hydromet). Prior to the experiment, the pH-meter was calibrated in
five buffer solutions (pH = 2, 4, 7, 9, and 12, Chempur).

3. RESULTS AND DISCUSSION
A series of MnCo1.5Fe0.5O4 spinel oxides were synthesized
using the sol−gel method, followed by calcination at various
temperatures. As depicted in Figure 1, the samples used in this
study were phase-pure and well-crystallized in a cubic structure
(space group Fd3̅m, no. 227). The peaks in the X-ray
diffraction patterns became progressively narrower as the
calcination temperature increased, indicating the growth of
powder particles. According to the Scherrer equation, the
crystallite diameter increased 4-fold when the calcination
temperature was raised from 400 to 800 °C. Furthermore, the
growth of the powder particles was corroborated by the
decrease in the specific surface area, as determined by
Brunauer−Emmett−Teller (BET) measurements, from 64,
36, 20, to 20 m2 g−1.

X-ray absorption near-edge spectroscopy (XANES) data for
the L3 edges were collected to investigate the valence of Mn,
Co, and Fe in the prepared spinel oxides (Figure 2).
Additionally, reference samples with stable and specified
valence states of their constituent transition metal cations
were compared (Co2+ in CoAl2O4, Co3+ in ZnCo2O4, Co2+ and
Co3+ in Co3O4, Fe3+ in ZnFe2O4, Mn2+ in MnO, Mn3+ in
Mn2O3, and Mn4+ in MnO2). Since the measurements in the
total electron yield mode (TEY) are surface-sensitive (nano-

Figure 1. (a) pXRD patterns of MnCo1.5Fe0.5O4 powders calcined at different temperatures; the XRD pattern at the bottom corresponds to
reference MnCo2O4 (COD ID 2300280, Fd3̅m, no. 227);22 (b) specific surface area determined by BET measurements.

Figure 2. (a) Mn L3, (b) Fe L3, and (c) Co L3 XANES spectra of MnCo1.5Fe0.5O4 powders and several reference materials.
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meter depth), the obtained results describe the valence state of
surface cations.23

The Mn spectrum of the sample prepared at 400 °C overlaps
with that of a mixture of MnO and Mn2O3 phases. For powder
calcined at 400 °C, the relative Mn2+ concentration is higher
than that for the powders processed at higher temperatures.
The average Mn oxidation state increases with increasing
processing temperature. For the powder annealed at 1000 °C,
a slight shift, within the experimental error, indicating a
possible lower average Mn oxidation state can be noticed at the
right shoulder. As presented in Figure 2b, neither heat
treatment had an impact on the Fe oxidation state. According
to the Co L3 edge spectra, all the samples exhibit a Co2+/Co3+

ratio close to 1; however, the sample annealed at 400 °C shows
a slightly lower amount of Co2+ (in a tetrahedral position) vs
Co3+/4+.

After low-temperature preparation at 400 °C, the sample
contains more Mn in the tetrahedral position at the +2
oxidation state, whereas higher processing temperatures shift

Mn to the octahedral position. The increase of Mn3+/4+ at
octahedral positions increases the concentration of active sites
as well as polaron charge carriers, influencing the electrical
conductivity and electrocatalytic performance.24,25

The OER electrocatalytic activity of the prepared materials
was tested in an alkaline environment (0.1 M KOH). As shown
in Figure 3a, all the samples exhibit an onset reaction potential
above 1.5 V vs RHE. To better illustrate the differences
between the specific samples, the overpotentials (η) required
to achieve a geometric current density of 10 mA cm−2 are
presented in Figure 3b. The overpotentials increase linearly
with the calcination temperature, ranging from approximately
390 to 415 mV. The Tafel slopes of the reported samples fall
within the range of 40−60 mV dec−1, suggesting that the
number of electrons transferred in the rate-determining step is
between 3 and 4. These values align with the evolution of O2
through the simultaneous oxidation and formation of
hydroxide and oxyhydroxide during OER.26 The sample
prepared at 800 °C exhibits the lowest Tafel slope, indicating

Figure 3. (a) Oxygen evolution polarization curves, corresponding (b) overpotentials η, and (c) Tafel slopes of MnCo1.5Fe0.5O4 catalysts prepared
at various temperatures.

Figure 4. (a) Oxygen evolution polarization curves with current normalized by the BET specific surface area; (b) correlation between OER
potentials at 50 μA cm−2

OX and calcination temperature of MnCo1.5Fe0.5O4 powders.

Figure 5. (a) Mn L3, (b) Fe L3, and (c) Co L3 XANES spectra of MnCo1.5Fe0.5O4 calcined at 800 °C before and after the OER testing protocol.
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the fastest reaction kinetics among the tested materials due to a
higher number of active sites.

To gain a better understanding of the intrinsic electro-
catalytic properties of the materials, the measured polarization
curves were normalized using the specific surface area values
obtained from the BET, as shown in Figure 4a. Due to the
broad particle size distribution, which is reflected by BET
surface area values ranging from 20 to 64 m2 g−1, the observed
trend differs significantly from that of the polarization curves
normalized with respect to the geometrical surface area. As
depicted in Figure 4b, the sample calcined at 800 °C is
characterized by the lowest overpotential required to sustain a
current density of 50 μA cm−2

OX. This aligns with previous
observations including the shift to a lower Tafel value,
substantiated by a higher availability of active sites, in
accordance with the XANES results.

To examine the influence of oxidative conditions in the
alkaline solution, ex situ XAS measurements were performed
on a carbon paper electrode coated with a MnCo1.5Fe0.5O4 800
°C catalyst. As shown in Figure 5, the spectra of Mn and Co
changed significantly, while the Fe spectrum after the OER
protocol was barely affected in the background pre-edge
region. After the OER protocol, the Mn spectrum shape is
altered in a manner that closely aligns with the MnO2
spectrum, with a small contribution from the Mn2O3 spectrum.
This indicates a valence shift from Mn2+/3+ to Mn3+/4+ for
surface cations. Similarly, Bergmann et al. observed a shift of
the edge position in the XANES spectra corresponding to an
increase of the mean Mn oxidation state to almost +4.0 of the
MnOx after applying oxidative potential in 0.1 M KPi.27 The
optimal Mn valence for the OER on various Mn oxides ranges
from Mn3.6+ to Mn3.8+.28 A similar shift toward a higher
oxidation state is observed for the Co cations. As depicted in

Figure 5c, after the OER, there is a change in the high-/low-
energy peak ratio, illustrating the transition of Co cations with
an oxidation state from Co2+ > Co3+ to Co2+ < Co3+.
According to Calvillo et al., the increase of Co(III) species in
octahedral sites is in agreement with the formation of CoOOH
in Co−Fe spinels under oxidative conditions.29 The CoOOH
is identified as the catalytic OER phase. Overall, based on the
XAS results, after the OER test, the surface Mn2+ oxidizes to
the +3/+4 state, and the Co2+ oxidizes toward Co3+, indicating
the formation of the active sites based on Mn and Co, while Fe
remains inactive.
3.1. Influence of pH and Temperature on Activity.

The OER activity of the MnCo1.5Fe0.5O4 calcined at 800 °C
was tested in electrolytes with varying concentrations (0.01 M,
pH = 12.15, 0.1 M, pH = 13.15, 1 M, pH = 14.15). The strong
influence of the pH on the electrochemical performance is
evident in Figure 6a, with the highest performance obtained in
the 1 M KOH electrolyte.

The pH-dependent electrocatalyst performance suggests the
presence of decoupled proton−electron transfer during the
catalytic reaction.30 A decrease in the Tafel slopes is also
observed (Figure 6b). This change in the Tafel slope indicates
a variation in the number of electrons transferred in the rate-
determining step.26

Following the study of the influence of the pH, the
performance of the OER was tested at various electrolyte
temperatures. As illustrated in Figure 7a, a noticeable increase
in activity occurs with the rising temperature. Based on the
slope of the Arrhenius plot shown in Figure 7b, the apparent
activation energy was calculated according to eq 1, presented
in the 2. A value of 20 kJ mol−1 is slightly lower than the 25 kJ
mol−1 reported for NiFeOx by Nurlaela et al.,31 yet significantly

Figure 6. OER polarization curves of MnCo1.5Fe0.5O4 800 °C scanned in (a) different KOH solutions (12.15−14.15 pH) and (b) corresponding
Tafel slopes.

Figure 7. OER polarization curves of MnCo1.5Fe0.5O4 800 °C scanned in (a) 0.1 M KOH in different temperatures and (b) corresponding
Arrhenius plot.
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lower than the 71 kJ mol−1 for NiCoOx
32 and 75 kJ mol−1 for

Ni.33

The enhanced OER electrocatalysis with increasing electro-
lyte temperature could be attributed to accelerated kinetics and
temperature-induced variations in active species. As demon-
strated by Zhou et al., the active species of NiCo2O4 nanorod
arrays at room temperature is NiCo2O4; however, under
elevated temperature conditions, the active species transitions
from NiCo2O4 to oxyhydroxides.34 Moreover, NiOOH
exhibits a lower overpotential compared to NiCo2O4.

4. CONCLUSIONS
In conclusion, this study successfully synthesized
MnCo1.5Fe0.5O4 spinel oxide using the sol−gel technique,
followed by heat treatment at various temperatures. The
structural properties were investigated through the XRD and
XAS techniques. It was found that the preparation conditions
significantly impacted the material’s specific surface area and
valence states, which directly influenced the electrocatalytic
performance. The powder annealing temperature could be
correlated with the number of active sites (redox active
species). For the powder processed at 400 °C, a higher amount
of Mn2+ was observed. For powders processed at 600 °C and
especially at 800 °C, the concentration of Mn3+/4+ was the
highest, whereas for the powder processed at 1000 °C, the
average Mn oxidation state decreased again. Electrochemical
studies revealed that the intrinsic activity of the
MnCo1.5Fe0.5O4 spinel could be fine-tuned by controlling the
powder calcination temperature. Furthermore, the pH-depend-
ent studies of electrocatalyst performance suggested the
presence of decoupled proton−electron transfer during the
catalytic reaction.
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