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Abstract: High-performance oxygen evolution reaction (OER) electrocatalysts are needed to produce
hydrogen for energy generation through a carbon-free route. In this work, the solution combustion
synthesis (SCS) method was employed to synthesize mixed phases of Co- and Mn-based oxides,
and the relationships between the crystalline structure and the catalytic properties in the mixed
phases were established. The mixed phases of Co- and Mn-based oxides shows promising OER
properties, such as acceptable overpotential (450 mV for 10 mA·cm−2) and Tafel slope (35.8 mV·dec−1),
highlighting the use of the mixed phases of Co- and Mn-based oxides as a new efficient catalysts for
water splitting. Electronic structure of the mixed phases of Co- and Mn based oxides is studied in
detail to give insight for the origin of high catalytic activities. In addition, excellent long-term stability
for OER in alkaline media is achieved for the mixed phase of Co- and Mn based oxides.

Keywords: cobalt manganese oxide; solution combustion synthesis; electrocatalyst; oxygen evolution
reaction; water splitting

1. Introduction

Since the 1980s, when solution combustion synthesis (SCS) was invented, various nanoscale
materials have been developed via SCS for a wide range of applications, such as in fields involving
energy conversion, optical devices, catalysts, batteries, and supercapacitors [1–6]. SCS begins with the
preparation of a homogeneous solution with precursors, including a suitable oxidizer and a fuel, which
can allow an exothermic chemical reaction [7]. The oxidizer is selected on the basis of its solubility
for a specific solvent at a certain decomposition temperature. The ideal fuel, as a source of carbon
and hydrogen, should have a high solubility in the solvent and a low decomposition temperature, so
it can facilitate the homogeneous mixing of metal cations in the solution [8,9]. During combustion
synthesis, dehydration and thermal decomposition of the precursors occur, followed by a couple of
redox exothermic reactions between oxidizer and fuel, which can yield uniform solid products with a
large amount of gases [7].

Formation of the final products can be controlled by the kinetics of a chemical reaction during SCS.
SCS, as a one-step process, results in the formation of desired crystalline nanomaterials but can give
different types of materials on further heat treatment (i.e., calcination) to form the desired material [10].
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In other words, SCS parameters such as the maximum temperature, heating rate, cooling rate, and
processing time determine the equilibrium state of the final product. Mixed materials can be formed as
multiphase nanoscale materials or partially oxidized materials. From a practical viewpoint, mixed
materials can be utilized for different applications as catalysts, owing to their structural flexibility,
more randomly oriented bonding, and high number of active sites originating from unstable surface
energy states [11,12].

Among various oxides studied so far, Co- and Mn-based materials are promising high-performance
oxygen evolution reaction (OER) electrocatalysts. Cations with mixed valence states, i.e., +2 to +3 for
Co and +2 to +4 for Mn and a perturbed distribution of cations lead to flexible electronic configurations
of the materials, resulting in high conductivity, and thus, high catalytic activity [13,14]. Our recent
report on the synthesis of (CoxMn3−x)O4 (CMO) via SCS suggests that the crystal structure of CMO
depends on the chemical composition after calcination at a relatively low temperature (~800 °C)
according to the following chemical reaction [15]:

(3 − x) (Mn(NO3)2 + xCo(NO3)2·6H2O + C6H8O7 + C2H6O2→mixed materials→
(CoxMn3−x)O4 + 8CO2 + 13H2O + 3N2

(1)

However, crystallographic information and related catalytic properties on the mixed phases
of Co- and Mn-based materials are still lacking, but they can be crucial in revealing the formation
mechanism of formation of spinel CMO. Furthermore, different types of materials are expected to
show unusual catalytic activities depending on the mixed phases. Therefore, it is worthwhile to
investigate the catalytic performance of the mixed materials. Herein, we report a systematic study of the
crystallographic information and OER properties of mixed materials prepared via SCS. Electrochemical
characterization revealed the relationship between the Co content and the OER performance of the
mixed materials.

2. Results and Discussion

The average particle size of all samples was approximately 400 nm, which was determined from
SEM images of the samples Figure 1. Figure 2 shows representative EDX mapping of mixed materials
(Co = 1.2, 2.4, and 2.7). EDX elemental mapping indicates that Co and Mn were homogeneously
distributed in the powder when the Co content was 1.2. However, segregation of Co and Mn was
observed in the mixed materials with Co contents of 2.4 and 2.7, which implies inhomogeneous
distribution of Co and Mn after SCS at Co contents higher than 2.4. However, oxygen was
homogeneously distributed over the powders regardless of the Co content. As shown in Figure 3a, the
mixed phases with Co = 1.2 prepared by SCS showed tetragonal spinel CoMn2O4 with small amounts
of Co3O4 and MnO, while Co3O4 and CoO were mainly observed with increase in the Co contents up
to Co = 2.7. XRD patterns of the mixed materials with Co = 2.4 were indexed with Co3O4 and CoO, but
peak overlapping between 36.5◦ (left shoulder) and 36.8◦ (center) indicated that a partial solid solution
reaction occurred leading to the formation of spinel CMO, as shown in Figure 3b. Considering the
same processing parameters for the formation of mixed materials except for different Co contents, it is
likely that the formation energy of spinel CMO increases with increasing Co content, as was evidenced
by segregation of Co and Mn at Co contents higher than 2.4, as seen in Figure 2. Notably, peak positions
shifted to higher 2 θ angles with increase in the Co content, as shown in Figure 3b, which indicates
that greater incorporation of smaller Co ions decreased the lattice parameters of the mixed materials
to promote the formation of the cubic spinel structure at Co = 2.4 and 2.7 [16]. Raman spectra for
mixed materials in Figure 4 are also in agreement with the EDX and XRD results. In comparison to
with the Raman spectra of Co3O4, different activated modes were observed for the mixed materials
with Co = 1.2, which could be assigned to the 6 vibrational modes of tetragonal spinel CoMn2O4 [17].
The peaks at 180, 320, 372, 495, 585, and 664 cm−1 in the spectra of Co = 1.2 are due to the tetragonal
spinel structure of CoMn2O4 [18]. Broadened Raman peaks at 180 cm−1, between 320 and 370 cm−1,
and between 495 and 585 cm−1 can be attributed to the low crystallinity and nanosized grain of the
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mixed materials with Co = 1.2. The Raman peaks of the mixed materials shifted slightly to higher
frequencies with increase in the Co content, owing to changes in the cation–anion bonds in the lattice
constriction of Co3O4 [17]. In particular, the most significant shift to a lower frequency was observed
for the A1g reflection, from 690 to 664 cm−1, for the octahedral cation sites on the substitution of Co
cations with Mn cations. The Raman peaks of CoO located at 484 and 691 cm−1 overlapped with
those of Co3O4, which made it difficult to separate the cobalt oxide signals [19,20]. With increase
in the Co content to values higher than Co = 2.4, five Raman activated modes (A1g + Eg + 3F2g) of
the cubic spinel Co3O4 phase became obvious, while the characteristic peaks of Mn3O4 diminished.
The characteristic peaks of A1g and F2g symmetry at 693 cm−1 and 196 cm−1 can be attributed to the
octahedral CoO6 and tetragonal CoO4, respectively. Furthermore, three peaks at 484, 522, and 622 cm−1

could be assigned to the Eg, F2g, and F2g symmetry, respectively, which were related to the Raman
vibration of Co3+-O2- and Co2+-O2- at tetragonal and octahedral sites [21]. Based on EDX mapping,
XRD, and Raman spectroscopy results, segregation of Co and Mn at higher Co contents above Co
= 2.4 made the formation of spinel CMO difficult, as evidenced by the formation of Co- rich phases
such as Co3O4 and CoO and amorphous Mn phases at higher Co contents, while the formation of
tetragonal spinel CMO was preferred for comparatively homogeneous distribution of Co and Mn at
low Co contents (Co = 1.2). As reported previously, the mixed materials transformed to tetragonal or
cubic spinel CMOs depending on the Co content at a high temperature (~800 °C) [15]. It is proposed
that incorporation of Co from Co3O4 and Mn from MnO into tetragonal CMO occurs, resulting in
the formation of highly crystalline tetragonal CMO at low Co contents (Co = 1.2), while CoO and
amorphous Mn phases can react with cubic spinel Co3O4 for the formation of cubic CMO at high Co
contents (Co = 2.4 and 2.7) during calcination. Transformation of tetragonal spinel to the cubic form
with increase in the Co content indicates a different formation mechanism during SCS, i.e., tetragonal
spinel (CoxMn3−x)O4 to cubic spinel Co3O4, suggesting that the formation energy of tetragonal spinel
(CoxMn3−x)O4 is lower than that of cubic spinel (CoxMn3−x)O4 during SCS.
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Figure 4. Raman spectra of Co- and Mn-based the mixed phase materials with different Co contents
(Co = 1.2, 2.4, 2.7, and 3).

In order to probe local structural differences between mixed materials with Co = 1.2, 2.4, and 2.7,
we conducted X-ray absorption near edge structure (XANES) spectroscopy. XANES spectroscopy is
a powerful technique to probe both crystalline and amorphous materials, as it does not necessarily
require long-range order. Figure 5a shows the Co K-edge XANES spectra of mixed materials with
Co = 1.2, 2.4, and 2.7, along with reference Co0, Co2+, and Co3+ spectra. The Co- edge spectra show
pre-edge peaks that are magnified in the inset of Figure 5a. Two pre-edge peaks (A & B) can be observed
in the XANES spectrum of the mixed material with Co = 1.2. The split of the pre-edge peaks in the
mixed material with Co = 1.2 was due to mixed phases of Co- rich cubic and tetragonal structures,
which could be Co3O4 and tetragonal spinel CMO. The main edge peak was found to overlap with
the Co2+ reference in most of the region. However, the magnified region at the edge step shows the
spectra at a slightly lower energy as seen in the inset of Figure 5a. The pre-edge of the mixed material
with Co = 2.4 shows only a single peak arising from the cubic structure with a slight shift to a higher
energy. The main edge was also observed at a higher energy compared to that of the mixed material
with Co = 1.2, due to the higher Co contents for both the 2+ and 3+ oxidation states. A relatively less
intense pre-edge peak was observed for the Co K-edge of the mixed material with Co = 2.7, suggesting
a less distorted octahedral structure. The main edge peak shifted to a higher energy compared to the
XANES spectra of mixed materials with Co = 1.2 and 2.4, suggesting higher Co3+ contents in the mixed
material with Co = 2.7.
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The Mn K-edge spectra for mixed materials with Co = 1.2, 2.4, and 2.7 are shown in Figure 5b
along with Mn0, Mn2+, and Mn3+ reference spectra. The pre-edge of all the materials show less intense
single peaks, as seen in the inset of Figure 5b. The main edge peak of the mixed material with Co = 1.2
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was observed at a higher energy than the Mn2+ reference peak but a lower energy than the Mn3+

reference peak, presumably due to the presence of a mixture of cubic and tetragonal phases. The main
edge peaks of other materials such as mixed materials with Co = 2.4 and 2.7 were found slightly at
lower energies compared to the mixed material with Co = 1.2. This indicates that Mn retains ~3+

oxidation states in all the materials but the local structure changes as inferred from the shape of the
main edge peak on tuning the composition of materials.

Additionally, X-ray photoelectron spectroscopy (XPS) was performed on the samples to illustrate
electronic configurations of the samples Figure 6. XPS analysis was performed on Co = 1.2, 2.4, and 2.7
to study the valence states of the cations. The C 1s peak at 284.6 eV was used as the reference peak for
calibrating binding energies. The Co 2p spectra shows two main peaks at 780.0 and 795.0 eV, which are
associated with the Co3+ 2p3/2 and 2p1/2 energy levels, respectively [22]. Two satellite peaks for the
Co 2p3/2 and Co 2p1/2 states are present near at 788.0 and 802.0 eV, respectively. Additionally, the Co
2p spectra consist of two pair of spin orbit doublets and two shakeup satellites, which indicated the
coexistence of Co 2+ and 3+ with the Co 2p3/2 and Co 2p1/2 energy levels Figure 6a–c.

The XPS spectra for the Mn 2p region show two major peaks at 642.0 and 653.0 eV, which are
assigned to the binding energies of Mn3+ 2p3/2 and 2p1/2, respectively Figure 6d–f [22,23]. Notably,
for Co = 1.2, Mn3+ 2p3/2 peak shows a shoulder near at 643.0 eV, which may be originated from Mn2+

in Mn3O4 phase as indicated by XRD result Figure 3. The high-resolution XPS spectra of the O1s is
shown in Figure 6g–i, which was deconvoluted into three different peaks. The O 1s spectrum for
Co- and Mn-based the mixed phase materials shows the main peak at around 529.80 eV, which can
be attributed to lattice oxygens in M-O bonds, while the peaks at around 531.30 and 532.6 eV are
associated with surface oxygens species and O-H groups, respectively [16,23,24]. Moreover, high
amounts of the adsorbed O leads to high amounts of oxygen vacancies in the lattice, which results
in an enhanced catalytic activity than the pristine lattice due to defective nature [25,26]. In the XPS
spectra for Mn 2p, integrated peak area for the surface oxygen and O-H group peaks relative to the
lattice oxygen peak was much larger for the mixed material with Co = 2.7 compared to those of Co
= 1.2 and 2.4 Figure 6g–i. Hence, higher catalytic activity for OER can be expected for the Co- and
Mn-based mixed phase material with higher Co content.

The electrocatalytic activity of mixed materials with Co = 1.2, 2.4, and 2.7 was evaluated using a
typical three-electrode system with RDE in a 1 M KOH aqueous solution. Linear sweep voltammetry
(LSV) was performed on all samples at a scan rate of 5 mV·s−1. All potentials were iR-compensated
to the reversible hydrogen electrode (RHE). LSV curves for the oxygen evolution reaction (OER) in
1.0 M KOH are shown in Figure 7a. The overpotential (η) required to deliver a current density of
10 mA·cm−2 (η10) decreased with increasing Co content and the highest OER activity was observed
for the mixed material with Co = 2.7. The η10 values of mixed materials with Co = 1.2, 2.4, and
2.7 were 490, 470, and 450 mV, respectively. The Tafel slope is a common metric for the kinetics of
electrochemical reactions; a lower Tafel slope corresponds to faster reaction kinetics. The Tafel slopes
for the η vs. log j plots were calculated as 44.2, 26.8, and 35.8 mV·dec−1 for mixed materials with Co
contents of 1.2, 2.4, and 2.7, respectively Figure 7b. The mixed materials had comparable Tafel slopes in
the range of 25–45 mV·dec-1, indicating fast reaction kinetics during the OER. The LSV and Tafel slope
data reveal that the OER catalytic performance of the mixed materials can be enhanced by increasing
the Co content. Thus, a high content of Co3+ in the mixed materials is directly related to enhanced
catalytic activity, which is an idea supported by XANES results. Overpotential for generating 10 mA
cm−2 and Tafel slopes of the samples were compared with the recently reported transition metal based
electrocatalysts, demonstrating a good electrocatalytic activity of our materials Table 1.
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Figure 6. X-ray photoelectron spectroscopy (XPS) spectra of Co 1.2, Co 2.4, and Co 2.7 for Co 2p ((a),
(b), and (c)), Mn 2p ((d), (e), and (f)) and O 1s ((g), (h), and (i)) orbitals with fitted lines, respectively.
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Table 1. Comparison of OER catalytic activity of Co = 2.7 with that of other recently reported, transition
metal-based catalysts.

Catalysts Electrolyte Current Density
(mA cm−2)

Overpotential
(mV)

Tafel Slope
(mV dec−1)

References

Co- and Mn-based oxides 1 M KOH 10 450 35.8 This work
Mesoporous Co3O4 0.1 M KOH 10 411 80 [27]

CoO/CNT 1 M KOH 10 550 108 [28]
K0.04[Co0.42Mn0.58O2] 1 M KOH 10 420 110 [29]

Co3O4/MnCo2O4 0.1 M KOH 10 540 N/A [30]
α-MnO2-SF 0.1 M KOH 10 490 77.5 [31]
CoO/MoOx 1.0 M KOH 10 490 44 [32]
Co2B-500 0.1 M KOH 10 380 45 [33]
NixB-300 1 M KOH 10 380 89 [34]

Co9S8@MoS2/CNFs 1 M KOH 10 430 61 [35]
NiSe/NF 1 M KOH 10 400 N/A [36]
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Mixed phases of Co- and Mn-based materials with Co = 1.2, 2.4, and 2.7 were studied by EIS
to calculate the Rct of the catalysts. Rct is generally determined from the semicircle diameter in the
high-frequency region of a Nyquist plot (Z′ vs. –Z”). Figure 8 shows the EIS data, using which the
Rct values were calculated as approximately 55, 50, and 45 Ω for mixed materials with Co = 1.2,
2.4, and 2.7, respectively. Notable, Rct also decreased as the Co content increased, and the mixed
material with Co = 2.7 showed the fastest electrical transport (i.e., the lowest Rct) among the samples.
This also implies that Co3+ plays an important role in facilitating the OER reaction kinetics. In
addition, the ECSA of mixed materials with Co = 1.2, 2.4, and 2.7 was calculated using CV at different
scan rates (20–120 mV·s−1). The measured CV curves are presented in Figure 9. The scans were
conducted over a voltage range of 1.31–1.41 VRHE, where redox processes do not occur. This enabled
measurement of the capacitive currents associated only with double-layer charging. The current
density difference (∆j = ja – jc) at 1.36 VRHE is plotted as a function of the scan rate in Figure 10, where
the linear slope is equal to twice the double-layer capacitance (Cdl). The Cdl calculated from the
fitted linear slopes were 0.291, 0.246, and 0.340 mF·cm−2 for mixed materials with Co = 1.2, 2.4, and
2.7, respectively. The ECSA of the mixed material with Co = 2.7 was the highest. In addition to
good catalytic activity, long-term stability is an important requirement for practical applications of
electrocatalysts. The electrocatalytic stabilities of mixed material with Co = 1.2, 2.4, and 2.7 were tested
by chronoamperometric measurements at voltages, where a current density of 10 mA·cm−2 is generated.
After 2 h of OER, the mixed material with Co = 1.2 showed a significant drop in the current density
output (about more than 50%), indicating electrochemical degradation taking place during the OER
Figure 11. In sharp contrast, as Co content increased, the stability improved remarkably. For the mixed
material with Co = 2.4, no current drop was observed during 2 h of chronoamperometry Figure 11,
demonstrating excellent stability in an alkaline solution. Furthermore, when the Co content increased
up to 2.7, a large enhancement in the current density (about 40%) was observed after 2 h of OER,
implying a boost in the catalytic activity of the mixed material with Co = 2.7 during the electrochemical
reaction. The increased catalytic activity of mixed material with Co = 2.7 can be associated with the
formation of cobalt hydroxide, Co(OH)2, which is generally known as an active phase for the OER [37].
The oxidation of Co2+ to Co3+ can result in the increase of oxidative current at the beginning stage of
chronoamperometry measurement in alkaline solution. A high amount of Co3+ in the mixed material
with Co = 2.7 can facilitate the formation of Co(OH)2 on the surface during the OER in alkaline media,
resulting in an increased number of active sites. These results reveal that a high amount of Co3+ is
desirable for increasing catalytic stability as well as activity in mixed materials synthesized by SCS.
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3. Experimental Section

3.1. Synthesis of CMO Powders

Manganese (II) nitrate (Mn(NO3)2; 50% aqueous solution), cobalt (II) nitrate hexahydrate
(Co(NO3)2·6H2O), citric acid (C6H8O7), and ethylene glycol (C2H6O2) were used as starting materials.
First, stoichiometric amounts of Mn(NO3)2, Co(NO3)2·6H2O, citric acid, and ethylene glycol were
dissolved in distilled water. The molar ratio of nitrate to citric acid and ethylene glycol was maintained
at 1:1:1. Ammonia solution was added to adjust the pH from 1 to 7. Heating at 80 ◦C transformed the
solution into a sol. Subsequent heat treatment at 130 ◦C under constant stirring formed a brownish gel.
Heating at 300 ◦C converted the gel into the mixed materials (as-received powder).

3.2. Structural Characterization

A transmission electron microscope (TEM, Talos F200X; Thermo Fisher Scientific) equipped with
an energy dispersive X-ray (EDX) spectroscopy at 200 kV was used to study the microstructural
structure of the mixed materials. X-ray diffraction (XRD, X’Pert-Pro MPD; PANalytical) measurements
were conducted with Cu-Kα radiation (λ = 0.15418 nm) at 40 kV and 100 mA. Raman spectroscopy
(LabRam HR; Horiba Jobin-Yvon) was performed for structural investigation of the mixed materials.
X-ray photoelectron spectroscopy (XPS) (PHI 5000 VersaProbe; ULVAC-PHI, Enzo, Chigasaki, Japan)
was carried out with pass energies of 100 and 20 eV for survey and high-resolution scans, respectively.
The powder samples were analyzed for X-ray absorption spectroscopy (XAS) at the 7D beamline of
Pohang Light Source (PSL-II). The 7D beamline is equipped with a double crystal monochromator
(two sets of Si (111) crystals) and offers an energy resolution of 2 × 10−5. A W metallic foil was used as
the reference to calibrate the data. The data were processed using the ATHENA package (0.9.25, Naval
Research Laboratory, Washington, DC, USA) [38].

3.3. Electrochemical Characterization

The electrochemical performance of Co- and Mn-based materials powder was evaluated in a 1 M
KOH solution using a standard three-electrode electrochemical cell equipped with a rotating disk
electrode (RDE). An electrochemistry potentiostation (PGSTAT302N; Metrohm) was used to record
the electrochemical data. The working electrode was prepared as follows. Five miligrams of powder
was well-dispersed in the solution (distilled water:ethanol = 3:1) with a Nafion® 117 solution (5 wt
%) via ultrasonication for about 20 min. Then, 5 µL of the homogeneous solution was drop-cast
onto a glassy carbon (GC) RDE with a diameter of 3 mm, which resulted in an approximate catalyst
loading of 0.352 mg·cm−2. The working electrode was dried overnight in air before the electrochemical
characterization. The RDE was rotated at 2000 rpm to remove gas bubbles generated on the surface of
the working electrode. The reference and counter electrodes were Ag|AgCl (3.5 M KCl) and Pt foil,
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respectively. Linear sweep voltammetry (LSV) was performed at a scan rate of 5 mV·s−1 from 0.2
to 0.8 V vs. Ag|AgCl. All polarization curves were iR-corrected and calibrated against a reversible
hydrogen electrode (RHE). The current density was normalized to the geometrical surface area and
the measured potentials vs. Ag|AgCl were converted to a reversible hydrogen electrode (RHE) scale
according to the Nernst equation.

ERHE = E(Ag|AgCl) + 0.0591 × pH + 0.197 (2)

Cyclic voltammetry (CV) was conducted to calculate the electrochemical effective surface area (ECSA)
of the catalysts. It was performed in a potential window range of 1.31–1.41 V vs. RHE, where only
capacitive currents flowed, at different scan rates (20, 40, 60, 80, 100, and 120 mV·s−1) to estimate
the electrochemical double-layer capacitance (Cdl). Electrochemical impedance spectroscopy (EIS)
was performed over a frequency range of 0.1–100 kHz with a sinusoidal voltage (5 mV amplitude) to
estimate the charge transfer resistance (Rct).

4. Conclusions

Crystallographic information and OER performance related to it for mixed phases of Co- and
Mn-based materials formed during solution combustion synthesis (SCS) undertaken for the formation
of spinel (CoxMn3−x)O4 (CMO) were investigated. The mixed materials were prepared at 300 ◦C and
further heat treatment was not performed at a higher temperature to synthesize mixed phases of CMO
electrocatalysts. At low Co contents, low-crystalline CMO with a tetragonal spinel structure was
observed with small amounts of Co3O4 and MnO phases. With increase in Co contents for up to 2.7,
cubic spinel Co3O4 with CoO were observed. Raman spectra of the mixed materials also supported the
hypothesis that low Co contents (Co = 1.2) lead to the formation of the tetragonal spinel CMO. With
increase in the Co content to up to 2.7, Co3O4 was observed, wherein Co- rich and Mn-rich phases
were completely separated. All mixed materials showed oxidation states of 2+ and 3+ for Co but an
increase in the Co content resulted in higher oxidation states toward 3+, which can be attributed to the
higher amount of Co3O4. As for catalytic activity, mixed materials with higher Co contents offered
better OER performance including lower overpotentials, faster charge transfer, better reaction kinetics
and stability owing to a greater amount of Co3+ being available, which facilitated the formation of
Co(OH)2 as an active phase for OER. Crystal structure dependent electrocatalytic properties of the
mixed phases of Co- and Mn-based materials give insights for a new engineering concept for the next
generation of OER electrocatalysts based on mixed phases.
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