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Materials, Gdańsk University of Technolo

Poland
cAdvanced Materials Center, Gdańsk Univers
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The aim of the conducted research was to develop hybrid nanostructures formed from MnCo2O4 and

exfoliated graphite. Carbon added during the synthesis allowed for obtaining a well-distributed MnCo2O4

particle size with exposed active sites contributing to the increased electric conductivity. The influence

of the weight ratios of carbon to a catalyst for hydrogen and oxygen evolution reactions was

investigated. The new bifunctional catalysts for water splitting were tested in an alkaline medium with

excellent electrochemical performance and very good working stability. The results for hybrid samples

show better electrochemical performance compared to the pure MnCo2O4. The highest electrocatalytic

activity was for sample MnCo2O4/EG (2/1), where the value of the overpotential was 1.66 V at 10 mA

cm−2, and also for this sample a low value of Tafel slope (63 mV dec−1) was denoted.
In recent years, interest in carbon-based electrocatalysts has
increased signicantly, which has to do with their unique
chemical properties and physical properties which are advan-
tageous for the design of high-performance catalysts.1–3 The
development of carbon-based catalysts can not only reduce the
use of precious metals but also create materials with high
surface area, easy functionalization, and chemical stability.1,4 In
carbon–metal hybrid materials, transition metals exhibit
remarkable catalytic abilities, while the carbon material
provides better conductivity, greater surface area, prevents
aggregation effects, and provides good dispersion of active
centers.2,5 In addition, interactions between carbon and
metallic materials can change the properties of the whole
hybrid, contributing to the formation of new active sites with
enhanced adsorption capacity.3,6 Consequently, many attempts
have beenmade to develop such hybrids as potential candidates
for electrochemical applications.7 Hybrids based on carbon
materials with transition metal suldes and phosphides have
attracted great attention in the hydrogen evolution reaction.8 In
other studies, an electrocatalyst consisting of iron phosphide
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(FeP) and graphene sheets and an electrocatalyst synthesized
from nickel phosphide (Ni2P) nanoparticles and reduced gra-
phene oxide (rGO) doped with nitrogen were developed.7,9

Structural characterization showed that high catalytic activity
was associated with synergistic effects, promising carbon
conductivity, and the presence of electron-rich nitrogen
atoms.3,7,10

Transition metal-based spinel-type materials have rapidly
become have emerged as promising and highly efficient active
materials for potential electrochemical applications due to their
numerous advantages such as low prices, abundant resources,
and environmental friendliness.11–13 Among the wide range of
compounds, spinels containing cobalt, nickel or molybdenum
are of particular interest as high-performance oxygen evolution
reaction (OER) catalysts.14,15 One example of the use of bime-
tallic oxides for HER and OER is NiCo2O4. It is characterized by
good activity towards the evolution of oxygen and hydrogen.16

The presence of transition metal particles such as cobalt and
nickel, due to their conductivity and electron congurations,
provides a large number of active sites and excellent electro-
chemical performance in the oxygen evolution reaction.12,17

However, other bimetallic oxides, which will also be character-
ized by good electrocatalytic activity, should also be searched.
Recently, electrode materials of spinel-type compounds con-
taining cobalt and manganese have been intensively studied as
a very promising electrocatalyst.18 This material in the form of
MnCo2O4 is also used for high-performance supercapacitors,19

lithium-ion batteries,20 photocatalytic CO2 reduction,21 and gas
sensors.22 However, to improve the electrochemical perfor-
mance of spinel structures, a favorable strategy is the intro-
duction of heteroatoms and integration with conducting
materials.18 In order to design a novel and highly active
RSC Adv., 2023, 13, 10215–10220 | 10215
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MnCo2O4/carbon based catalyst, various approaches have been
investigated.23,24 Only, the synergetic effect of the hybrid nano-
structure may have a signicant impact on the properties. In
one of the strategies, the coupling of MnCo2O4 with carbon
nanotubes (CNTs) and nitrogen-doped reduced graphene oxide
(N-rGO) has been described. The OER performance of the
MnCo2O4/N-rGO hybrid is comparable to the benchmark
iridium-carbon catalyst due to enhanced conductivity and
facilitated charge transfer.18,25 Another approach proposed the
introduction of heteroatoms such as nickel and zinc, followed
by their combination with reduced graphene oxide (Mn0.4-
Ni0.6Co2O4/rGO and Mn0.8Zn0.2Co2O4/rGO) is also an effective
alternative.26 The hybrid's high performance is mainly attrib-
uted to its unique morphology, more exposed active sites, and
porous structure with a high specic surface area.11,27

The aim of the conducted research was to examine the
inuence of the ratios of reagents MnCo2O4/exfoliated graphite
(EG) in hybrid structures for their catalytic properties. This work
aimed to establish effective hybrid composition combining
oxides of manganese and cobalt with electrochemically exfoli-
ated cheap, commercially available graphite. The physico-
chemical properties of the obtained materials were
characterized using different analytical techniques, such as
high-resolution transmission electron microscopy (HRTEM), X-
ray diffraction (XRD), Raman spectroscopy, and X-ray photo-
electron spectroscopy (XPS). The electrochemical properties of
hybrid nanostructures were tested in oxygen and hydrogen
evolution reactions. It is very important to understand how the
ratio of the reagents inuences the properties of the nal
products obtained in the simple synthesis method and the
possibility of their use for green hydrogen production.

The morphology of the obtained materials was determined
by high-resolution transmission electron microscopy analysis.
Fig. 1 on the le side shows the HRTEM images of the synthe-
sized MnCo2O4 which have a crystal structure with particle size
in the range of 10–30 nm, and the particles tend to agglomerate.
Fig. 1 on the right side shows image of the obtained MnCo2O4/
EG (2/1) hybrid nanostructure which consist of distinct
MnCo2O4 structures uniformly dispersed on the graphene layer
as indicated by the arrows. The hybrid nanostructure exhibit
a lower tendency to agglomerate, compared to pure MnCo2O4.
The HRTEM images for MnCo2O4/EG (1/1) and MnCo2O4/EG (1/
2) in Fig. S1† reveal also that nanostructured MnCo2O4 with size
with a broad range from 5 to 100 nm among carbon phase them
have been successfully synthesised and dispersed in the carbon
phase. Additionally, for samples MnCo2O4/EG (1/1) and
Fig. 1 HRTEM images of MnCo2O4 and MnCo2O4/EG (2/1).

10216 | RSC Adv., 2023, 13, 10215–10220
MnCo2O4/EG (1/2) agglomerated particles of MnCo2O4 with size
more than 200 nm were identied.

X-ray diffraction patterns in Fig. 2(a) conrmed that
synthesized MnCo2O4 is crystalline with a cubic spinel struc-
ture. The Bragg peaks at (111), (220), (311), (400), (422), (511),
and (440) were assigned to MnCo2O4.28 The intensity of peaks
assigned to MnCo2O4 decrease with the increasing amount of
carbon nanostructure in hybrid materials. An additional
prominent peak was determined for MnCo2O4/EG hybrid
structures located at about the angular value of 26.5°, which
could indicate the existence of carbon. For two samples
MnCo2O4/EG (2/1) and MnCo2O4/EG (3/1) with the highest
amount of catalyst in the carbon phase additional peaks with
low intensity were observed. The presence in these samples of
small amount of Co3O4 contributed to these additional peaks
may have been formed under the conditions of the synthesis
procedure.

Raman spectroscopy was used to conrm the presence of
carbon in the hybrid nanostructures as well as to check the
composition of the prepared samples. Raman spectra for hybrid
structures and pure MnCo2O4 and exfoliated graphite are
present in Fig. 2(b). In all of the hybrid samples with exfoliated
Fig. 2 (a) X-ray diffraction patterns and (b) Raman spectra of
MnCo2O4 and MnCo2O4/EG series.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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graphite three prominent peaks at 1347 cm−1, 1580 cm−1, and
2708 cm−1 correspond to the D band, G band, and 2D band of
carbon, respectively.29 Analysis of intensity ratio of the D band
to G band (ID/IG) is used to evaluate the disorder of carbon
networks.30,31 Intensity ratio of ID/IG for samples with exfoliated
graphite is at the same low level for all samples in the range
from 0.30 to 0.41 which indicate that EG do not possess many
defected places. For pure MnCo2O4 particles, only one charac-
teristic peak at 680 cm−1 corresponding to the stretching
vibration mode of M–O (M = Mn, Co) was determined.32,33 Also,
in hybrid samples the peak for M–O is visible. However, the
sample is not entirely homogeneous and in some places, a lack
of response fromM–O vibrations can be observed (see Fig. S2†).

X-ray photoelectron survey spectrum and high-resolution
spectra are presented in Fig. 3 for the hybrid sample
MnCo2O4/EG (2/1). Deconvolution of C1s spectra showed the
most intense peaks are related to the carbon bonding attributed
to C]C (284.4 eV) and C–C (284.9 eV).34 Moreover, other func-
tionalities, such as C–O–C, C–OH (286.3 eV), C]O, O–C–O
(287.6 eV), O–C]O (288.5 eV), andp–p (290.1 eV and 292.7 eV)35

formed on the surface of MnCo2O4/EG (2/1) hybrid sample. The
formation of functional groups is conrmed by O1s XPS
deconvolution obtained for MnCo2O4/EG (2/1), which reveals
the presence of O–Me (529.8 eV), O–Me, O]C (531.6 eV), and
O–C–O (532.6 eV). XPS deconvolution of the Co2p3/2 spectrum
was tted with six lines, the rst of which lying at a binding
energy of 780.1 eV indicates the presence of Co3+,36 while the
line at 781.6 eV is assigned to Co2+.19 Deconvolution of the
Mn2p3/2 spectrum was tted with ve lines, two lines of which
lying at a binding energy of 641.4 eV and 643.9 eV indicating the
presence of Mn2+ (ref. 21) and Mn3+ (ref. 37) oxidation sites.

Hybrid materials of spinel oxide with carbon can be an
excellent catalyst for water splitting efficiency, due to the
potential application of obtained catalysts for hydrogen evolu-
tion reaction and oxygen evolution reaction. The linear sweep
voltammetry of pure MnCo2O4 and obtained hybrid nano-
structures was performed using the three-electrode system. The
LSV curves at a scan rate of 1 mV s−1 in 1 M KOH for OER and
Fig. 3 High-resolution XPS spectra for MnCo2O4/EG (2/1) sample.

© 2023 The Author(s). Published by the Royal Society of Chemistry
HER were performed. From the LSV curves for OER presented in
Fig. 4(a), the OER activity was compared using the required
overpotentials to achieve a current density of 10 mA cm−2 (h10).
For the obtained hybrid samples MnCo2O4/EG (2/1), MnCo2O4/
EG (1/1), MnCo2O4/EG (1/2), MnCo2O4/EG (1/3), and MnCo2O4/
EG (3/1) the overpotential was 1.66 V, 1.78 V, 1.75 V, 1.79 V, and
1.72 V, respectively. This overpotential was greatly improved for
MnCo2O4/EG (2/1) compared with MnCo2O4 and even lower
than the commercial RuO2/IrO2 catalyst (h10 = 1.71 V).
Fig. 4 (a) Linear seep voltammograms for the OER reaction in 1 M
KOH. (b) Tafel plots determined from LSV in 1 M KOH. (c) Stability of
MnCo2O4/EG (2/1) and RuO2/IrO2 at a current density of 10 mA cm−2.

RSC Adv., 2023, 13, 10215–10220 | 10217
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Fig. 5 (a) Linear seep voltammograms for the HER reaction in 1 M
KOH. (b) Tafel plots determined from LSV in 1 M KOH. (c) Stability of
MnCo2O4/EG (2/1) and Pt/C at a current density of −10 mA cm−2.
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Therefore, the highest electrocatalytic activity approximate to
commercial RuO2/IrO2 catalyst is shown by sample MnCo2O4/
EG (2/1), for which the value of the potential obtained at the
required current density is 1.66 V. This sample has the highest
content of MnCo2O4 compare other hybrid catalysts. The OER
kinetics were estimated using Tafel plots, and the linear region
was tted via the Tafel equation: h = a + b log j, where h is the
overpotential, j is the current density, and b is the Tafel slope.
From Fig. 4(b), the calculated Tafel slope for hybrid catalysts is
in the range 55–94 mV dec−1, which is superior to that of
commercial RuO2/IrO2 (72 mV dec−1) and MnCo2O4 (83 mV
dec−1). As shown in Fig. 4(c), the addition of exfoliated graphite
causes to the high electrochemical stability for sample
MnCo2O4/EG (2/1) comparable to commercial RuO2/IrO2.

Besides the OER activity, excellent HER activity is also crucial
for bifunctional catalysts. The results of measurements of HER
obtained by the linear sweep voltammetry in 1 M KOH for the
tested materials are shown in Fig. 5(a). The results for glassy
carbon electrode (GCE) have been included in the manuscript
for comparison purposes. As can be seen, GCE shows no activity
compared to the other catalysts. To evaluate the performance of
the obtained catalysts, the potential obtained at a current
density of −10 mA cm−2 was compared for this electrolyte, and
all of the tested samples achieved the required current density.
The apparent improvement in the overpotential for the hybrids
is evidence that the materials, when combined with exfoliated
graphite, show improved performance in HER in 1 M KOH
electrolyte than pure MnCo2O4. The polarization curves
measured in basic electrolyte show a sharp decrease in the
current density as the potential decrease and have an over-
potential of −0.39 V, −0.49 V, −0.49 V, 0.58, and 0.49 for hybrid
samples obtained in mass ratio 2/1, 1/1, 1/2, 1/3, and 3/1
(MnCo2O4 to EG), respectively.

Among of hybrid materials, sample MnCo2O4/EG (2/1) shows
the best catalytic activity and achieved the required current
density at a potential value of −0.39 V. Furthermore, this effect
is because graphene sheets serve a conducting support, causing
enhanced electrical conductivity. This ratio 2/1 of MnCo2O4 to
EG, where we have lower amount of carbon allows for uniform
dispersion of MnCo2O4 on the exfoliated graphite surface and
obtaining form distribution of particles benecial in the HER
response. The high catalytic activity may have resulted from the
high carbonization temperature, which increased the conduc-
tivity of the material. From Fig. 5(b), the calculated Tafel slope
for hybrid catalysts are in the range of 109–374 mV dec−1, which
is still higher than for commercial Pt/C (88 mV dec−1). When we
compare these results of hybrids with MnCo2O4 (113 mV dec−1)
only sample MnCo2O4/EG (2/1) (109 mV dec−1) is superior.

The electrochemical stability of materials is an important
parameter which determines commercial application, stability
test results are presented in Fig. 5(c). The stability of the hybrid
catalyst MnCo2O4/EG (2/1) did not change signicantly
compared to commercial Pt/C aer 24 h, meaning that this
material is stable during electrochemical measurements.

The ECSA (electrochemically active surface area) was deter-
mined to elucidate the effect of composition on HER and OER.
The ECSA was estimated using the CV method's double-layer
10218 | RSC Adv., 2023, 13, 10215–10220
capacitance in KOH electrolyte. Fig. S3† shows the CV for ob-
tained catalysts performed in the non-faradaic region at
different scanning rates. For the all obtained electrodes in two
electrolytes, the charging current at the different scan rates was
plotted (Fig. S4†) to obtain the double-layer capacitance from
the slope. As can be seen, ECSA differs from the electrolyte used.
The ECSA was estimated using the commonly used specic
capacity of 0.04 mF cm−2.38 Results are summarized in Table
S1.† Although the MnCo2O4/EG (1/3) catalyst has by far the
highest ECSA, this does not affect the better catalytic properties.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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In conclusion, in this case, the ECSA does not have much
inuence on the catalytic activity.

This work presents a facile production method of MnCo2O4/
exfoliated graphite hybrid structures with desired electro-
chemical properties was proposed. The proposed preparation
method leads to the efficient dispersion of MnCo2O4 crystallites
between carbon sheets with a low tendency to agglomerate of
the synthesized nanoparticles, which was conrmed by HRTEM
analysis. The obtained spinel MnCo2O4 structures on exfoliated
graphite were tested in HER and OER reactions. The results
indicated that the addition of exfoliated graphite increases the
catalytic activity of the MnCo2O4, as well as increases the
sample's electron conductivity. The analyzed electrochemical
properties in KOH electrolyte for OER have shown that
MnCo2O4/EG obtained with a ratio of 2 : 1 enhanced better
catalytic activity because overpotential was lower than for
samples obtained with 1 : 1 and 1 : 2 ratio of MnCo2O4 to EG.
The Tafel slope calculated from LSV measured in OER for
hybrid catalysts was lower than for commercial RuO2/IrO2 and
pure MnCo2O4. The analyzed electrochemical properties in the
KOH electrolyte for HER have shown that the addition of carbon
for MnCo2O4 causes to the increase of overpotential and besides
MnCo2O4/EG (2/1) sample remaining analyzed hybrid catalysts
possess similar values of overpotential. In summary, the pre-
sented new hybrid structures are bifunctional alkaline catalysts,
exhibiting excellent electrocatalytic performance and very good
working stability for both the HER and OER.
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