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For the large-scale generation of hydrogen via water electrolysis the design of long term stable and active

catalysts for the oxygen evolution reaction (OER) remains a key challenge. Most catalysts suffer from severe

structural corrosion that becomes even more pronounced at fluctuating potentials. Herein, MnCo based

cubic particles were prepared via a hydrothermal approach, in which the edge length of the micron-sized

particles can be controlled by changing the pH value of the precursor solution. The cubes are composed of

varying amounts of MnCo2O4, CoCO3 and a mixed (Mn/Co)CO3 phase. Structure–activity relationships were

deduced revealing a volcano-type behavior for the intrinsic OER activity and fraction of spinel oxide phase.

A low overpotential of 0.37 V at 10 mA cm−2 and a stability of more than 25 h was achieved in 1.0 M KOH

using a rotating disc electrode (RDE) setup. The best performing catalyst material was successfully tested

under dynamic process conditions for 9.5 h and shows a superior catalytic activity as anode for the overall

water splitting in an electrolyser setup in 1.0 M KOH at 333 K compared to a reference NiCo-spinel catalyst.

Introduction

Water electrolysis to generate hydrogen based on renewable
energies is evolving to a core technology of modern society,
which faces increasing concerns of environmental pollution
and climate change. Electrochemical water splitting
combined with renewable energy sources has the potential to
provide large amounts of hydrogen with a significantly
reduced carbon footprint (Scheme 1). Most countries aim at
reducing CO2 emissions by up to 80% in the next decades.
These climate targets are expected to be only met using next-
generation energy production, e.g. by a commercialisation of
water electrolysis. Molecular hydrogen is considered one of
the most promising candidates for chemical energy storage.
The efficiency of the water electrolysis is kinetically limited by
the OER at the anode. The cell potential of the water splitting

reaction is given by the thermodynamic standard potential E0
of 1.23 V plus an additional overpotential η, which mainly
results from limitations of electron and mass transfer.1,2 Most
of these losses result from the OER because of the sluggish
four electron transfer reaction (eqn (1)).

4OH− → O2 + 2H2O + 4e− (1)

Over the last decades, precious metal oxides (e.g. RuO2 (ref.
3) and IrO2 (ref. 4)) have been intensively investigated to
promote the kinetics of the OER reaction. Although

Catal. Sci. Technol.This journal is © The Royal Society of Chemistry 2021

a Institute of Technical and Macromolecular Chemistry, RWTH Aachen University,

Worringerweg 2, 52074 Aachen, Germany
bDepartment of Chemistry, Chemical and Materials Engineering Division,

Technical University Berlin, Straße des 17. Juni 124, 10623 Berlin, Germany
c Bundesanstalt für Materialforschung und -prüfung, BAM, Unter den Eichen 44-46,

12203 Berlin, Germany
dMax Planck Institute for Chemical Energy Conversion, Stiftstraße 34-36, 45470

Mülheim an der Ruhr, Germany. E-mail: katharina.beine@cec.mpg.de

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1cy00905b
‡ Authors contributed equally to the publication.

Scheme 1 Commercialisation of alkaline water electrolysis for a CO2

free mobility, electricity and heat.
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ruthenium oxides rank among the most active OER catalysts
in alkaline media, strong corrosion under reaction conditions
and high costs of the catalysts represent major drawbacks
and limit their applicability. In this context, the substitution
by low-cost alternatives such as transition metal (Mn, Fe, Co,
Ni, etc.) oxides and even metal-free systems have been widely
studied under alkaline conditions.5–12 Inspired by nature
(Mn-based clusters in PS II), manganese-based materials are
especially interesting.13 Bergman et al.14 as well as Smith
et al.15 pointed out in early studies that the electronic
properties and structure of the manganese oxides have to be
optimized to achieve a superior OER performance.
Furthermore, Nakamura et al.16 suggested MnIII to be the
active species under alkaline conditions. Besides, cobalt
oxides were found as promising OER electrocatalysts. The
electrodeposition of Co3O4 spinel on a gold surface enabled
the control of the oxidation state of Co and ensured a high
surface area and active metal dispersion.17,18 A high OER
performance was achieved for spinel type materials and
could be optimised by the enhancement of the surface area
via nanostructuring, like hard-templating. This led to a low η

of 0.34 V at 10 mA cm−2.19,20 The introduction of porosity was
shown to have a beneficial effect on both the accessibility of
the active sites and the transport of electrolyte ions.21,22

Additionally, the increase of the average oxidation state of
the Co species was shown to be responsible for the enhanced
activity of a ZnFe0.4Co1.6O4 catalyst outperforming the IrO2

benchmark.23 The activity dependence on the Mn/Co ratio
was studied by Hirai et al.,24 demonstrating an η of 0.51 and
0.49 V at 3 mA cm−2 for Mn2.4Co0.6O4 and Mn2.1Co0.9O4,
respectively. In addition, the crystallinity and the shape of
the cubic particles affect the OER performance.25,26

Promising progress in alkaline OER was made by Menezes
et al.27 using mesoporous cubic and tetragonal Mn–Co spinel
microspheres obtained from thermal degradation of
carbonate precursors. The materials were produced at
temperatures of at least 673 K, so that the carbonate
precursors were completely converted into the spinel phases.
The authors reported an η of 0.51 V for MnCo2O4 and 0.60 V
for CoMn2O4 at 10 mA cm−2. In a follow-up study they were
able to significantly improve the catalyst performance (low η

of minimally 0.32 V vs. RHE) by preparing Mn0.3Co2.7O4

nanochains.28 Mn–Co spinels are additionally used for other
applications like NO oxidation.29

Mn–Co spinels were prepared by several researchers using
electrospinning,30 oxidative thermal scission31 and
hydrothermal synthesis.32 The synthesis of Gao et al. yielded
spherical instead of cubic particles resulting from a variation
in the Mn/Co ratio. The catalysts showed high energy
efficiency under continuous operation (1 M KOH, 100 ml
min−1, T = 337 K, 1.4–2.2 V cell potential at 0.1–0.5 A
cm−2).33,34 In the near future, the design of catalyst systems,
which are stable dynamic operation and temporally
fluctuating power supply, are needed. Until now, only few
studies were performed that show catalysts with sufficient
lifetime and durability at fluctuating potentials due to severe

structural corrosion and degradation.35 Herein, a cheap and
easy way to synthesise MnCo electrocatalysts of cubic
morphology and adjustable particle size is presented. The
materials were synthesised at 573 K, where the transition
from carbonate to spinel occurs. The electrochemical surface
area ECSA and the turnover frequency TOF of the MnCo-
materials are studied to gain deeper insights into the
catalytically active sites. Finally, a study on load flexibility
and continuous flow-cell performance using the most stable
MnCo material is presented to demonstrate industrial
applicability.

Experimental section
Materials and reagents

Chemicals were purchased from Sigma-Aldrich (CoCl2,
MnCl2, Nafion®, NH3Ĳaq), NH4Cl, urea), Chemsolute (ethanol,
HCl) and Merck (KOH). If not stated otherwise, chemicals
were used as delivered.

Synthesis of electrocatalysts

The MnCo electrode materials were prepared via
hydrothermal synthesis using MnCl2 and CoCl2 as precursors
in an aqueous urea solution. The metal precursors were
mixed with water (30 mL, deionized) and urea (1.08 g, 18
mmol) resulting in a pH value of 5.5. Materials were also
prepared at a pH value of 3 and 7 by the addition of 1 M HCl
or 0.1 M NH4Cl solution, respectively. The solution was
loaded into a stainless steel autoclave with Teflon inlet,
sealed and heated to 393 K for 12 h. The metal precursors
were used in the ratios nĲMn) :nĲCo) = 1 : 2 so that a total
amount of nĲMn) + nĲCo) of 6 mmol was reached. All
materials were calcined at 573 K for 4 h. The synthesized
materials are denoted by the different pH values of the
precursor solution (3, 5.5 and 7) as follows: MnCo-pH. To
examine the impact of each distinct phase on catalytic
activity, a MnCo2O4 spinel reference catalyst was synthesised
using the same hydrothermal synthesis procedure and a
calcination temperature of 873 K.

Physicochemical characterization

N2-Physisorption was performed on an Asap 2000 from
Micromeritics. The samples were dried for 24 h at 573 K
under vacuum prior to measurement. Scanning electron
microscopy (SEM) images were obtained using a JEOL 7401F
instrument with an accelerating voltage of 10 kV and
analysed using the software ImageJ. XPS analysis was
performed using a Kratos Axis Ultra DLD device. Spectra were
referenced to C 1s at 285.0 eV. The X-ray diffraction (XRD)
measurements were performed in Bragg–Brentano geometry
on a Bruker AXS D8 Advance II theta/theta diffractometer,
using Ni filtered Cu Kα

1+2 radiation and a position sensitive
energy dispersive LynxEye silicon strip detector. XRD patterns
were recorded in continuous scanning mode in the range of
6–140° 2θ with an increment of 0.02° and a counting time of
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1 s per step, resulting in a total accumulation time of 185 s.
X-ray fluorescence (XRF) was performed under vacuum on an
Eagle II spectrometer.

Electrochemical characterization

Catalyst inks were prepared by dispersing the catalyst (2.2
mg) in a mixture of MilliQ water (49 μL), ethanol (49 μL) and
Nafion (2 μL). The ink was shaken and sonicated for 15 min.
2.5 μL of catalyst ink was pipetted onto the pre-cleaned glassy
carbon RDE surface with a geometric area of 0.1396 cm2 and
let dry for 30 min to yield a catalyst film with a loading of
393 μg cm−2.

Electrochemical measurements were performed in a glass
cell using a three-electrode setup at room temperature. The
modified RDE was used as working electrode. A glassy carbon
stick and a Ag/AgCl (3 M KCl) electrode were used as counter
and reference electrode, respectively. Measurements were
carried out in 1 M KOH as electrolyte. The electrocatalytic
activity was investigated by linear sweep voltammetry (LSV)
using an Autolab potentiostat by Metrohm. Potentials were
referenced to the RHE. Before recording any data, the
catalysts were subjected to continuous potential cycling (CV)
until steady voltammograms were obtained. Electrochemical
impedance spectroscopy (EIS), measured in a frequency range
from 50 kHz to 10 Hz at open circuit potential (OCP) with an
AC perturbation of 10 mV, was used to determine the
uncompensated resistance of the electrolyte. Long-term
performance was investigated applying 10 mA cm−2 in 1 M
KOH solution at a rotation speed of 1600 rpm.

Fabrication of catalyst coated substrates (CCS), membrane
electrode assemblies (MEA) and measurement

The CCS were prepared by using a spray-coating technique
for cathode and anode. For the preparation of the anode
CCS, typically 50 mg of catalyst, 3 mL i-PrOH and 716 mg
ionomer (3 wt-% in i-PrOH, FAA3, Fumatech) were sonicated
for 15 min. The porous transport layer (PTL, 5 cm2, 10 BC,
Sigratec) was fixed on a commercial vacuum-heat-table
(Carbon and FuelCell) set to 328 K equipped with a pump/
compressor (Welch, WOB-L 2511). By spray-coating 2 mL of
the MnCo-catalyst ink onto the CCS, a homogeneous loading
of 2 mg cm−2 was achieved using a Gun Piece SP-2 spray Gun
(Rich) applying a 1 bar N2 flow. The cathode CCS was
prepared using an ExactaCoat OP-3 (Sonotek). For the
preparation of the ink, 120 mg Pt–C (Umicore, 48.5 wt% at
Carbon) were mixed with 50 μL Milli-Q water, 1.72 g ionomer
(see above) and 10.3 g i-PrOH achieving an ink dispersion
containing 1 wt% catalyst. A mass loading with a
homogeneous distribution of 0.1 mgPt cm

−2 was achieved by
applying ten loops with a speed of 80 mm s−1, a shaping gas
flow of 3 L min−1, a nozzle power of 4 W and a liquid flow of
0.1 mL min−1. Mass loadings of anode and cathode were
determined by weighing the dried (10 min at 328 K) anode
and cathode electrodes before and after spray-coating. The
electrolysis measurement was conducted using a commercial

full cell (Carbon and FuelCell) equipped with a titanium
anode and carbon cathode with a fluorinated FAS-50
(Fumatech) membrane and 1 M KOH electrolyte.
Measurements were taken at 333 K. The used setup is
depicted in Fig. S1 and details on the measurement protocol
are given in Table S1 in the ESI.†

Results and discussion
Catalyst characterization

MnCo-Materials were prepared using hydrothermal
synthesis.36 Here metal precursors (in our case chlorides) are
mixed with an aqueous urea solution. The pH value of the
urea solution (pH = 5.5) was additionally adjusted to 3 (by
addition of HCl) and 7 (by addition of NH4Cl). At elevated
temperatures, urea decomposes to ammonium and carbonate
ions.37 As a result the metal cations precipitate as carbonates,
hydroxides, hydroxycarbonates and oxides.37,38 The solution
is kept at reaction conditions for 12 h to ensure a proper
aging of the precipitate. The obtained solids were filtered,
dried and calcined to enable the formation of a normal
spinel, which crystallises in cubic form (if for MnxCo3−xO4 x
lays between 0 and 1.4).39 The temperature of calcination was
set to 573 K so that the phase transition to the spinel phase
might be incomplete. For comparison, a MnCo2O4 spinel
reference catalyst was prepared at a pH value of 5.5 during
the hydrothermal synthesis and calcined at 873 K.

All materials were characterised thoroughly: SEM confirms
the formation of cubic particles independent of pH
(Fig. 1a, c and e). More images are shown in Fig. S2 in the

Fig. 1 SEM images and particle size distributions of a and b) MnCo-pH
3, c and d) MnCo-pH 5.5 and e and f) MnCo-pH 7.
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ESI.† Importantly, the pH value affects the particle size, i.e.
the obtained average particle size decreases from 4.1 μm to
1.9 μm with increasing pH value from 3 to 7. A narrow
particle size distribution is obtained (Fig. 1b, d and f). An
influence of pH on the particle size and crystallinity of metal
oxide materials obtained from hydrothermal synthesis was
already observed by other research groups.38,40–42

N2-Physisorption measurements reveal a type II isotherm
after IUPAC with a small hysteresis for MnCo-pH 7 (Fig. S3 in
the ESI†). This classifies the materials as mainly non-porous,
while MnCo-pH 7 additionally possesses a few mesopores.
While for pH 3 and 5.5 a small specific surface area below 50
m2 g−1 was obtained, for pH 7, a significantly enhanced
specific surface area of 150 m2 g−1 is found resulting from
the decreased particle size and the increased porosity
(Table 1). The amount of manganese and cobalt in the cubes
was determined by XRF revealing similar atomic ratios of
around 1 : 2 (Mn :Co) independent of pH (Table 1). XRD was
performed to examine the crystal structure and phase
composition of the prepared cubic particles (Fig. 2 and
Table 1). Rietveld refinement was used for a quantitative
analysis of the particular phases (see also Fig. S4 in the ESI†).

A MnCo2O4 spinel fraction can be identified (JCPDS
database 23-1237),27 showing reflexes at 18.5° [111], 30.5°
[220], 36.0° [311], 43.8° [400], 54.3° [422], 57.9° [511], and
63.6° [440]. The amount of MnCo2O4 spinel decreases with
increasing pH value. Additionally, a mixed carbonate phase
(Mn/Co)CO3 with reflexes at 24.4° [012], 31.5° [104], 37.7
[100], 41.6° [113], 45.4° [202], 49.9° [024], 51.9° [116], 60.4°
[122], 64.2° [214] and 68.0° [300] is observed.27 Almost the
same relative amount of this mixed carbonate phase is
present in all three materials, proving that an incomplete
phase transition to the spinel phase occurred. A segregated
crystalline CoCO3 phase (JCPDS database 011-0692)43 showing
reflexes at 25.1° [012], 32.6° [104], 38.6° [110], 42.8° [113],
46.6° [202], 51.4° [024], 53.8° [116], 54.0° [018], 62.0° [122],
66.1° [214] and 69.9° [300] is formed at elevated synthesis pH
values of 5.5 and 7. Hence, the cubic particles prepared at pH
5.5 and 7 consist of three segregated phases (MnCo2O4, (Mn/
Co)CO3 and CoCO3). The CoCO3 fraction of the MnCo-
materials increases with increasing pH, as indicated by the
higher ratio of the corresponding [012] reflexes at 25.1°. The
relative amount of the components is given in Table 2 and
the differences can be explained by the changing pH values
in the hydrothermal synthesis. If the pH value decreases, the
concentration of H+ ions in the solution increases, leading to
a decrease in carbonate concentration due to the protonation
to hydrogen carbonate, carbonic acid and finally

decomposition to CO2 and H2O.
38,42 Therefore, the amount

of metal carbonates in the material increases with increasing
pH value. The differences in the cube size most likely also
result from this varying chemical composition as the
crystallisation rate of metal carbonates, hydroxides,
hydroxycarbonates and oxides differs. As the smallest cubes
were obtained for the carbonate richest material, it is
proposed that carbonates crystallise slower, which leads to
the formation of more nucleation seeds and therefore smaller
crystals.

For the analysis of the surface composition, XPS analysis
was performed (Fig. S5 in the ESI†). The survey spectra

Table 1 Physical properties of MnCo-materials: specific surface area (SBET) determined via N2-physisorption, atomic ratio of Mn :Co determined via XRF
and composition of MnCo-materials obtained via Rietveld refinement of powder diffraction data

Material SBET [m2 g−1] Mn : Co ratio [%] CoCO3 [%] (Mn/Co)CO3 [%] MnCo2O4 [%]

MnCo-pH 3 46 35/65 — 50.5 49.5
MnCo-pH 5.5 12 33/67 17.3 43.9 38.8
MnCo-pH 7 150 36/64 40.0 53.6 6.4

Fig. 2 Rietveld refinements of the powder-XRD patterns of the
MnCo-materials synthesised at pH 3, 5.5 and 7. In addition, three
reference patterns for MnCo2O4, MnCO3 and CoCO3 are shown.
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confirm the presence of Mn, O, C and Co at the surface of
the cubic particles. The carbon content at the surface
increases with increasing pH value corresponding to an
increasing carbonate fraction found by XRD analysis. The
high-resolution spectra of Mn 2p reveal a satellite feature
independent of pH. As the determination of oxidation states
is rather difficult from the Mn 2p signal, a deeper look is
taken into the Mn 3s high-resolution spectrum, as oxidation
state can be determined from the peak splitting of the two
Mn 3s multiplet split components. For pH 3 and pH 5.5, a
peak splitting of ΔE = 5.3 eV and ΔE = 5.5 eV can be observed,
which suggests Mn3+ species (as in Mn2O3).

44 For pH 7, the
largest peak splitting of ΔE = 6.5 eV can be assigned to Mn2+

(as in MnO).45 The Co 2p spectrum exhibits two spin–orbit
coupling peaks and two satellite peaks. For materials
prepared at pH 3 and 5.5 the binding energy of the Co 2p3/2
signal lies at 779.8 and 780.1 eV, respectively, indicating the
co-existence of Co2+/Co3+ oxide phases.27,28,46 For pH 7, the
Co 2p3/2 signal is shifted to a higher binding energy of 782.2
eV. This hints towards the presence of Co2+ in form of
hydroxide or, more likely, carbonate phase.47

Correspondingly, the C 1s spectrum shows the largest CO3
2−

content at a binding energy of 288.5 eV for MnCo-pH 7 (37
at%), followed by MnCo-pH 3 (30 at%) and MnCo-pH 5.5 (23
at%). In addition, C–O species at 286.1 eV and C–C species at
284.8 eV are found for the carbonate and oxide materials.48

Presumably, an increased fraction of carbonate species at the
surface contributes to the stabilization of smaller particles by
repulsive Coulomb forces.

Electrochemical performance

The electrocatalytic performance of the prepared MnCo-
materials and reference catalysts (IrO2, RuO2, MnCo2O4 and
Ni1.4Co1.6O4) was evaluated by LSV in 1.0 M KOH electrolyte.
No special precautions were taken to ensure that no Fe-
impurities are present in the electrolyte. Even though
observed trends remain unchanged, an enhancement of the
catalytic activity is therefore possible. The materials were
dispersed in a water, ethanol and Nafion containing solution
and drop-coated onto a glassy carbon RDE. For the reference
Ni1.4Co1.6O4 material, a high catalytic activity with a low η of
0.35 V at a current density of 10 mA cm−2 was obtained at 25
°C (Fig. 3a). The Mn-containing reference material, MnCo2O4,
shows a low catalytic activity with an η of 0.42 V. All
synthesised MnCo-materials show η values between 0.37 V
and 0.43 V. The best performing material MnCo-pH 7 even
outperforms the literature known benchmark catalysts RuO2

and IrO2, which reach an η of 0.41 and 0.47 V at a current
density of 10 mA cm−2, respectively (Fig. S6 in the ESI†). For
the differently sized cubes prepared at different pH values, a
clear trend can be observed, i.e. larger cubes show a higher η
compared to smaller ones. As this trend might be referred to
the larger surface area of smaller cubes and therefore a
higher number of active sites, the ECSA was calculated from
the double layer capacitance cDL which was extracted from
cyclovoltammetry (CV) in the non-faradaic potential range
(1.0–1.1 V vs. RHE) at varying scan rates (Fig. S7 in the
ESI†).49,50 The cDL of MnCo-materials ranges between 0.2 and
4.7 mF cm−2 (Table 2). Dividing cDL by the literature reported
specific capacitance (cS) results in the roughness factor rF. A
multiplication of rF with the geometric surface area Sg of the
RDE yields the ECSA. The calculation is given in eqn (S1) and
(S2) in the ESI† and the ECSA values are displayed in
Table 2.51 As expected, the ECSA increases with a decreasing
cube size. Normalized current density plots (Fig. 3b) reveal a
lower η and therefore a higher intrinsic activity for MnCo-pH
3 compared to MnCo-pH 5.5 and MnCo-pH 7. The
Ni1.4Co1.6O4 reference catalyst shows a higher ECSA-
normalised OER activity compared to the herein developed
Mn–Co materials. From the intrinsic activity of the prepared
MnCo-catalysts an influence of the chemical composition can
be seen: the activity increases with increasing MnCo2O4

Table 2 Double layer capacitance cDL, electrochemical surface area ECSA, normalized current density jint, ECSA-normalized Tafel slope bECSA, charge
transfer resistance RCT and turnover frequency TOF of prepared MnCo-materials. cs = 0.040 mF cm−2 (ref. 40)

Material cDL [mF cm−2] Rf [−] ECSA [cm2] j1.6V [mA cm−2] jint [mA cm−2] bECSA [dec−1] RCT [Ω] TOF [s−1]

MnCo-pH 3 0.2 5 0.68 1.0 0.20 62.3 150 7.9
MnCo-pH 5.5 1.28 32 4.3 5.4 0.17 53.8 51 6.8
MnCo-pH 7 4.7 75 16.1 10.0 0.09 53.0 19 3.4

Fig. 3 a) Activity plot: current density vs. potential (vs. RHE), b) ECSA
normalized current density vs. potential (vs. RHE), c) correlation of the
current density at a potential of 1.6 V with the amount of CoCO3 and
MnCO2O4 for the synthesised MnCo-materials (conditions: scan rate
10 mV s−1, 1600 rpm, 1 M KOH) and d) plot of the results from the TOF
calculations for prepared MnCo-materials.
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content and decreasing CoCO3-amount. This relationship is
illustrated in Fig. 3c. Notably, for the 100% spinel-type
MnCo2O4 declined catalytic activity was found. Consequently,
there is an optimal composition regarding high OER activity,
as indicated by MnCo-pH 3 comprised of similar amounts of
(Mn/Co)CO3 and MnCo2O4.

To determine a TOF, the surface area density of
catalytically active metal centres has to be calculated (eqn
(S3)–(S5) in the ESI†). Herein, a geometric approach for the
calculation based on the cubic morphology was developed.
Plotted as a function of η, the respective TOF values can be
used to determine the intrinsic activity of a catalyst material
at 1.6 V vs. RHE. With decreasing pH, the calculated TOF
values increase. MnCo-pH 3 reaches the highest TOF of 7.9
s−1, followed by MnCo-pH 5.5 with 6.8 s−1 and MnCo-pH 7
with 3.4 s−1. The calculated TOF values are comparable to
previous results reported in literature.52–54 For example, Cao
et al.54 stated TOF values between 0.05 and 4.0 s−1 at 1.6 V vs.
RHE for CoOx/PCN and RuOx catalysts. The presented
method to determine the TOF based on a geometric approach
has a great potential for the evaluation of electrocatalysts and
aims for the elucidation of structure–activity relationships.
The TOF values enable an evaluation of electrocatalysts
regarding design, active surface, improved electrolyte and gas
diffusion. Despite the comparably lower active surface area,
MnCo-pH 3 shows the highest TOF values and therefore the
highest intrinsic activity in alkaline OER. Accordingly, there
is a correlation between the composition of spinel-type
MnCo2O4 and (Mn/Co)CO3 phase in MnCo-pH 3 and the
enhanced catalytic activity. Considering the rather low ECSA,
the presence of few highly active metal centres is suggested.
This finding is in good agreement with the acquired XPS and
Rietveld refinement results showing an increasing relative
fraction of Mn3+ species for decreasing pH, thereby
enhancing the catalytic activity for alkaline OER, which is in
accordance with earlier reports by Nakamura et al.16

Tafel plots allow insights into the reaction kinetics (Fig.
S8a in the ESI†).55 In general, the OER proceeds over four
steps, each of them involves an electron transfer based on
the Krasil'shchikov mechanism.56 The ECSA-normalised Tafel
slopes (bECSA) for the MnCo-materials vary between 53.0 and
62.3 mV dec−1. For MnCo-pH 7 and MnCo-pH 5.5 the second
electron transfer step is found to be rate-determining.51 The
calculated Tafel slopes are well in line with reported values
for the best NiCo catalysts to date.6,20,25 The higher Tafel
slope for MnCo-pH 3 indicates the transformation of
unstable M–OH* towards more stable M–OH species to be
rate-determining and relates most likely to the lower number
of active sites.57 To further understand the electronic
behaviour of the MnCo-materials, electrochemical impedance
spectroscopy (EIS) was performed (Fig. S8b in the ESI†). The
impedance spectra show a semicircle for all materials.
Therefore, an equivalent circuit with two time constants (Fig.
S8c in the ESI†) was used to analyse the impedance data and
to obtain the charge transfer resistance RCT (Table 2). The
Nyquist diagram shows the lowest RCT of 19 Ω for MnCo-pH

7, followed by MnCo-pH 5.5 (51 Ω) and MnCo-pH 3 (150 Ω).
In comparison with LSV (Fig. 3a), a correlation between the
onset potential of the three materials and the corresponding
RCT can be observed. Accordingly, the lower RCT the higher
the current density j at a specific η. However, ECSA-
normalised plots reveal an opposite trend, as the onset
potentials increase for decreasing RCT values. This peculiar
behaviour can be rationalised by the different compositions
of the cubic particles depending on the pH value of catalyst
preparation. In this context, higher fractions of MnCo2O4

spinel in a mixed (Mn/Co)CO3 catalyst system are beneficial
for high activity and improved TOF values. In terms of
industrial application, not only a high activity is mandatory
for a high performance catalyst, but also a sufficient stability
is needed. To evaluate the electrochemical stability of the
materials, chronoamperometric measurements at 10 mA
cm−2 were performed (Fig. 4a). All MnCo-materials show a
good catalytic activity and stability over 20 h reaching an η

below 0.44 V at 10 mA cm−2. The synthesised MnCo-materials
clearly outperform the reference catalysts, which deactivate
after 5 h (Ni1.4Co1.6O4) and 20 h (MnCo2O4). For IrO2 and
RuO2, no stability measurements were possible due to fast
deactivation.

Since the sustainable hydrogen production is closely
related to renewable energies, which fluctuate strongly
throughout the day, it is essential to measure the stability of
an OER catalyst under dynamic process conditions. It was
therefore evaluated for the most stable catalyst MnCo-pH 7
via chronoamperometric stability measurements at
fluctuating potentials using an RDE setup (Fig. 4b). A high

Fig. 4 a) Stability of the synthesised MnCo-materials and reference
catalysts measured chronoamperometrically (conditions: scan rate 10
mV s−1, 1600 rpm, 1 M KOH); b) load flexibility stability study of MnCo-
pH 7 (conditions: scan rate 10 mV s−1, 1600 rpm, 1 M KOH at
changing); c) IR-free OER polarization curves for MnCo-pH 3, MnCo-
pH 5.5 and MnCo-pH 7 in 1.0 M KOH at 333 K (horizontal bars
represent the error of the experimental setup).
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long-term stability of 9.5 h was achieved for potentials
varying between 1.55 V and 1.64 V. To further investigate the
prepared catalyst materials in a flow-cell, single-stack fuel-
cell measurements were conducted mimicking industrial
application. Measurements were performed in a two-
electrode electrolyser for alkaline water splitting in 1.0 M
KOH at 333 K. As shown in Fig. 4c and S9 in the ESI,† MnCo-
pH 7 clearly outperforms the other synthesised materials and
the Ni1.4Co1.6O4 reference. A high current density of 200 mA
cm−2 is reached at a potential of 1.80 V. For the other catalyst
materials with similar loadings of the anode and cathode,
higher potentials of at least 2 V are necessary to provide
similar current densities. MnCo-pH 7 shows the highest
catalytic activity, as it provides a larger number of active sites
compared to MnCo-pH 5.5 and MnCo-pH 3, which is in
agreement with the described RDE investigations. A high
stability of up to 4 h is obtained.

The spent MnCo-pH 7 catalyst was additionally
investigated by XPS analysis (Fig. S10 and S11, Table S2 in
the ESI†). After catalysis the materials is still composed of
Co, Mn, O and C (Fig. S10 in the ESI†). Additionally, K from
the electrolyte and a large amount of F are found. F results
from the electrolyser setup, where a fluorinated FAS-50
membrane was applied as separator. Table S2 in the ESI†
summarises the qualitative and quantitative analysis at the
electrode surface. The calculated Mn : Co ratio decreased
slightly from 0.21 before to 0.18 after catalysis. As the overall
quantity of Mn is low, only the Mn 2p signal can be observed
(Fig. S11a in the ESI†), on the basis of which it is difficult to
make a statement about present Mn species. The Co 2p
spectrum instead shows again two spin–orbit coupling peaks
and two satellite peaks, where the Co 2p3/2 signal shows a
binding energy of 779.6 eV (Fig. S11b in the ESI†). The
binding energy is comparable to MnCo-pH 3 and MnCo-pH
5.5 before catalysis, indicating the presence of mixed Co2+/
Co3+ oxides and thus a decrease of the CoCO3-phase. This
decrease of the carbonate phase can also be observed in the
O 1s element spectrum (Fig. S11c in the ESI†). The anodic

treatment of the electrocatalyst thus leads to the oxidation of
carbonates and molecular changes on the electrode surface.

Table 3 summarizes the performance of all herein
synthesised cubic MnCo-materials in RDE experiments and
in the electrolyser setup. It can be seen that our catalysts
show a similar performance compared to previously
investigated spinels, even though the average particle size of
the herein presented electrocatalysts is significantly higher.

Conclusion

In this study, cubic MnCo-materials were synthesised,
characterised and tested as catalysts for OER in alkaline
electrolyte. Controlling the pH of the precursor solution
enabled to precisely tune the average edge length of the
formed particles. Due to the higher surface area of smaller
cubic particles, a higher ECSA and a lower η are obtained.
However, after a normalisation of the electrochemical data to
the ECSA, a reverse trend is observed. The combination of
MnCo2O4 and mixed (Mn/Co)CO3 phases was shown to
increase the OER activity, while the catalyst consisting of
100% spinel phase was found to be less active. Based on the
calculation of TOFs for cubic particles using a newly
developed geometric approach, the MnCo-catalyst prepared
at pH 3 with a TOF of 7.9 s−1 at 1.60 V vs. RHE was identified
to be most active due to its high fraction of MnCo2O4 spinel
in a mixed carbonate catalyst system. A decreasing TOF with
increasing synthesis pH value was found.

Concerning an industrial application of a high
performance electrocatalyst, MnCo-pH 7 seems more
promising as it provides a significantly larger number of
active sites due to its lower average particle size. Additionally
a high stability in the chronoamperometry (>20 h), under
fluctuating potentials (9.5 h) and in a flow-cell (4 h) is
obtained for the material. The presence of CoCO3 shows a
beneficial impact on stability, which is key for long-term
industrial applications on a larger scale. In this context, the
catalyst material is superior to other literature-known MnCo
and NiCo spinels.6,20,25,27,28 Due to the excellent long-term
stability, MnCo-pH 7 emerged as most promising
electrocatalyst for application in future hydrogen technology,
as it combines a sufficient activity with a high stability.
Hence, the synergetic effects of different metal oxide and
carbonate species were used to enhance not only the catalytic
activity but also the stability of the cubic electrocatalysts.

Author contributions

The manuscript was written through contributions of all
authors. All authors have given approval to the final version
of the manuscript. CB, MK (marked by ‡) contributed equally
to the publication. CB and MF contributed to the writing of
the manuscript as well as all aspects of data analysis and
interpretation. With the help of NMK, CB synthesised and
characterised the materials and performed electrocatalytic
tests in a three-electrode RDE setup. MK performed

Table 3 Alkaline water splitting in an electrolyser setup and in RDE
experiments using herein prepared MnCo-materials compared to
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activity at 1.8 V j1.8V are given for measurements in electrolyser setups
and η at 10 mA cm−2 is given for RDE measurements

Material
Loading
[mg cm−2]

Particle
size

j1.8V
[mA cm−2]

η
[V]

MnCo-pH 3 2.0 4.1 μm 70 0.43
MnCo-pH 5.5 2.0 3.2 μm 83 0.39
MnCo-pH 7 2.0 1.9 μm 200 0.37
Ni1.4Co1.6O4 (ref. 9) 2.0 10 nm 80 0.36
NiFeOx (ref. 58) 2.5 10 nm 520 —
NiFe2O4 (ref. 58) 2.5 5 nm 120 —
NiMn2O4 (ref. 59) 3.0 — 210 —
CMK-3-MnPc-WI18 — — — 0.49
IrOx (ref. 51) — — — 0.32
MnOx/NCNT

60 — — — 0.52
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