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1 University of Belgrade, Faculty of Physical Chemistry, Studentski Trg 12-16, 11158 Belgrade, Serbia;
dusan.mladenovic@ffh.bg.ac.rs (D.M.); epan@ffh.bg.ac.rs (Š.M.)

2 Department of Chemical Engineering, Atatürk University, Erzurum 25240, Turkey;
yaseminn.aykut@gmail.com (Y.A.); abayrakceken@atauni.edu.tr (A.B.Y.)

3 Chemical Engineering Department, Faculty of Engineering, Istanbul University-Cerrahpasa, Avcilar,
Istanbul 34320, Turkey; gpozan@iuc.edu.tr

4 Center of Physics and Engineering of Advanced Materials, Laboratory for Physics of Materials and Emerging
Technologies, Chemical Engineering Department, Instituto Superior Técnico, Universidade de Lisboa,
1049-001 Lisbon, Portugal; diogosantos@tecnico.ulisboa.pt

* Correspondence: biljana.paunkovic@tecnico.ulisboa.pt

Abstract: Developing bifunctional oxygen electrode materials with superior activity for oxygen
reduction (ORR) and oxygen evolution (OER) reactions is essential for advancing regenerative fuel
cell and rechargeable metal–air battery technologies. This present work deals with the synthesis and
characterization of electrocatalysts containing Pt and Ni nanoparticles supported on nitrogen-doped
mixed metal oxides (Mn2O3-NiO) and the systematic evaluation of their bifunctional ORR/OER
performance in an alkaline medium. These electrocatalysts have been successfully synthesized
by a simple and fast microwave method. PtNi/Mn2O3-NiO-N with a binary metal oxide-to-N
ratio of 1:2 demonstrated the best performance among the studied materials regarding bifunctional
electrocatalytic activity (∆E = 0.96 V) and robust stability.

Keywords: oxygen reduction reaction; oxygen evolution reaction; bifunctional electrocatalyst; binary
metal oxides; platinum and nickel nanoparticles

1. Introduction

In light of the increased energy demand in the 21st century, there is a global need
to find alternative power sources to replace fossil fuels in the years to come. Global
reserves of fossil fuels are limited, and some predictions state they will be entirely depleted
by the year 2050 to 2070 [1]. Furthermore, burning fossil fuels emits a vast amount of
greenhouse gases into the atmosphere, dramatically impacting climate change. Decreasing
carbon emissions is one of the main goals to minimize or possibly reverse climate change.
Therefore, scientists worldwide have devoted themselves to discovering and optimizing
new long-term solutions for providing humankind with the power it needs in the future. As
mentioned, next-generation power sources should be eco-friendly and cheap, implement
renewable energy sources as the primary energy source, and be paired with devices that
can convert and store the produced energy when there is an increased inflow from the
primary source. On the other hand, those devices should be capable of converting the
stored energy back to electricity when the primary source is unavailable.

One potential bifunctional device is an electrochemical device called regenerative
fuel cells. These devices can operate in discrete or unitized modes [2]. Discrete regener-
ative fuel cells combine two separate units: a fuel cell and an electrolyzer. In contrast,
unitized regenerative fuel cells use one pair of electrodes that can intermittently operate
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in two modes: fuel cell mode (FC-mode), in which the device produces electricity from
chemical reactants (fuel and oxidant); and electrolysis mode (El-mode), where the device
produces the reactants when there is an inflow of electrical energy. Suppose such a device
is constructed, and its construction is relatively simple and cheap, it may be implemented
in the hydrogen economy concept, one of the most promising energy concepts for the
future [3–5]. To construct a unitized regenerative alkaline fuel cell (URAFC), one must first
solve the problem of the oxygen side of such a cell [6,7]. Namely, two reactions occur on
the oxygen side of URAFCs: the oxygen reduction reaction (ORR) in FC-mode and the
oxygen evolution reaction (OER) in El-mode. Both reactions have sluggish kinetics and,
thus, represent the performance-limiting factors in many systems [8,9].

Platinum (Pt) is currently considered the best ORR catalyst and is widely used in
fuel cells. However, Pt is one of the most expensive metals on Earth. On the other hand,
for OER catalysis, iridium (Ir), ruthenium (Ru), and their oxides [10,11] are commonly
used, although they are very expensive materials. With this in mind, researchers are
mainly focused on finding alternative catalysts for ORR and OER catalysis composed of
cheap, earth-abundant materials. Some of the most promising alternatives are transition
metals, their oxides, and compounds, which are heavily investigated for ORR, OER, and
bifunctional applications [12–14].

Recently, a catalyst based on Fe and Co nanoparticles (NPs) incorporated in N-doped
honeycombed carbon (FeCo@N-HC) was synthesized by Han and co-workers and tested
as an ORR/OER bifunctional catalyst in alkaline media [15]. Their catalyst showed good
performance for ORR and OER catalysis, with an ORR half-wave potential of 0.85 V and
achieving 10 mA cm−2 in OER mode at an overpotential of 318 mV. The synergistic effect
between FeCo NPs and honeycomb-like carbon led to their catalyst’s good bifunctional
performance, which showed reasonable stability in alkaline media. Kisand et al. have
synthesized trimetallic NiFeCo on N-doped carbon (NiFeCoNC) that exhibited a half-
wave potential of 0.84 V and achieved 10 mA cm−2 in OER mode at an overpotential
of 360 mV [16]. The ∆E value was found to be 0.75 V, indicating its good bifunctional
performance, which authors attributed to their novel synthesis procedure that led to a
hierarchically porous structure with evenly dispersed N-coordinated transition metal active
sites. Sun and co-workers synthesized bifunctional perovskite oxide (LaMnNiCoO3 (1:2:3))
that reached OER 10 mA cm−2 at an overpotential of 370 mV with an ORR half-wave
potential of 0.75 V and an ∆E of 0.85 V in 0.1 M KOH [17]. They also showed that dual
metal dopants can precisely tailor the catalysts’ electronic structures, enabling activity
for both ORR and OER. Bimetallic hollow tubular NiCoOx was developed by Xue et al.
and tested in 0.1 M KOH [18]. Their best-performing material, Ni0.33Co0.67Ox, reached a
diffusion-limiting current density of 5.8 mA cm−2 with a half-wave potential of 0.81 V and
overpotential of 281 mV to reach an OER current density of 10 mA cm−2. The well-defined
core–shell structure of hollow tubes with nanosheets rooted on its surface offers a large
specific surface area, and the synergistic effect from Ni and Co on the bimetallic oxide leads
to good bifunctional performance.

In the authors’ previous study, Pt- and PtNi-decorated Mn2O3-NiO binary metal oxides
(BMOs) were synthesized via microwave radiation and tested as ORR/OER bifunctional
catalysts in 0.1 M KOH [19]. Pt/Mn2O3-NiO and PtNi/Mn2O3-NiO reached diffusion-
limiting current densities of −4.5 and −4.3 mA cm−2, respectively, and reached an OER
current density of 10 mA cm−2 at an overpotential of 542 and 529 mV, respectively. Good
bifunctional performance was confirmed by ∆E values of 0.97 and 0.98 V for PtNi/Mn2O3-
NiO and Pt/Mn2O3-NiO, respectively. The results obtained suggest that NiO was the
active site for OER while ORR mainly occurred on PtNi NPs.

This study reports the synthesis of Mn2O3-NiO binary metal oxides and a series of N-
doped Mn2O3-NiO decorated with either Pt, Ni, or PtNi nanoparticles; the characterization
of their structures and compositions and the assessment of their ORR/OER bifunctional
performance in 0.1 M KOH.
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2. Experimental
2.1. Support Material Synthesis

The starting materials for binary oxide preparation, Mn(NO3)2·4H2O (≥98.5 wt.%,
Merck, Darmstadt, Germany), nickel (II) acetylacetonate (Ni(C5H7O2)2, ≥95 wt.%, Sigma-
Aldrich, St. Louis, MO, USA), ammonia solution (NH3, 25 wt.% in water), and ethanol
(absolute), were purchased from Fluka Company (Buchs, Switzerland) and used without
further purification. Deionized water was used to prepare all solutions.

Mn2O3-NiO powders were prepared by co-precipitation, which differed from the
approach followed in the authors’ previous study [19]. The typical steps were as follows:
0.015 mol of Mn(NO3)3·4H2O and 0.015 mol of [Ni(C5H7O2)2] were dissolved in 150 mL
of 2 M HNO3 and 150 mL of 6 M NaOH solutions separately, and each stirred for 0.5 h at
room temperature. Two mixtures were then mixed in a 1:1 molar ratio and stirred for about
1 h to obtain a stable mixture. This mixture was precipitated by gradually adding NH3
solution until the pH reached 11. The resultant solution was slowly stirred at 75 ◦C for 5 h.
The resulting precipitate was filtrated and sequentially washed with ultrapure water and
ethanol (absolute) to remove NO3

− anions. Finally, the precipitate was dried at 80 ◦C for
12 h and calcinated at 450 ◦C for 4 h. The resultant Mn2O3-NiO powders were ground at a
constant vibration rate of 300 rpm for 10 min in a Retsch MM 200 vibrant-ball mill (Retsch
Co., Ltd., Hann, Germany).

2.2. Nitrogen Doping and Catalyst Synthesis

Melamine (Sigma Aldrich, St. Louis, MO, USA) was used as a nitrogen source for
the synthesis of the N-doped Mn2O3-NiO structure. Mn2O3-NiO and melamine were
physically mixed in a mortar in mass ratios of (1:1), (1:2), and (2:1) until a homogeneous
appearance was apparent. The mixture was then transferred to crucibles, and the tube
was placed in the furnace. To provide an inert environment in the furnace before the heat
treatment, nitrogen gas was allowed to pass at a low flow rate, and gas flow was continued
throughout the heat treatment. Then, the temperature of the furnace was set to 400 ◦C, and
the samples were kept under nitrogen flow for 2 h after the furnace reached this temperature.
At the end of this period, the heating was terminated, and the samples were allowed to
cool under nitrogen flow without being exposed to air until the temperature of the furnace
approached ambient temperature. The samples were then removed from the oven and
stored in sealed containers [20]. These support materials doped with different amounts of
melamine were named Mn2O3-NiO-N (1:1), Mn2O3-NiO-N (1:2), and Mn2O3-NiO-N (2:1),
respectively.

The microwave-assisted polyol method was preferred for the simple and efficient
preparation of nitrogen-doped Mn2O3-NiO-N supported Pt- and Ni-containing catalysts.
This method can heat the solution quickly and homogeneously due to microwave heating,
thus saving time and energy. The author’s previous work [21] outlines the catalyst synthesis.
Here, ethylene glycol (Sigma Aldrich, St. Louis, MO, USA) was used as the reducing agent,
the precursor of H2PtCl6·6H2O (Sigma Aldrich, St. Louis, MO, USA), and NiCl2·6H2O
(Sigma Aldrich, St. Louis, MO, USA), and the nominal metal loading on the support
material was targeted as 20 wt.%. This amount was adjusted to 10 wt.% Pt and 10 wt.% Ni
in the bimetallic catalyst structure. Initially, 0.05 M solutions were prepared by dissolving
Pt and Ni salt precursors separately in pure water. The solutions were added to a beaker
containing 50 mL of ethylene glycol based on the calculated amount for synthesizing the
catalyst, taking into account its metal content. This mixture was mixed with a magnetic
stirrer for 15 min, and at the end of the period, the relevant support material was added
to the mixture. The mixing continued for 60 min. Then, the solution was placed in a
household microwave oven (Samsung, Suwon-si, Republic of Korea) and kept at 800 W
heating power for 60 s. At the end of this period, the solution was rapidly cooled in an
ice bath. Centrifugation was performed at 7000 rpm to separate the synthesized catalyst
from the solution. At the end of the process, the remaining solid was washed with acetone
and pure water, and centrifugation was performed after each washing process. The solid
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material obtained at the end of the process was dried under vacuum in an oven set at
100 ◦C for 12 h. The same procedure was followed in the preparation of all catalysts. After
the catalyst synthesis process, Mn2O3-NiO-N-supported catalysts containing Pt and Ni
metals were obtained.

Experimental details of materials’ physical characterization and electrochemical mea-
surements are given in the Supplementary Material.

3. Results and Discussion
3.1. Catalyst Characterization

The amount of nitrogen in the structure of the support materials was determined by
elemental analysis (Figure S1). The results show that the nitrogen doping process was
carried out successfully. As the amount of melamine mixed with the support material
before the pyrolysis process increases, the amount of added nitrogen also increases.

Additionally, a color change was observed in the Mn2O3-NiO sample depending
on the amount of added nitrogen source (Figure S2). As the amount of nitrogen doping
increased, the color of the sample changed from almost black to shades of brown.

Figure 1a–d shows SEM images and EDS analysis results taken at different magnifica-
tions for Mn2O3-NiO and Mn2O3-NiO-N (1:1) support materials. These analyses elucidated
the morphological structure of the support samples after nitrogen doping. The SEM im-
ages taken at 1 µm and 200 nm magnifications show that small porous structures were
formed in the surface morphology with the doping of nitrogen on the Mn2O3-NiO structure
(Figure 1b). In addition, the elements contained in the support materials were confirmed
by using the EDS analysis (Figure 1c,d). The N peak in the Mn2O3-NiO-N sample shows
that the doping process was carried out successfully (Figure 1d).
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The structural properties of the synthesized support materials, such as surface area,
pore structure, and pore volume, are among the critical parameters affecting the catalyst’s
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performance. As such, the activity of the catalyst is related to the surface area of the reacting
catalyst and the size of the catalyst particles. The results of the BET analysis performed
to elucidate the structure of the synthesized support materials are given in Figure S3.
The nitrogen adsorption–desorption isotherms of the synthesized catalysts comply with
the Type-IV isotherm based on the hysteresis loop shapes determined by IUPAC. In the
characteristic features of Type-IV hysteresis isotherms, meso- and micropores exist together
in the structure [21]. Table 1 provides information on the structural properties of the
Mn2O3-NiO samples based on BET analysis. It is seen that the surface area decreased
significantly with the addition of melamine to the Mn2O3-NiO sample. This is explained
by the decrease in the BET surface area and total pore volume and the increase in the
average pore width due to the blockage or even collapse of some pores in the structure
with nitrogen doping [22].

Table 1. BET analysis results of the Mn2O3-NiO materials.

Sample
BET Surface

Area
(m2 g−1)

BJH Adsorption
Cumulative Pore
Volume (cm3 g−1)

BJH Desorption
Cumulative Pore
Volume (cm3 g−1)

BJH Adsorption
Average Pore
Width (nm)

BJH
Desorption

Average Pore Width
(nm)

Mn2O3-NiO 73.11 0.465 0.465 23.0 16.5
Mn2O3-NiO-N (1:1) 16.19 0.143 0.143 31.3 22.8
Mn2O3-NiO-N (1:2) 3.16 0.058 0.063 31.2 21.3
Mn2O3-NiO-N (2:1) 37.52 0.219 0.220 24.6 20.4

When the XPS spectrum of the nitrogen-doped support materials is looked at, in gen-
eral, five different peaks can be seen (Figure 2a). These peaks are attributed to Ni, Mn, O, N,
and C elements [19–24]. The presence of Ni, Mn, and O elements in the general spectrum of
the synthesized catalysts was due to the support material. By adding melamine to the struc-
ture of the support material, the presence of the N peak showed that the nitrogen-doping
process was successfully accomplished. In addition, the presence of the C peak was caused
by the C atoms in the structure of the melamine used in the doping process. N1s partial XPS
spectra taken in the 390–410 eV range of Mn2O3-NiO-N support that the materials doped
with nitrogen in different amounts were deconvoluted (Figure 2b–d) [25]. The deconvo-
luted N 1s XPS spectra evidence two different chemical bonds between N atoms with atoms
in the Mn2O3-NiO structure. The peaks at binding energies of 398.1 ± 0.1 eV and 403.0 eV
± 0.1 represent pyridinic-N and N-oxide, respectively. The low-energy component of the
N1s spectra, at a binding energy of about 398.1 eV, is attributed to the formation of chemical
N-Mn or N-Ni bonds, resulting from the replacement of O atoms with N atoms in the
N-doped Mn2O3-NiO structures. The other low-intensity peak corresponds to π excitations
that cause a positive charge accumulation in the N species located at the edges [26,27].
Significant shifts occurred in the peaks depending on the change in the amount of N doped
(Figure 2e). Among all structures, it is seen that the pyridinic-N peak is more prominent
and closer to the binding energy value in the sample with a high N-doping rate.

The ICP-MS technique was used to determine the amount of Pt and Ni metal loadings
on the support material in the synthesized catalysts (Table S1). The results show that all
catalysts contain Pt or Ni at values close to the nominal 20 wt. % metal content.

The XRD spectra of the synthesized catalysts are given in Figure 3a–c. The (211), (222),
(400), (431), (440), and (622) peaks representing the Mn2O3 structure are found in the XRD
spectra of all the catalysts. The diffraction angles of these peaks are indicated as 23.1◦,
32.9◦, 38.2◦, 49.3◦, 55.1◦, and 65.7◦, respectively [28]. Again, in all catalyst structures, the
diffraction peaks assigned to reflections from the NiO planes (111), (200), (220), (311), and
(222) occur at 2θ values of 37.2◦, 43.2◦, 62.8◦, 75.2◦, and 79.3◦, respectively [29]. In addition,
the peaks of the NiMn2O4 structure are present in all catalysts. This structure is attributed
to the planes (111), (200), (311), and (511) defined at the values of 18.5◦, 30.5◦, 35.9◦, 43.6◦,
and 57.2◦ of 2θ [30]. The peaks of the Pt metal loaded on the Mn2O3-NiO-N support
material correspond to the 2θ values of the face-centered cubic (fcc) crystal structure at
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40.1◦, 46.5◦, 68.0◦, and 81.9◦, respectively, (111), (200), (220), and (311) [31] (Figure 3a,c).
The Ni used in the catalyst structure has an fcc structure with peaks at 2θ, 45◦, 52.3◦, and
77.4◦ in the (111), (200), and (220) planes [32] (Figure 3b,c). It can be seen that the peaks of
the metals in all catalyst structures are broader and flattened. The addition of metals to the
Mn2O3-NiO structure resulted in the shifting of the Mn2O3 and NiO peaks towards the
lower 2θ angles (Figure 3d). This shows the change in the lattice structure with the addition
of Pt and Ni to the Mn2O3-NiO structure. In addition, with the effect of the bimetallic
structure formed in PtNi/Mn2O3-NiO-N catalysts in which both metals participate in the
structure, there are shifts in the Pt and Ni peaks, along with the peaks representing that
some planes of Ni are not clearly seen.
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3.2. Double-Layer Capacitance Investigation

To investigate the double-layer capacitance of each electrocatalyst, CVs at different
scan rates were recorded in a ±100 mV potential window near the open-circuit potential
(OCP) followed by plotting ∆j = f(ν), where ∆j = (ja − jc)/2 (mA cm−2) and ν is the electrode
polarization rate (mV s−1). Capacitance was then determined as a slope of ∆j/2 = f(ν) plot
for each electrocatalyst. Firstly, we investigated the Cdl of pure, undoped Mn2O3-NiO
electrocatalyst (Figure S4). However, due to a deviation from the linearity observed for
the ∆j = f(ν) plot at higher scan rates, determining the double-layer capacitance of pure
undoped Mn2O3-NiO could not be performed with high precision. Also, a slight distortion
of CVs with an increase in scan rate was observed for all samples, indicating the existence
of ohmic resistance in parallel with Cdl [33].

Figure S5 shows the CVs at different scan rates of nitrogen-doped Mn2O3-NiO with
three different N-to-Mn2O3-NiO ratios. The oxides showed double-layer capacitances and
corresponding ECSA values of the same order of magnitude, i.e., Cdl of 2.29 mF cm−2 and
ECSA of 57.3 cm2 for Mn2O3-NiO-N (1:1), Cdl of 2.14 mF cm−2 and ECSA of 53.5 cm2 for
Mn2O3-NiO-N (2:1), and Cdl of 2.07 mF cm−2 and ECSA of 51.8 cm2 for Mn2O3-NiO-N
(1:2).
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The double-layer capacitance was also investigated for N-doped BMOs decorated
with Pt (Figure S6) and Ni (Figure S7). It is evident that Pt-decorated materials showed
significantly higher Cdl values than the N-doped BMOs decorated with Ni. The highest
value was obtained for Pt/Mn2O3-NiO-N (2:1) (Cdl of 10.92 mF cm−2 corresponding to
ECSA of 273.0 cm2), while for Pt/Mn2O3-NiO-N (1:1) and Pt/Mn2O3-NiO-N (1:2) Cdl they
were calculated as 9.72 and 5.70 mF cm−2, respectively, corresponding to ECSA values of
243.0 and 142.5 cm2.

Amongst Ni-decorated materials, the highest Cdl was calculated for Ni/Mn2O3-NiO-
N (2:1), 1.67 mF cm−2, corresponding to an ECSA of 41.8 cm2. Ni/Mn2O3-NiO-N (1:1)
and Ni/Mn2O3-NiO-N (1:2) had Cdl values of 1.40 and 1.44 mF cm−2, respectively. These
values correspond to ECSA values of 36.0 and 35.0 cm2, respectively.

Finally, a double-layer capacitance investigation was performed for PtNi/Mn2O3-NiO-
N with three different BMO-to-N ratios (Figure S8). As with the pure N-doped BMOs, no
significant difference was observed between the three samples. PtNi/Mn2O3-NiO-N (2:1)
showed a Cdl of 1.92 mF cm−2 and a corresponding ECSA of 48.0 cm2, PtNi/Mn2O3-NiO-N
(1:2) a Cdl of 1.81 mF cm−2 and an ECSA of 45.3 cm2, and PtNi/Mn2O3-NiO-N (1:1) a Cdl
of 1.76 mF cm−2 and an ECSA of 44.0 cm2. A comparison of all the calculated Cdl values,
as well as the ECSA and BET surface area values, are presented in Table S2.

3.3. Activity towards ORR

The ORR is one of the most critical reactions in modern electrochemistry. It is the
core reaction for most electrochemical energy conversion and storage devices such as fuel
cells and metal–air batteries. In alkaline media, it can generally proceed via the direct
four-electron reduction of molecular O2 to OH−, or via the two-electron mechanism, which
involves a peroxide ion as an intermediary species. Four-electron reduction is generally
desirable for electrochemical energy storage and conversion due to its faster kinetics and no
loss of reactant species in the form of an intermediary [9,34–37]. However, the two-electron
mechanism can also be useful in some systems, such as hydrogen peroxide production.

3.3.1. ORR Activity of Pure and N-Doped Mn2O3-NiO

To investigate the ORR activity of Mn2O3-NiO BMO, CVs were first recorded at 0 rpm
in the N2 and O2 atmosphere (Figure 4a), followed by a series of LSVs at different rotation
rates in the O2 atmosphere (Figure 4b).

From the acquired LSVs, the ORR peak position and the limiting current density at
1800 rpm were determined to compare the activity of the different electrocatalysts. For
pure Mn2O3-NiO, the jd was −1.93 mA cm−2 at 1800 rpm. LSV at 1800 rpm also enabled
the determination of the half-wave potential, E1/2, as another key parameter for assessing
ORR activity. For pure Mn2O3-NiO, an E1/2 value of 0.66 V was found.

Doping of pure Mn2O3-NiO with nitrogen in different ratios increased the value
of the limiting current density at 1800 rpm to −2.75 mA cm−2 for Mn2O3-NiO-N (1:1),
−2.62 mA cm−2 for Mn2O3-NiO-N (2:1), and −2.29 mA cm−2 for Mn2O3-NiO-N (1:2), as
seen in Figure 5d–f. N-doping also had a positive effect on increasing the value of E1/2.
The half-wave potential was increased to 0.67 V, 0.70 V, and 0.75 V for Mn2O3-NiO-N (1:2),
Mn2O3-NiO-N (2:1), and Mn2O3-NiO-N (1:1), respectively, indicating faster kinetics of
ORR on N-doped BMOs. These faster ORR kinetics might come from the somewhat larger
pore size, facilitating the diffusion of reactants and intermediates to/from the active sites,
Table 1. The presence of pyridinic-N facilitates the transfer of electrons towards active sites
and thus further boosts the ORR kinetics.
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LSVs at 1800 rpm were subjected to Tafel analysis, as can be seen in Figure S9a.
The highest Tafel slope was calculated for pure Mn2O3-NiO (151 mV dec−1), while all
three N-doped samples showed a lower value of this parameter, further corroborating
faster ORR kinetics at N-doped BMOs. For Mn2O3-NiO-N (1:1), Mn2O3-NiO-N (1:2), and
Mn2O3-NiO-N (2:1), the Tafel slope values were calculated as 82, 90, and 99 mV dec−1,
respectively.
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Figure S9b presents the Koutecký–Levich (K-L) analysis for all the samples using data
from LSV experiments at different rotation rates. By performing K-L analysis, the number
of exchanged electrons, n, in the elementary step of the reaction was calculated for each
tested electrocatalyst. For pure Mn2O3-NiO, the n value was 2.90 electrons, while for the
N-doped samples, calculated values were 2.73, 2.35, and 3.63 e− for Mn2O3-NiO-N (1:1),
Mn2O3-NiO-N (1:2), and Mn2O3-NiO-N (2:1), respectively. It should be mentioned that
although K-L analysis is the standard method of determining the number of exchange
electrons, it was derived for a single one-electron transfer with a preceding reaction of the
first order [38–41].

3.3.2. ORR Activity of Pt-Decorated N-Doped Mn2O3-NiO

After establishing a baseline by testing pure and N-doped Mn2O3-NiO, Pt-decorated
N-doped BMOs activity was assessed by performing LSV and CV investigations in the
ORR potential range, Figure 6.
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As expected, decorating BMOs with platinum had positive effects on ORR perfor-
mance. Pt-decorated materials showed higher diffusion-limiting current densities, lower-
onset overpotential, and higher values of half-wave potential when compared to N-doped
BMOs. The highest jd was achieved with Pt/Mn2O3-NiO-N (2:1) (−4.81 mA cm−2), which
also had the highest value of kinetic current density (−6.71 mA cm−2). Pt/Mn2O3-NiO-N
(1:1) delivered a jd and jk of −4.69 mA cm−2 and −2.97 mA cm−2, respectively, while
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Pt/Mn2O3-NiO-N (1:2) delivered a jd and jk of −4.43 mA cm−2 of −3.68 mA cm−2, respec-
tively. The half-wave potential values were determined to be 0.92 V, 0.89 V, and 0.87 V for
Pt/Mn2O3-NiO-N (1:2), Pt/Mn2O3-NiO-N (2:1), and Pt/Mn2O3-NiO-N (1:1), respectively.

The Tafel analysis (Figure S10a) showed similar results for Pt-decorated and non-
decorated N-doped Mn2O3-NiO BMOs, with the lowest value of Tafel slope calculated for
Pt/Mn2O3-NiO-N (1:1) of 90 mV dec−1. As in the case of non-decorated BMOs, Pt/Mn2O3-
NiO-N (1:1) was followed by Pt/Mn2O3-NiO-N (1:2) and Pt/Mn2O3-NiO-N (2:1), which
had Tafel slopes of 92 and 96 mV dec−1, respectively.

The Koutecký–Levich’s analysis of Pt/Mn2O3-NiO-N materials (Figure S10b) indicated
that ORR on Pt-decorated materials mainly proceeds via the four-electron mechanism. For
Pt/Mn2O3-NiO-N (1:1), Pt/Mn2O3-NiO-N (1:2), and Pt/Mn2O3-NiO-N (2:1), the number
of exchanged electrons in the elementary step of reaction was calculated to be 3.88, 3.84, and
3.72, respectively. These values are somewhat higher than that for non-decorated material;
however, these are expected because ORR on Pt generally occurs via the four-electron
mechanism in alkaline solutions.

3.3.3. ORR Activity of Ni-Decorated N-Doped Mn2O3-NiO

To gain deeper insight into the role of Ni in decorating BMOs, we decorated the same
set of non-decorated N-doped BMOs with Ni. As in the case of Pt-decorated materials,
three materials were synthesized: Ni/Mn2O3-NiO-N (1:1), Ni/Mn2O3-NiO-N (1:2), and
Ni/Mn2O3-NiO-N (2:1). As before, CV and LSV analysis was performed to gain insight
into the electrochemical activity of these materials toward ORR, and the results are shown
in Figure 7.

Unlike decorating with Pt, Ni-decorated materials showed the lowest values of jd
and jk of all the tested materials. Ni/Mn2O3-NiO-N (1:1), Ni/Mn2O3-NiO-N (1:2), and
Ni/Mn2O3-NiO-N (2:1) reached diffusion-limiting current densities at −0.83, −1.21, and
−1.18 mA cm−2, respectively, with kinetic current densities of −0.22, −0.32, and −0.29 mA
cm−2, respectively. Ni-decorated materials also showed a slight shift in half-wave potential
toward negative potentials, indicating slower ORR kinetics on these materials. The E1/2
values for Ni/Mn2O3-NiO-N (1:1), Ni/Mn2O3-NiO-N (1:2), and Ni/Mn2O3-NiO-N (2:1)
were calculated to be 0.60, 0.60, and 0.65 V, which is lower than both Pt-decorated and
non-decorated BMOs.

Figure S11a shows the Tafel analysis for Ni-decorated BMOs. For Ni/Mn2O3-NiO-N
(1:1), Ni/Mn2O3-NiO-N (1:2), and Ni/Mn2O3-NiO-N (2:1), the Tafel slope values were
86, 100, and 87 mV dec−1, which are similar to or even slightly lower than that of Pt
and non-decorated materials. Figure S11b presents the Koutecký–Levich analysis for
the same Ni-decorated materials. The calculated n values for Ni/Mn2O3-NiO-N (1:1),
Ni/Mn2O3-NiO-N (1:2), and Ni/Mn2O3-NiO-N (2:1) are 2.24, 3.17, and 3.97 electrons,
respectively, indicating mixed kinetics for the first two materials. In comparison, the value
of 3.97 electrons for Ni/Mn2O3-NiO-N (2:1) indicates a pure four-electron ORR mechanism.
These results further suggest that the percentage of N-doping in Ni-decorated BMOs
notably impacts ORR kinetics in these materials.
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3.3.4. ORR Activity of PtNi-Decorated N-Doped Mn2O3-NiO

After testing non-decorated, Pt-decorated, and Ni-decorated BMOs, N-doped BMOs
decorated with both Pt and Ni were synthesized and tested. Having in mind the good
results obtained with Pt-decorated materials and the good catalytic performance of Ni in
terms of OER catalysis, decorating BMO with both Pt and Ni has promising potential in
terms of synthesizing suitable bifunctional catalysts that will work in both ORR and OER
mode. Furthermore, by introducing Ni to the material, one can lower the percentage of Pt,
which effectively reduces the cost of the electrocatalyst.

To test the electrocatalytic performance toward ORR of PtNi-decorated N-doped
BMOs, a series of CV and LSV experiments were performed in both N2- and O2-saturated
0.1 M KOH. The results of CV experiments are presented in Figure 8a–c, while the LSV
results are shown in Figure 8d–f.

From the LSV results at different rotation rates, notably, the highest diffusion-limiting
current density at 1800 rpm was achieved with PtNi/Mn2O3-NiO-N (1:2) (−2.94 mA cm−2),
followed by PtNi/Mn2O3-NiO-N (2:1) and PtNi/Mn2O3-NiO-N (1:1), with jd values of
−2.93 and −1.64 mA cm−2, respectively. These values are somewhat smaller than that of
purely Pt-decorated BMOs, which is expected with the lower percentage of Pt in bimetallic
decorated BMOs. However, both the jd and jk were higher on the PtNi-decorated materials
than those calculated for non-decorated and Ni-decorated BMOs (with the exception
of PtNi/Mn2O3-NiO-N (1:1)). Furthermore, although smaller than that of Pt-decorated
materials, the half-wave potentials calculated for PtNi/BMO-N has higher values than for
BMO-N and Ni/BMO-N. E1/2 values were calculated as 0.70 and 0.65 V for PtNi/Mn2O3-
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NiO-N (2:1) and PtNi/Mn2O3-NiO-N (1:1), respectively. The highest value of this parameter
was calculated for PtNi/Mn2O3-NiO-N (1:2), 0.77 V, indicating the fastest ORR on this
material among the three synthesized PtNi/BMO-N.
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As for previous samples, the Tafel analysis for the three materials was performed with
LSV data at 1800 rpm (Figure S12a). Of all tested materials in this work, PtNi/Mn2O3-NiO-
N (2:1) and PtNi/Mn2O3-NiO-N (1:2) showed the lowest values of Tafel slope (both 67 mV
dec−1), while PtNi/Mn2O3-NiO-N (1:1) showed a somewhat higher value of 129 mV dec−1.
Given that the Tafel slope is closely related to the catalytic performance of the material,
in terms that it represents the sensitivity of the electric current response to the applied
potential [42], the lower b values for PtNi/Mn2O3-NiO-N (2:1) and PtNi/Mn2O3-NiO-N
(1:2) indicates their superior activity toward ORR.

Figure S12b shows the Koutecký–Levich analysis for PtNi/BMO-N samples. As
before, K-L plots are straight lines indicating the first-order reaction with respect to O2
concentration [43]. For the three PtNi-decorated materials, the number of exchanged
electrons was calculated to be between 3.38 and 3.82. The highest value of n was calcu-
lated for PtNi/Mn2O3-NiO-N (1:1) (n = 3.82), while the smallest value was calculated for
PtNi/Mn2O3-NiO-N (1:2) (n = 3.38). For PtNi/Mn2O3-NiO-N (2:1), n was found to be 3.52,
indicating that the ORR on these materials proceeds through the four-electron mechanism.

Even though PtNi-decorated materials showed somewhat lower values of diffusion-
limiting current density and half-wave potentials than the BMOs decorated only with Pt, it
should be noted that PtNi materials have only half of Pt loading in comparison with purely
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Pt-decorated materials and one-quarter of commercial Pt/C (40 wt.%), making them a lot
cheaper to produce. When the current densities are compared per mg of Pt, PtNi/BMO-N
showed a higher current density per mg of Pt than Pt-decorated materials or even the
commercial Pt/C, which was tested in a previous work [19].

3.4. OER Performance

As mentioned before, for an electrocatalyst to be considered bifunctional, it must be
able to catalyze at least two desirable reactions in one system. For the oxygen side in URFCs,
these two reactions are the reduction and evolution of oxygen. Therefore, LSV experiments
were also performed in the OER potential range, see Figure 9. A peak at ca. 1.5 V can be
attributed to the Ni2+/Ni3+ redox peak, where the presence of Ni in a higher oxidation
state normally favors the OER intermediates adsorption/desorption [44,45]. Thus, Ni2+,
along with Ni3+ species, is believed to be crucial for forming active sites for the catalysis
of OER by Ni-based materials [46]. As with ORR, OER in alkaline media is a multistep
process that includes a series of intermediate species.

Processes 2024, 12, x FOR PEER REVIEW 15 of 22 
 

 

 
Figure 9. OER LSVs (iR-corrected) at 1200 rpm of (a) pure and N-doped Mn2O3-NiO, (b) 
Pt-decorated N-doped Mn2O3-NiO, (c) Ni-decorated N-doped Mn2O3-NiO, and (d) PtNi-decorated 
N-doped Mn2O3-NiO. Tafel analysis for these materials is presented as an inset in each graph. 

In the case of N-doped BMOs decorated with Ni (Figure 9c), deviation from the 
previously observed trend was noted. Namely, two materials with BMO-to-N ratios of 
1:1 and 1:2 showed similar overpotential and current densities in the investigated poten-
tial range, while the third catalyst showed slightly worse results. Ni/Mn2O3-NiO-N (1:1) 
and Ni/Mn2O3-NiO-N (1:2) reached 10 mA cm−2 at an overpotential of 0.46 and 0.48 V, 
respectively, while Ni/Mn2O3-NiO-N (2:1) reached this current value at an overpotential 
of 0.54 V. The Tafel slope values for all three catalysts were calculated as very similar, 
with Ni/Mn2O3-NiO-N (1:1), Ni/Mn2O3-NiO-N (1:2), and Ni/Mn2O3-NiO-N (2:1) showing 
b values of 177, 169, and 176 mV dec−1, respectively. 

Figure 9d presents OER LSVs of PtNi-decorated N-doped BMOs, of which 
PtNi/Mn2O3-NiO-N (1:2) and PtNi/Mn2O3-NiO-N (2:1) reached 10 mA cm−2 at an identical 
overpotential of 0.50 V, while PtNi/Mn2O3-NiO-N (1:1) reached this current value at an 
overpotential 30 mV higher. As is the case of Ni-decorated BMOs, the Tafel slope values 
were fairly similar for all three materials, with PtNi/Mn2O3-NiO-N (1:1), 
PtNi/Mn2O3-NiO-N (1:2), and PtNi/Mn2O3-NiO-N (2:1) showing b values of 146, 156, and 
143 mV dec−1, respectively. It is worth mentioning that these Tafel slope values were the 
lowest of all the catalysts tested herein, while only Ni/Mn2O3-NiO-N (1:1) and 
Ni/Mn2O3-NiO-N (1:2) reached 10 mA cm−2 at a slightly lower overpotential than 
PtNi-decorated N-doped BMOs. 

3.5. Bifunctional Performance Assessment 
As can be seen from the previously presented results, all four sample groups 

(BMO-N, Pt/BMO-N, Ni/BMO-N, and PtNi/BMO-N) showed fairly similar results among 
samples in the group, indicating that the percentage of N-doping has only a small effect 
on improving the catalytic performance. The impact of N-doping on catalytic perfor-
mance can be seen when changing the ORR mechanism on some materials, switching 
from a two-electron mechanism to a four-electron mechanism, or vice versa. 

Figure 9. OER LSVs (iR-corrected) at 1200 rpm of (a) pure and N-doped Mn2O3-NiO, (b) Pt-decorated
N-doped Mn2O3-NiO, (c) Ni-decorated N-doped Mn2O3-NiO, and (d) PtNi-decorated N-doped
Mn2O3-NiO. Tafel analysis for these materials is presented as an inset in each graph.

Figure 9a presents the OER investigation of pure and N-doped BMOs with the Tafel
plots in the inset. The lowest overpotential to achieve a benchmark current density of 10 mA
cm−2 was acquired with pure Mn2O3-NiO (0.57 V), which also presented the lowest value
in the Tafel slope (155 mV dec−1). Of the three N-doped BMOs, a current density of 10 mA
cm−2 was only achieved with Mn2O3-NiO-N (2:1) in the investigated potential range. The
other two materials reached approximately 6 mA cm−2 at a potential of 2 V. Mn2O3-NiO-N
(2:1) presented the lowest Tafel slope of 176 mV dec−1 compared to Mn2O3-NiO-N (1:1)
(230 mV dec−1) and Mn2O3-NiO-N (1:2) (217 mV dec−1). The highest performance of
undoped bimetallic oxide might be attributed to its notably higher BET surface area and
pore volume, see Table 1. Namely, OER is not strictly limited to the surface, but is believed
to proceed within a thin layer (for instance, 10 nm thicknesses) of the metal oxide. High
porosity further facilitates accessibility of the active sites [44,47].
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The results of OER investigation of Pt-decorated BMOs are presented in Figure 9b.
As in the case of N-doped BMOs, the material with a BMO-to-N ratio of 2:1, Pt/Mn2O3-
NiO-N (2:1), showed the lowest η10 value of 0.54 V, while for Pt/Mn2O3-NiO-N (1:1) and
Pt/Mn2O3-NiO-N (1:2), these values were found to be 0.63 and 0.70 V, respectively. A
similar trend was observed for Tafel slope values. as values of 194, 249, and 245 mV dec−1

were calculated for Pt/Mn2O3-NiO-N (2:1), Pt/Mn2O3-NiO-N (1:1), and Pt/Mn2O3-NiO-
N (1:2), respectively. The highest activity can be correlated with the highest ECSA and,
thus, the highest number of active sites in the case of Pt/Mn2O3-NiO-N (2:1), see Table S2.
Moreover, the mentioned conversion to the metal of a higher oxidation state evidenced by
a peak at ca 1.5 V that favors OER was observed only in the case of Pt/Mn2O3-NiO-N (2:1),
Figure 9b.

In the case of N-doped BMOs decorated with Ni (Figure 9c), deviation from the
previously observed trend was noted. Namely, two materials with BMO-to-N ratios of 1:1
and 1:2 showed similar overpotential and current densities in the investigated potential
range, while the third catalyst showed slightly worse results. Ni/Mn2O3-NiO-N (1:1)
and Ni/Mn2O3-NiO-N (1:2) reached 10 mA cm−2 at an overpotential of 0.46 and 0.48 V,
respectively, while Ni/Mn2O3-NiO-N (2:1) reached this current value at an overpotential
of 0.54 V. The Tafel slope values for all three catalysts were calculated as very similar, with
Ni/Mn2O3-NiO-N (1:1), Ni/Mn2O3-NiO-N (1:2), and Ni/Mn2O3-NiO-N (2:1) showing b
values of 177, 169, and 176 mV dec−1, respectively.

Figure 9d presents OER LSVs of PtNi-decorated N-doped BMOs, of which PtNi/Mn2O3-
NiO-N (1:2) and PtNi/Mn2O3-NiO-N (2:1) reached 10 mA cm−2 at an identical overpoten-
tial of 0.50 V, while PtNi/Mn2O3-NiO-N (1:1) reached this current value at an overpotential
30 mV higher. As is the case of Ni-decorated BMOs, the Tafel slope values were fairly
similar for all three materials, with PtNi/Mn2O3-NiO-N (1:1), PtNi/Mn2O3-NiO-N (1:2),
and PtNi/Mn2O3-NiO-N (2:1) showing b values of 146, 156, and 143 mV dec−1, respectively.
It is worth mentioning that these Tafel slope values were the lowest of all the catalysts
tested herein, while only Ni/Mn2O3-NiO-N (1:1) and Ni/Mn2O3-NiO-N (1:2) reached 10
mA cm−2 at a slightly lower overpotential than PtNi-decorated N-doped BMOs.

3.5. Bifunctional Performance Assessment

As can be seen from the previously presented results, all four sample groups (BMO-N,
Pt/BMO-N, Ni/BMO-N, and PtNi/BMO-N) showed fairly similar results among samples
in the group, indicating that the percentage of N-doping has only a small effect on improv-
ing the catalytic performance. The impact of N-doping on catalytic performance can be
seen when changing the ORR mechanism on some materials, switching from a two-electron
mechanism to a four-electron mechanism, or vice versa.

To properly assess the bifunctional performance of the catalysts tested herein, ∆E was
calculated as the difference between the potential at which 10 mA cm−2 was achieved in
OER mode and half-wave potential in ORR mode, E10 − E1/2, Figure 10 and Table 2. The
smallest ∆E values were calculated for Pt/Mn2O3-NiO-N (2:1) (0.88 V), Pt/Mn2O3-NiO-N
(1:2) (0.94 V), and PtNi/Mn2O3-NiO-N (1:2) (0.96 V), followed by Pt/Mn2O3-NiO-N (1:1)
(∆E = 0.99 V). Other catalysts showed ∆E values over 1 V (1.03–1.16 V), indicating somewhat
worse bifunctional performance. It should be mentioned that bimetallic PtNi-decorated
Mn2O3-NiO-N (1:2) had only half of the Pt loading in comparison with Pt-decorated
materials, which makes this material significantly cheaper to produce with almost no loss
in bifunctional performance. Furthermore, PtNi/Mn2O3-NiO-N (1:2) with an ∆E of 0.96
V showed a slightly better ∆E than the previously tested PtNi/Mn2O3-NiO (∆E = 0.97
V) [19], indicating a slight improvement in bifunctional performance with the N-doping of
Mn2O3-NiO BMO.
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Figure 10 further indicates that different active sites are responsible for the two studied
reactions, ORR and OER. Ni atoms in a higher oxidation state most likely act as highly
active sites for OER [45,48]. Conversely, Pt in lower oxidation states most likely acts as
catalytic sites for ORR [49]. Nitrogen present additionally facilitates electron transfer to
these active sites [50].

Table 2. Comparison of ORR and OER parameters of the synthesized electrocatalysts with the
literature data.

Material
ORR Parameters OER Parameters

∆E */V Electrolyte Sourcejd/mA cm−2 jk/mA cm−2 E1/2/V b/mV dec−1 n η10/V b/mV dec−1

Mn2O3-NiO −1.93 −0.67 0.66 151 2.90 0.57 155 1.14 0.1 M
KOH This work

Mn2O3-NiO-N (1:1) −2.75 −1.65 0.75 82 2.73 - 230 - 0.1 M
KOH This work

Mn2O3-NiO-N (1:2) −2.29 −1.26 0.67 90 2.35 - 217 - 0.1 M
KOH This work

Mn2O3-NiO-N (2:1) −2.62 −1.00 0.70 99 3.63 0.63 176 1.16 0.1 M
KOH This work

Pt/Mn2O3-NiO-N
(1:1) −4.69 −2.97 0.87 90 3.88 0.63 249 0.99 0.1 M

KOH This work

Pt/Mn2O3-NiO-N
(1:2) −4.43 −3.68 0.92 92 3.84 0.70 245 0.94 0.1 M

KOH This work

Pt/Mn2O3-NiO-N
(2:1) −4.81 −6.71 0.89 96 3.72 0.54 194 0.88 0.1 M

KOH This work

Ni/Mn2O3-NiO-N
(1:1) −0.83 −0.22 0.60 86 2.24 0.46 177 1.09 0.1 M

KOH This work

Ni/Mn2O3-NiO-N
(1:2) −1.21 −0.32 0.60 100 3.17 0.48 169 1.11 0.1 M

KOH This work

Ni/Mn2O3-NiO-N
(2:1) −1.18 −0.29 0.65 87 3.97 0.54 176 1.12 0.1 M

KOH This work

PtNi/Mn2O3-NiO-N
(1:1) −1.64 −0.45 0.65 129 3.82 0.53 146 1.11 0.1 M

KOH This work

PtNi/Mn2O3-NiO-N
(1:2) −2.94 −1.37 0.77 67 3.38 0.50 156 0.96 0.1 M

KOH This work

PtNi/Mn2O3-NiO-N
(2:1) −2.93 −1.28 0.70 67 3.52 0.50 143 1.03 0.1 M

KOH This work

FeCo@N-HC −5.80 - 0.85 97 3.98 0.32 92 0.70 0.1 M
KOH [15]

NiFeCoNC −6.00 - 0.84 - 4.00 0.36 - 0.75 0.1 M
KOH [16]

LaMnNiCoO3 (1:2:3) −5.90 - 0.75 80 3.99 0.37 - 0.85 0.1 M
KOH [17]
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Table 2. Cont.

Material
ORR Parameters OER Parameters

∆E */V Electrolyte Sourcejd/mA cm−2 jk/mA cm−2 E1/2/V b/mV dec−1 n η10/V b/mV dec−1

Ni0.33Co0.67Ox −5.80 - 0.81 - 3.89 0.28 76 0.70 0.1 M
KOH [18]

MnFe2O4 −4.70 - 0.71 71 3.88 0.58 - 1.10 0.1 M
KOH [51]

NiFe2O4 −4.95 - 0.68 57 3.76 0.41 - 0.96 0.1 M
KOH [51]

NiO-Mn2O3-CDs −6.00 - 0.84 126 3.85 0.30 141 0.69 0.1 M
KOH [52]

Pt/Mn2O3-NiO −4.48 −4.34 0.79 62 and 109 3.73 0.54 154 0.98 0.1 M
KOH [19]

PtNi/Mn2O3-NiO −4.32 −3.10 0.79 63 and 103 3.99 0.53 140 0.97 0.1 M
KOH [19]

IrO2 - - - - - 0.36 84 - 0.1 M
KOH [53]

RuO2 - - - - - 0.40 - - 0.1 M
KOH [16]

Pt/C (40 wt.%) −6.44 14.90 0.86 79 and 60 3.97 0.58 198 0.95 0.1 M
KOH [19]

HC—honeycomb carbon; CDs—carbon dots. * ∆E represents estimation for cases where diffusion-limited current
density was not reached.

3.6. EIS and Stability Study of Tested Electrocatalysts

Electrochemical impedance spectroscopy, EIS, was used to gain deeper insight into
the origin of resistance in the electrochemical system used herein to test the synthesized
catalysts.

Nyquist plots are presented in Figure 11, in which the high-frequency intersection
with the Z’-axis represents the sum of all the electrolyte resistances, electrode material, and
wiring, Rs. Charge-transfer resistance, Rct, was calculated as the low-frequency intersection
with the Z’-axis from which Rs was subtracted. Furthermore, it should be mentioned
that the flattening of the semicircles in Nyquist plots indicates dispersive capacitance [54].
The Rs values for all materials are almost identical (Table 3), showing consistency in the
experiments, with a slight difference attributed to the change in cell geometry when the
working electrode is replaced. The lowest value of charge-transfer resistance was calculated
for Ni-decorated materials, which was expected since Ni and its oxides are well-known
for OER catalysis [55,56]. The highest values of Rct were calculated for N-doped BMOs
and N-doped BMOs decorated with Pt. PtNi-decorated materials show slightly higher Rct
values than Ni-decorated ones, supporting their good OER performance.

Figure 12 presents the results of a stability study for the two best-performing electrocat-
alysts, Pt/Mn2O3-NiO-N and PtNi/Mn2O3-NiO-N, with a BMO-to-N ratio of 1:2. Both the
studied materials showed good stability under ORR conditions, with the PtNi-decorated
N-doped BMO showing more consistent current density throughout the 4 h experiment, as
shown in Figure 12a. Pt-decorated material showed a slight drop in current density during
the last 30 min of the test, indicating a slight degradation of its catalytic performance, which
is not the case with PtNi-decorated material. During the “switch test”, alternating between
ORR and OER modes, the PtNi-decorated N-doped BMO showed good stability and supe-
rior bifunctional performance compared with Pt/Mn2O3-NiO-N, as seen in Figure 12b,c.
For Pt/Mn2O3-NiO-N (1:2), the OER current density drops to 0 mA cm−2 after only 1 h
into the experiment; in contrast, although PtNi/Mn2O3-NiO-N (1:2) shows a current drop,
it still retains a measurable current density even after 10 h testing. The low stability of Pt
electrocatalysts and thus of the Pt/Mn2O3-NiO-N (1:2) studied herein can be attributed
to the aggregation of the Pt nanoparticles due to Ostwald ripening [57,58]. Conversely,
the boosted performance, activity, as well as stability of PtNi/Mn2O3-NiO-N (1:2) can be
attributed to both the electronic effect of the presence of the second metal, i.e., modification
of the Pt binding energy, and geometric effect, i.e., reduction in Pt-Pt bond length [58].
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Figure 11. EIS analysis at 1.8 V of (a) pure and N-doped Mn2O3-NiO, (b) Pt-decorated N-doped
Mn2O3-NiO, (c) Ni-decorated N-doped Mn2O3-NiO, and (d) PtNi-decorated N-doped Mn2O3-NiO.

Table 3. Comparison of EIS analysis parameters for the synthesized BMO-based electrocatalysts.

Material Rs/Ω Rct/Ω

Mn2O3-NiO 52.6 38.3
Mn2O3-NiO-N (1:1) 45.7 380
Mn2O3-NiO-N (1:2) 45.1 710
Mn2O3-NiO-N (2:1) 49.0 71.0

Pt/Mn2O3-NiO-N (1:1) 53.0 144
Pt/Mn2O3-NiO-N (1:2) 47.5 306
Pt/Mn2O3-NiO-N (2:1) 55.5 38.5
Ni/Mn2O3-NiO-N (1:1) 56.1 24.4
Ni/Mn2O3-NiO-N (1:2) 54.6 22.1
Ni/Mn2O3-NiO-N (2:1) 50.0 35.4

PtNi/Mn2O3-NiO-N (1:1) 48.5 32.2
PtNi/Mn2O3-NiO-N (1:2) 47.6 27.5
PtNi/Mn2O3-NiO-N (2:1) 51.8 25.5
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noparticles due to Ostwald ripening [57,58]. Conversely, the boosted performance, activ-
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4. Conclusions

This study systematically evaluates the bifunctional ORR/OER performance of elec-
trocatalysts containing Pt and Ni nanoparticles on nitrogen-doped mixed metal oxide
supports in an alkaline medium. The electrocatalysts were successfully synthesized by
microwave irradiation as a simple and time-saving technique. The synthesized catalysts
were characterized using physicochemical and electrochemical analysis methods. It was
determined that the results obtained from physicochemical characterization are compatible
with each other and with the literature data. PtNi/Mn2O3-NiO-N with a BMO-to-N ratio
of 1:2 demonstrated the best performance regarding bifunctional electrochemical activity
and stability among the studied materials.

Namely, the best catalytic performance towards ORR was shown by PtNi/Mn2O3-NiO
(2:1), PtNi/Mn2O3-NiO (1:1), and PtNi/Mn2O3-NiO (1: 2) with their limiting diffusion
current densities at 1800 rpm in the range of −4.32 to −4.81 mA cm−2 and a number of
exchanged electrons of ca. 4, suggesting that oxygen reduction took place by a kinetically
more favorable 4e− mechanism. PtNi/Mn2O3-NiO-N (2:1) and PtNi/Mn2O3-NiO-N (1:2)
showed the lowest Tafel slope value of 67 mV dec−1. Regarding OER, three PtNi-based
catalysts again showed the lowest Tafel slopes (143–156 mV dec−1) among all the catalysts
tested herein. The lowest ∆E value of 0.96 V was determined for PtNi/Mn2O3-NiO-N (1:2),
which was slightly higher than that of Pt/Mn2O3-NiO-N (2:1) (0.88 V), which contains ca.
double the amount of Pt compared to the PtNi catalyst (~20 wt.% Pt for Pt catalysts and ~10
wt.% Pt for PtNi catalysts). Finally, the good bifunctional performance of the PtNi/Mn2O3-
NiO-N (1:2) electrocatalyst was confirmed by a stability test simulating operation in a real
fuel cell with the smallest current drop.
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19. Mladenović, D.; Santos, D.M.F.; Bozkurt, G.; Soylu, G.S.P.; Yurtcan, A.B.; Miljanić, Š.; Šljukić, B. Tailoring metal-oxide-supported
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