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Abstract: Non-precious-metal-based oxygen reduction reaction (ORR) catalysts hold great prospects
for rechargeable metal-air batteries and reversible electrolyzer/fuel cell systems. Among the various
earth-abundant and noble-metal-free catalysts, Mn- and Ni-based single-atom catalysts (SACs) are
attracting attention for ORRs. Herein, we designed a facile and efficient strategy to obtain Mn/Ni
dual-metal single-atom catalysts, in which atomic Mn and Ni sites were dispersed on nitrogen-doped
porous carbon. The optimized Mn/Ni catalysts showed excellent ORR electrocatalytic performance
with a half-wave potential of 0.803 V, comparable to that of commercial Pt/C catalysts. Meanwhile,
the electron transfer number was determined to be 3.9, indicating a good four-electron reaction
process. The excellent electrocatalytic performance was attributed to the N-doped porous carbon
structure with a large specific surface area, which afforded abundant active sites to anchor the single
Mn and Ni atoms.
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1. Introduction

The energy crisis and environmental pollution have greatly limited the progress of
human society, raising an urgent demand for the development of sustainable, clean, green
energy and energy storage equipment. In this respect, new energy batteries such as fuel
cells with high energy density and low pollution show convincing prospects [1]. However,
due to the sluggish reaction kinetics of the cathodic oxygen reduction reaction (ORR), the
working efficiency and output performance of the battery are obviously reduced [2-9].
Noble-metal-based catalysts with excellent performance are widely used to accelerate the
ORR process on the cathode of fuel cells [10-14]. However, the disadvantages of high price,
rare source reserves, and low anti-poisoning capability have greatly limited their large-scale
application [15-18]. To overcome these issues, low-cost, high-activity and high-stability
non-noble metal catalysts are expected.

Single-atom catalysts (SACs), especially transition metal-nitrogen—carbon (MNC) [19-23],
have been widely studied in the electrocatalyzed ORR due to their excellent atomic utiliza-
tion, small size effect, highly unsaturated coordination environment, high intrinsic activity
and favorable interaction between metal and substrates [24-26]. In recent years, Cr-, Fe-, Co-
, Ni-, Cu-, and Zn-based SAC materials have been developed for ORR. Among them, Fe-N-C
catalysts with Fe-Ny active sites showed the most superior catalytic performance [27-33].
However, one serious issue of Fe-based catalysts is their poor durability [34,35]. The two-
electron reduction of the hydrogen peroxide intermediate of the ORR could trigger the
Fenton reaction at Fe active sites, generating strong-oxidizing radicals, which damage
the material’s structure and deteriorate the overall performance [36]. Different from the
Fe-N-C catalyst, the Mn-N-C counterpart exhibits low reactivity for the Fenton reaction
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and is hardly affected by hydrogen peroxide [37—40]. Meanwhile, previously reported
thermodynamic and kinetic theoretical calculation results [37—40] have also shown that
Mn-N-C catalysts have a comparable catalytic performance to that of Fe-N-C. On the other
hand, Ni-N-C coordination sites have been proven to exhibit excellent ORR activity and
stability [41]. Recently, dual-metal single-atom catalysts (DMSACs) were designed to opti-
mize and improve the catalytic performance of the ORR because of the unique advantage
of SACs and the synergistic interaction between two adjacent metal atoms [42—46]. In view
of the above, the coexistence of two different Mn and Ni SA sites in N-doped carbon may
enhance the ORR performance through pairing and/or long-range coupling, altering each
other’s coordination environment and electronic structure [47,48].

Metal-organic framework (MOF)-derived porous carbon materials have drawn ex-
tensive attention as promising electrocatalysts owing to their high specific surface areas,
porous structure and good electron conductivity. MOFs are convenient to prepare using
cheap Fe, Co, Ni and Mn salts as the starting materials, and can be employed as a tem-
plate to construct different porous carbons and their composites by a one-step pyrolytic
process [17,19,20,27,35,36,49]. Recently, many MOF-derived metal-nitrogen—carbon SACs
have been obtained. Peng’s group reported the synthesis of metal SACs using metal-based
MOFs (Fe, Co, Ni) with nanocube structures obtained by a co-precipitating method [17].
Liu’s group investigated a Mn SAC prepared by the one-step thermal activation of the
precursor Mn(CH3;COO),@ZIF-8 [27]. Yao et al. synthesized a Ni SAC by the direct car-
bonization of the Ni-MOF with a subsequent etching and activation process [49]. Among
them, imidazole, the isocyano group and amino acids were often used as ligands to prepare
complex precursors. Otherwise, the 2,2'-bipyridine (Bpy) is also a good candidate because
of the simple molecule structure, rich nitrogen content, low cost and rare report.

Herein, a Mn/Ni dual-metal single-atom catalyst was synthesized by the simple
carbonization of the Mn/Ni 2,2"-bipyridine (Bpy) complex precursor and an acid-rinsing
process. The formed porous N-doped carbon substrate provided abundant active sites to
construct an atomically dispersed Mn and Ni single-atom microstructure. The prepared
Mn/Ni DMSAC showed better electrocatalytic activity than the prepared MnNC and NiNC
single-atom catalysts and presented an overpotential and half-wave potential comparable
to the Pt/C catalyst.

2. Results

The synthetic route of the manganese—nickel dual-metal single-atom porous carbon
catalyst is shown in Figure 1. The complex MnNi-Bpy precursors were directly synthesized
by the co-precipitation method using 2,2-bipyridine, nickel and manganese salts as the
starting materials. MNNC-x catalysts were obtained by carbonizing the above precursor in
a Nj atmosphere at 800 °C for 1 h at different heating rates, followed by washing with acid
and deionized water and a drying process (synthesis details in the experimental section).
Thermogravimetric (TG) analysis was carried out to display the conversion process from the
complex precursor to MNNC-2. Three obvious weight-loss stages were observed from the
TG results of the as-synthesized products (Figure S1). The first mass loss appeared before
250 °C, which was ascribed to the evaporation of 2,2-bipyridine and ethanol. The following
obvious weight loss between 300 °C and 500 °C was attributed to the decomposition and
carbonization of the MnNi-Bpy-2. The further crystallization of the product took place
between 800 °C and 900 °C. When the temperature was higher than 900 °C, no weight loss
was observed, indicating the complete carbonization of the precursor to MNNC-2.
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Figure 1. Schematic diagram for the synthesis of MNNC.
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X-ray diffraction (XRD) analysis was used to determine the chemical composition
and crystal structure of the sample. The XRD pattern of MNNC-2 (Figure 2a) showed
obvious broad peaks at about 25° and 44°, which were attributed to the characteristic
diffraction peaks of carbon (002) and (100) [10]. No characteristic peaks related to Mn-based
or Ni-based crystal species were detected, suggesting that no Mn-based or Ni-based crystal
were found in the samples. In addition, MnNC exhibited a similar result to MNNC-2
(Figure S2), while NiNC showed three distinct peaks of nickel metal and one broad peak of
carbon (Figure S3). The morphology of MNNC-2 was observed by field emission scanning
electron microscopy and transmission electron microscopy (FE-SEM and TEM). In the SEM
images (Figure S4), the MnNi-Bpy-2 precursor appeared as a cluster of regular prisms.
The Ni-Bpy precursor (Figure S4c) was composed of some particles, which were smaller
than that of Mn-Bpy (Figure S4d). The morphological difference may be attributed to the
various synthetic conditions. Only a small Ni-Bpy complex can be obtained under the same
reaction condition as that of Mn-Bpy. Therefore, the MnNi-Bpy-2 precursor displayed a
similar morphology to that of Mn-Bpy, where the main composition was Mn-Bpy. MNNC-
2 presented a blocky shape (Figure 2b,c), which was ascribed to the structure change
during calcination. As displayed in the TEM image (Figure 2d), it showed a large number
of dense micropores, and no nanoparticles or clusters could be found. In addition, the
corresponding element mapping in Figure 2e reflected the uniform distribution of C, N,
Mn and Ni elements. By contrast, for the unpickled MNNC-2 (Figure S5), there were a lot
of nanoparticles with clear lattice fringes, which could be assigned to the Ni or Mn metal.
For a more precise observation, an aberration-corrected high-angle annular dark-field
scanning transmission electron microscope (AC HAADEF-STEM, Figure 2f) revealed a large
number of scattered bright white spots. Combined with the above characterizations, it
was speculated that these bright spots came from the atomically dispersed Mn and Ni
components, which were substantially embedded in the N-doped carbon skeleton and
beneficial to the improvement of ORR performance [3,7,10,11,19,30].

To determine the surface chemical configurations of MNNC-2, X-ray photoelectron
spectroscopy (XPS) spectra were recorded. The total metal content within MNNC-2 was
0.61% as obtained by XPS peak data. The mass contents of Mn and Ni were 0.41% and
0.2%. The high-resolution Mn 2p XPS spectrum for MNNC-2 (Figure 3a) displayed the
binding energies of Mn 2p3 /> (641.4 eV) and Mn 2p;,, (653.4 eV) along with a satellite
peak at 645.3 eV, which were attributed to the characteristics of Mn?2* [19]. The Mn 3s
XPS spectrum (Figure S6) also demonstrated the existence of Mn?* because of the 5.9 eV
banding difference between two peaks (82.5 eV and 88.4 eV). Similarly, the deconvolution
results of the Ni 2p XPS (Figure 3b) showed that there were two main peaks at 856.1 and
873.7 eV, which were ascribed to the 2p3/, and 2py /, of the Ni?* species, respectively [26].
Additionally, the two broad peaks at 861.4 and 880.4 eV were identified as shake-up
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satellites of Ni 2p3,, and Ni 2p; /,, respectively. The type of N dopant in MNNC-2 sample
was also analyzed (Figure 3c). It was deconvoluted into five configurations assigned to
pyridinic N (398.4 eV), pyrrolic-N (400.9 eV), metal-Nx species (399.1 eV), graphitic N (401.4
eV) and oxidized N (403.8 eV) [10,11]. The peaks at 284.8, 285.9, and 289.6 eV for the C 1s
spectra (Figure 57) were ascribed to C=C, C-N and C-O, respectively. In the Raman spectra
(Figure 3d), the Ip/Ig values of MnNC, NiNC and MNNC-2 carbonized at 800 °C were
1.100, 1.168 and 1.185, respectively. This indicated that MNNC-2 possessed slightly greater
defects than the single-metal materials, which may have been helpful to the promotion of
ORR performance. At the same time, we also investigated the effects of the raw material
ratio and carbonization temperature on the graphitization degree and defective structure
(Figures S8 and S9). The result showed that MNNC-2 presented more defective structures
on the carbon materials.
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Figure 2. (a) XRD pattern, (b,c) SEM images, (d) TEM images, (e¢) EDS mapping for C, N, Mn, and Ni
elements, (f) AC HAADF-STEM image of MNNC-2.
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Figure 3. (a) Mn 2p, (b) Ni 2p and (c) N 1s XPS spectra for MNNC-2. (d) Raman spectra of MnNC,
NiNC and MNNC-2. (e) N; adsorption—desorption isotherms and (f) the corresponding pore size
distribution curve for MNNC-2.
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Furthermore, the specific surface area of MNNC-2 was up to 1408 m? g~ ! in the N,
adsorption—desorption test (Figure 3e), which attributed to the abundant pore structure
after calcination. The pore size distribution curve (Figure 3f) showed the existence of
affluent micropores in MNNC-2. However, the relatively low specific area of MnNC
(130 m? gfl) and NiNC (7 m? gfl) (Figure 510a,b) attributed to the few micropores (Figure
510c,d). The large specific surface area and rich pore structure of MNNC-2 can not only
provide more active sites, but also facilitate mass transfer during the ORR, leading to a
stronger kinetic process. Additionally, MNNC-1 and MNNC-3 had similar N, adsorption—
desorption isotherms and corresponding pore size distribution plots to MNNC-2. The
results indicated that the three samples with different feeding ratios of raw materials had
similar specific surface areas and pore size distributions.

In order to attain a highly active catalyst, the control experiments were investigated
regarding the carbonization temperature, heating rate and Mn/Ni mole ratio. The ORR
activity testing of different samples in Op-saturated alkaline (0.1 M KOH) electrolyte was
conducted. The half-wave potentials of the samples carbonized at 700 °C and 900 °C
were 0.708 V and 0.79 V, respectively (Figure 4), which was lower than that of MNNC-2
carbonized at 800 °C. The samples attained at higher heating rates showed low electro-
catalytic activity of Ey/, = 0.791 V for 5 °C/min ! and E;,, = 0.787 V for 10 °C/min !
(Figure 5), which proved that the low heating rate of 2 °C/min~! can maintain the mi-
cropore structure during calcination. The feed mole ratios of the Mn and Ni salts also
had an influence on the ORR performance. MNNC-2 (Mn:Ni = 1) exhibited better activity
than the other samples MNNC-1 (Mn:Ni = 1:7) and MNNC-3 (Mn:Ni = 7:1) (Figure 6).
The optimum conditions were a 1:1 mole ratio of Mn and Ni, 2 °C/min~! heating rate
and 800 °C calcination temperature.
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Figure 4. (a) RDE LSVs and (b) CVs of 20 wt.% Pt/C and MNNC-2 with different carbonization
temperatures at a heating rate of 2 °Cmin~! measured in O,-saturated 0.1 M KOH and at a scan rate

of 10 mV s~ L. The rotation speed for LSV test was 1600 rpm.

Further investigation of the MNNC-2 electrocatalytic performance was conducted.
The CV curves for MNNC-2 in O,- or Np-saturated 0.1 M KOH (Figure S12) showed that an
obvious reduction peak appeared in the O,-saturated electrolyte, indicating that MNNC-2
had remarkable ORR catalytic activity. The linear sweep voltammetry (LSV) polarization
curves (Figure 7a) showed that MNNC-2 exhibited a higher onset potential (Eonset = 0.981 V)
and half-wave potential (E1/, = 0.803 V), which were better than those of the single-metal
atomic catalysts MnNC (Eonset = 0.958 V, Eq/, = 0.653 V) and NiNC (Eonset = 0.758 'V,
E;/; =0.602 V), indicating that the synergistic effect of the Mn and Ni dual-metal single
atom enhanced the ORR performance. Meanwhile, MNNC-2 (3.606 mA-cm~2) exhibited a
higher limiting current density than MnNC (2.25 mA-cm~2) and NiNC (1.68 mA-cm™2),
indicating that it had a higher mass transfer efficiency. Figure 7b shows that the Tafel slope
of MNNC-2 is 135.77 mV dec~!, which was lower than that of MnNC (148.46 mV dec™ 1)
and higher than that of the Pt/C catalyst (116.01 mV dec™!). In addition, the ORR pathway
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of MNNC-2 was confirmed by rotating ring-disk electrode (RRDE) measurements. The
HO, ™~ yield was maintained below 5%, and the electron transfer number n of MNNC-2
was calculated to be 3.89 (Figure 7c), indicating an effective four-electron transfer process.
The CV curve of MNNC-2 also exhibited a more positive reduction peak potential than the
Pt/C catalyst (Figure 7e). After 800 cycles of CV measurements in 0.1 M KOH solution,
MNNC-2 indicated good electrochemical stability without a change in onset potential and
only a decrease of 36 mV for half-wave potential (Figure 7f).
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Figure 5. (a) RDE LSVs and (b) CVs of 20 wt.% Pt/C and MNNC-2 with different heating rates of

2°Cmin~ 1, 5°C min~! and 10 °C min—! measured in O,-saturated 0.1 M KOH at a scan rate of
10 mV s~ 1. The rotation speed for LSV test was 1600 rpm.
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Figure 6. (a) RDE LSVs and (b) CVs of MNNC-1, MNNC-2, MNNC-3 and 20 wt.% Pt/C in O;-
saturated 0.1 M KOH at a scan rate of 10 mV s~ 1. The rotation speed for LSV test was 1600 rpm.

Electrochemical impedance spectroscopy (EIS) measurements were conducted to
qualitatively compare the charge transfer resistance (Rct) of the MnNC, NiNC, and MNNC-
2 catalysts. The results are presented as Nyquist plots (Z’ vs. —Z”), where Z’ and Z”
refer to the real and imaginary parts of electrode impedance, respectively. The typical
characteristics of the two Nyquist plots are one semicircle in the high-frequency range and
a sloping straight line in the low-frequency range. An intercept at the Z’ axis at a high
frequency corresponds to the resistance of the electrolytes. The Rct of NINC was estimated
to be 74.69 () according to the Nyquist plots (Figure S13), which was smaller than that of
MnNC (113.89 Q) and MNNC-2 (107.20 Q2). The low Rct of NiNC could be ascribed to the
existence of Ni crystal in porous carbon, which promoted the conductivity of the catalyst.
The radius of the semicircles of MNNC-2 was smaller than that of the MnNC electrode
(Figure S12) because of the incorporation of single-atom Ni. These results demonstrated
that MNNC-2 had an optimized ORR catalytic activity after introducing single Ni atoms to
the MnNC catalyst.
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Figure 7. (a) LSV polarization curves and (b) Tafel plots of MnNC, NiNC, MNNC-2 and Pt/C
measured at 1600 rpm in O;-saturated 0.1 M KOH. (c) Electron transfer number n (right) and H,O,
yield (left) vs. potential for MNNC-2 and Pt/C derived from the RRDE tests. (d) LSV curves of MnNC,
NiNC, MNNC-2 recorded at different rotation speeds recorded in O,-saturated 0.1 M KOH. (e) The
CV curves for MNNC-2 and 20 wt.% Pt/C catalysts at the scan rate of 10 mV s~! in O,-saturated
0.1 M KOH. (f) The stability curves of MNNC-2.

Compared with commercial Pt/C catalysts, MNNC-2 exhibited a slightly low ORR
electrocatalytic activity. The possible reason was that MNNC-2 suffered from numerous
microporous architectures, which severely limited the diffusion coefficient of the reactants
and prevented the accessibility to the interior active sites. Moreover, the large size of the
MNNC-2 particle was not beneficial to the regular dispersal of the catalyst on the surface
of the electrode, which also had an influence on the electron transfer efficiency and current
density. Further study of the electrocatalytic activity improvement will be carried out in
our future research work.

3. Materials and Methods
3.1. Chemical Reagents and Materials

Nickel chloride hexahydrate (NiCl,-6H,O, AR), manganese chloride tetrahydrate
(MnCl,-4H,0, AR) and anhydrous ethanol were obtained from Sinopharm. 2,2"-bipyridine
(Bpy, AR) was obtained from Sinopharm. High-purity nitrogen (99.999%), high-purity
oxygen (99.999%), high-purity oxygen (99.999%) and high-purity argon (99.999%) were
obtained from Tianhong Qiti. All the chemicals were used without further purification.

3.2. Preparation of Mn-Bpy Precursor

MnCl,-4H,0 (1.28 mmol, 0.253 g) was added to 8 mL of ethanol to generate solution
A. Subsequently, solution B was formed by dissolving 2,2'-bipyridine (Bpy, 10.24 mmol,
1.6 g) in 8 mL of ethanol. After that, solution B was poured slowly into solution A and
agitated for 24 h at ambient temperature [19]. The finally obtained light-yellow precipitates
were centrifuged, washed several times with a small amount ethanol, and dried overnight
under vacuum at 60 °C.

3.3. Preparation of Ni-Bpy Precursor

NiCl,-6H,O (1.28 mmol, 0.304 g) was added into 8 mL of ethanol to generate solution
A. Then, solution B was formed by dissolving 2,2 -bipyridine (Bpy, 2.24 mmol, 0.35g) and
TEA (0.0875 mL) in 3.5 mL of ethanol. Solution B was slowly added to solution A with
a plastic tip dropper. While rapidly stirring the solution, a small amount of solid was
gradually precipitated and agitated for 24 h at ambient temperature [26,27]. The finally
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obtained light-green precipitates were centrifuged, washed several times with a small
amount ethanol, and dried overnight under vacuum at 60 °C.

3.4. Preparation of MnNi-Bpy Precursor

MnCl,-4H,0 (1.6 mmol, 0.316 g) and NiCl,-6H,O (1.6 mmol, 0.38 g) were added into
20 mL of ethanol to generate solution A. Subsequently, solution B was formed by dissolving
12.8 mmol of 2,2-bipyridine (Bpy) in 20 mL of methanol. After that, solution B was rapidly
poured into solution A and agitated for 24 h at ambient temperature. The finally obtained
bright-yellow precipitates were centrifuged, washed several times with a small amount of
ethanol, and dried overnight under vacuum at 60 °C. The different MnNi-Bpy precursors
were prepared by altering the feed mole ratio of Mn and Ni salts and named MnNi-Bpy-1
(Mn:Ni = 1:7), MnNi-Bpy-2 (Mn:Ni = 1) and MnNi-Bpy-3 (Mn:Ni = 7:1) [19,27].

3.5. Preparation of MnNC, NiNC, MNNC-1, MNNC-2 and MNNC-3

The different catalysts of the single Mn and Ni atoms anchored in N-doped carbon
(MnNC, NiNC, MNNC-2) were obtained by the carbonization of Mn-Bpy, Ni-Bpy and
MnNi-Bpy-2 (Mn:Ni = 1) precursors under N flow at 800 °C for 1 h, with a heating rate
of 2 °C-min~! and subsequent rinsing in 2 mol-L ! H,SO,, washed with water and dried
overnight under vacuum at 60 °C. MNNC-1 and MNNC-3 were attained by using the same
synthetic method as MNNC-2 except using the MnNi-Bpy-1 (Mn:Ni = 1:7) and MnNi-Bpy-3
(Mn:Ni = 7:1) precursors, respectively.

3.6. Preparation of Contrast Samples

The contrast samples were obtained by using similar methods as for MNNC-2 except
the carbonization temperature and heating rate. The MNNC-700 and MNNC-900 catalysts
were synthesized by using the MnNi-Bpy-2 (Mn:Ni = 1) complex as a precursor, with a heat-
ing rate of 2 °C-min !, under N flow at 700 °C and 900 °C for 1 h, respectively. The contrast
catalysts were also obtained by using the same synthetic method as MNNC-2, except using
the different heating rates of 2 °C-min~!, 5 °C-min~! and 10 °C-min !, respectively.

3.7. Characterization

The composition of the sample was characterized by an Empyrean X-ray diffractometer
(XRD, Rigaku D/max-2200PC), in which Cu Ka rays (k = 0.154 nm) were used. The tube
voltage was 40 kV, the tube current was 50 mA, and the scanning speed was 2 min~!. A
Japan Hitachi 7200 comprehensive thermal analyzer was used, and the thermal stability of
the precursor sample was analyzed. The morphology and structure of all the samples were
characterized by a scanning electron microscope (SEM, Hitachi Regulus8100) operated
at 5 kV and a transmission electron microscope (TEM) and HRTEM (JEOL JEM 2100F)
operated at 200 kV. The spherical-aberration-corrected TEM image was collected using an
FEI Themis Z operated at 300 kV. The specific surface area and pore size distribution were
characterized by the Micromeritics 3Flex type analyzer of Micromeritics, USA. Before the
test, the sample was vacuum-dried at 100 °C for 12 h, and then degassed at 200 °C for 12 h.
The nitrogen absorption and desorption curves were measured under 77 K liquid nitrogen.
The X-ray photoelectron spectroscopy (XPS) was recorded on a K-Alpha spectrometer
(Thermo Scientific, Waltham, MA, USA). The Raman spectrometer was obtained from in
Via-Reflex, England (532 nm excitation wavelength).

3.8. Electrochemical Measurements

Electrochemical measurements were carried out at room temperature on a CHI 760E
electrochemical workstation in a standard three-electrode system. The working electrode
was a rotating ring-disk electrode (RRDE, 0.247 cm?). In 0.1 M KOH solution, the reference
electrode and counter electrode was an Ag/AgCl electrode (saturated KCl aqueous solution)
and a graphite sheet rod, respectively. For modifying the RRDE, 24 uL of the catalysts’
ink with a concentration of 4 mg mL~!, which was dispersed by sonication in a 1 mL



Inorganics 2023, 11, 101

9of 12

mixed solution of water (0.246 mL) and isopropanol (0.75 mL) containing 40 uL Nafion,
was pipetted onto the fresh RRDE surface, respectively. Cyclic voltammetry (CV) curves
and LSV polarizations were acquired in Ar- or O,-saturated 0.1 M KOH solution. All the
measured potentials were converted to the RHE scale. The hydrogen peroxide yield and n
were calculated by rotating ring-disk electrode (RRDE) measurements.

The hydrogen peroxide yield (HyO; %) and the electron transfer number (1) were
determined by the following equations:

Ir
HzOz(O/o) = 200 x er
: Li+%
d

n=4x I
I+

where 14 is disk current, I, is ring current, and N is current collection efficiency of the Pt
ring (N = 0.37).

4. Conclusions

In summary, we designed a Mn and Ni dual-metal single atom anchored in a N-
doped porous carbon catalyst by using the N-rich MnNi-Bpy complex precursors and a
calcination, rinsing, washing, and drying process. The contrast experiments were carried
out to obtain the optimum synthetic conditions in terms of the metal/salt mole ratio
(Mn:Ni = 1), heating rate (2 °C-min~') and calcination temperature (800 °C). The Mn and
Ni single-metal catalysts were also investigated by using a similar synthetic method to that
of MNNC-2, except using different complex precursors. The characterizations of XRD, TEM
mapping and HAADF-STEM illustrated the existence of single Mn and Ni atoms and a
uniform dispersal on the carbon substrate. The electrocatalytic activity of different prepared
catalysts was studied, which showed that introducing single Ni atoms enhanced the ORR
performance of the Mn single-atom catalyst effectively. The optimized MNNC-2 displayed
good electrocatalytic activity with a high onset potential and half-wave potential (0.803V),
close to those of the commercial Pt/C catalyst. The prepared catalyst also demonstrated
good electrochemical stability with little decrease in half-wave potential and without the
loss of onset potential after 800 CV cycles. The good ORR performance of MNNC-2 was
attributed to the N-rich porous carbon structure and the synergetic effect of the single Mn
and Ni atoms. Furthermore, this green, simple, low-cost synthetic method provides an
available guideline to attain highly effective non-noble metal electrocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics11030101/s1, Figures S1: TGA plots of MnNi-Bpy-2,
Figure S2: XRD pattern of MnNC, Figure S3: XRD pattern of NiNC, Figure S4: SEM images of (a, b)
MnNi-Bpy-2, (c) Ni-Bpy and (d) Mn-Bpy, Figure S5: TEM images of MNNC-2 without acid washing,
Figure S6: High-resolution Mn 3s XPS spectra of MNNC-2, Figure S7: High-resolution C 1s XPS
spectra of MNNC-2, Figure S8: Raman spectra of MNNC-1, MNNC-2 and MNNC-3, Figure S9:
Raman spectra of MNNC-2 carbonized at 700 °C, 800 °C and 900 °C, Figure S10: N, adsorption-
desorption isotherms and corresponding pore size distribution plots of MnNC (a and ¢) and NiNC (b
and d), Figure S11: N, adsorption-desorption isotherms and corresponding pore size distribution
plots of MNNC-1 (a and ¢) and MNNC-3 (b and d), Figure S12: CV curves for MNNC-2 in O,- or
N,-saturated 0.1 M KOH at a scan rate of 10 mV s~ 1, Figure S13: Nyquist plots of MnNC, NiNC and
MNNC-2 catalysts.
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