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Abstract
One-pot synthesis of mesoporous hybrid material consisting of Mn-Co/CoO nanoparticles
encapsulated in an N-doped graphene shell decorated with Mo2C nanoparticles (Mo2CNC@Mn-Co/CoO) was reported. The Mn and Mo components synergistically refined the
graphitized carbons due to the interactions with N and C atoms while promoting the stability
of the Co/CoO nanoparticles. These components exhibited a beneficial effect on the
dispersion of the active metal/metal oxide nanoparticles and the formation of a mesoporous
structure under high-temperature conditions, which together led to optimized oxygen
adsorption/desorption capabilities as well as mass transport properties. The hybrid material
showed high bifunctional performance for both oxygen evolution reaction (OER) and oxygen
reduction reaction (ORR), as well as promising catalytic properties as the air electrode in a
zinc-air battery, featuring superior long-term cycle stability comparable to that of Pt-C/RuO2
materials.
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1. Introduction
The pursuit of renewable and green energy has prompted the development of diverse energy
devices such as metal-air batteries and fuel cells [1-4]. To achieve efficient energy conversion and
storage, catalysts play a significant role in overcoming the sluggish kinetics of both oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) [5-11]. Noble metals often assist as
highly active ORR and OER catalysts; however, they are low in abundance. Similarly, Pt-carbon
hybrid materials (Pt-C) are among the best ORR electrocatalysts, yet they show poor activity in
OER, and while Ru/Ir oxides were proven highly efficient in OER, they are conversely very poor
ORR catalysts [12-15]. Comparable findings were reported for nonprecious catalysts such as earthabundant transition metals (e.g., Mn, Fe, Co, and Ni), solely active in ORR [5, 16-18] or OER [19-22].
On the contrary, bimetallic composite materials such as Mn and Co oxides were found to be
excellent bifunctional catalysts for both ORR and OER [23-34], while multi-metal oxides containing
Mn, Fe, Co, and Ni often outperformed sole metal oxides [35-39]. These findings point towards a
synergistic modulation of the electronic properties and intermediates’ adsorption energies.
The combination of transition metals (TMs) with carbon-based materials, such as graphene and
carbon nanotubes (CNTs), also produced highly efficient catalysts with high electric conductivities
and superior stability in various electrolytes [40-53]. Studies revealed that well-structured
graphene materials are less efficient catalysts due to their inert and low polar surface, whereas
high defect carbon-based materials have superior electrocatalytic properties [54-56]. Porous
graphitic carbon materials containing MnO/Co heterointerfaces were recently prepared using
hydrothermal-calcination approaches [57]. Interestingly, in situ generated Co nanocrystals were
found to improve the OER activity and promote the formation of robust graphitic carbon, making
it an efficient air cathode for rechargeable Zn-air batteries [58-62]. Unfortunately, the stabilization
of defect-rich carbon-based materials under high-temperature synthetic conditions
(thermodynamic control) is rather difficult [24]. However, recent reports showed the promising
effect of Mo carbides on the stabilization of carbon defects, which most likely results from the
strong interactions between Mo and carbon atoms [63].
Modification of nonpolar and unreactive carbon surfaces by adding functional organic groups
(e.g., carboxylic groups) or doping with heteroatoms such as nitrogen was found to improve the
metal-binding strength as well as the dispersion of metal catalysts on the carbon supports [64-69].
Unfortunately, conventional impregnation and precipitation methods, which are typically
performed at relatively low reaction temperatures for the synthesis of such hybrid materials, do
not favor heteroatom doping [70-72]. Pyrolysis of TMs-coordination compounds such as metalorganic frameworks (MOFs) and metal-coordination polymers is an alternative strategy for
synthesizing metal-carbon composites [73-77]. However, similar to defect-rich carbon materials,
heteroatoms and functional groups are unstable in the composite materials under hightemperature conditions [78]. In addition, high-temperature processes often favor the sintering of
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metal nanoparticles as well as the graphitization of carbon, known to be catalyzed by metals such
as Fe, Co, and Ni. Both effects are disadvantageous for the synthesis of finely dispersed active
metal components on mesoporous structure supports, which should promote OER and ORR
processes by facile mass transport.
Herein, we report a novel one-pot synthesis of Mn-doped Co/CoO nanoparticles encapsulated
in a highly thermally stable mesoporous hybrid material consisting of N-doped graphene with
Mo2C nanoparticles (Mo2C-NC@Mn-Co/CoO). This material was synthesized from the
multicomponent precursors of citric acid-treated melamine, and a tailored metal coordination
polymer consisting of Mn-Co oxide coordinated with a molybdic acid-bridged melamineformaldehyde (MF) resin. The citric acid-treated melamine (CM) helps in forming a thin carbonnitrogen film around the metal oxides, which serves as a soft template to support the dispersion
of the active components and inhibit their coalescence into larger agglomerates during the hightemperature sintering process. The resulting hybrid material was found highly efficient for both
OER and ORR reactions, while its performance as an electrocatalyst on the air electrode of a Zn-air
battery was comparable to that of recently developed catalysts and precious Pt-C/RuO2.
2. Results and Discussion
2.1 Precursor Synthesis and Characterization
Mn-Co/CoO nanoparticles encapsulated in mesoporous N-doped graphene decorated with
Mo2C nanoparticles (Mo2C-NC@Mn-Co/CoO) were synthesized by pyrolysis of Mn-Co oxide
nanoparticles coated with molybdic acid-bridged MF resin in the presence of citric acid-treated
melamine (CM) at 800 °C for 1 h under Ar flow (Scheme 1).

Scheme 1 Illustration of the synthetic protocol of the Mo2C-NC@Mn-Co/CoO hybrid
material.
A composite material was also prepared as a control sample from a solid mixture containing Co,
Mn, and Mo sources. Although melamine is a low-cost and sustainable source of carbon with a
high amount of nitrogen (67 wt%), its low thermal stability poses a disadvantage to the hightemperature synthesis of carbon materials [79-81]. While citric acid-treated melamine has
improved thermal stability (Figure S1), it was used as an alternative source for the synthesis of Ndoped carbon materials. In addition, a customized metal-coordination polymer with high thermal
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stability was used as the metal precursor, prepared by hydrothermal treatment of Mn-Co oxide
nanoparticles in a solution containing a mixture of melamine, formaldehyde, and molybdic acid.
The resulting metal precursor consisted of Mn-Co oxide nanoparticles coordinated with
amorphous melamine-formaldehyde (MF) resin (Figure S2 &Figure S3). The TEM and EDX
elemental mappings confirmed that the Mn-Co oxide nanoparticles were encapsulated by the MF
resin, while Mo was uniformly distributed in the metal-coordinated polymer (Figure S4 & Figure
S5) (Scheme 1 (I)).
2.2 Synthesis and Characterization of Hybrid Materials
To prepare sample E (Mo2C-NC@Mn-Co/CoO), the precursor of metal/MF coordination
polymer was ground with the citric acid-treated melamine and pyrolyzed at 800 °C to generate the
mesoporous Mo2C-NC@Mn-Co/CoO material as shown in Scheme 1. The XRD patterns (Figure 1A)
confirmed the formation of Co crystals composited with Mo2C and graphite, while an additional
small peak at around 42.5 deg pointed to CoO. In comparison to sample A (NC@Co), the peaks
corresponding to Co crystals shifted to lower angles, possibly due to the Mn doping. Raman
spectra (Figure 1B) showed that the sample had an ID/IG value of 1.06, further indicating the
graphitization of the carbons.

Figure 1 A) The XRD patterns and B) Raman spectra of different samples.
SEM images (Figures S6A-B) revealed flake-like morphologies as well as carbon nanotubes
measuring 30 nm in width (Figure S6C). According to the TEM studies (Figures 2A-B) and elemental
EDX mappings (Figures 3A-C), the nanoparticles were mainly Mn-doped Co with an average
diameter of 20 nm and were encapsulated in graphene layers that contained CoO and Mo2C
nanoparticles (Figures 2C-D and Figures S6D-E). Further, the N2 adsorption-desorption
measurements (Figure S7) confirmed the existence of mesopores in the material, formed mainly
from the stacking of different nanoparticles. The atomic lattices determined from the HR-TEM
images (Figures 2D1-3) further confirmed the presence of crystalline Co, CoO, and Mo2C
nanoparticles, as shown in the XRD measurements. The EDX mappings (Figure 3D) also confirmed
a uniform existence of nitrogen (N) around these nanoparticles, which possibly originated from
the N-doping of the carbon atoms.
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Figure 2 A) TEM image and B) particle width distribution of the Mo2C-NC@Mn-Co/CoO
material of sample E. C) Higher resolution TEM image of sample E. D) HR-TEM images
showing -the atomic lattice for different crystals in the material. The scale bar in the
images (d1-d3) is 2 nm.

Figure 3 STEM images combined with the elemental mappings of the Mo2C-NC@MnCo/CoO material for sample E.
To investigate the formation process (Scheme 1), samples F (CM-Pre-500) and G (CM-Pre-650)
were prepared by treating the same precursors at 500 °C and 650 °C, respectively. The resulting
compositions and morphologies were then studied in detail. The XRD patterns proved that the
initial composite precursor consisted of Mn-Co oxide composed of amorphous carbon (Figure S8).
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After heating the mixture at 500 °C for 1 h, the peaks corresponding to the Mn-Co oxide almost
completely disappeared while only one broad peak of the amorphous carbon (Figure S8, sample F)
was present. After increasing the calcination temperature to 650 °C, new peaks corresponding to
metallic Co started to appear (Figure S8, sample G). At a higher calcination temperature of 800 °C,
the intensity of the peaks corresponding to metallic Co increased sharply, while additional peaks
due to the formation of crystalline Mo2C and CoO were also detected (Figure S8, sample E). The
TEM images (Figure S9A) revealed that the composite precursor had an undefined morphology, in
which the Mn-Co oxide particles were embedded in the amorphous carbon. After calcinating the
mixture at 500 °C (sample F), the product was obtained as thin films (Figure S9B). Besides, based
on the HR-TEM analysis, no crystalline domains were observed (Figure S9C), consistent with the
PXRD analysis. A further increase in the calcination temperature to 650 °C (sample G) yielded a
porous flake-like morphology with dispersed nanoparticles (~10 nm) embedded in carbon (Figure
S9D-G, Scheme 1 (II)). In agreement with the PXRD, the STEM (Figure S10A) and EDX analyses
(Figures S10B-G) indicated that these nanoparticles were mainly consisted of metallic Co
nanoparticles with Mn dopant, while the isolated area of the flakes was nitrogen-doped carbon
(NC) with uniformly distributed Mo. Finally, the calcination of sample E at 800 °C resulted in the
desired Mo2C-NC@Mn-Co/CoO material (Scheme 1 (III)).
Samples H (Pre-500), I (Pre-800), J (NC), K (Mix-500), L (control sample), and M (Mix-800) were
prepared to further analyze the effects of the CA-treated melamine and the metal/MF
coordination polymer on the synthesis process (Table 1). In the absence of CA-treated melamine,
samples H and I were synthesized from the Mn-Co oxide/MF coordination polymer at 500 °C and
800 °C, respectively. In contrast to the thin-film structure of sample F, prepared in the presence of
CA-treated melamine at 500 °C, sample H consisted of stacked nanoparticles (Figures S11A-B). In
the case of sample I, prepared at 800 °C, TEM and EDX elemental mappings (Figures S11C-H)
revealed that it consisted of heavily aggregated particles with an average particle size larger than
100 nm, much larger than the nanoparticles (~20 nm) formed in sample E. Meanwhile, the
products directly prepared from CA-treated melamine at 800 °C (sample J) were porous graphene
(Figure S12). These results indicated that the CA-treated melamine assisted in the formation of an
intermediate thin-film in sample F, which then served as a soft template for the dispersion of
nanoparticles in the final sample E. Aside from samples E-J, samples K and M were synthesized
from ammonium molybdate, Co(II) acetate tetrahydrate, and Mn(II) acetate tetrahydrate as metal
precursors instead of the metal/MF coordination polymer (Table S1). At low calcination
temperature (500 °C), sample K had uniformly dispersed Co, Mn, and Mo within the N-C thin film
(Figure S13-14), whereas the calcination of sample M at 800 °C yielded Mo2C nanoparticles and
Mn-Co/CoO particles much larger than the particles observed in Mo2C-NC@Mn-Co/CoO material
of sample E (Figures S15-17). In this case, the metal/MF resin composite precursor played an
important role in suppressing the sintering effect and promoting the dispersion of nanoparticles
during the synthesis process.
Table 1 Overview of samples with their formulae and synthesis temperature. Further
details are given in Table S1.
Samples
A

Names
NC@Co

T [°C]
800
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B
C
D
E
F
G
H
I
J
K
M
N

NC-Mn7C3
NC@Mn4N-CoCx
Mo2C-NC@Co/CoO
Mo2C-NC@Mn-Co/CoO
CM-Pre-500
CM-Pre-650
Pre-500
Pre-800
NC
Mix-500
Control sample (Mix-800)
NC-Mo2C

800
800
800
800
500
650
500
800
800
500
800
800

Note: “NC” refers to N-doped carbon, “CM” refers to citric acid-treated melamine, “Pre” refers
to the metal-coordination polymer precursor.

To determine the effect of Mn and Mo on the formation of the composite material, a series of
samples A (NC@Co), B (NC-Mn7C3), C (NC@Mn4N-CoCx), D (Mo2C-NC@Co/CoO), and E (Mo2CNC@Mn-Co/CoO) prepared from precursors with varying amounts of metals (Co, Mn, Mo) was
closely investigated (Table S1). The bulk contents of the different elements in the final samples
after calcination are listed in Table S2. In sample E (Mo2C-NC@Mn-Co/CoO), for example, the
amount of Mn (2.51 wt.%) and Mo (10.14 wt.%) was much less than that of Co (35.00 wt.%).
Sample C (NC@Mn4N-CoCx), prepared in the absence of Mo, contained 39.40 wt.% Co and 10.58
wt.% Mn, whereas sample D (Mo2C-NC@Co/CoO), prepared in the absence of Mn, had 37.73 wt.%
Co and 13.37 wt.% Mo. Although the Co contents in samples C and D were relatively close to each
other, a slightly higher amount (43.56 wt.% Co) was observed in sample A (NC@Co), prepared in
the absence of both Mo and Mn. Interestingly, the N content in NC@Co (0.70 wt.%), Mo2CNC@Mn-Co/CoO (0.38wt.%), and NC@Mn4N-CoCx (0.17 wt.%) decreased with the increasing
amount of Mn. This indicated that the Mn component in these composite materials favored the
removal of N heteroatoms.
Similar to sample E, the PXRD patterns (Figure 1A) showed that sample D consisted of Mo2C
and metallic Co with some amount of CoO. While no CoO was found in the Mo-free NC@Mn4NCoCx (sample C) and NC@Co (sample A), we concluded that the composited Mo was critical for the
formation of oxidized Co. The formation of Mn nitrides (Mn4N) and Co carbides (CoCx) in the
sample NC@Mn4N-CoCx suggested that the removal of the N atoms from the carbons by Mn
nitrides rather promoted the interaction between Co and carbons. In comparison to sample A
(NC@Co) without Mn, the peaks corresponding to the Co crystal in samples Mo2C-NC@MnCo/CoO and NC@Mn4N-CoCx shifted to lower angles, possibly due to the Mn doping. As
mentioned in previous reports, Mn doping has the potential to improve the activity of Co/CoO
nanoparticles in composite materials [82-84]. The graphite peak was observed in all the samples;
however, the peak width at half-height of the sample Mo2C-NC@Mn-Co/CoO (2.18) was larger
than that of NC@Mn4N-CoCx (0.88) and NC@Co (1.18), and was smaller than that of sample Mo2CNC@Co/CoO (3.62) without Mn. This suggested that Mn promoted the formation of crystalline
graphite, which could be inversely hindered by the formation of Mo carbides. Moreover, the
presence of Mn in sample Mo2C-NC@Mn-Co/CoO facilitated the formation of Mo2C crystals,
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confirmed by the stronger signal intensity compared to the sample Mo2C-NC@Co/CoO without
Mn. The Raman spectra (Figure 1B) showed that sample NC@Mn4N-CoCx had a lower ID/IG value
(0.89) than NC@Co (0.94), thereby indicating an improved degree of graphitization. The highest
ID/IG value (1.06) was found in the case of sample Mo2C-NC@Mn-Co/CoO. It was even higher than
the value (0.99) observed for sample Mo2C-NC@Co/CoO that contained a higher Mo content. This
could be attributed to the positive effect of Mn on the formation of Mo2C crystals, promoting the
formation of defected carbons on the surface. Overall, the present study proved that the
graphitized carbons in the Mo2C-NC@Mn-Co/CoO material had the highest degree of defects,
which would ultimately generate more active sites in favor of the ORR [54-56, 85].
The presence of Mn and Mo also influences the morphology of the resulting material. As
mentioned before, sample E (Mo2C-NC@Mn-Co/CoO) consisted of N-doped graphene
encapsulated Mn-Co/CoO nanoparticles (~20 nm) and some carbon nanotubes (~30 nm). Highresolution transmission electron microscopy (HR-TEM) images (Figures 2D and d1, Figures S6D-E)
also revealed the formation of very thin carbon layers. Nanoparticles smaller than 20 nm in
diameter had carbon coatings less than 1 nm thick; however, the thickness of these coatings
improved in larger nanoparticles (Figures S6D-E). According to HR-TEM analysis (Figure 2D and
Figures S6D-E) and EDX elemental mappings (Figure 3), the small Mo2C clusters were
homogeneously dispersed in the graphitized carbons, while some were adjacent to the Co
nanoparticles. Similarly, the CoO nanoparticles were either present at the edge of the metallic Co
nanoparticles or decorated in the isolated carbons. In contrast, stacked Co/CoO nanoparticles free
of carbon nanotubes were formed in the absence of Mn (sample D, Mo2C-NC@Co/CoO).
According to SEM studies (Figures S18A-B), the nanoparticles had an average diameter of 40 nm
and were embedded in the carbon material decorated with small Mo clusters (Figures S18C-F and
Figure S19). Samples A (NC@Co) and C (NC@Mn4N-CoCx) contained much larger bamboo-like ~200
nm wide carbon tubes (Figures S20G-H). TEM images further revealed that the bigger particles
were encapsulated in thicker graphitized carbons, for example, 8 nm versus 15 nm in thickness
were observed for samples NC@Co and NC@Mn4N-CoCx, respectively (Figures S20C, F). According
to the EDX elemental mapping studies (Figure S21), the distributions of Mn and N in sample
NC@Mn4N-CoCx overlapped each other, indicating a rather strong interaction between Mn and N.
These observations were consistent with the results obtained from XRD and Raman spectroscopy,
which overall suggested that Mn promoted the formation of graphitized carbons while Mo
hindered this phenomenon. Nevertheless, the composited Mo helped in controlling the
coalescence of the Co-based nanoparticles during the sintering process, which could be attributed
to the improved thermal stability of the MF resin after interacting with the molybdic acid [86].
Consequently, the smaller nanoparticles encapsulated with thinner carbon layers could be
generated from Mn-Co oxide nanoparticles coated with molybdic-acid-bridged MF resin, which
would then possibly lead to a superior distribution of active sites on the surface of the Mo2CNC@Mn-Co/CoO material.
The pore characteristics of these samples were further analyzed by N2 adsorption-desorption
measurements. These studies proved that the sample Mo2C-NC@Mn-Co/CoO exhibited a
favorable mesoporous structure with the highest surface area. The N2 sorption isotherms (Figures
S22A-B) for samples Mo2C-NC@Mn-Co and Mo2C-NC@Co/CoO were close to the H3 hysteresis
loop, suggesting that the pores due to the stacking of the particles were mainly formed in these
materials. Similar hysteresis loops observed in the N2 sorption isotherms of samples NC@Co and
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NC@Mn4N-CoCx (Figures S22C-D) could be attributed to the stacking of carbon tubes. According to
the BJH method [87], the pores of sample Mo2C-NC@Mn-Co/CoO (Figure S23A) were mainly
distributed with a width of less than 30 nm with the highest peak at about 8 nm, indicating that
this material had a mesoporous structure. A well-defined peak at around 9 nm was displayed in
the pore width distribution of sample Mo2C-NC@Co/CoO (Figure S23B), as per the porous
structure originated from the stacking of the nanoparticles. These mesoporous structures are
important for the mass transports during electrochemical reactions and can therefore improve the
reactions to some extent [88-90]. The carbon nanotubes encapsulated with big particles in
samples NC@Co and NC@Mn4N-CoCx offered a wider pore distribution beyond 50 nm (Figures
S23C-D). The control sample showed an even larger pore width distribution (Figure S24B).
Moreover, the Brunauer-Emmett-Teller (BET) surface area of the Mo2C-NC@Mn-Co/CoO material
was 606 m2g-1, much larger than that of the samples Mo2C-NC@Co/CoO (309 m2g-1), NC@Co (352
m2g-1), and NC@Mn4N-CoCx (95 m2g-1). In general, a larger surface area supports more active sites
on the surface of the catalysts, which is one of the main contributing factors in improving the
activity of the electrochemical catalysts.
The surface contents and species were further investigated by XPS studies (Figure 4), even
though the spectra were dominated by the carbon peak. The overall spectra of the sample Mo2CNC@Mn-Co/CoO are presented in Figure S25, indicating that it mainly contained carbon and
elemental Co, Mn, Mo, N, and O on the surface.

Figure 4 The individual XPS spectra for A) Co 2p, B) Mn 2p, C) Mo 3p, and D) N1s in
sample Mo2C-NC@Mn-Co/CoO.
The Co2p XPS spectrum of the sample Mo2C-NC@Mn-Co/CoO (Figure 4A) showed that the Co
surface mainly consisted of oxidized Co (roughly 75 ±5% Co2+ or Co3+; signal at around 780.4 eV
and a hardly visible satellite peak at 786.00 eV, which would indicate CoO as the main Co-oxide)
and additional metallic Co (roughly 25 ±5%; signals at around 778.3 eV). These findings were also
consistent with the XRD results. The presence of both metallic Co and CoO in this sample was
promising since both are potentially active for ORR and OER [44, 47, 75]. Similarly, the Mn2p XPS
spectrum (Figure 4B) revealed the presence of oxidized Mn (roughly 85 ±5%; signal at 641.8 eV)
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and metallic Mn (signal at 638.7 eV). The Mn surface species most likely originated from the Mn
doping of the Co species, which could further promote the electronic modification of the active
sites [28, 84, 91]. The Mo3d spectrum of sample Mo2C-NC@Mn-Co/CoO (Figure 4C) indicated four
different oxidation states of Mo (Mo0, Mo3+, Mo4+, and Mo6+). The fitting peaks of Mo0 and Mo3+
were related to the Mo-Mo and Mo-C bonds of the Mo carbides on the surface [92]. These Mo
carbide surface species can act as ORR active sites to improve the OER activity of the composited
Co species [93-95]. The presence of higher oxidation states (Mo4+ and Mo6+), which accounted for
roughly 45% of Mo at the surface, revealed the existence of Mo oxides (MoO2 and MoO3),
insignificant for the electrochemical reactions due to their poor stability and conductivity [96]. The
N1s XPS spectrum (Figure 4D) showed three peaks located at 400.7 eV, 398.3 eV, and 397.6 eV,
assigned to graphitic N, pyridinic N, and metal nitrides, respectively. Pyridinic and graphitic N are
known to promote the mass diffusion and adsorption of the electrolyte due to the presence of a
coordinatively active electron lone pair [68]. The metal nitrides observed at around 397.6 eV might
indicate the presence of Mn nitrides as reported previously [97]; however, these results did not
represent a clear experimental proof. Metal-N sites are intrinsically active for the ORR and could
work as a pre-catalyst for OER by transforming into metal-O intermediates during the
electrochemical process [29, 98, 99].
2.3 Electrocatalytic Evaluation of the Hybrid Materials
The electrocatalytic performance of the as-prepared materials for both ORR and OER was
investigated by measuring polarization profiles with a three-electrode system in 0.1 M KOH
electrolyte. The evaluations were then compared with commercial precious Pt-C and RuO2
catalysts. The CV graph (Figure S27A) of Mo2C-NC@Mn-Co/CoO was measured in O2-saturated 0.1
M KOH, which revealed a peak at 0.76 V. This signal, however, disappeared while measuring the
CV graph under the same conditions in Ar-saturated 0.1 M KOH (Figure S27B), hence confirming
that the material was active for O2 reduction. The signal value was not only larger than other
samples (0.71-0.73 V; Figures S28A-E), it was also comparable to Pt-C (0.78 V; Figure S28F). As
shown in Figure 5A, the sample Mo2C-NC@Mn-Co/CoO showed an overpotential of 0.82 V at a
current density of 3 mA cm-2 at a rotating speed of 1600 rpm and a scan rate of 5 mV s-1,
comparable to that of Pt-C (0.82 V) and larger than NC@Co (0.80 V), NC@Mn4N-CoCx (0.79 V), and
Mo2C-NC@Co (0.75 V). These findings indicated the high intrinsic ORR activity of the sample Mo2CNC@Mn-Co/CoO. In contrast, the Mn doping in the sample NC@Mn4N-CoCx failed to offer a higher
ORR activity. Based on these findings, we conclude that the Mn component was not the main
factor for the superior ORR activity. Moreover, the trend observed for these samples agreed with
the binding energies of the surface carbons, which confirmed the positive effect of the defected
carbons and Co oxide on the ORR reaction of Mo2C-NC@Mn-Co. In addition, the diffusion-limiting
current density (5.63 mA cm-2) of Mo2C-NC@Mn-Co was also larger than those observed in the
case of NC@Mn4N-CoCx (5.25 mA cm-2), NC@Co (4.88 mA cm-2), Mo2C-NC@Co (4.41 mA cm-2), and
Pt-C (5.05 mA cm-2). This suggested that Mo2C-NC@Mn-Co/CoO had a remarkable mass-charge
transport capacity, which could be attributed to its mesoporous structure and superior
conductivity likely enhanced by the presence of carbon nanotubes. To further investigate the
kinetics of this material for ORR, the polarization curves at a rotating speed of 400-2400 rpm were
recorded (Figure S29A). In the potential range of 0.1-0.7 V, the presented platforms revealed that
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the ORR current over the sample Mo2C-NC@Mn-Co/CoO was fully limited by mass diffusion. Based
on the linear fittings of the Koutecky-Levich (K-L) plots (Figure 29B), the number of electrons
transferred during the ORR reaction was calculated to be 3.4-3.7, indicating that the O2 reduction
over the Mo2C-NC@Co/Mn/CoO mainly involved a four-electron transfer process, which also
commonly occurs over the Pt-C catalysts.

Figure 5 A) The ORR and B) OER polarization curves of different samples measured at a
rotating speed of 1600 rpm and a scan rate of 5 mV s-1 in 0.1 M KOH. C) The discharge
polarization curves and the related powder density graphs, D) the discharge curves at
a constant current density of 5 mA cm-2, and E) the charge and discharge graphs of the
Zn-air batteries, respectively driven by the Mo2C-NC@Mn-Co/CoO and Pt-C + RuO2
catalyst in 6.0 M KOH/0.2 M Zn(OAc)2. F) The cyclic measurement of the Zn-air battery
driven by the Mo2C-NC@Mn-Co/CoO catalyst in 6 M KOH/0.2 M Zn(OAc)2.
The Mo2C-NC@Mn-Co/CoO material also appeared as an outstanding catalyst for OER, as
shown in Figure 5B. It exhibited a lower overpotential and a higher current density than the other
samples over the measured potential range in 0.1 M KOH. At a current density of 10 mA cm-2, it
showed an overpotential of 0.37 V, lower than NC@Co (0.44 V), NC@Mn4N-CoCx (0.40 V), Mo2CNC@Co/CoO (0.39 V), and even RuO2 (0.42 V). Based on the lower overpotential and higher
current density of NC@Co compared with NC-Mn7C3 and NC-Mo2C (Figure S29D), the high OER
activity of the sample Mo2C-NC@Mn-Co/CoO could be attributed to the intrinsic OER activity of
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Co-based species [24]. Since the OER overpotential of NC@Mn4N-CoCx was smaller compared to
NC@Co, we assumed that the Mn doping or the formation of Mn nitrides on the surface promoted
the OER reaction. Furthermore, the high surface area and favorable mesoporous structure of the
sample Mo2C-NC@Mn-Co/CoO could further promote the dispersion and accessibility of the active
sites on the surface. As shown by the quadrangle-shaped CV graph of the highest area in the range
of 1.2--1.4 V (Figure S30A), the sample Mo2C-NC@Mn-Co/CoO had the largest double-layer
capacitance. According to a linear fitting of the current density at a constant potential of 1.35 V at
various scan rates (20--140 mVs-1), Mo2C-NC@Mn-Co/CoO also had the highest electrochemical
surface area (603 m2 g-1), comparable to its BET surface area (606 m2g-1) (Figures S30B-C). Based
on the electrochemical impedance spectroscopy (EIS) at an open circuit potential in 6 M KOH
(Figure S30D), the sample Mo2C-NC@Mn-Co/CoO exhibited the most vertical low-frequency line of
the Nyquist plot, hence indicating fast ion diffusion and transport in it. These findings suggested
that the mesoporous structure of the sample Mo2C-NC@Mn-Co/CoO improved the ion diffusion
transport from the electrolyte to the surface-active sites. As a result, this optimized porous
structure favored both ORR and OER reactions over the Mo2C-NC@Mn-Co/CoO material. The longterm stability of the sample Mo2C-NC@Mn-Co/CoO was also studied. The studies revealed that
this sample could preserve about 89% ORR current and 85% OER current after 10000 s of ORR and
OER processes in a basic electrolyte (Figure S31). These values were greater than the values over
Pt-C (80%) and RuO2 (41%). The reversible oxygen electrode property could be evaluated by the
potential difference between OER and ORR, namely, E = Ej = 10 - Ej = 3, where Ej = 10 is the
operating OER potential at 10 mA cm-2 and Ej = 3 is the ORR potential at 3 mA cm-2. From this
relation, the calculated value of E for the sample Mo2C-NC@Mn-Co/CoO was equal to 0.78 V,
lower than the other evaluated samples, including the precious catalysts (0.83 V, Pt-C//RuO2) as
shown in Table S3. Also, this value was comparable to state-of-the-art materials (Table S4),
including Ni-MnO/rGO aerogel (0.82 V) [24], Co-N-CNTs (0.79 V) [100], and Ni3Fe/N-C (0.84 V) [23],
hence showcasing the outstanding reversible oxygen electrode property of Mo2C-NC@Mn-Co/CoO.
Considering the superior bifunctional performance of the Mo2C-NC@Mn-Co/CoO material
prepared herein and the recently reported promising properties of CoOx/CoNy nanoparticles
encapsulated carbon-nitride nanosheets as efficient trifunctional electrocatalyst for overall water
splitting and Zn-air battery [100], a home-made Zn-air battery was built to evaluate its feasibility in
practical energy devices. The material was first loaded on a nickel foam, which was then pressed
together with a carbon paper to be applied as the air cathode. A polished Zn plate and 6.0 M
KOH/0.2 M Zn(OAc)2 solution were employed as the anode and electrolyte of the Zn-air battery,
respectively. For comparison, a commercial precious Pt-C + RuO2 catalyst with a 1/1 mass ratio of
Pt-C to RuO2 was used as the air cathode for the control battery. As shown in Figure 5C, the
calculated peak power density of the Zn-air battery driven by the Mo2C-NC@Mn-Co/CoO catalyst
was equal to 108 mWcm-2, exceeding the value of the Pt-C + RuO2 catalyst-driven battery (103
mWcm-2). Furthermore, the specific capacities of these two Zn-air batteries were measured from
the consumption of Zn based on the discharge at a rate of 5 mAcm-2. It was observed that the
Mo2C-NC@Mn-Co/CoO catalyst could drive the Zn-air battery with a specific capacity of 795
mAhgZn-1, which was about 97% utilization of the theoretical capacity (Figure 5D). Moreover, the
battery exhibited a high energy density of 1025 WhkgZn-1, about 94% of the theoretical energy
density. These values outperformed the battery, driven by the Pt-C + RuO2 catalyst (specific
capacity of 620 mAhgZn-1, energy density of 818 WhkgZn-1), and were even comparable to the highPage 12/25
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end catalysts such as Ni-MnO/rGO aerogel (758 mAhgZn-1) [24], MOF-derived Co@N-C (751
mAhgZn-1) [101], and Ni3Fe/N-C (528 mAhgZn-1) [23], reported so far (Table S7). The charge and
discharge polarization curves of these two Zn-air batteries are shown in Figure 5E. The Zn-air
battery driven by the Mo2C-NC@Mn-Co/CoO catalyst showed similar charge-discharge behavior as
that of the one driven by the high-performing Pt-C + RuO2 catalyst, hence indicating its
outstanding rechargeability. To further evaluate the stability of the devices, the batteries were
cycled at a current density of 5 mAcm-2, with each cycle running 10 min longer. After 206 cycles,
the voltaic efficiency of the Mo2C-NC@Mn-Co/CoO driven battery was about 53.2%, which was
about 72.4% of the first cycle (Figure 5F), while that of the Pt-C + RuO2 catalyst-driven battery
were 67% (1st cycle) and 48.2% (158th cycle) (Figure S32). In summary, the Zn-air battery driven by
Mo2C-NC@Mn-Co/CoO catalyst exhibited a higher voltaic efficiency during the cyclic process,
which proved the long-term stability of the corresponding material. Overall, the Mo2C-NC@MnCo/CoO material appeared as a promising material for their application in Zn-air batteries with
high efficiency and good stability.
The decay of the voltaic efficiencies could be attributed to the compositional changes in the
catalyst materials, change of the electrolyte and zinc electrode, and the isolation of catalyst
materials from the electrode may further deteriorate the efficiency of the Zn air battery during
measurement as previously reported [102]. During our experiment, we observed a change in the
electrolyte solution, which turned to a white suspension most likely due to the reactions of the
hydroxide anions with atmospheric CO2, along with the formation of a small amount of black
powder during the long-term measurements. Moreover, the polished zinc electrode turned out to
be rather rough, and it is well known that crystal branches can grow on the surface of the zinc
electrode during the recharging process.
3. Conclusion
In summary, we reported a one-pot synthesis of the Mo2C-NC@Mn-Co/CoO composite material,
which was found to be highly active for both ORR and OER reactions while showing remarkable
long-term durability. The superior performance was attributed to the optimized mesoporous
structure and suitable combined compositions of the Mo2C-NC@Mn-Co/CoO material. The
molybdic acid-bridged MF resin hindered the aggregation of the Mn-Co-based nanoparticles by
improving the decomposition temperature of the composite precursor, while the CA-treated
melamine inhibited their coalescence during the sintering process. As a result, the small-sized
nanoparticles were formed, thereby promoting the formation of mesopores and the dispersion of
metal-based components. The graphitized carbons in the Mo2C-NC@Mn-Co/CoO material were
co-activated by Mn and Mo. The growth of the graphitized carbons was assisted by Mn doping of
the composite material, while the formation of Mo2C resulted in defect-rich carbon materials. Our
study demonstrated that Mo2C-NC@Mn-Co/CoO promoted the dispersion of active sites and
supported the mass/electron transfer reactions. Conclusively, Mo2C-NC@Mn-Co/CoO emerged as
a highly efficient electrocatalyst for both the ORR and OER reactions due to its low potential gap,
hence rendering it a promising catalyst for the air electrode of a Zn-air battery. The catalytic
activity of the Mo2C-NC@Mn-Co/CoO material in the ORR reaction was improved due to the Ndoping and the presence of defect-rich carbon materials and Co-based components (Co/CoO),
whereas Mn-doping had no beneficial effect on the ORR activity, and the surface Mo oxides were
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even disadvantageous for these reactions. In contrast, the OER activity was mainly improved by
the presence of the Co-based species and Mn doping or the formation of Mn nitrides on the
surface. Although Mo2C is known to be an effective substance for hydrogen evolution reaction
(HER), it offers a weak catalytic activity for ORR and OER [103].
4. Experimental Section
4.1 Synthesis of Mo2C-NC@Mn-Co/CoO Material
Sample E was prepared by the following method: Mn-Co oxide nanoparticles were synthesized
upon thermal treatment of a solution of 0.3 mmol Mn(III) acetylacetonate (Mn(AcAc)3) and 2.75
mmol Co(AcAc)2 in 12 mL oleic acid (OLA) at 250 °C for 1 h. The so-formedMn-Co oxide
nanoparticles were precipitated by adding 10 mL of ethanol, isolated by centrifugation, and then
purified by repeated washing (three times) with dichloromethane (DCM) and ethanol (10 mL). The
Mn-Co oxide nanoparticles were then redispersed in 10 mL of ethanol, dissolved by the addition of
1 mmol (192 mg) of citric acid (CA), and sonicated at ambient temperature for 15 min. After the
addition of 8 mL of ethanol and 2 mL of H2O, the resulting mixture was transferred into an
autoclave reactor. 0.45 mmol of molybdic acid (77 mg), 1.5 mmol of melamine (189 mg), and 0.6
mL of formaldehyde solution (36-37% wt.%; 6 mmol) were then added, and the solution was
stirred at ambient temperature for 30 min and then heated to 150 °C for 16 h, finally yielding the
molybdic acid-bridged MF polymer Mn-Co oxide composite precursor. After centrifugation and
drying, the precursor was mixed with 2.5 g of CA-treated melamine (CM) and calcined at 800 °C for
1 h at a heating rate of 5 °C/min under Ar flow. The preparation of CA-treated melamine is
mentioned in the supporting information. Other samples were synthesized by the same procedure
using different amounts of metal sources as summarized in Table S1 of the supporting information.
4.2 Synthesis of the Control Sample
0.45 mmol (80 mg) ammonium molybdate, 2.75 mmol Co(II) acetate tetrahydrate (686 mg),
and 0.3 mmol Mn(II) acetate tetrahydrate (74 mg) were dissolved in 30 mL of H2O. 2.5 g of CAtreated melamine was added to the above mixture, and the solution was sonicated for 10 min.
After removing all the volatiles in a vacuum at 80 °C, a solid mixture was obtained, which was then
used to prepare the control sample by the thermal treatment at 800 °C for 1 h under Ar flow.
Characterization. The materials were analyzed by powder X-ray diffraction (PXRD) using a
Bruker D8 Advance Discover X-ray diffractometer with a Cu Ka radiation. Transmission electron
microscopy (TEM) and scanning electron microscopy (SEM) were performed with a JEM-2200 FS
microscope and an ESEM Quanta 400 FEG microscope, respectively. Energy dispersive X-ray (EDX)
elemental mappings were conducted using a JEM-2200FS microscope. A surface area and pore size
analyzer (NOVA 3000e instrument) was used to record the N2 adsorption and desorption
isotherms. Raman spectroscopic studies were performed with a Renishaw InVia Raman
microscope to analyze the graphitic structures, while the metal composition (Co, Mn) of the
materials were determined using a SOLAAR M Series AA Spectrometer. The Mo contents were
measured by UV-vis spectroscopy by using a Varian Cary 300 UV-Vis instrument (SI). C, H, and N
analyses were obtained with a EURO EA Elemental Analyzer. APHI VersaProbe II Scanning XPS
Microprobe instrument was employed to analyze the surface species. The structure of the
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precursor composite was analyzed by Fourier-transform infrared spectroscopy (FTIR) using a
Bruker ATR Spectrometer, while the thermal behavior of the precursors was analyzed with a
TGA/DSC1 STAR system.
4.3 Electrochemical Evaluation
Both the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) were evaluated
using a three-electrode system of Metrohm Autolab with Nova software. 3 mg of finely ground
materials were dispersed in a solution of 100 μL of H2O, 195 μL of EtOH, and 25 μL of Nafion, and
sonicated at ambient temperature for 1 h. 15 μL of the resulting ink was then dropped on a
rotating disc of glassy carbon (GC) electrode to reach a loading amount of 0.72 mgcm-2, which was
then used as the working electrode after drying in the oven at 60 °C. A platinum sheet and an
Ag/AgCl electrode treated with a 3.5 M KCl solution were used as the control electrode and
reference electrode, respectively. The CV graphs were measured at a rotating speed of 1600 rpm
with a scan rate of 50 mVs-1 in O2-saturated 0.1 M KOH solution. The polarization profiles of ORR
were tested at a rotating speed of 1600 rpm and a scan rate of 5 mVs-1 in O2-saturated 0.1 M KOH
solution. The profiles were corrected by taking recordings in an Ar-saturated electrolyte. The
polarization curves of the OER were obtained at a rotating speed of 1600 rpm and a scan rate of 5
mVs-1 in Ar-saturated 0.1 M KOH solution. For comparison, the polarization curves of Pt-C (0.1
mgcm-2) and RuO2 (0.24 mg cm-2) were also recorded for ORR and OER. To study the mass
transport properties of the materials, electrochemical impedance spectra (EIS) were recorded in a
6 M KOH solution at an open circuit potential (°CP) with an amplitude of 5 mV. Furthermore, the
cyclic voltammograms were recorded at different scan rates (20--140 mVs-1) with a material
loading of 0.24 mgcm-2 to calculate the electrochemical surface area (ESCA). All the applied
potentials were referred to the reversible hydrogen electrode (RHE) by transforming with the
following equation:
E (vs RHE) = E (Ag/AgCl) + 0.204 + 0.0592 pH
The kinetic parameters of the ORR of the best sample were evaluated from the K-L equations
(Eqs. a-c) [104]:
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where J, JK, and JL are the measured current density, kinetic current density, and diffusion-limiting
current density, respectively, while ω is the angular velocity of the disk, n is the number of
electrons transferred during the ORR, F is the Faraday constant (96485 C mol-1), Co is the O2 bulk
solubility, Do is the O2 diffusion coefficient, υ is the kinematic viscosity of the electrolyte, and K is
the electron transfer rate constant. Generally, Co is equal to 1.2 10-3 mol L-1, Do is equal to 1.9 
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10-5 cm s-1 and υ is taken as 0.01 cm2 s-1 in a 0.1 M KOH electrolyte. The values of n and JK were
obtained from the slope and intercept of the K-L plots.
The performance of the Mo2C-NC@Mn-Co/CoO material as an air-electrode catalyst for a Zn-air
battery was investigated with an in-house two-electrode cell. A fine polished and cleaned Zn plate
was used as the Zn electrode, while a nickel foam with a surface area of 1 cm2 containing 10 mg of
Mo2C-NC@Mn-Co/CoO was applied as the air electrode. The two electrodes were pressed
together with a hydrophobic carbon paper employed as a gas diffusion layer (GDL). To isolate
these two electrodes, a Celgard hydrophilic membrane was used while assembling the battery.
The obtained Zn-air battery was then evaluated in a 6 M KOH electrolyte with 0.2 M Zn(OAc)2. For
comparison, a nickel foam with a loading of 5 mg of commercial 20 wt.% Pt-C and 5 mg of RuO2
was also evaluated as air electrode. The Zn-air battery was fabricated and measured under
ambient conditions. Galvanostatic cycling and polarization graphs of the as-prepared batteries
were recorded via Metrohm Autolab.
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the calcination of the mixture of metal/MF coordination polymer precursor and citric acid-treated
melamine at 650 °C (sample G). The relative elemental contents obtained by the EDX analysis (H)
equipped with the TEM instrument.
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21. Figure S13: TEM (A, B) and STEM images (C) and corresponding EDX elemental mappings of
sample K prepared from the calcination of a solid mixture precursor at 500 °C (Mix-500).
22. Figure S14: XRD patterns of the product of sample K (Mix-500) compared with sample F
(CM-Pre-500)
23. Figure S15: TEM images of sample E (Mo2C-NC@Mn-Co/CoO) (A) and the products
prepared by calcinating a solid mixture precursor at 800 °C (control sample; B-D).
24. Figure S16: STEM image and elemental mappings of the control sample prepared from a
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precursor and Mo2C-NC@Mn-Co/CoO of sample E.
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26. Figure S18: SEM (A, B) and TEM images (C-E) of sample D (Mo2C-NC@Co/CoO) and its
particle size distribution graph (F).
27. Figure S19: STEM image and elemental mappings of the Mo2C-NC@Co/CoO material for
sample D.
28. Figure S20: SEM (A) and TEM images (B, C) of sample A (NC@Co). SEM (D) and TEM images
(E, F) of sample C (NC@Mn4N-CoCx). Width distributions of the carbon tubes for the samples
NC@Co (G) and NC@Mn4N-CoCx (H).
29. Figure S21: STEM image and EDX elemental mappings of the NC@Mn4N-CoCx material for
sample C.
30. Figure S22: N2 adsorption-desorption isotherms of Mo2C-NC@Mn-Co/CoO (A), Mo2CNC@Co/CoO (B), NC@Co (C), and NC@Mn4N-CoCx (D).
31. Figure S23: Pore width distributions calculated by the BJH method from the adsorption
isotherms of sample Mo2C-NC@Mn-Co/CoO (A), Mo2C-NC@Co/CoO (B), NC@Co (C), and
NC@Mn4N-CoCx (D).
32. Figure S24: N2 sorption isotherm (A) and the related pore width distribution (B) of the
product from the control sample. The inset is the pore width distribution of sample Mo2CNC@Mn-Co/CoO.
33. Figure S25: The overall XPS spectrum of sample E (Mo2C-NC@Mn-Co/CoO).
34. Figure S26: The Mo3p XPS spectra of Mo2C-NC@Mn-Co/CoO and Mo2C-NC@Co/CoO (A).
O1s XPS spectra (B), Co2p XPS spectra (C), and C1s XPS spectra (D) of different samples.
35. Figure S27: The ORR CV graphs of 20 wt.% Pt-C and Mo2C-NC@Mn-Co/CoO at a 1600 rpm and
a scan rate of 50 mVs-1 in 0.1 M KOH in the O2 flow (A, C) and Ar flow (B, D), respectively.
36. Figure S28: The CV graphs for the ORR measurement of different materials at 1600 rpm and
a scan rate of 50 mVs-1 in 0.1 M KOH.
37. Figure S29: ORR polarization curves of sample Mo2C-NC@Mn-Co/CoO measured at a
rotating speed of 400--2400 rpm and a scan rate of 5 mVs-1 (A). K-L plots for the sample
Mo2CNC@Mn-Co/CoO at the ORR potential of 0.1-0.7 V (B). ORR (C) and OER polarization curves
(D) of these samples with sole metal source. ORR (E) and OER polarization curves (F) of the sample
Mo2C-NC@Mn-Co/CoO compared with the control sample.
38. Figure S30: CV graphs of different samples at a scan rate of 100 mVs-1in 0.1 M KOH (A). CV
graphs of sample Mo2C-NC@Mn-Co/CoO at 20-140 mVs-1 in 0.1 M KOH (B). The variation of the
current density at 1.35 V vs RHE with the increase in the scan rates for the CV of different samples
(C). The electrochemical impedance spectra recorded at the open circuit potential over the
frequency range of 100 kHz to 0.1 Hz with an amplitude of 5 mV in 6 M KOH (D).
39. Figure S31: The time-dependent curve of ORR current density at a constant potential of 0.7
V vs RHE in 0.1 M KOH (A). The time-dependent curve of OER current density at a constant
potential to reach an original current density of 10 mAcm-2 in 0.1 M KOH (B).
40. Figure S32: The cyclic measurement of the Zn-air battery driven by the Pt-C +RuO2 catalyst.
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