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Three-dimensional (3D) porous carbon-based materials with tunable composition and microstructure are
of great interest for the development of oxygen involved electrocatalytic reactions. Here, we report the
synthesis of 3D porous carbon-based electrocatalyst by self-assembling Co-metal organic frameworks
(MOF) building blocks on graphene via a layer-by-layer technique. Precise control of the structure and
morphology is achieved by varying the MOF layer to tune the electrocatalytic properties. The
as-produced electrocatalyst exhibits an excellent catalytic activity for the oxygen reduction reaction in
0.1 mol L�1 KOH, showing a high onset potential of 0.963 V vs. reversible hydrogen electrode (RHE)
and a low tafel slope of 54 mV dec�1, compared to Pt/C (0.934 V and 52 mV dec�1, respectively).
Additionally, it shows a slightly lower potential vs. RHE (1.72 V) than RuO2 (1.75 V) at 10 mA cm�2 in
an alkaline electrolyte. A rechargeable Zn-air battery based on the as-produced 3D porous catalyst
demonstrates a high peak power density of 119 mW cm�2 at a cell voltage of 0.578 V while retaining
an excellent stability over 250 charge-discharge cycles.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The electrochemical oxygen reduction reaction (ORR) and oxy-
gen evolution reaction (OER) are of great importance to a number
of energy conversion devices, such as fuel cells and metal-air bat-
teries [1]. However, the performance of these devices is signifi-
cantly restricted by the sluggish kinetics of ORR/OER [2]. To date,
the most commonly used ORR/OER electrocatalysts largely rely on
noble metals [3], for example, platinum (Pt)-based nanocomposites
are the most efficient ORR electrocatalysts, and precious ruthenium
(Ru)- and iridium (Ir)-based nanocomposites are used in commer-
cial devices for OER process [4,5]. Beyond the concerns on cost
and natural abundance, these noble metal catalysts suffer from
poor long-term stability. Therefore, development of affordable elec-
trocatalysts with improved ORR/OER activities is needed for the
practical application of efficient energy conversion devices [6].

Recently, enormous efforts have been devoted to developing
carbon-based materials as alternative oxygen electrocatalysts [7–
12]. Graphene based electrocatalysts have attracted broad atten-
tion because of their high specific surface area and good electrical
conductivity [13–15]. However, graphene itself has limited ORR/
OER activity in terms of onset potentials [16–21]. A possible
strategy is to integrate graphene with other active components
to improve the overall catalytic activity [22]. In this regard,
metal–organic frameworks (MOFs) are featured by their high
porosity, large surface area, and abundant active sites for redox
reactions, therefore, they have been used as a precursor to yield
heteroatom doped carbon electrocatalysts [23–27]. Indeed, various
MOF/graphene composites demonstrate ORR/OER activities com-
parable to commercial noble metal based catalysts. In these hybrid
systems, graphene prevents the undesired agglomeration of MOF
precursors during carbonization, thus promoting the dispersion
of MOF. Moreover, graphene and carbon derived from MOF yields
a synergistic effect and facilitates the catalytic reaction involving
oxygen [28]. Thus far, the majority of MOF/graphene hybrids are
prepared by in situ growth of MOF on graphene based on a
hydrothermal reaction [29–32]. Such synthesis requires rigorous
reaction conditions, making the control in morphology and compo-
sition very difficult. There is certainly a need to simplify the syn-
thesis so that the composition of the final product can be easily
tuned. Additionally, an electrode with a 3D porous structure that
can offer more active sites and ample channels for the reactants
is ideal for the search of excellent oxygen electrocatalysts [33].

Here, we report a facile synthesis of MOF/graphene precursor
for the development of an efficient bi-functional oxygen
electrocatalyst. The as-produced graphene acts as a highly conduc-
tive substrate with the surface bonded with MOF building blocks.
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The as-produced catalyst exhibits a high onset potential of
�0.963 V (vs. reversible hydrogen electrode, RHE) and a current
density of 5.5 mA cm�2 at a scanning rate of 5 mV s�1 and a rotat-
ing rate of 1,600 r min�1). Moreover, this catalyst demonstrates a
high OER activity with a potential of 1.72 V (vs. RHE) at
10 mA cm�2. A Zn-air battery based on this catalyst demonstrates
excellent stability over 250 charge-discharge cycles and a high
peak power density of 119 mW cm�2 at a voltage of 0.578 V.
2. Experimental

2.1. Synthesis of Co-MOF/GO-N (N = 2, 4, 6, 8, and 10)

Graphene oxide (GO) was synthesized from graphite powder by
a modified Hummers’ method [34]. A 0.5 g GO was dispersed in
50 mL distilled water. A 1.3686 g 2-methylimidazole (2-MI) was
dissolved in 15 mL distilled water and then added to the GO solu-
tion. 2-MI/GO powder was obtained by stirring the mixed solution
at room temperature for 1 h, followed by centrifuging and washing
with distilled water. Afterwards, 2-MI/GO powder was added to a
cobalt acetate solution prepared by dissolving 0.4152 g cobalt acet-
ate in 15 mL distilled water. The mixture was subjected to the
same process including stirring, centrifuging, and washing as
described above. The final product was obtained after drying the
collected material at 85 �C under vacuum. The final product is
denoted as Co-MOF/GO-1 as the graphene oxide was exposed to
cobalt acetate and 2-MI solution once. Additional samples were
prepared by using the same procedure described above, but expos-
ing graphene oxide to cobalt acetate and 2-MI solution two, four,
six, eight, and ten times. The as-produced samples are denoted
as Co-MOF/GO-2, Co-MOF/GO-4, Co-MOF/GO-6, Co-MOF/GO-8,
and Co-MOF/GO-10, respectively.

2.2. Synthesis of Co-N-C/rGO-10-T (T = 450, 500, 600 and 800 �C)

The Co-N-C/rGO-10-T samples (rGO is reduced GO) were pre-
pared using a direct carbonization process by heating Co-MOF/
GO-10 sample at 450, 500, 600, and 800 �C, for 5 h at a heating rate
of 10 �C min–1 under N2. The as-produced samples are denoted as
Co-N-C/rGO-10-450, Co-N-C/rGO-10-500, Co-N-C/rGO-10-600,
and Co-N-C/rGO-10-800, respectively. Co-N-C/rGO-N-600 (N = 2,
4, 6, and 8) sample was synthesized by carbonizing Co-MOF/GO-
N (N = 2, 4, 6, and 8) sample at 600 �C for 5 h with a heating rate
of 10 �C min–1 under N2.

2.3. Material characterization

The X-ray diffraction (XRD) patterns were collected on a Cu Ka
(k = 0.1541 nm) radiation source (D/MAX-RB RU-200B). Transmis-
sion electron microscopy (TEM) and high resolution TEM (HR-
TEM) were performed on a JEM2010-HR microscope (FEI Tecnai
G2 F30). Scanning electron microscope (SEM) images were
obtained on a Zeiss Ultra Plus instrument. Raman spectroscopy
was used to study the degree of graphitization using a 633 nm
laser source (INVIA/INVIA). Brunauer-Emmett-Teller (BET) surface
area analysis was performed by nitrogen physisorption at 77 K
on an ASAP 2020 instrument. X-ray photoelectron spectroscopy
(XPS) was employed to probe the chemical state of each element
on a VG Multilab 2000X-spectrometer using an Al Ka X-ray source
(1,486 eV). Quartz crystal microbalance with dissipation (QCM-D,
Q-Sense E1, Sweden) was used to reveal the real-time frequency
and dissipation change after the excitation of the freely oscillating
quartz crystal. Thermogravimetric (TG) and differential thermal
gravimetric analysis (DTG) data were recorded on a Discovery
TGA thermal analysis system in N2 at a heating rate of 10 �C min�1.
2.4. Electrochemical characterization

Electrochemical measurements were performed on a standard
three-electrode system (CHI660E, CHI instrument) using RHE as a
reference electrode, Pt as a counter electrode, and the catalyst
coated rotating disk electrode as a working electrode. The catalyst
ink was prepared by dispersing the catalyst in a mixed solution
containing 0.8 mL isopropanol, 20 lL Nafion solution (5 wt%,
Dupont), and 0.2 mL distilled water. The ORR/OER tests were con-
ducted on a rotating-disk electrode system with a rotational speed
ranging from 400 to 2,000 r min�1 at a scan rate of 5 mV s�1.
0.1 mol L�1 KOH was used as an electrolyte, which was bubbled
with N2 or O2 for �30 min prior to the measurements. The ORR sta-
bility test was carried out at 0.55 V (vs. RHE) in an O2-saturated
0.1 mol L�1 KOH solution. In order to measure the catalytic perfor-
mance for Zn-air battery application, electrodes were fabricated by
mixing the catalyst with polyvinylidene fluoride (PVDF) and acet-
ylene carbon at a weight ratio of 8:1:1 in N-methyl pyrrolidone
(NMP) solution. The resulting slurry was homogeneously dispersed
on the hydrophobic carbon paper and dried at 85 �C for 2 h. The
electrode mass loading in a Zn-air battery was 3 mg cm�2. A Zn foil
was used as an anode and 6 mol L�1 KOH with 0.2 mol L�1 zinc
acetate as an electrolyte.
3. Results and discussion

The synthesis procedure for Co-N-C/graphene samples is illus-
trated in Fig. 1a. Co-MOF was used owing to its Co-N moieties, high
nitrogen content and large specific surface area [35–38]. Co-MOF
was assembled on the surface of GO through a layer-by-layer
self-assembly process as outlined in the experimental section.
Co-MOF/GO compound was formed by mixing GO with cobalt acet-
ate solution and 2-MI multiple times. The organic ligand of Co-
MOF interacts with GO by strong electrostatic attraction, leading
to immobilized Co-MOF on GO. During the carbonization process,
Co-MOF and GO are converted to N-doped porous carbon and
reduced graphene oxide (rGO), respectively. The existence of Co-
N-C structure and N-functionalized groups in the carbon frame-
work is vital to enhance the ORR/OER catalytic activity [39]. And
rGO nanosheets provide excellent conductivity, facilitating elec-
tron transport between catalytic reaction sites and the external cir-
cuit [25].

QCM-D measurements were conducted to investigate the
adsorption of Co-MOF on the GO substrate. The shift in frequency
and change in energy dissipation are effective to characterize the
adsorption process [40]. GO substrate in water is negatively
charged and 2-MI in water has a positive charge [41], which leads
to an electrostatic attraction when 2-MI is deposited on GO sur-
face. As shown in Fig. 1b, Df reflects the change in mass as the
oscillation frequency of the sensor is dependent on the mass
adsorbed on its surface. An increase in mass (more negatively mea-
sured shift in QCM) suggests the successful self-assembly of Co-
MOF on GO substrate. During the initial assembly of 2-MI, the
adsorption was rapid, with a relatively constant value observed
at �15 min. In the subsequent assemblies of cobalt acetate,
approximately 2 h was needed to reach a constant value, suggest-
ing the organic ligand and metal ions of Co-MOF assembled
through covalent bonding. After the deposition of Co-MOF layer,
the adsorption effect of GO was impaired, instead, a decrease in
mass uptake was noticed, likely due to the weakened electrostatic
interaction when additional layers were deposited on the GO
substrate.

TGA was conducted to monitor the weight loss of Co-N-C/rGO-
10 from room temperature to 1,000 �C. As shown in Fig. 1c, the
weight loss below 200 �C originated from the loss of moisture



Fig. 1. (Color online) (a) Schematic of Co-N-C/graphene synthesis by self-assembly method. (b) Frequency and dissipation shifts for Co-MOF on GO substrate, blue and red
arrow mark the adsorption of reacting liquid and rinsing with distilled water, respectively, and (c) TG (black) and DTG (blue) curves of Co-MOF/GO-10.
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absorbed by the material [42]. A weight loss of approximately 7%
was observed between 200 and 450 �C, owing to the decomposi-
tion of oxygen-containing functional groups on the GO substrate.
The large mass decrease around 500 �C was attributed to the
decomposition of Co-MOF, afterwards, the rate of weight loss
remained relatively constant. Therefore, 450, 500, 600, and
800 �C were selected as the calcination temperatures for Co-N-C/
rGO-10 to study the effect of carbonization temperature on the
physical and electrocatalytic properties.

The effect of carbonization temperature on the phase forma-
tion was investigated by XRD (Fig. 2a). Clearly, a broad peak in
the 2h range of 20��30� was observed in the XRD patterns of
all samples, indicating the formation of amorphous carbon during
the carbonization process. Moreover, additional peaks were
observed in the samples calcinated at a temperature �500 �C.
Careful search and match of these peaks in the PDF database
showed the consistency with CoO, as well as Co3O4. Reflections
Fig. 2. (Color online) XRD (a) and Raman spectra (b) of Co-MOF/GO-10 carbonized at 450
No. 74-1657) reference are shown for comparison.
relating to CoO and Co3O4 phases became more intense when
increasing the calcination temperature from 500 to 600 �C. Fur-
ther increasing temperature to 800 �C resulted in the formation
of Co metal at an expense of Co3O4 phase. Such phase conversion
from Co3O4 to Co would lead to a negative effect on the electro-
catalytic activity [43,44]. Meanwhile, XRD of Co-MOF/GO-N
(N = 0, 2, 4, 6, 8 and 10) sample was also performed for compar-
ison, indicating the combination of Co-MOF (ZIF-67) and GO
(Fig. S1 online). The graphitic feature of the carbonization sam-
ples was investigated by Raman spectroscopy. Two characteristic
bands of graphite were observed at 1,329 cm�1 (D-band) and
1,573 cm�1 (G-band) (Fig. 2b). The ratio of the integrated inten-
sity (ID/IG) for the samples carbonized at various temperatures
(450, 500, 600 and 800 �C) was calculated to be 1.08, 1.04, 0.99
and 1.00, showing a high degree of graphitization for the calcined
samples, which was benificial for the improvement of the electro-
chemical performance.
, 500, 600 and 800 �C. CoO (PDF No. 89-7099), Co (PDF No. 89-7093) and Co3O4 (PDF
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The electrocatalytic ORR and OER activities of the samples were
investigated in alkaline solution (0.1 mol L�1 KOH) with a standard
three-electrode system. Samples were subjected to cyclic
voltammetry (CV) scans for 100 cycles before the measurements
to reach a stable state. The ORR and OER activity was evaluated
via linear sweep voltammetry (LSV) at a scan rate of 5 mV s�1

(Fig. 3a). For comparison, the ORR and OER activity of a benchmark
catalyst (20 wt% Pt/C) was also investigated under the same condi-
tion. We initially selected Co-N-C/rGO-10 to study the effect of car-
bonization temperature on the catalytic activity. Of all the samples
calcinated at various temperatures, Co-N-C/rGO-10-600 showed
the most positive ORR onset potential compared to other samples.
Moreover, it appears to exhibit a high diffusion limiting current of
Fig. 3. (Color online) LSV curves of (a) Co-N-C/rGO-10-T (T = 450, 500, 600, and 800 �C) an
of Co-N-C, Co-N-C/rGO-6-600 and commercial Pt/C. (d) ORR Tafel plots obtained from th
rGO-6-600 catalyst with an inset of Koutecky-Levich (K-L) plot at various potentials. (f) OE
an O2-saturated 0.1 mol L�1 KOH solution at 1,600 r min�1.
4.83 mA cm�2 for ORR at 1,600 r min�1. The superior ORR activity
for Co-N-C/rGO-10-600 sample is possibly due to the combined
high degree of carbonization and less aggregation of metal oxide
nanoparticles (NPs) in the final product (Fig. S2 online). We also
investigated the influence of self-assembly numbers on the activi-
ties of the samples carbonized at 600 �C, but with different self-
assembly layers (N = 2, 4, 6, 8 and 10) (Figs. S3 and S4 online).
LSV curves of different samples at a potential scanning rate of
5 mV s�1 and rotating rate of 1,600 r min�1 are presented in
Fig. 3b. Interestingly, the sample with 6 self-assembly layers
(Co-N-C/rGO-6-600) exhibited the best catalytic activity, which
outperforms the benchmark Pt/C catalyst. As shown in Fig. 3c,
Co-N-C/rGO-6-600 sample exhibited an onset potential of 0.963 V
d (b) Co-N-C/rGO-N-600 (N = 2, 4, 6, 8 and 10). (c) ORR and OER polarization curves
e ORR polarization curves. (e) Calculated ORR electron-transfer number for Co-N-C/
R Tafel plots obtained from the OER polarization curves. All tests were performed in



Fig. 4. (Color online) (a) Tolerance to methanol and (b) current retention of Co-N-C/
rGO-6-600 and Pt/C electrodes recorded at 0.55 V vs. RHE in an O2-saturated
0.1 mol L�1 KOH electrolyte at a rotation speed of 1,600 r min�1.
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and a diffusion limiting current of 5.5 mA cm�2 as well as a half-
wave potential of 0.87 V, comparable to that of Pt/C electrode
(0.81 V). Compared to pure Co-N-C, the onset potential of
Co-N-C/rGO-6-600 showed a positive shift of 113 mV, and an
increase of 0.8 mA cm�2 in ORR diffusion limiting current, which
further confirms the contribution of rGO in combination with 3D
porous structure to the electrochemical performance. It is note-
worthy that Co-N-C/rGO-6-600 sample showed a similar Tafel
slope (54 mV dec�1) for ORR compared to that of Pt/C
(52 mV dec�1) in the low current density region (Fig. 3d), suggest-
ing a similar kinetics in the rate-determined step during the ORR
[45]. The electron-transfer number for the ORR was investigated
by Koutecky-Levich (K-L) plots and calculated to be in the range
of 3.74–3.98 (Fig. 3e), suggesting a four-electron reduction path-
way for the major water product. Moreover, CV curve of Co-N-C/
rGO-6-600 catalyst had no characteristic peak in the
N2-saturated KOH solution (Fig. S5a online), suggesting the good
stability in the scanned electrochemical window. Prominent catho-
dic peaks were observed when saturating the alkaline electrolyte
with O2 (Fig. S5b online), increasing cathodic current with rotation
speed suggested the improved mass transport to the electrode
surface. All these results confirmed the good ORR performance of
Co-N-C/rGO-6-600 catalyst under alkaline condition and the EIS
curve of Co-N-C/rGO-6-600 catalyst was also tested in Fig. S6
(online). LSV curves of Co-N-C, Co-N-C/rGO-6-600, and Pt/C cata-
lyst for OER were also collected in 0.1 mol L�1 KOH electrolyte.
The potential at a current density of 10 mA cm�2 was used to eval-
uate the OER activity. Co-N-C/rGO-6-600 sample exhibited a
potential of 1.72 V, comparable to that of RuO2 (1.75 V) [38], but
lower than that for Co-N-C (1.8 V) and Pt/C (1.94 V). The Tafel slope
of Co-N-C/rGO-6-600 was 57 mV dec�1, much smaller than that of
Co-N-C (218 mV dec�1) and Pt/C (136 mV dec�1) (Fig. 3f), suggest-
ing the OER reaction for Co-N-C/rGO-6-600 catalyst was kinetically
faster. Therefore, Co-N-C/rGO-6-600 is potentially favorable to be
used as a bi-functional catalyst.

One of the major limitations for noble metal based oxygen
catalysts is its poor tolerance to fuels such as methanol and impu-
rities. Here, we characterize the fuel tolerance of Co-N-C/rGO-6-
600 by using methanol as a model fuel. The methanol tolerance
was evaluated at a potential of 0.55 V (vs. RHE) with a rotating rate
of 1,600 r min�1. There was a sharp decrease in the reaction cur-
rent for Pt/C catalyst after the addition of methanol to the elec-
trolyte in 500 s. In contrast, Co-N-C/rGO-6-600 catalyst retained
a stable current response with minimal performance loss
(Fig. 4a). The long-term stability of Co-N-C/rGO-6-600 and com-
mercial Pt/C catalyst for ORR were also studied by chronoampero-
metric measurements at 0.55 V (vs. RHE) in an O2-saturated
0.1 mol L�1 KOH solution (Fig. 4b). 97% of its initial ORR reaction
current was retained after 10,000 s for Co-N-C/rGO-6-600 catalyst
while the Pt/C catalyst showed a 7% current loss under the same
condition. These results confirmed that Co-N-C/rGO-6-600 catalyst
had better stability than Pt/C catalyst, possibly due to its excellent
3D porous structure with metal oxide NPs embedded within the
graphite carbon. This unique structure helps confine the metal
oxide NPs and suppress their dissolution and aggregation, there-
fore preventing the loss of active sites [46].

To further characterize the morphology and nanostructure of
the best performing Co-N-C/rGo-6-600 catalyst, SEM and TEM
analysis were performed. Cobalt oxide NPs derived fromMOF were
homogenously embedded on the rGO sheets with no obvious
detachment or aggregation (Fig. 5a, b) and their particle size was
about 13–35 nm. HRTEM image (Fig. 5c) also shows the cobalt
oxide NPs embedded in the carbon matrix. Lattice fringes of the
inner core of CoO and Co3O4 NPs were consistent with the crystal
structure, the [2 0 0] and [3 1 1] lattice fringes exhibiting an inter-
spacing of 0.213 and 0.243 nm. TEM image of Co-N-C/rGO-6-600
(Fig. 5d) further confirmed that cobalt oxide NPs were uniformly
distributed and immobilized on the surface of rGO nanosheet at
a much smaller scale, showing consistency with SEM results. We
also explored the spatial confinement of CoOx NPs within a carbon
shell, which is important to prevent the dissolution and aggrega-
tion of the metal oxide NPs under working condition. The elemen-
tal mapping presented in Fig. 5e–h showed the successful doping
and uniform distribution of C, N, O and Co elements. The concen-
tration line profiles of Co, C, N and O elements (Fig. 5i) confirmed
the formation of Co-N/O-C moieties through the coordination of
Co atoms after the calcination process.

Chemical state of each element in the as-produced Co-N-C/rGO-
6-600 sample was further characterized by XPS, which confirmed
the presence of C, N, and Co. The Co 2p spectrum could be fitted
with three peaks (Fig. 6a) and the relative content of Co collected
by XPS was about 0.37%. The appearance of Co–N peak (781.1
and 785.7 eV) provided concrete evidence for the formation of
Co–N structures. The C 1s peak was deconvoluted into three differ-
ent contributions at 285.7, 284.6 and 286.6 eV, corresponding to
CAC, C@C and CAN/CAO, respectively (Fig. 6b). The N 1s peak
can be deconvoluted into three peaks that are assigned to the pyri-
dinic N (398.6 eV), pyrrolic N (399.7 eV) and graphite N (400.8 eV),
supporting the incorporation of N into carbon matrix (Fig. 6c). Pyri-
dinic N and pyrrolic N can easily coordinate with Co, forming Co-N
active sites for ORR [47], and graphite N is also favorable for ORR
due to the enhanced charge transfer rate [48]. Noteworthily, CoOx

NPs and the Co-N moieties constructed in the materials acting as
the catalytic active sites can exhibit synergistically electrochemical
performance for both ORR and OER. Nitrogen adsorption/desorp-
tion isotherms of Co-N-C/rGO-6-600 sample exhibited a typical
type-IV adsorption/desorption behavior, suggesting the presence
of a mesoporous structure (Fig. 6d). BET surface area of Co-N-C/
rGO-6-600 was measured to be 252 m2 g�1. This pore size will
enable the efficient exposure of the active sites with electrolyte
and facilitate a rapid reaction [36].



Fig. 5. (Color online) (a, b) SEM, (c, d) TEM, (e–h) elemental mapping, and (i) elemental line concentration profile of Co-N-C/rGO-6-600 catalyst. The inset in (i) shows the
corresponding TEM image.

Fig. 6. (Color online) XPS spectra of (a) Co 2p, (b) C 1s, (c) N 1s and (d) nitrogen isothermal adsorption/desorption curves of Co-N-C/rGO-6-600 catalyst.
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Fig. 7. (Color online) (a) Photograph of a red LED (�1.5 V) powered by a Zn-air battery. (b) Charge-discharge polarization curves of two-electrode Zn-air battery based on Co-
N-C/rGO-6-600 catalyst. (c) Polarization and power density curves and (d) cycling performance of rechargeable Zn-air batteries based on Co-N-C/rGO-6-600 and commercial
Pt/C at 5 mA cm�2. 200 s of charge-discharge time in (d) was used.
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Finally, the bi-functional catalytic properties were evaluated in
an operational Zn-air battery. A red light-emitting diode (LED,
1.5 V) was powered by a Zn-air battery with Co-N-C/rGO-6-600
catalyst as the air electrode (Fig. 7a), demonstrating a functional
device based on Co-N-C/rGO-6-600 catalyst. Overall, the as-
produced Co-N-C/rGO-6-600 catalyst exhibited a discharge
and charge potential of 1.18 and 2.14 V at a current density of
20 mA cm–2 and a peak power density of 119 mW cm�2 at a volt-
age of 0.578 V, comparable to the benchmark Pt/C (Fig. 7b, c).
And the Zn-air battery based on Co-N-C/rGO-6-600 catalyst exhib-
ited much improved stability over the long-term cycling, as evi-
denced by a smaller voltage gap between charge and discharge
than that of commercial Pt/C catalyst as well as minimal change
in voltage over 250 cycles (Fig. 7d).

4. Conclusion

In conclusion, we report the synthesis of Co-N-C/graphene
catalyst with 3D porous structure through layer-by-layer self-
assemblymethod. This self-assembly approach is facile and efficient
to fabricate 3D porous structure with desired composition andmor-
phology. In the as-produced catalyst, the graphene substrate
enhances the overall electrical conductivity, and cobalt oxide NPs
function as active sites to expedite the ORR process. Additionally,
the 3D porous electrode provides abundant channels and vacancies
for improved mass transport and leads to an excellent ORR activity.
Such a non-noble carbon based catalyst exhibits an onset potential
of 0.963 V and half-wave potential of 0.87 V toward ORR as well as
comparableOERperformance to commercial RuO2. Finally, potential
applicationas abi-functional catalyst is demonstrated ina functional
device powered by a Zn-air battery based on the as-produced car-
bonaceous catalyst. Our results further highlight the potential pro-
mise to develop carbon based catalyst as bi-functional oxygen
electrocatalyst for metal-air battery. In addition, the facile approach
reported in this work is applicable to the further advancement of
such electrocatalysts by tuning the composition and morphology.
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