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The development of non-precious metal catalysts for efficient oxygen reduction is of significance for many advanced 

electrochemical devices such as fuel cells and metal-air batteries. Herein, we develop a graphene-directed assembly route 

to synthesize hierarchically nanoporous Co-Nx/C materials with a macro/meso/microporous structure, high specific surface 

area (i.e. 512 m
2
/g) and excellent conductivity using graphene oxide (GO) supported zeolitic imidazolate frameworks 

nanocrystal arrays as a catalyst precursor, followed by carbonization and acid leaching process. In this route, GO acts as a 

structure-directing agent to construct ZIF nanocrystal arrays supported on GO nanosheets. During the carbonization 

process, the resulting reduced graphene oxide functions as a binder and electrical conductor to connect individual ZIF-

derived carbon nanoparticles into the macroporous structure and increase the overal conductivity. ZIF nanocrystals 

themselves are also converted into meso/microporous carbon nanoparticles without using any other template. The 

hierarchically porous Co-Nx/C materials exhibit high ORR catalytic activity, superior stability and good methanol tolerance 

in both alkaline and acidic conditions. 

Introduction 

    Oxygen reduction reaction (ORR) is one of the most 

fundamentally and technologically important reactions in 

many advanced electrochemical devices such as fuel cells and 

metal-air batteries.
1-4

 Due to sluggish kinetics process of ORR, 

Pt-based materials have been regarded as the most effective 

catalysts, and exhibit a relatively low overpotential and high 

current density.
5
 However, they have some drawbacks such as 

high cost, limited resources, low CO and methanol tolerance 

and poor durability, which severely hinder the 

commercialization of these electrochemical devices. To reduce 

the cost and enhance the durability, Pt-based alloys, low-cost 

alternatives such as carbon-supported transition-

metal/nitrogen (M-Nx/C, M = Fe, Co), perovskites, spinel oxides 

and metal-free heteroatom-doped carbon nanomaterials have 

been investigated recently.
6-18

 Among them, carbon-supported 

M-Nx has received considerable attention because of their 

potential as electrocatalysts with high catalytic activity and 

selectivity, and excellent durability.
19-26

 

    A great deal of research has been conducted to synthesize 

hierarchically nanoporous M-Nx/C (M = Fe, Co) materials with a 

macro/meso/microporous structure as ORR electrocatalysts.
27-

28
 Introducing hierarchical nanopores into bulk carbon 

materials can not only increase their porosity to expose more 

active sites and enhance mass transport, but also retain high 

electrical conductivity. It is well accepted that high density of 

active sites, highly porous structure for fast mass transport and 

excellent electrical conductivity for fast electron transfer are 

three key required characteristics for a high-performance 

electrocatalyst. The hierarchically nanoporous M-Nx/C 

materials are generally prepared using the external templates 

such as ordered mesoporous silica, silica colloid, and mixed 

templates (i.e. Pluronic F127 and polystyrene nanospheres), 

which suffers some drawbacks such as time-consuming and 

costly.
26-34

 It’s still highly desirable to develop a simple 

template-free method to synthesize hierarchically nanoporous 

M-Nx/Carbon-based catalysts with high specific surface area 

and excellent conductivity for significant improvement of their 

ORR performance for practical applications. 

    As an important kind of metal organic frameworks, zeolitic 

imidazolate frameworks (ZIFs) have been considered as 

attractive catalyst precursors since they contain transition 

metal ions (Zn
2+

, Co
2+

) and N-rich imidazole ligands.
35-45

 For 

instance, ZIF-67 consists of Co
2+

 and imidazole ligand, and 

contains abundant Co-N4 coordinate moieties in its framework; 

in addition, the easy preparation, controllable crystal size, and 

high specific surface area make ZIF-67 an ideal precursor for 

the synthesis of Co-Nx/C catalyst with abundant active sites via 
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direct carbonization.
39-40

 However, most of the ZIF-derived 

carbon nanoparticles are dispersible, and they cannot form a 

continuous framework, resulting in the low electronic 

conductivity which is undesirable for ORR.
41

 Graphene with a 

unique two-dimensional structure and excellent electrical 

conductivity has been widely studied as a highly promising 

carbon support for electrocatalysts.
46-49

 For instance, Zhong et 

al recently developed 2D sandwich-like ZIF-8 derived 

graphene-based nitrogen-doped porous carbon sheets, which 

showed high ORR performance in alkaline conditions.
41

 Hou et 

al prepared nitrogen-doped graphene/cobalt embedded 

porous carbon polyhedron through simple pyrolysis of the 

mixture of graphene oxide and ZIF-67 nanoparticles, which 

revealed higher electrocatalytic activities than sole ZIF-67 

derived carbon for oxygen reduction reaction in alkaline 

media.
43

 In these cases, graphene was used to increase the 

conductivity of the electrocatalysts and create additional 

active sites for ORR in alkaline condition by forming N doped 

graphene. To date, however, there has been few reports 

focusing on the role of the graphene as a structure-directing 

agent in the formation of hierarchically 3D porous Co-Nx/C 

materials via direct carbonization of ZIF materials; such porous 

electrocatalysts are highly desirable for ORR due to enhance 

the mass transport and electron transfer. In addition, the ORR 

performance of ZIF-derived graphene-based catalysts has been 

mainly investigated in alkaline conditions. Their performance 

in harsher acidic conditions such as proton exchange 

membrane fuel cells is yet to be investigated.  

    Herein, we report a graphene-directed assembly route to 

synthesize hierarchically nanoporous Co-Nx/C materials with a 

macro/meso/microporous structure and high specific surface 

area (i.e. 512 m
2
/g) via a simple carbonization of graphene 

oxide (GO) supported ZIF nanocrystal arrays, followed by acid 

leaching to remove large Co nanoparticles. In this approach, 

graphene oxide is employed as a structure-directing agent to 

prepare ZIF/GO composites. During the carbonization, the 

resultant reduced graphene oxide acts as a binder and 

electrical conductor to connect the individual carbon 

nanoparticles derived from ZIF, forming a macroporous 

structure with high conductivity. At the same time, ZIF 

nanocrystals are converted to meso/microporous carbon 

nanoparticles after carbonization and acid leaching process 

without involving any other template. The hierarchically 

nanoporous Co-Nx/C materials are further used as 

electrocatalysts for ORR, and they show high catalytic activity, 

superior stability and good methanol tolerance in both alkaline 

and acidic conditions. 

2. Experimental section 

2.1 Synthesis of ZIF/rGO-700-AL 

  Graphene Oxide (GO) was prepared via modified Hummer 

method.
50 

0.45 g of Co(NO3)2·6H2O and 5.5 g of 2-

methylimidazole were dissolved in 3 and 20 mL of water 

respectively. Then, Co(NO3)2 solution (3 mL) was added into 

the 2-methylimidazole solution to obtain a purple solution. 3 

mL of GO solution (10 mg/mL) was added to the above mixed 

solution immediately. After 5 h, the precipitation was collected 

by centrifugation (8000 rpm for 2 min) and washing with water 

at least three times to remove the dissociative the ZIF crystals 

and other species. After drying at 80 
o
C for 12 h, ZIF/GO was 

prepared. ZIF/GO was then calcined at 700 
o
C for 3 h in Ar 

atmosphere to obtain ZIF/rGO-700. To remove the Co 

particles, ZIF/rGO-700 was immersed in 6 M HCl solution for 12 

h and then collected by centrifugation and washing with 

water. After drying at 80 
o
C, ZIF/rGO-700-AL was prepared. 

The synthesis of ZIF-700-AL was similar to ZIF/rGO-700-AL 

without the addition of GO solution. 

2.2 Characterization 

    Scanning electron microscopy (SEM) images were taken with 

a field-emission scanning electron microscope (FEI Nova 

NanoSEM 450) operating at 5 kV. Transmission electron 

microscopy (TEM) images were taken by a JEOL 2100F FEG 

TEM (Japan) and FEI Tecnai G2 T20 operated at an accelerating 

voltage of 200 kV. The samples were first dispersed in ethanol. 

A drop of the dispersion was supported on a copper grid with 

holey carbon films and then dried, prior to TEM 

characterization. Nitrogen adsorption/desorption isotherms 

were measured at -196 °C with a Micromeritics ASAP 2010 

analyzer. Before measurements, the samples were degassed in 

a vacuum at 180 °C for at least 8 h. The Brunauer-Emmett-

Teller (BET) method was utilized to calculate the specific 

surface area by using the adsorption data at p/p0 range of 0.05 

~ 0.25. The Raman spectra was measured on WITEC Alpha 300 

confocal micro-Raman system equipped with a 532 nm laser 

source and 100X objective lens. X-ray photoelectron 

spectroscopy (XPS) experiments were carried out on a Kratos 

AXIS Ultra DLD system with Al Kα radiation as X-ray source for 

radiation. Powder X-ray diffraction (PXRD) patterns were 

recorded in the 2θ range of 5−80° at room temperature using a 

Miniflex 600 diffractometer (Rigaku, Japan) in transmission 

geometry using Cu Kα radiation (15 mA and 40 kV) at a scan 

rate of 2 °/min and a step size of 0.02°. 

2.3 Electrochemical measurements 

    Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) 

voltammetry were performed by using a μAutolab 

electrochemical analyzer in a conventional three-electrode 

electrochemical cell. A Pt wire auxiliary electrode, a saturated 

Ag/AgCl (saturated with 3 M KCl) reference electrode, and 

rotating disk working electrode were used. For the oxygen 

reduction reaction (ORR), 8 mg of catalysts (or 2 mg of 

commercial Pt/C, 20 wt%, from Sigma-Aldrich) were dispersed 

in 1 mL of ethanol (containing 0.03 mL of 5.0 wt % Nafion) 

solution under ultrasonic agitation to form an electrocatalyst 

ink. Then 10 μL of the electrocatalyst ink was dropped on the 

surface of the pre-cleaned rotating disk electrode (5 mm 

diameter, 0.196 cm
2
) and dried at room temperature. A 0.1 M 

KOH (or 0.1 M HClO4) solution was used as the electrolyte for 

all the CV and RDE studies. Argon and O2 were used to achieve 

oxygen-free and oxygen-rich environments. The electrolyte 

was saturated with Ar (or O2) before test. The CV curves were 

recorded at a scan rate of 50 mV/s; the RDE curves were 
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recorded at a scan rate of 10 mV/s. A flow of O2 was 

maintained over the electrolyte during the CV and LSV test to 

ensure O2 saturation. The numbers of electrons transferred (n) 

during ORR was calculated by Koutecky-Levich equation, at 

various electrode potentials: 
1

�
�
1

��
�
1

��
�

1

��	.�
�
1

��
 

� � 0.62���	�	
�/�
���/� 

where J is the measured current density, JK and JL are the 

kinetic and diffusion-limiting current densities, ω is the angular 

velocity, n is transferred electron number, F is the Faraday 

constant (96485 C mol
-1

), C0 is the bulk concentration of O2 

(1.2×10
-6

 mol cm
-3

 for 0.1 M KOH, 1.26×10
-6

 mol cm
-3

 for 0.1 M 

HClO4), D0 is the diffusion coefficient of O2 (1.9×10
-5

 cm
2
 s

-1
 in 

0.1 M KOH, 1.93×10
-5

 cm
2
 s

-1
 in 0.1 M HClO4), and ν is the 

kinematic viscosity of the electrolyte (0.01 cm
2
 s

-1
 in 0.1 M 

KOH, 0.01009 cm
2
 s

-1
 in 0.1 M HClO4). 

3. Results and Discussion 

    The synthesis of hierarchically porous Co-Nx/C materials is 

schematically illustrated in Figure 1. In the first step, GO 

aqueous solution was added immediately after the formation 

of ZIF seeds in water at room temperature. Due to the 

coordination interactions between the metal ion (Co
2+

) from 

ZIF cluster and oxygen contained groups (such as epoxy and 

hydroxyl) from the GO sheet, the crystal seeds can be well 

attached onto either side of GO layer. After ZIF crystallization 

at room temperature for 5 h, ZIF nanocrystal arrays supported 

on GO sheets (denoted as ZIF/GO) could be obtained by 

washing away loosely attached ZIF nanocrystals with deionized 

water. In the second step, the ZIF/GO composites were 

pyrolyzed in Ar at 700 
o
C for 3 h to get macroporous carbon 

Figure 1. The synthesis procedure of the hierarchically 

nanoporous Co-Nx/C materials (ZIF/rGO-700-AL). Step 1, the 

nucleation of ZIF seeds on either side of a graphene oxide (GO) 

nanosheet. Step 2, the growth of ZIF nanocrystal arrays 

supported on a GO nanosheet (ZIF/GO). Step 3, carbonization 

of GO supported ZIF nanocrystal arrays at 700 
o
C in Ar 

atmosphere to obtain macroporous Co-Nx/C material (ZIF/rGO-

700). Step 4, acid leaching to remove large Co nanoparticles 

and hence produce meso/microporous structure (ZIF/rGO-700-

AL). 

 

composite (denoted as ZIF/rGO-700). During the carbonization 

process, the catalytically active sites Co-Nx could be formed 

inside the carbon material. The excessive Co species tended to 

aggregate to form large Co nanoparticles. At the same time, 

the GO was converted into reduced GO (rGO) at a high 

temperature. As strong interactions between ZIF crystals and 

GO, the rGO could act as a binder to connect the ZIF-derived 

nanoparticles. In the third step, the fully opened framework 

with mesoporous and microporous structure was obtained 

after the removal of Co nanoparticles inside carbon particles 

through acid leaching. The samples were denoted as ZIF/rGO-

700-AL.  

    Scanning electron microscope (SEM) image of ZIF/GO 

composite shows a layered structure with a large area (Figure 

2a), indicating a successful synthesis of ZIF nanocrystal arrays 

supported on GO nanosheets. A high-resolution SEM image 

shows that the ZIF nanocrystals aggregate together to form 

continuous arrays, which are wrapped by a GO layer (Figure 

2b, Figure S1a, b). After carbonization at 500 
o
C in Ar, SEM 

image of ZIF/rGO-500 reveals obviously shrinkage for both ZIF 

crystals and graphene oxide (Figure S1c, d). The samples 

calcined at 700 
o
C (ZIF/rGO-700) show a macroporous 

structure, which is constructed by secondary assembly of ZIF-

derived carbon nanoparticles (Figure 2c). The macroporous 

structure is obtained by severe shrinkage of ZIF crystals and 

GO during carbonization process. The reduced graphene oxide 

(rGO) obtained by high temperature reduction of GO acts as a 

binder to fix the macroporous structure via connecting the ZIF- 

Figure 2 SEM images of a, b) ZIF/GO, c, d) ZIF/rGO-700, e, f) 

ZIF/rGO-700-AL. 
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derived carbon nanoparticles. Co nanoparticles are also 

formed after carbonization, which are embedded in the ZIF-

derived carbon particles (Figure 2d). The Co nanoparticles are 

unstable in acidic ORR medium, so they are subsequently 

removed via acid leaching (AL) using 6 M HCl aqueous 

solutions. After acid leaching, SEM image reveals that ZIF/rGO-

700-AL remains as a macroporous structure, implying a stable 

porous structure under acidic conditions (Figure 2e). 

Additionally, some mesopores are generated after removal of 

Co nanoparticles (Figure 2f), indicating that Co nanoparticles 

inside the carbon matrix act as a mesopore template. To 

investigate the role of GO in the formation of the macroporous 

structure, ZIF crystals without addition of GO were also treated 

by carbonization and acid leaching in the same conditions 

(denoted as ZIF-700-AL). SEM image shows that ZIF-700-AL is 

composed of loosely packed nanoparticles, confirming that GO 

acts as a structure directing agent for the formation of 

macroporous structure (Figure S2). This kind of hierarchically 

porous structure may show enhanced electrical conductivity 

owing to its continuous carbon framework and the existence 

of highly conductive graphene.  

    Transmission electron microscopy (TEM) images of ZIF/rGO-

700 show the carbon nanoparticles/rGO composited structure. 

The Co nanoparticles were embedded in the carbon matrix, 

which is consistent with SEM results (Figure 3a). Since the rGO 

is homogenously and completely coated with ZIF-derived 

carbon particles, the existence of rGO can be only found at 

some edges of ZIF/rGO-700 samples. High-resolution TEM 

(HRTEM) image shows a typical lattice fringe of Co 

nanoparticle, which is wrapped by the graphite layer (Figure 

3b, c). Scanning transmission electron microscopy (STEM) 

images of ZIF/rGO-700 clearly reveal the Co nanoparticles 

Figure 3 a-c) TEM images, d) STEM image and corresponding 

element mapping of ZIF/rGO-700; e, f) TEM images of ZIF/rGO-

700-AL after acid leaching with 6 M HCl solution. 

were embedded in the carbon matrix (Figure 3d, e). Elemental 

mapping results reveal that the N and C elements are 

uniformly distributed in the carbon framework. Co element 

signals exist not only in the area of Co nanoparticles (white 

dots), but also on other areas even without Co nanoparticles 

observed. These Co species could possibly bond with N atoms 

to form Co-N active sites. After acid leaching, Co nanoparticles 

without being fully wrapped by a graphite layer were removed, 

leaving mesopores in the carbon particles. However, some Co 

nanoparticles inside the carbon particles are entirely 

encapsulated by the continuous graphite layer, and they are 

stable in acid solution and remain in the carbon matrix after 

acid leaching (Figure 3e, f).  

    The XRD pattern of ZIF/GO shows a typical ZIF-67 phase 

without impurity (Figure 4a). After carbonization, All XRD 

peaks of the sample arise from Co and CoO phase. The 

existence of CoO may be due to the oxidation of Co 

nanoparticles exposed on the surface of carbon particles. After 

acid leaching, only graphite and Co nanoparticles phase exist. 

CoO and part of Co nanoparticles accessible to acid can be 

removed. The half-peak width of Co nanoparticles obviously 

decreases due to the partial removal of large Co nanoparticles 

in the carbon particles. The emergence of graphite peak 

reveals that the content of carbon increases after the removal 

of Co nanoparticles. Raman spectrum of ZIF/rGO-700-AL 

displays the D band at 1351 and G band at 1607 cm
-1

, 

corresponding to disordered graphitic carbon and the sp
2
-

bond carbon atoms, respectively (Figure 4b). A broad 2D peak 

further reveals a high degree of graphitization. Elemental 

analysis results show a high content of N element in ZIF/rGO-

700-AL (6.4 wt%), implying that imidazole is a good precursor 

for the preparation of rich N-doped carbon materials. X-ray 

photoelectron spectroscopy (XPS) was used to analyse the 

 

Figure 4 a) XRD patterns, b) Raman spectra, c) high-resolution 

N 1s spectra, d) N2 sorption isotherms of ZIF/rGO-700-AL. XRD 

data of ZIF/GO and ZIF/rGO-700 and N2 sorption isotherms of 

ZIF/rGO-700 are also shown in a) and d) respectively. 
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element-bonding configurations (Figure 4c). The high 

resolution N1s spectra of ZIF/rGO-700-AL can be fitted into 

four peaks at about 398.5, 399.5, 401.0 and 402.6 eV, 

corresponding to pyridinic nitrogen, pyrrolic nitrogen, graphitic 

nitrogen and pyridinic N
+
-O

-
, respectively. Their relative 

contents are 49.5, 14.3, 30.9 and 5.4 %, respectively. The N 

atoms located on the edge of the graphitic sheets such as 

pyridinic and pyrrolic nitrogen may serve as coordination sites 

with the metal ions (Co
2+

), resulting in a high active sites (Co-

Nx/C) for ORR. In the Co 2p spectra, the peak at about 780 and 

786 eV assigned to Co-N species, while the peaks at 796.5 and 

804.6 eV originate from Co-O species (Figure S3).
25

 The Co-N 

and Co-O species can enhance ORR catalytic activity in alkaline 

conditions, while Co-N sites play a key role in ORR 

performance in acidic conditions. N2
 
sorption isotherms show 

that the BET surface area and pore volume of ZIF/rGO-700-AL 

greatly increase from 161 m
2
/g and 0.35 cm

3
/g to 512 m

2
/g 

and 0.50 cm
3
/g respectively after acid leaching of ZIF/rGO-700 

(Figure 4d). The increase of specific surface area and pore 

volume is mainly attributed to the removal of dense Co 

nanoparticles, which also act as templates to generate 

additional mesopores. The pore size distributions of ZIF/rGO-

700-AL show that the sample has both micropores and 

mesopores (Figure S3). The existence of micropores (1.3 nm) 

and mesopores (5.3 nm) is beneficial to the catalysts because 

both the density of active sites and their accessibility by 

reactants increase. 

    The ORR activity of ZIF/GO derived catalysts was assessed in 

both alkaline and acidic conditions using the rotating disk 

electrode (RDE) technique. The cyclic voltammogram (CV) 

curves of Pt/C, ZIF/rGO-700, ZIF/rGO-700-AL, and ZIF-700-AL 

show well-defined cathodic peaks in O2-saturated 0.1 M KOH 

compared with that in Ar-saturated solution (Figure S4). The 

cathodic peaks are at 0.79, 0.81, 0.81 and 0.80 V versus RHE, 

which implies a high ORR activity for ZIF/GO derived Co-

Nx/carbon catalysts. LSV curves show that the onset potentials 

of Pt/C, ZIF/rGO-700, ZIF/rGO-700-AL, and ZIF-700-AL are 0.90, 

0.92, 0.93, and 0.93 V vs. RHE, respectively (Figure 5a). All the 

ZIF/rGO derived carbon materials show a high onset potential. 

Moreover, the limiting current density of Pt/C, ZIF/rGO-700, 

ZIF/rGO-700-AL, and ZIF-700-AL at 0.70 V are 4.56, 4.56, 5.49, 

4.46 mA cm
-2

, respectively. As the acid-leaching can remove 

the dense Co nanoparticles in the carbon matrix and increase 

the porosity of the carbon framework, which can effectively 

enhance the transport of reactant and products. In addition, 

the removal of cobalt nanoparticles may be also benefit to 

exposing more numbers of active sites. As a result, ZIF/rGO-

700-AL shows higher onset potential and limiting current 

density than ZIF/rGO-700. ZIF/rGO-700-AL shows the same 

onset potential but a higher limiting current density compared 

with ZIF-700-AL, which proves the introduction of rGO is 

beneficial to the high catalytic performance. In this case, the 

rGO acts as a structure-directing agent to construct a 

continuous macroporous structure from ZIF-derived carbon 

nanoparticles. Additionally, the overall electrical conductivity 

of the catalyst would be enhanced due to the good conductive 

reduced graphene oxide. 

 

Figure 5 a) LSV curves of Pt/C, ZIF/rGO-700, ZIF/rGO-700-AL, 

and ZIF-700-AL at a rotation rate of 1600 rpm in O2-saturated 

0.1 M KOH solution with a scan speed of 10 mV/s. b) LSV 

curves of Pt/C and ZIF/rGO-700-AL at a rotation rate of 1600 

rpm in O2-saturated 0.1 M HClO4 solution with a scan speed of 

10 mV/s. c) LSV curves of ZIF/rGO-700-AL at various speeds in 

O2-saturated 0.1 M HClO4 solution. d) Electron transfer 

numbers of ZIF/rGO-700-AL as a functional of potentials; inset 

is the K-L plots at different potentials calculated from c). e) 

Current-time chronoamperometric response of Pt/C and 

ZIF/rGO-700-AL at 0.67 V in O2-saturated 0.1 M KOH and HClO4 

solution. f) Chronoamperometric response of Pt/C and 

ZIF/rGO-700-AL at 0.67 V in O2-saturated 0.1 M HClO4 solution. 

The arrow indicates the introduction of 10 vol % methanol. 

 

    Generally, the ORR kinetics is more sluggish in acidic 

medium than alkaline medium especially for non-precious 

metal catalysts.
4
 ZIF/rGO-700-AL was further tested as a 

catalyst in acidic condition (0.1 M HClO4). The cathodic peaks 

of Pt/C and ZIF/rGO-700-AL in their CV curves are 0.80 and 

0.66 V vs. RHE, respectively (Figure S3). The onset potential 

and limiting current density at 0.60 V of Pt/C and ZIF/rGO-700-

AL from ORR curves are 0.92 V, 4.98 mA cm
-2

 and 0.83 V, 4.84 

mA cm
-2

, respectively (Figure 5b). ZIF/rGO-700-AL also reveals 

better catalytic performance than ZIF-700-AL, consistent to 

that in alkaline conditions. In addition, ZIF/rGO-700-AL also 

shows better performance than that of ZIF/GO treated with 

different temperatures (ZIF/rGO-600-AL and ZIF/rGO-800-AL). 

The overall performance of ZIF/rGO-700-AL is among the best 

of the contemporary Co-Nx/C ORR catalysts in both alkaline 
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and acidic electrolytes reported so far (Table S1). Rotation 

dependent limiting currents at 10 mV/s liner scan reveal that 

the limiting current density decreases from 5.72 to 2.84 mA 

cm
-2

 as the rotating speed decreases from 2500 to 400 rpm 

(Figure 5c). The onset potential is nearly the same. The 

Koutecky-Levich (K-L) plots show a good linearity and 

parallelism over the entire potential range (0.2 - 0.5V), 

indicating that their electron transfer number for ORR is 

similar (Figure 5d). The electron transfer numbers calculated 

from K-L equation are around 3.77-3.97 over the entire 

potential range, suggesting that the electrocatalysis exhibits a 

dominant four-electron oxygen reduction process.  

    The stability of ZIF/rGO-700-AL and commercial Pt/C was 

compared using chronoamperometirc measurements at 0.67 V 

(Figure 5e). After the reaction for 10000 s, the losses of current 

density are 5 % for ZIF/rGO-700-AL and 22 % for commercial 

Pt/C in 0.1 M KOH, which indicate a higher stability of ZIF/rGO-

700-AL. When the chronoamperometirc measurements were 

performed in 0.1 M HClO4, the current density has a much 

greater loss than that in alkaline solution, i.e., 28 % for 

ZIF/rGO-700-AL and 75 % for Pt/C. It is clear that ZIF/rGO-700-

AL shows a much higher stability than Pt/C in both alkaline and 

acid condition. The Pt nanoparticles are susceptible to 

agglomeration/dissolution/Oswald ripening due to their high 

surface energy and weak interactions with carbon support. By 

contrast, the catalytically active centres (Co-Nx/C) of ZIF/rGO-

700-AL modified via covalent bonding with carbon support are 

very stable even in acidic conditions. In the direct methanol 

proton exchange membrane fuel cell, the crossover of 

methanol from the anode to the cathode in acidic medium is 

quite common, and incomplete oxidation of methanol would 

cause the poisoning of Pt catalyst in the cathode, which 

inevitably reduces the reduction current. To investigate the 

electrocatalytic selectivity of ZIF/rGO-700-AL against the 

electrooxidation of methanol molecules, 10 % (v/v) of 

methanol was added in the 0.1 M HClO4 solution saturated 

with O2 during the chronoamperometirc test (Figure 5f). After 

adding methanol, the current density of ZIF/rGO-700-AL does 

not change much, except for a slight oscillation. However, the 

ORR current of Pt/C significantly decreases after the addition 

of methanol due to the methanol oxidation reaction. This 

result shows that ZIF/rGO-700-AL has a better methanol 

tolerance, and it is a promising candidate as cathode catalyst 

for direct methanol fuel cells. 

Conclusions 

In summary, we have demonstrated a graphene-directed 

assembly route to prepare hierarchically nanoporous Co-Nx/C 

materials with a macro/meso/microporous structure and high 

specific surface area via simple carbonization of unique ZIF 

nanocrystal arrays supported on GO nanosheets, followed by 

acid leaching to remove large Co nanoparticles. GO nanosheets 

are essential as a structure-directing agent for growth of ZIF 

nanocrystal arrays on the GO support. After carbonization, the 

resulting reduced graphene oxide acts as a binder to connect 

the ZIF-derived carbon nanoparticles into the macroporous 

structure formed via the shrinkage of ZIF; whereas ZIF 

nanocrystals are converted into meso/microporous carbon 

nanoparticles without any other template. The hierarchically 

macro/meso/microporous catalysts possess exceptional 

characteristics such as easily accessible active sites, highly 

nanoporous structure and excellent electrical conductivity; 

hence, they have excellent catalytic activity for ORR in both 

alkaline and acidic conditions. Moreover, such nanoporous Co-

Nx/C catalysts exhibit superior stability and better methanol 

tolerance than commercial Pt/C catalysts, and therefore they 

are very promising in fuel cell and metal-air battery 

applications. 
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The development of non-precious metal catalysts for efficient oxygen reduction is of significance for 

many advanced electrochemical devices such as fuel cells and metal-air batteries. Herein, we develop 

a graphene-directed assembly route to synthesize hierarchically nanoporous Co-Nx/C materials with a 

macro/meso/microporous structure, high specific surface area (i.e. 512 m
2
/g) and excellent 

conductivity using graphene oxide (GO) supported zeolitic imidazolate frameworks nanocrystal 

arrays as a catalyst precursor, followed by carbonization and acid leaching process. In this route, GO 

acts as a structure-directing agent to construct ZIF nanocrystal arrays supported on GO nanosheets. 

During the carbonization process, the resulting reduced graphene oxide functions as a binder and 

electrical conductor to connect individual ZIF-derived carbon nanoparticles into the macroporous 

structure and increase the overal conductivity. ZIF nanocrystals themselves are also converted into 

meso/microporous carbon nanoparticles without using any other template. The hierarchically porous 

Co-Nx/C materials exhibit high ORR catalytic activity, superior stability and good methanol tolerance 

in both alkaline and acidic conditions. 
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