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Abstract 

Metal-organic frameworks (MOFs) materials have aroused great research interest in 

different areas owing to their unique properties, such as high surface area, various 

composition, well-organized framework and controllable porous structure. 

Controllable fabrication of MOFs materials at macro-scale may be more promising 

for their large-scale practical applications. Here we report the synthesis of 

macro-scale Co-MOFs crystals using 1,3,5-benzenetricarboxylic acid (H3BTC) linker 

mailto:zhanghm@issp.ac.cn,


in the presence of Co2+, triethylamine (TEA) and nonanoic acid by a facile 

solvothermal reaction. Further, the as-fabricated Co-MOFs as precursor was 

pyrolytically treated at different temperatures in N2 atmosphere to obtain metallic Co 

nanoparticles embedded in N-doped porous carbon layers (denoted as Co@NPC). The 

results demonstrate that the Co-MOFs derived sample obtained at 900 °C 

(Co@NPC-900) shows a porous structure (including micropore and mesopore) with a 

surface area of 110.8 m2 g-1 and an N doping level of 1.62 at.% resulted from TEA in 

the pyrolysis process. As electrocatalyst, the Co@NPC-900 exhibits bifunctional 

electrocatalytic activities toward oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) in alkaline media which are key reactions in some 

renewable energy technologies such as fuel cells and rechargeable metal-air batteries. 

The results indicate that the Co@NPC-900 can afford an onset potential of 1.50 V (vs. 

RHE) and an overpotential of 1.61 V (vs. RHE) at a current density of 10 mA cm-2 for 

OER and ORR with high applicable stability, respectively. The efficient catalytic 

activity of Co@NPC-900 as bifunctional oxygen electrocatalyst can be ascribed to N 

doping and embedded metallic Co nanoparticles in carbon structure providing 

catalytic active sites and porous structure favourable for electrocatalysis-related mass 

transport. 

Keywords: Co-MOFs; Co@N-doped porous carbon; Bifunctional oxygen 

electrocatalyst; Oxygen reduction reaction; Oxygen evolution reaction 

1. Introduction 

Metal-organic frameworks (MOFs) made of metal nodes and organic building blocks 



have been a class of ideal materials for different applications ranging from catalysis 

[1], gas storage [2], gas separation [3], optics [4] and so on [5-8]owing to their many 

unique properties, such as high surface area, diverse composition and controllable 

porous structure [9]. Thanks to the superiority of composition and structure, MOFs 

has been ideal precursor materials to fabricate non-precious metal incorporated porous 

carbon materials for electrocatalysis applications [10]. Additional advantage is that 

heteroatom (e.g., N)-containing organic ligands in MOFs structure simultaneously act 

as heteroatom doping sources in the process of pyrolysis carbonization, improving the 

catalytic activity of pyrolytic sample [11]. Although MOFs materials have 

demonstrated great applicable potential in many fields, MOFs materials in most 

studies are almost exclusively synthesized at nanoscale to precisely tune the pore 

structure for gas adsorption and separation applications [2-4]. Such nanoscale MOFs 

materials may limit their large-scale practical applications in some fields (e.g., 

catalysis [1], electrocatalysis [11]). Therefore, it is still highly desirable to synthesize 

macroscale MOFs materials with intact crystalline structure and precisely regulated 

pore structure as precursors for electrocatalysis applications. 

Developing oxygen electrode catalysts with high activity at low cost for oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER) is at the heart of key 

renewable-energy technologies, such as regenerative fuel cells, rechargeable metal-air 

batteries, electrocatalytic water splitting to generate hydrogen and oxygen, and other 

important clean energy devices [12]. Up to now, precious metals (e.g., Pt) and metal 

oxides (such as RuO2 and IrO2) have been traditionally used to expedite the ORR and 



OER; however, these precious-metal-based catalysts often suffer from high cost, low 

selectivity, and poor stability, thus limiting their large-scale production applications 

[13]. More importantly, it is found that Pt-based catalysts possess superior ORR 

activity, but poor OER activity, while RuO2 and IrO2 can afford excellent OER 

activity, but very low ORR activity [14]. Therefore, these commercially available 

catalysts cannot meet the requirements for practical applications in regenerative fuel 

cells and rechargeable metal-air batteries, in which electrocatalysts with bifunctional 

oxygen activities (ORR/OER) are necessary. Recent efforts to obtain replacements for 

precious metal-based catalysts for bifunctional ORR/OER have resulted in some new 

contenders, such as heteroatom (e.g., N [15-19], S [20], P [21]) doped/co-doped 

carbon materials and non-precious metal based porous carbon materials [22]. In their 

studies, on the one hand, heteroatom doping/co-doping and non-precious metal 

species in carbon structures can provide rich catalytic active sites for ORR/OER [18]; 

on the other hand, carbon materials in their works possess high surface area, porous 

structure and high graphitization degree, favourable for the exposure of catalytic 

active sites, electrocatalysis-related mass transport and electron transfer, respectively 

[20]. Collectively, these advantages contribute their good bifunctional ORR/OER 

catalytic activities. Even so, most reported synthetic procedures of these bifunctional 

ORR/OER catalysts suffer from extremely complex process and time-consuming 

fabrication. Therefore, development of low-cost and highly-efficient non-precious 

metal catalysts with bifunctional ORR/OER catalytic activities is still highly needed 

for applications in related renewable energy technologies.  



Herein, metallic Co nanoparticles embedded in N-doped porous carbon layers 

(Co@NPC) were successfully fabricated by pyrolytic treatment of macroscale 

Co-MOFs crystals obtained by using 1,3,5-benzenetricarboxylic acid (H3BTC) as 

organic ligands in the presence of Co2+, triethylamine (TEA) and nonanoic acid by a 

facile solvothermal reaction. The Co-MOFs derived Co@NPC samples at different 

pyrolysis temperatures were investigated as electrocatalysts for ORR and OER. As a 

result, Co@NPC samples obtained at 900 °C and 1000 °C (Co@NPC-900 and 

Co@NPC-1000) as electrocatalysts exhibited bifunctional catalytic activities toward 

ORR and OER with high applicable stability. The corresponding catalysis 

mechanisms were discussed on the basis of experimental results. 

2. Experimental section 

2.1 Materials  

All chemicals were commercially available and used without further purification: 

cobalt (II) nitrate hexahydrate (Co(NO3)3·6H2O, Sigma-Aldrich, 99.99%), 

1,3,5-benzenetricarboxylic acid (H3BTC, Sigma-Aldrich, 99.99%), triethylamine 

(TEA, Sinopharm Chemical Reagent Co., Ltd, 99.99%), methanol (CH3OH, 

Sinopharm Chemical Reagent Co., Ltd, >99%), nonanoic acid (C9H18O2, Sinopharm 

Chemical Reagent Co., Ltd, >99%), ruthenium (IV) oxide powder (RuO2, Sigma- 

Aldrich), Nafion® 117 ~ 5% in lower aliphatic alcohols and water (Sigma-Aldrich) 

and potassium hydroxide (KOH, J. T. Baker). Deionized water (18 MΩ) was supplied 

by a Millipore System (Millipore Q, USA). 

2.2 Preparation of Co-MOFs and Co@NPC-T (T=800, 900, 1000) 



A mixture of Co(NO3)2·6H2O (1.0 mmol, 0.291 g), H3BTC (0.5 mmol, 0.105 g), TEA 

(1.0 mL) was first dissolved in 4.0 mL of nonanoic acid, and then transferred into a 23 

mL of Teflon-lined stainless-steel autoclave. The solvothermal reaction was 

performed at 160 °C for 5 days. Then, the autoclave was naturally cooled to room 

temperature and the product was collected and washed with methanol to obtain 

purple-black bar Co-MOFs crystals with a yield of 85%. The as-prepared Co-MOFs 

were used as precursors and pyrolytically treated at different temperatures (T=800, 

900, 1000) in a tube furnace in N2 atmosphere for 1 h with a heating rate of 5 °C min-1 

to obtain metallic Co nanoparticles embedded in N-doped porous carbon layers 

(Co@NPC). 

2.3 Characterizations 

The crystalline structures of samples were identified by X-ray diffraction analysis 

(XRD, Philips X’pert PRO) using Ni filtered monochromatic Cu Kα radiation (Kα= 

1.5418 Å) at 40 kV and 40 mA. The crystalline shape of Co-MOFs were observed  

by Optical microscope (BTL-358). The morphology and structure of samples were 

characterized by field emission scanning electron microscopy (FESEM, Quanta 

200FEG) and transmission electron microscopy (TEM, JEOL 2010) with an energy 

dispersive X-ray spectrometer (EDS Oxford, Link ISIS). X-ray photoelectron 

spectroscopy (XPS) analysis of the samples was performed on ESCALAB 250 X-ray 

photoelectron spectrometer (Thermo, America) equipped with Al Kα 

monochromatized radiation at 1486.6 eV X-ray source. The surface area and porosity 

of samples were measured by a Surface Area and Porosity Analyzer (Tristar3020M). 



2.4 Electrochemical measurements 

Electrochemical measurements were performed on an electrochemical workstation 

(CHI 760D, CH Instruments, Shanghai, China) coupled with a PINE rotating disk 

electrode (RDE) system (Pine Instruments Co. Ltd. USA). A standard three-electrode 

electrochemical cell equipped with gas flow system was employed during 

measurements. Prior to measurements, rotating disk electrode (RDE, 5.0mm in 

diameter) was first polished with 5.0, 3.0 and 0.05μm alumina slurry sequentially and 

then washed ultrasonically in water and ethanol for 30 s, respectively. The cleaned 

electrode was dried with a high-purity nitrogen steam. The Co@NPC-T (T=800, 900, 

1000) catalyst inks were prepared by dispersing catalyst powder (2.0 mg) into a 

mixture including 40 μL of Nafion solution (0.5 wt.%) and 460 μL of ethanol, 

followed by ultrasonic treatment for 2 min. After that, 20 μL of catalyst ink was cast 

onto glassy carbon (GC) electrode surface, leading to a catalyst loading amount of 

407 μg cm-2. For comparison, commercial Pt/C and RuO2 catalyst inks were also 

made as the same procedure as Co@NPC-T (T=800, 900, 1000) catalyst ink. The 

ORR performance of catalysts was investigated by cyclic voltammogram (CV) and 

linear sweep voltammogram (LSV) measurements in O2 (or N2)-saturated 0.1 M KOH 

solution. CV curves were measured at a scan rate of 50 mV s-1. LSV curves were 

measured at a scan rate of 5.0 mV s-1 under different disk rotation rates of 225, 400, 

625, 900, 1225, 1600 and 2025 rpm. All the potentials in this work were recorded 

with respect to the Ag/AgCl reference electrode. The electron transfer number (n) per 

oxygen molecule in the ORR process was calculated by the Koutecky-Levich (K-L) 



equation [23]: 
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where j, jK and jD corresponds to the measured, kinetic and diffusion limiting current, 

respectively, B is the slope of K-L plots, ω is the electrode rotating angular velocity 

(ω=2πN, N is the linear rotation speed), n is the electron number transferred, F is the 

Faraday constant (F=96485 C mol-1), A is the geometric electrode area (A=0.196 cm2), 

D0 is the diffusion coefficient of oxygen (D0=1.9×10-5 cm2 s-1), ν is the kinetic 

viscosity of electrolyte (ν=0.01 cm2 s-1), and C0 is the saturated oxygen concentration 

in 0.1 M KOH solution (C0=1.2×10-3 mol L-1).  

The OER activities of all catalysts were investigated by the LSV method at a 

scan rate of 5.0 mV s-1 in 0.1 mol L-1 KOH solution. The durability test for OER was 

performed by cycling the electrode potential between 0.96 and 1.76 V at 200 mV s-1 

for 1000 cycles. All the potentials reported in this study were all quoted against the 

Reversible Hydrogen Electrode (RHE) using eqn (4) [24]. 

197.0059.0)/()(  pHAgClAgERHEE             (4) 

3. Result and discussion 

The crystalline X-ray diffraction (XRD) patterns of as-prepared Co-MOFs and 

Co@NPC-T (T=800, 900, 1000) are obtained by XRD characterization technique. 

The XRD patterns of as-prepared Co-MOFs are found to be in perfect agreement with 



the simulated Co-MOFs crystal structure (Figure 1a) [5]. Figure 1b shows the XRD 

patterns of Co-MOFs derived Co@NPC samples obtained at different pyrolysis 

temperatures. As shown, the diffraction peak at 26.6° corresponds to the (002) plane 

of graphitic carbon (JCPDS 13-0148) [25], while the other diffraction peaks at 

2θ=44.2°, 51.5° and 75.8° can be indexed to the (111), (200), and (220) crystal planes 

of metallic cobalt phase (JCPDS 15-0806), respectively [26]. The above results 

demonstrate that Co-MOFs derived Co@NPC samples are mainly composed of 

graphitic carbon and metallic Co under given experimental conditions, possibly 

favourable for electrocatalysis applications. Figure 1c shows the optical photo of 

as-prepared Co-MOFs crystals. Apparently, purple-black bar Co-MOFs crystals at 

macro-scale with a yield of 85% can be observed, indicating the superiority of the 

synthetic method for preparation of large-sized Co-MOFs crystals. In this work, 

triethylamine (TEA) can effectively deprotonate 1,3,5-benzenetricarboxylic acid 

(H3BTC), thus dramatically promoting the linkage of Co2+ and deprotonated H3BTC 

to form Co-MOFs growth units and macro-scale Co-MOFs crystals with reaction time. 

To obtain a balance of the charge, TEA readily adsorbs on the channel structures of 

Co-MOFs crystals, resulting in the grown Co-MOFs crystals with TEA, thus possible 

N doping in Co-MOFs pyrolytically converted carbon materials [19]. This may be 

very beneficial for improving the electrocatalytic activity of Co-MOFs derived 

electrocatalyst. After pyrolysis treatment, porous carbon structure with rough surface 

can be clearly observed, as shown in Figure 1d (taking Co@NPC-900 as an example). 



 

Figure 1. XRD patterns of (a) Co-MOFs and (b) thermolyzed Co@NPC-T (T=800, 

900, 1000) samples. (c) The photographer of Co-MOFs distributed in weighing paper 

under optical microscope, (d) the characterization of Co@NPC-900 SEM image. 

The detailed structure information of Co-MOFs derived Co@NPC sample 

(taking Co@NPC-900 as an example) was obtained by TEM analysis. After pyrolysis 

treatment, TEM image of Co@NPC-900 displays carbon layered structures with 

relatively uniformly distributed Co nanoparticles with particle sizes of 5.0~30 nm 

(Figure 2a). Further high resolution TEM (HRTEM) analysis confirms metallic Co 

nanoparticle embedded in graphitic carbon layers, moreover, the lattice spacing of 

0.20nm, 0.18nm can be due to the (111), (200) crystal plane of metallic Co (Figure 2b) 

[26]. The above characterization results indicate the formation of metallic Co 

nanoparticles embedded in graphitic carbon layers after pyrolysis treatment of 



Co-MOFs. This graphitic carbon layered structures with embedded metallic Co 

nanoparticles are very important for improving the applicable stability of catalyst 

during electrocatalysis [23]. The elemental mapping analysis of Co@NPC-900 

confirms the presence of Co, C, N and O elements (Figure 2d). Moreover, Co element 

is existent in the form of Co nanoparticles and N element is uniformly distributed over 

the entire carbon layer, indicating a successful N doping in graphitic carbon structure 

owing to the presence of TEA in Co-MOFs precursor. N doping in graphitic carbon is 

very helpful to improve the electrocatalytic activity for of an electrocatalyst [27].  

 

Figure 2. (a) TEM image and (b) high resolution TEM images of Co@NPC-900, (c)  

a selected area electron diffraction pattern of Co@NPC-900, (d) images of elemental 

mapping of Co@NPC-900 for Co, C, N and O. 

 



Figure 3. (a) Nitrogen adsorption-desorption isotherm and (b) the corresponding pore 

diameter distribution of Co-MOFs (the insert picture is the crystal structure of 

Co-MOFs), (c) Nitrogen adsorption-desorption isotherm and (d) the corresponding 

pore diameter distribution of Co-NPC-900. 

The N2 adsorption-desorption isotherm and the corresponding pore-size 

distribution curve of compounds (Co-MOFs, Co@NPC-900) are shown in Figure 3. 

As shown in Figure 3a, the sample exhibited type I isotherms in N2 adsorption 

isotherms at 77K with no hysteresis, and the BET surface area of Co-MOFs was 11.8 

m2 g-1 with a corresponding cumulative pore volume of 0.05 cm3 g-1, respectively. The 

reason for the smaller BET surface area of Co-MOFs is that triethylamine is filled 

with holes in the crystal structure of Co-MOFs. The pore size is concentrated at 1.9 

nm distribution curve is calculated by using the BJH method (Figure 3b), indicative of 



permanent microporosity and found to be agreement with the Co-MOFs crystal 

structure, respectively. The N2 adsorption-desorption isotherm exhibits the type IV 

with a H3-type hysteresis loop (P/P0>0.4) [28], demonstrating the mesoporous 

characteristic of Co@NPC-900 (Figure 3c). The pore size distribution curve is also 

calculated by using the BJH method, as shown in Figure 3d. As a result, the pore sizes 

are mainly concentrated at 1.9 nm and 20 nm, the BET surface area and 

corresponding cumulative pore volume of Co@NPC-900 are 110.8 m2 g-1 and 0.193 

cm3 g-1, respectively. Through comparison, we found that the surface area and pore 

volume of the pyrolysis (Co@NPC-900) is higher than that before pyrolysis 

Co-MOFs. The above results indicate that the Co@NPC-900 possesses high surface 

area and porous structure (including micropore and mesopore), which are favourable 

for the exposure of catalytic active sites and electrocatalysis-related mass transport 

when used as electrocatalyst. 

The elemental composition information of Co@NPC-900 was investigated in 

detail by X-ray photoelectron spectrometry (XPS) technique. Figure 4a shows the 

surface survey XPS spectrum of Co@NPC-900, indicating the presence of C (87.6 

at.%), N (1.62 at.%), O (9.33 at.%) and Co (1.45 at.%), further confirming the N 

doping in Co@NPC-900. The high resolution C 1s XPS spectrum (Figure 4b) shows a 

slightly asymmetric tail at higher binding energy, which is a common characteristic of 

N-doped carbon materials [29]. The two main peaks at 284.5 and 285.6 eV are 

assigned to sp2-hybridized graphite-like carbon (C-C sp2) and sp3-hybridized diamond 

-like carbon (C-C sp3), respectively [30]. The XPS peaks centered at 286.6, 287.6 and 



289.1 eV are attributed to surface oxygen and nitrogen functional groups of C-O/C-N, 

C=O/C=N and O=C-O, respectively [31]. The appearance of p-p* shake up satellites 

of sp2 graphite-like carbon at 291.0 eV indicates the further carbonization and 

aromatization with the prolonged pyrolysis time. The high resolution N 1s XPS 

spectrum (Figure 4c) can be deconvoluted to four sub-peaks due to the spin-orbit 

coupling, including pyridinic-N (398.5 eV), pyrrolic-N (399.7 eV), graphitic-N (400.7 

eV) and pyridine-N-oxide groups (401.7 eV)  [32]. It has been generally accepted 

that pyridinic-N and graphitic-N are mainly responsible for electrocatalytic activity of 

oxygen reduction reaction [33-34]. Figure 4d shows the Co2P spectrum, which can be 

deconvoluted into six peaks. Among them, two pairs of spin-orbit doublets at 778.2 

and 798.2 eV indicates the coexistence of Co2+ and Co3+ in Co@NPC-900, the 

binding energy at 781.4 and 786.5 eV is characteristic of Co2+ 2P3/2 and Co3+ 2P3/2 

satellite peaks and the other binding energy at 796.8 and 804.1 eV is characteristic of 

Co2+ 2P1/2 and Co3+ 2P1/2 satellite peaks, respectively [35]. The Co active species with 

different valence states on metallic Co nanoparticles should be also the origins of 

electrocatalytic activity when Co@NPC-900 is used as electrocatalyst.  



Figure 4. Typical (a) survey scan XPS spectrum, (b) deconvoluted C1s spectrum and, 

(c) deconvoluted N1s spectrum, (d) deconvoluted Co 2p spectrum of Co@NPC-900. 

Owing to the important roles of oxygen reduction reaction (ORR) and oxygen 

revolution reaction (OER) in some renewable technologies, Co-MOFs derived 

Co@NPC samples as electrocatalysts were investigated for ORR and OER in this 

work. To evaluate the ORR activities of Co@NPC samples, cyclic voltammetry (CV) 

measurement was initially performed in 0.1 M KOH solution. For comparison, a 

commercial Pt/C (20 wt.% Pt on Vulcan carbon black) was also tested under identical 

experimental conditions. Figure 5a shows typical CV curves of Co@NPC-900 in N2- 

and O2-saturated 0.1 M KOH solution at a scan rate of 50 mV s-1. Obviously, a 

negligible redox peak can be observed for Co@NPC-900 in N2-saturated 0.1 M KOH 

solution, while a strong reduction peak at 0.73 V can be achieved for Co@NPC-900 



in O2-saturated 0.1 M KOH solution, indicating an intrinsic ORR activity of 

Co@NPC-900. Figure 5b shows the line sweep voltammetry (LSV) curves of 

Co@NPC-800, Co@NPC-900, Co@NPC-1000 and commercial Pt/C catalysts. The 

Co@NPC catalysts obtained at different pyrolysis temperatures exhibit similar onset 

potential value at 0.88 V, very close to that (0.92 V) of commercial Pt/C. Moreover, 

all Co@NPC catalysts show very close limitation current densities within the given 

potential range, indicating their similar catalytic kinetic properties. Figure 5c shows 

the LSV curves of Co@NPC-900 in O2-saturated 0.1 M KOH solution at a scan rate 

of 5.0 mV s-1 under different rotation rates, indicating a mass transfer controlled 

process [20]. Based on the K-L plots (Figure 5d) derived from Figure 5c, the average 

value of transferred electron number ( n ) was calculated to be 3.7 at 0.5 V~0.75 V (vs. 

Ag/AgCl) (Figure 5e), suggesting that the Co@NPC-900 possesses an approximate 

four electron ORR process in 0.1 M KOH solution. Figure 5f shows the stability test 

of Co@NPC-900 and commercial Pt/C catalysts. As shown, a respectable current 

retention of 90% can be maintained for Co@NPC-900 after 8 h, while only 70% of 

activity of commercial Pt/C catalyst can be achieved, indicating high applicable 

stability of Co@NPC-900. N doping in graphitic carbon structures has been 

theoretically and experimentally proven to be responsible for ORR activity of an 

electrocatalyst [20]. Recently, some studies have demonstrated that transition metal 

(e.g., Fe, Co, Ni) active species embedded in graphitic carbon structures can 

effectively influence the charge distribution of outer carbon layers, thus improving the 

ORR activity [15, 35, 36]. In this work, the good ORR activity of Co@NPC catalysts 



derived from Co-MOFs may be ascribed to a synergistic effect between ORR active 

species of N doping and metallic Co nanoparticles in graphitic carbon layers and 

advantageous structure factors of high surface area favourable for the catalytic active 

sites exposure, porous structure beneficial for ORR-related mass transport, and 

graphitic carbon structure to improve electron transfer. 

Figure 5. (a) Comparative cyclic voltammograms of Co@NPC-900, (b) linear-sweep 

voltammograms of Co@NPC-T (T=800, 900, 1000) and Pt/C in O2-saturated 0.1 M 



KOH with a sweep rate of 5 mV s-1 and electrode rotation speed of 1600 rpm, (c) 

linear-sweep voltammograms of Co@NPC-900 at different rotation speeds, (d) the 

Koutecky-Levich (K-L) plots at different potentials, (e) the electron transfer number 

as a function of potential for Co@NPC-900, (f) Current-time (i-t) chronoampero- 

metric responses of Co@NPC-900 and Pt/C electrodes (1600 rpm) at -0.35 V in 

O2-saturated 0.1 M KOH solution.  

A certain range of potential from 0.96 V to 1.76 V (vs. RHE) was applied in 

O2-saturated 0.1 M KOH solution with a three-electrode system at a scan rate of 5.0 

mV s-1 to investigate the OER catalytic performance of the prepared samples. For 

comparison, commercial RuO2 was selected as catalyst for OER measurement. As 

reported, the potential required for water oxidation is usually applied to evaluate the 

OER performance at the current density of 10 mA cm-2 [38, 39]. As shown in Figure 

6a, the current density of Co@NPC-900 and Co@NPC-1000 reaches 10 mA cm-2 at 

the potential values of 1.61 V and 1.60 V, respectively, which are close to that (1.50 V) 

of commercial RuO2 catalyst and obviously better than that (1.68 V) of Co@NPC-800 

at a current density of 10 mA cm-2, indicating good OER activity of Co@NPC 

catalysts obtained at higher pyrolysis temperature. A stability test (Figure 6b) 

indicates that Co@NPC-1000 can afford a similar i-V curve as before, with negligible 

current loss after 1000 cycles, suggesting the superior durability of Co@NPC-1000. 

The above results demonstrate Co-MOFs derived Co@NPC catalysts obtained at 

higher pyrolysis temperatures possess simultaneously bifunctional catalytic activities 

toward ORR and OER, indicating great potential as bifunctional oxygen catalysts for 

applications in regenerative fuel cells and rechargeable metal-air batteries. 

 



 

Figure 6. (a) LSV curves of Co@NPC-T (T=800, 900, 1000) and Pt/C in O2-saturated 

0.1 M KOH with a sweep rate of 5 mV s-1, (b) LSV curve of Co@NPC-1000 before 

and after 1000 cycles. 

To best our knowledge, the bi-functional catalytic activity was calculated by 

taking the difference in potential between the ORR current density at -3 mA cm-2 and 

OER current density at 10 mA cm-2, current density is of practical importance for 

electrochemical applications [40]. The smaller the difference, the better is the 

potential of the material to be used for practical applications [41]. The oxygen 

electrode activities are shown in Table 1. When compared with similar non-precious 

metal catalysts prepared by other routes, our catalysts afford an oxygen electrode 

potential with more improved catalytic activity than or similar to recently reported 

N-MCN/CNT (nitrogendoped mesoporous carbon nanosheet/carbon nanotube) [42] 

and NGM (nitrogen-doped graphene mesh denoted as NGM) [43] and 

Co9S8@CNS900 ( Co9S8@N and S dual-doped porous carbons) [44] and 

Co-MOF@CNTs (5%) [45]. More importantly, the substantial improvements in 

regard to both ORR and OER catalysis illustrate the effectiveness of the simple 

preparation technique adapted in this work to prepare bi-functional catalysts for 



rechargeable metal-air batteries.  

Table 1.  Comparison of bifunctional oxygen electrode activities of Co@NPC with 

other reported non-precious metal based catalysts. 

Components 

EORR (V) at 

onset 

potential 

EORR (V) at 

J=-3 mA cm-2 

EOER (V) at 

J=10 mA 

cm−2 

Oxygen 

electrode 

ΔE (V) 

ref 

Co@NPC-800 0.89 0.70 1.68 0.98 
this 

work 

Co@NPC-900 0.88 0.76 1.61 0.85 
this 

work 
Co@NPC-100

0 
0.88 0.75 1.60 0.85 

this 

work 

N-MCN/CNT 0.95 0.82 1.55 0.73 42 

NGM 0.89 0.77 1.67 0.90 43 

Co9S8@CNS90

0 
0.92 0.80 _ _ 44 

Co-MOF@CN

Ts (5%) 
0.91 0.82 1.57 0.75 45 

4. Conclusions 

In summary, we have synthesized metallic Co nanoparticles embedded in N-doped 

porous graphitic carbon layers as efficient bifunctional electrocatalysts for both ORR 

and OER by pyrolysis treatment of macroscale Co-MOFs crystals. The introduction of 

triethylamine (TEA) in reaction system has dual roles: (1) as protonation reagent to 

deprotonate 1,3,5-benzenetricarboxylic acid (H3BTC) to promote the linkage of Co2+ 

and H3BTC and the growth of Co-MOFs crystals; (2) as N source to realize N doping 

in graphitic carbon structure during Co-MOFs pyrolysis. Moreover, metallic Co 

nanoparticles in situ embed in the porous graphitic carbon layers during Co-MOFs 

pyrolysis, improving the applicable stability of Co-MOFs derived electrocatalysts. 

 



Acknowledgements    

This work was financially supported by the Natural Science Foundation of China 

(Grant No. 51372248 and 51432009), the CAS/SAFEA International Partnership 

Program for Creative Research Teams of Chinese Academy of Sciences, China, the 

CAS Pioneer Hundred Talents Program, and the Users of Potential Program 

(2015HSC-UP006, Hefei Science Center, CAS). 

References  
[1] J. Gao, J. Miao, P-Z. Li, W. Y. Teng, L. Yang, Y. Zhao, B. Liu, Q. Zhang, A 

p-type Ti(IV)-based metal-organic framework with visible-light photo- 

response, Chem. Commun. 50 (2014) 3786-3788. 

[2] J-R. Li, R. J. Kuppler, H-C. Zhou, Selective gas adsorption and separation in 

metal-organic frameworks, Chem. Soc. Rev. 38 (2009) 1477-1504. 

[3] A. Cadiau, K. Adil, P. M. Bhatt, Y. Belmabkhout, M. Eddaoudi, A 

metal-organic framework-based splitter for separating propylene from 

propane, Science 353 (6295) (2016) 137-140. 

[4] X. Chong, K-J. Kimb, E. Li, Y. Zhang, P. R. Ohodnicki, C.-H. Chang, A. X. 

Wang, Near-infrared absorption gas sensing with metal-organic framework on 

optical fibers, Sensors and Actuators B 232 (2016) 43-51. 

[5] H.-S. Lu, L. Bai, W.-W. Xiong, P. Li, J. Ding, G. Zhang, T. Wu, Y. Zhao, J.-M. 

Lee, Y. Yang, B. Geng, Q. Zhang, Surfactant Media To Grow New Crystalline 

Cobalt 1,3,5-Benzenetricarboxylate Metal-Organic Frameworks, Inorg. Chem. 

53 (16) (2014) 8529-8537. 

[6] W.-W. Xiong, Q. Zhang, Surfactants as Promising Media for the Preparation 

of Crystalline Inorganic Materials, Angew. Chem. Int. Ed. 54 (2015) 11616 

-11623. 

[7] J. Gao, M. He, Z.Y. Lee, W. Cao, W.-W. Xiong, Y. Li, R. Ganguly, T. Wu, Q. 

Zhang, A surfactant-thermal method to prepare four new three-dimensional 

heterometal-organic frameworks, Dalton Trans. 42 (2013) 11367-11370. 

[8] H. Furukawa, K. E. Cordova, M. O Keeffe, O. M. Yaghi, The Chemistry and 

Applications of Metal-Organic Frameworks, Science 341 (6149) (2013) 

1230444. 

[9] Z. Hu, B. J. Deibert, J. Li, Luminescent metal-organic frameworks for 

chemical sensing and explosive detection, Chem. Soc. Rev. 43 (16) (2014) 

5815-5840. 

[10] X. Cui, W. Zuo, M. Tian, Z. Dong, J. Ma, Highly efficient and recyclable Ni 

MOF-derived N-doped magnetic mesoporous carbon-supported palladium 

catalysts for the hydrodechlorination of chlorophenols, J. Mol. Catal. A: 

Chem., 423 (2016) 386-392. 

http://www.sciencedirect.com/science/article/pii/S1381116916302916
http://www.sciencedirect.com/science/article/pii/S1381116916302916
http://www.sciencedirect.com/science/article/pii/S1381116916302916


[11] B. Y. Xia, Y. Yan, N. Li, H. B. Wu, X. W. D. Lou, X. Wang, A metal-organic 

framework-derived bifunctional oxygen electrocatalyst, Nature Energy 1 

(2016) 15006. 

[12] L. Kuai, J. Geng, C. Chen, E. Kan, Y. Liu, Q. Wang, B. Geng, A Reliable 

Aerosol-Spray-Assisted Approach to Produce and Optimize Amorphous 

Metal Oxide Catalysts for Electrochemical Water Splitting, Angew. Chem. Int. 

Ed. 53 (2014) 7547-7551. 

[13] G. Wu, P. Zelenay, Nanostructured Nonprecious Metal Catalysts for Oxygen 

Reduction Reaction, Acc. Chem. Res. 46 (8) (2013) 1878-1889. 

[14] W. Xia, R. Q. Zou, L. An, D. G. Xia, S. J. Guo, A metal-organic framework 

route to in situ encapsulation of Co@Co3O4@C core@bishell nanoparticles 

into a highly ordered porous carbon matrix for oxygen reduction, Energy 

Environ. Sci. 8 (2015) 568-576. 

[15] Y. Hou, T.Z. Huang, Z.H. Wen, S. Mao, S.M. Cui, J.H. Chen, Metal-organic 

framework-derived nitrogen-doped core-shell-structured porous Fe/Fe3C@C 

nanoboxes supported on graphene sheets for efficient oxygen reduction re- 

actions, Adv. Energy Mater 4 (2014) 1400337. 

[16] S.-L. Li, Q. Xu, Metal-organic frameworks as platforms for clean energy, 

Energy Environ. Sci. 6 (2013) 1656-1683. 

[17] R. Liu, D. Wu, X. Feng, K. Mullen, Nitrogen-doped ordered mesoporous 

graphitic arrays with high electrocatalytic activity for oxygen reduction, 

Angew. Chem. Int. Ed. 49 (2010) 2565-2569. 

[18] R. Liu, H. Zhang, S. Liu, X. Zhang, T. Wu, X. Ge, Y. Zang, H. Zhao, G. Wang, 

Shrimp-shell derived carbon nanodots as carbon and nitrogen sources to 

fabricate three-dimensional N-doped porous carbon electrocatalysts for the 

oxygen reduction reaction, Phys. Chem. Chem. Phys. 18 (2016) 4095-4101. 

[19] S. Liu, H. Zhang, Q. Zhao, X. Zhang, R. Liu, X. Ge, G. Wang, H. Zhao, W. 

Cai, Metal-organic framework derived nitrogen-doped porous carbon@ 

graphene sandwich-like structured composites as bifunctional electrocatalysts 

for oxygen reduction and evolution reactions, Carbon 106 (2016) 74-83. 

[20] Y. Li, H. Zhang, Y. Wang, P. Liu, H. Yang, X. Yao, D. Wang, Z. Tang, H. Zhao, 

A self-sponsored doping approach for controllable synthesis of S and N 

co-doped trimodal-porous structured graphitic carbon electrocatalysts, Energy 

Environ. Sci. 7 (2014) 3720-3726. 

[21] P. Xu, D. Wu, L. Wan, P. Hu, R. Liu, Heteroatom doped mesoporous 

carbon/graphene nanosheets as highly efficient electrocatalysts for oxygen 

reduction, Journal of Colloid and Interface Science 421 (2014) 160-164. 

[22] C. He, J. J. Zhang, P. K. Shen, Nitrogen-self-doped graphene-based non- 

precious metal catalyst with superior performance to Pt/C catalyst toward 

oxygen reduction reaction, J. Mater. Chem. A 2 (2014) 3231-3236. 

[23] H. Zhang, Y. Wang, D. Wang, Y. Li, X. Liu, P. Liu, H. Yang, T. An, Z. Tang, H. 

Zhao, Hydrothermal trans-formation of dried grass into graphitic carbon- 

based high performance electrocatalyst for oxygen reduction reaction, Small 

10 (2014) 3371-3378.  



[24] L. Ge, Y. Yang, L. Wang, W. Zhou, R. De Marco, Z.G. Chen, J. Zou, Z. Zhu, 

High activity electrocatalysts from metal-organic framework-carbon nanotube 

templates for the oxygen reduction reaction, Carbon 82 (2015) 417-424. 

[25] C.H. Choi, S.H. Park, S.I. Woo, Binary and ternary doping of nitrogen, boron, 

and phosphorus into carbon for enhancing electrochemical oxygen reduction 

activity, ACS Nano 6 (2012) 7084-7091. 

[26] Y. Li, F. Cheng, J. Zhang, Z. Chen, Q, Xu, S. Guo, Cobalt-Carbon Core-Shell 

Nanoparticles Aligned on Wrinkle of N-Doped Carbon Nanosheets with 

Pt-Like Activity for Oxygen Reduction, Small 12 (21) (2016) 2839-2845. 

[27] K Lee, L. Zhang, H Lui, R Hui, Z Shi, J. Zhang, Oxygen reduction reaction 

(ORR) catalyzed by carbon-supported cobalt polypyrrole (Co-PPy/C) electro- 

catalysts, Electrochim. Acta 54 (2009) 4704-4711. 

[28] X. Li, Y. Fang, X. Lin, M. Tian, X. An, Y. Fu, R. Li, J. Jin, J. Ma, MOF 

derived Co3O4 nanoparticles embedded in N-doped mesoporous carbon 

layer/MWCNT hybrids: extraordinary bi-functional electrocatalysts for OER 

and ORR, J. Mater. Chem. A 3 (2015) 7392-17402. 

[29] S. Jiang, C. Zhu, S. Dong, Cobalt and nitrogen-cofunctionalized graphene as a 

durable non-precious metal catalyst with enhanced ORR activity, J. Mater. 

Chem. A 1 (2013) 3593-3599. 

[30] L. Zhang, Z. Su, F. Jiang, L. Yang, J. Qian, Y. Zhou, W. Li, M. Hong, Highly 

graphitized nitrogen-doped porous carbon nanopolyhedra derived from ZIF-8 

nanocrystals as efficient electrocatalysts for oxygen reduction 

reactions, Nanoscale 6 (12) (2014) 6590-6602. 

[31] P. Chen, T.-Y. Xiao, Y.-H. Qian, S.-S. Li, S.-H. Yu, A Nitrogen-Doped 

Graphene/Carbon Nanotube Nanocomposite with Synergistically Enhanced 

Electrochemical Activity, Adv. Mater. 25 (2013) 3192-3196. 

[32] D. Yang, A. Velamakanni, G. Bozoklu, S. Park, M. Stoller, R. D. Piner, S. 

Stankovich, I. Jung, D. A. Field, C. A. Ventrice Jr, R. S. Ruoff, Chemical 

analysis of graphene oxide films after heat and chemical treatments by X-ray 

photoelectron and Micro-Raman spectroscopy, Carbon 47 (2009) 145-152. 

[33] T. Y. Ma, S. Dai, M. Jaroniec, S. Z. Qiao, Metal-Organic Framework Derived 

Hybrid Co3O4-Carbon Porous Nanowire Arrays as Reversible Oxygen 

Evolution Electrodes, J. Am. Chem. Soc. 136 (2014) 13925-13931. 

[34] L. Lai, J. R. Potts, D. Zhan, L. Wang, C. K. Poh, C. Tang, H. Gong, Z. Shen, J. 

Lin, R. S. Ruoff, Exploration of the active center structure of nitrogen- 

doped graphene-based catalysts for oxygen reduction reaction, Energy 

Environ. Sci. 5 (2012) 7936-7942. 

[35] S. Chao, Q. Cui, Z. Bai, H. Yan, K. Wang, L. Yang, Varying N content and 

N/C ratio of the nitrogen precursor to synthesize highly active Co-Nx/C 

non-precious metal catalyst, Int. J. Hydrogen Energy 39 (2014) 14768-14776. 

[36] L. Zhang, X. Wang, R. Wang, M. Hong, Structural Evolution from Metal- 

Organic Framework to Hybrids of Nitrogen-Doped Porous Carbon and  

Carbon Nanotubes for Enhanced Oxygen Reduction Activity,  Chem. Mater. 

27 (22) (2015) 7610-7618. 

https://xueshu.glgoo.org/citations?user=v_cGydoAAAAJ&hl=zh-CN&oi=sra
https://xueshu.glgoo.org/citations?user=jWn7QfIAAAAJ&hl=zh-CN&oi=sra
http://pubs.rsc.org/en/results?searchtext=Author:Linjie%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author:Zixue%20Su
http://pubs.rsc.org/en/results?searchtext=Author:Feilong%20Jiang
http://pubs.rsc.org/en/results?searchtext=Author:Lingling%20Yang
http://pubs.rsc.org/en/results?searchtext=Author:Jinjie%20Qian
http://pubs.rsc.org/en/results?searchtext=Author:Youfu%20Zhou
http://pubs.rsc.org/en/results?searchtext=Author:Wenmu%20Li
http://pubs.rsc.org/en/results?searchtext=Author:Maochun%20Hong
http://www.sciencedirect.com/science/article/pii/S0008622308005022
http://www.sciencedirect.com/science/article/pii/S0008622308005022
http://www.sciencedirect.com/science/article/pii/S0008622308005022
http://pubs.rsc.org/en/content/articlehtml/2012/ee/c2ee21802j
http://pubs.rsc.org/en/content/articlehtml/2012/ee/c2ee21802j


[37] H. Jin, J. Wang, D. Su, Z. Wei, Z. Pang, Y. Wang, In situ cobalt-cobalt oxide 

/N-doped carbon hybrids as superior bifunctional electrocatalysts for 

hydrogen and oxygen evolution, J. Am. Chem. Soc. 137 (7) (2015) 2688- 

2694. 

[38] Y. Hou, Z. Wen, S. Cui, S. Ci, S. Mao, J. Chen, An advanced nitrogen-doped 

graphene/cobalt-embedded porous carbon polyhedron hybrid for efficient 

catalysis of oxygen reduction and water splitting. Adv. Funct. Mater. 25 (2015) 

872-882. 

[39] X. Zhang, R. Liu, Y. Zang, G. Liu, G. Wang, Y. Zhang, H. Zhang, H. Zhao, 

Co/CoO nanoparticles immobilized on Co-N-doped carbon as trifunctional 

electrocatalysts for oxygen reduction, oxygen evolution and hydrogen 

evolution reactions, Chem. Commun. 52 (2016) 5946-5949. 

[40] J. Zhang, X. Wang, D.Qin, Z. Xue, X. Lu, Fabrication of iron-doped cobalt 

oxide nanocomposite films by electrodeposition and application as electro- 

catalyst for oxygen reduction reaction, Applied Surface Science 320 (2014) 

73-82. 

[41] X. Chen, S. Chen, J. Wang, Screening of catalytic oxygen reduction reaction 

activity of metal-doped graphene by density functional theory[J]. Applied 

Surface Science 379 (2016) 291-295. 

[42] X. Li, Y. Fang, S. Zhao, J. Wu, F. Li, M. Tian, X. Long, J. Jin, J. Ma, 

Nitrogen-doped mesoporous carbon nanosheet/carbon nanotube hybrids as 

metal-free bifunctional electrocatalysts for water oxidation and oxygen 

reduction, J. Mater. Chem. A 4 (2016) 13133-13141. 

[43] C. Tang, H.-F. Wang, X. Chen, B.-Q. Li, T.-Z. Hou, B. Zhang, Q. Zhang, 

M.-M. Titirici, F. Wei, Topological Defects in Metal-Free Nanocarbon for 

Oxygen Electrocatalysis, Adv. Mater. 28 (2016) 6845-6851. 

[44] Q.-L. Zhu, W. Xia, T. Akita, R. Zou, Q. Xu, Metal-Organic Framework- 

Derived Honeycomb-Like Open Porous Nanostructures as Precious-Metal- 

Free Catalysts for Highly Efficient Oxygen Electroreduction, Adv. Mater. 28 

(2016) 6391-6398. 

[45] Y. Fang, X. Lia, F. Li, X. Lin, M. Tian, X. Long, X. An, Y. Fu, J. Jin, J. Ma, 

Self-assembly of cobalt-centered metal organic framework and multiwalled 

carbon nanotubes hybrids as a highly active and corrosion-resistant 

bifunctional oxygen catalyst, Journal of Power Sources 326 (2016) 50-59. 

http://pubs.acs.org/author/Jin,+Haiyan
http://pubs.acs.org/author/Wang,+Jing
http://pubs.acs.org/author/Su,+Diefeng
http://pubs.acs.org/author/Wei,+Zhongzhe
http://pubs.acs.org/author/Pang,+Zhenfeng
http://pubs.acs.org/author/Wang,+Yong
http://pubs.acs.org/doi/abs/10.1021/ja5127165
http://pubs.acs.org/doi/abs/10.1021/ja5127165
http://pubs.acs.org/doi/abs/10.1021/ja5127165
http://pubs.rsc.org/is/results?searchtext=Author:Xian%20Zhang
http://pubs.rsc.org/is/results?searchtext=Author:Rongrong%20Liu
http://pubs.rsc.org/is/results?searchtext=Author:Yipeng%20Zang
http://pubs.rsc.org/is/results?searchtext=Author:Guoqiang%20Liu
http://pubs.rsc.org/is/results?searchtext=Author:Guozhong%20Wang
http://pubs.rsc.org/is/results?searchtext=Author:Yunxia%20Zhang
http://pubs.rsc.org/is/results?searchtext=Author:Haimin%20Zhang
http://pubs.rsc.org/is/results?searchtext=Author:Huijun%20Zhao
http://www.sciencedirect.com/science/journal/01694332

