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Enhanced electrocatalytic oxygen reduction reaction for Fe-N4-C 
by incorporation of Co nanoparticles 

Tao Jiang,a Weiling Luan,*a Lyudmila Turyanska b and Qi Feng c 

Oxygen reduction reaction (ORR) catalytic activity can be improved by means of enhancing the synergy between transition 

metals. In this work, novel porous Fe-N4-C nanostructure enwrapping uniformly dispersed Co nanoparticle (CoNP) is 

prepared by an assisted thermal loading method. The as-prepared Co@Fe-N-C catalyst demonstrates enhanced ORR activity 

with a half-wave potential (E1/2) of 0.92 V vs. RHE, which is much higher than the direct pyrolysis CoNPs-free sample Fe-N-C 

(E1/2=0.85 V) and Pt/C (E1/2=0.90 V) in alkaline media. It exhibits a remarkable stability with only 10 mV decrease in E1/2 after 

10,000 cycles and an outstanding long-term durability with current remains 85% after 60,000s. In acidic media, this catalyst 

exhibits catalytic activity with an E1/2 of 0.79 V, comparable to Pt/C (E1/2=0.82 V). The X-ray absorption fine spectroscopy 

analysis revealed presence of active centres of Fe-N4. Density functional theory calculations confirmed the strong synergy 

between CoNPs and Fe-N4 sites, providing a lower overpotential and beneficial electronic structure and local coordination 

environment for ORR. The incorporation of CoNPs on the surface of Fe-N4-C nanomaterials plays a key role in enhancing the 

ORR catalytic activity and stability, providing a new route to prepare efficient Pt-free ORR catalysts.  

Introduction 

The exploration of precious metal-free catalysts for the oxygen 

reduction reaction (ORR) is a major concern to achieve the practical 

application of fuel cells and metal–air batteries.1,2 Until now, 

materials based on noble metals, such as platinum (Pt)-, palladium 

(Pd)-, ruthenium (Ru)- and iridium (Ir)-based materials and their 

alloys, have been observed to exhibit optimal performance during 

this catalytic process.3–5 However, certain precious metal-free 

catalysts with a comparable performance have rarely been 

reported.6 Good catalytic activity has been achieved with respect to 

the ORR using transition metal nitrides,7,8 carbides9,10 and oxides,11,12 

particularly those based on transition metal and nitrogen co-doped 

carbon nanostructures (M-N-C, M = Fe, Co, Mn, Cr, Ni, etc).13–17 

Among these, Fe-N-C and Co-N-C materials are the most plausible 

alternatives to precious metal catalysts.7,18 In particular, the Fe-N-C 

catalysts demonstrate prominent ORR catalytic performance that is 

comparable to that of Pt-based catalysts because of their efficient 

Fe-Nx active sites.8,19 In addition, Fe carbide (Fe3C) and Fe oxide 

(Fe3O4) play significant roles during the enhancement of the ORR 

catalytic activity.20–22 The Co-N-C catalysts also exhibit excellent ORR 

catalytic ability because of their efficient Co-Nx active sites.23 

Importantly, in an acidic environment, the Co-Nx sites generally show 

higher stability than the Fe-Nx sites despite the superior catalytic 

activity of the latter.24,25 Therefore, the development of high-

performance and high-stability Co-based catalysts is attracting 

considerable attention. Generally, the preparation of non-precious 

metal-based catalysts requires high-temperature treatments. 

Unfortunately, at a high temperature, Co easily undergoes 

aggregation into nonuniform clusters at high temperatures, resulting 

in the insufficient exposure of the metal active sites and the 

concomitant reduction of the catalytic performance of the Co-based 

catalysts.26 

Generally, a high catalytic performance is associated with a high 

specific surface area, high porosity, multidimensional pore 

distribution, high nitrogen content, and high graphitization 

degree.27,28 Metal-organic frameworks (MOFs) have been extensively 

used as precursors to prepare ORR catalysts because of various 

crucial advantages such as large specific surface area, high porosity, 

and uniform metal and nitrogen distribution without external carbon 

supports, which are beneficial in case of ORR.29,30 The zeolite 

imidazole frameworks (ZIFs) having cobalt (ZIF-67) or zinc (ZIF-8) as 

metal centers and dimethylimidazole as the ligands are the most 

commonly used precursors.31 For example, ZIF-67 can generate Co-

Nx active sites32 and nitrogen-doped porous carbon nanostructures 

with a high degree of graphitization have been obtained from the 

pyrolysis of ZIF-8.33 ZIF-8 can be easily doped using metal 

heteroatoms to prepare M-Nx active sites, and Zn atoms can be 

removed at a high temperature of >900 °C, resulting in abundant 

micropores beneficial for the ORR catalytic performance.34 For 

instance, using the double-solvent method, Fe ions can be doped into 

the pores of ZIF-8; subsequently, Fe-Nx active sites can be generated 

after pyrolysis.35–38 In addition, bimetal-based MOFs, such as Zn@Co-
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ZIF, have been proposed to produce highly porous catalysts with 

several Co-Nx active sites and exhibit high porosity and graphitization 

degree.39 The Fe-doped bimetal catalyst showed excellent catalytic 

activity and stability.40 
The catalytic activity of ORR can be enhanced based on the 

synergistic effect between transition metals, especially between Fe 

and Co.41,42 The direct heat treatment of Co-ZIF at high temperature 

leads to formation of Co-Nx sites. Also, carbonization of ZIFs can 

result in partial release of Co2+ ions and formation of Co 

nanoparticles (CoNPs) during sintering.43 Thus, CoNPs are expected 

to uniformly disperse on the surface of Fe-N-C catalyst, hindering the 

undesirable agglomeration of Co and enhancing the synergy 

between Co and Fe. Herein, we report a novel Co@Fe-N-C catalyst 

produced by an assisted thermal loading method based on Co-ZIF 

and Fe-ZIF, and containing CoNPs uniformly loaded on the surface of 

Fe-N4-C nanomaterials. The Co@Fe-N-C catalyst demonstrates 

enhanced ORR catalytic activity in alkaline media (0.1 M KOH, E1/2 of 

0.92 V vs. RHE). The enhancement of the catalytic performance is 

correlated with the density and distribution of CoNPs and their 

interaction with Fe-sites. The observed performance is greater than 

that of Fe-N-C with no CoNPs, Co@N-C without Fe doping, N-C 

without metal doping, commercial Pt/C catalyst, and most of other 

reported Fe- and Fe-Co bimetal-based catalysts. In addition, the 

Co@Fe-N-C catalyst has outstanding activity in more challenging 

acidic environment (0.1 M HClO4) with E1/2 of 0.79 V that is 

comparable to commercial Pt/C catalyst. The active centres and 

origin of the enhanced ORR catalytic performance is discussed based 

on X-ray absorption fine spectroscopy analysis and density functional 

theory (DFT) calculations.  

Experimental 

Chemicals 

All the reactants were purchased as stated below and used without 

any purification. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), cobalt 

nitrate hexahydrate (Co(NO3)2·6H2O), ferric chloride hexahydrate 

(FeCl3·6H2O), dimethylimidazole (2-MeIM), potassium hydroxide 

(KOH), methanol (CH3OH), and ethanol (C2H5OH) were purchased 

from Titan (Shanghai, China). Then, sulfuric acid is purchased from 

Alfa, and Nafion (5%) was purchased from DuPont. Pt/C catalyst was 

purchased from Hesen (Shanghai, China). Ultrapure water with a 

resistivity of 18.2 MΩ was used during the process. 

Synthesis of ZIFs 

ZIF-8 was synthesized in accordance with a modified procedure 

reported in the literature.14 Briefly, 40 mL of a CH3OH solution 

containing 3.0 g (10 mmol) of Zn(NO3)2·6H2O was added to 80 mL of 

a CH3OH solution containing 6.5 g (80 mmol) of 2-MeIM, and the 

resulting mixture was stirred for 24 h at room temperature, followed 

by centrifugal washing (5 min at 5000 rpm) that was repeated thrice 

with CH3OH and overnight drying in vacuum at 70 °C. The resulting 

white powder was collected and stored at room temperature. Co-ZIF 

was synthesized via the same method using a CH3OH solution (500 

mL) containing 12.3 g (150 mmol) of 2-MeIM and a solution of MeOH 

(500 mL) containing 7.3 g (25 mmol) of Co(NO3)2·6H2O; finally, the 

obtained purple powder was collected. 

Synthesis of Fe-ZIF-8 

First, ZIF-8 (100 mg) was dispersed in MeOH (15 mL) and 

ultrasonicated for 15 min. This was followed by the injection of 150 

μL of an aqueous solution of FeCl3·6H2O (50 mg mL−1). Then, this 

mixture was ultrasonicated for 2 h and stirred for 1 h at room 

temperature. The light-yellow powder Fe-ZIF-8 powder was then 

collected after performing centrifugal cleaning twice using CH3OH 

and overnight vacuum drying at 60 °C. 

Preparation of catalysts 

Co@Fe-N-C was prepared using an assisted thermal loading method. 

The corundum boat containing powder of Fe-ZIF-8 (100 mg) was 

placed next to corundum boat containing Co-ZIF (200 mg) in a quartz 

tube and were pyrolyzed in an inert gas atmosphere (see Fig. S1 in 

the ESI). The pyrolysis was performed at T = 900 °C with a heating 

rate of 5 °C min−1 for 2 h in Ar atmosphere, followed by cooling to 

room temperature. After being washed with 0.5 M H2SO4 for three 

times at room temperature to remove the inactive species and dried 

in vacuum oven, the black Co@Fe-N-C powder was collected and 

stored at room temperature. In order to assess the effect of CoNPs 

on the ORR activity, the Fe-N-C catalyst was prepared by direct 

pyrolysis of Fe-ZIF-8. The assisted thermal loading of ZIF-8 and Co-ZIF 

was used to prepare the Co@N-C and the direct pyrolysis of ZIF-8 was 

used to prepare the N-C (see Table S1 in the ESI). 

Characterization 

The sample morphology was investigated using scanning electron 

microscopy (SEM, Hitachi Limited S-4800), transmission electron 

microscopy (TEM, JEOL JEM-2100F), high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM, Hitachi S-

5500), and aberration-corrected transmission electron microscopy 

(ACTEM, FEI Titan Themis TEM) were used to investigate the 

morphology of the samples. The crystal structure of the samples was 

analyzed using powder X-ray diffraction (XRD, Rigaku 2550VB). 

Raman spectra were recorded on an Invia/Reflrx Laser spectrometer 

(Renishaw, England) using a 532-nm laser beam for excitation. 

Further, inductively coupled plasma mass spectrometry (ICP MS, 

Baird PS-6) was used to measure the metal element content in the 

samples. The nitrogen adsorption and desorption method (Mike 

ASAP 2020 HD88) was used to estimate the specific surface area and 

obtain the pore size distribution. X-ray photoelectron spectroscopy 

(XPS) with an Al Kα X-ray source (Thermo ESCALAB250) was used for 

determining the chemical state and valence of the samples. X-ray 

absorption fine spectroscopy (XAFS) was used to investigate the fine 

chemical environment of the samples. An extended X-ray absorption 

fine structure (EXAFS) analysis was conducted on the X-ray 

Absorption Fine structure for catalysis (XAFCA) beamline at the 

Catalysis and Surface Science Endstation at Singapore Synchrotron 
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Light Source (SSLS). The EXAFS spectra were recorded using the 

Gaussian window function. The Fe K-edge X-ray near edge structure 

(XANES) data were recorded in the fluorescence mode. The detector 

was an ion chamber with a double-crystal Si (111) monochromator. 

The storage ring was operating at an energy of 700 MeV with an 

average electron current of 200 mA. The DFT calculation was used 

for calculating the free energy associated with the ORR of the 

catalysts (SI3, in the ESI). 

Electrochemical performance tests 

The electrochemical performance of the catalysts was evaluated 

using a three-electrode system comprising a rotating disk electrode 

(RDE, 5 mm in diameter) or rotating ring-disk electrode (RRDE, 4 mm 

in diameter for the disk and 5 mm in diameter for the ring) as the 

working electrode, Ag/AgCl (over saturated KCl) as the reference 

electrode, and graphite rod as the counter electrode. In this work, 

the potential values were calculated as formula: E (vs. RHE) = E (vs. 

Ag/AgCl) +0. 97 V. Subsequently, catalytic inks were prepared by 

dispersing 5 mg of the as-prepared catalysts in 470 μL of ethanol, 470 

μL of ultrapure water, and 60 μL of Nafion or 5 mg of Pt/C in 960 μL 

of isopropanol and 40 μL of Nafion. The inks were ultrasonicated for 

1 h. Then 5 μL of the ink was dropped on the RRDE as an alkaline 

work electrode (loading of 0.2 mg cm−2) or 16 μL of the ink was 

dropped on the RDE as an acidic work electrode (loading of 0.4 mg 

cm−2). The deposited inks were dried at room temperature. All the 

tests were conducted in O2-saturated electrolyte solutions. In an 

alkaline electrolyte comprising the KOH solution (0.1 M), cyclic 

voltammetry (CV) curves could be observed from −1 to 0.2 V at a 

sweep rate of 50 mV s−1. Linear sweep voltammetry (LSV) curves 

were recorded on the RRDE (rotating rates of 1600 rpm) from 0.2 to 

−1 V at a sweep rate of 10 mV s−1. In an acidic electrolyte comprising 

an HClO4 solution (0.1 M), CV curves were recorded in the range from 

−0.2 to 1 V and LSV curves were obtained on the RDE from 1 to −0.2 

V. For the CV cycles stability test, the potential range was set from 

0.6 to 1.0 V with a sweep rate of 100 mV s−1. The electron transfer 

number, n, was calculated using the Koutecky-Levich equations in 

the ESI. The value of n and the yield of H2O2 can be calculated 

according to RRDE results and reference formula in the ESI. The 

collection efficiency (0.39) of the ring electrode measured in 1 M 

potassium ferricyanide (K3Fe(CN)6) and 0.1 M KCl solution. Note that 

the ring electrode potential was set at 1.48 V (vs. RHE). 

Results and discussion 

Synthesis and microscopic characterization of catalysts 

ZIF-8 was doped with FeCl3 and directly pyrolyzed to prepare Fe-N-C 

catalyst counterpart, as shown in process I of Fig. 1. The assisted 

thermal loading method was used to prepare the Co@Fe-N-C 

catalyst. As shown in process II of Fig. 1 and Fig. S1 in the ESI, Fe-ZIF-

8 and Co-ZIF were placed in separate corundum boats and placed 

close to each other in the central position of a quartz tube, with the 

boat containing Co-ZIF located toward the inert gas inlet. After the 

pyrolysis process and washed with acid, Co@Fe-N-C was collected 

without any other post-processing. The SEM images and powder XRD 

patterns confirm the typical dodecahedral morphology of ZIF-8 (Fig. 

S2a, S3a in the ESI). Fe-ZIF-8 was formed by mixing the Fe3+ solution 

with ZIF-8 and it inherited the ZIF-8 structure. Fe3+ was embedded in 

the micropores of ZIF-8, which could be observed from the Brunauer-

Emmett-Tellet (BET) and Barrett-Joyner-Halenda (BJH) results that 

denoted a smaller micropore volume in Fe-ZIF-8 when compared 

with that in ZIF-8 (Fig. S4 in the ESI). In contrast, the TEM image of 

Co@Fe-N-C (Fig. 2a) reveals many nanoparticles wrapped by 

graphitic-like carbons. The high-resolution TEM (HRTEM) image 

shows that the lattice spacing in these particles is 2.16 Å (Fig. 2b), 

which corresponds to the Co (100) plane. The CoNPs were also 

detected based on the HAADF-STEM and SEM results (Fig. 2c, Fig. S2c 

in the ESI), which revealed the presence of particles with average 

sizes of 20 ± 10 nm. The carbonization of Co-ZIF during heat 

I

II

Co-ZIF

ZIF-8

Co@Fe-N-C

Fe-N-C

Fe-ZIF-8

C

N

Fe

Co

Cl

Figure 1. Schematic illustration for the synthesis of (I) Fe-N-C and (II) Co@Fe-N-C. Fe-ZIF-8 was prepared by adsorbing FeCl3 molecules into 

the microporous of ZIF-8; Co nanoparticles loaded on the surface of Fe, N co-doped graphitic carbon nanomaterials during the process of 

calcination. 
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treatment results in release of Co2+ ions, some of which can be 

reduced to form CoNPs during sintering process.12 We envisage that 

assisted thermal loading method, where the Fe-ZIF-8 is placed close 

to Co-ZIF which towards the outlet of the quartz tube in the tubular 

furnace, a small amount of Co is transferred with argon flow during 

carbonization process and the CoNPs are formed and embedded into 

the Fe-N4-C. Thus, metallic CoNPs were thermally loaded on the 

surface of Fe-N-C nanomaterials after calcination. The SEM and TEM 

images of the Fe-N-C sample reveal a morphology comparable to that 

of Co@Fe-N-C; however, no CoNPs are observed (Fig. S5a, Fig. S6a, 

Fig. S6d in the ESI). It is also noted that no CoNPs are observed in any 

of our control samples (Fig. S6 in the ESI), indicating that the CoNPs 

might be formed because of the synergistic action between Fe and 

Co during the heating process. The existence of CoNPs is expected to 

enhance the synergy between CoNP and Fe species thus improves 

the ORR activity of Fe-N-C nanomaterials. 

The metal distribution during catalysis is a major factor 

associated with its activity; therefore, the distribution of Fe in 

Co@Fe-N-C was assessed via ACTEM analysis (Fig. 2d, e). Fe is found 

to be distributed at the atomic level throughout the catalyst. Fig. 2f 

shows the high-resolution HAADF-STEM image and the 

corresponding elemental mapping, confirming the uniform 

distribution of N and Fe on the carbon matrix. In addition, Co could 

only be detected in the form of nanoparticles. The XRD patterns for 

Co@Fe-N-C and the reference samples reveal two peaks at 24° and 

43° (Fig. S3b in the ESI), corresponding to the graphitic C (110) and C 

(200) planes, respectively. The Fe and metallic Co signals were not 

detected by XRD, probably due to that Fe are atomic level 

distribution as Fe-Nx and the small amount of CoNPs were wrapped 

in the graphitic nanocarbon materials. ICP results indicate Fe content 

is 12 times of Co content (Table S2 in the ESI). It is note-worthy that 

the surface roughness of Co@N-C sample is greater than that of the 

N-C sample (Fig. S6b, c in the ESI), which can be attributed to the 

increased degree of graphitization. This result was further confirmed 

by Raman spectroscopy analysis (Fig. 3a), which revealed a higher 

IG/ID value for Co@N-C (1.06) when compared with that for the N-C 

sample (0.92). The degrees of graphitization of the Fe-N-C sample 

and Co@N-C are identical (1.05) probably because of the similar 

catalytic effect of Fe and Co at high temperature. Importantly, 

Co@Fe-N-C demonstrates the highest IG/ID value (1.16), i.e., the 

highest degree of graphitization, which is beneficial for the ORR 

catalytic activity.  

The N2 adsorption and desorption curves (Fig. 3b) reveal that the 

BET specific surface area of Co@Fe-N-C is 1153 m2 g−1, which is 

significantly greater than those of Fe-N-C (870 m2 g−1) and N-C (887 

m2 g−1). The larger specific surface area corresponds to better ORR 

activity of M-N-C catalysts.37 The corresponding pore size 

distribution shows the presence of micropores with two sizes (~0.7 

nm and ~1.2 nm) in Co@Fe-N-C, whereas only micropores with a size 

of ~1.2 nm could be observed in the remaining two samples (Fig. 3c). 

The Co@Fe-N-C also has higher pore volume of 0.75 mL g−1 

compared to Fe-N-C (0.56 mL g−1) and N-C (0.62 mL g−1), which is 

beneficial for the ORR activity of M-N-C catalysts. The observed high 

specific surface area is consistent with the smaller micropore size and 

large pore volume in Co@Fe-N-C. In addition, the highest BET specific 

surface area of 1352 m2 g−1 is observed in Co@N-C. This could be 

attributed to the presence of a great number of micropores and 

mesopores due to the catalytic effect of Co-ZIF on ZIF-8 and the large 

pore volume (0.91 mL g−1). Furthermore, only the Co@Fe-N-C and 

Co@N-C samples show hysteresis loops in N2 adsorption and 

desorption curves, confirming the presence of mesopores, which is 

consistent with the pore size distribution result that indicates a size 

of 3.8 nm for Co@Fe-N-C and smaller sizes of 2.4 and 3.2 nm for 

Co@N-C. 

Figure 2. Micromorphology of Co@Fe-N-C. (a) TEM, (b) HRTEM, (c) HADDF-STEM of Co@Fe-N-C. (d, e) ACTEM of Co@Fe-N-C, showing atomic 

level distribution of Fe and several sub-nanoclusters. (f) High resolution HADDF-STEM image and corresponding elemental mapping of 

Co@Fe-N-C. 
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Chemical structure and coordination analysis 

The chemical composition of the samples was investigated via XPS 

(Fig. 3d). The chemical state of N, e.g., pyridinic-N and graphitic-N, 

significantly affects the catalytic performance during the ORR.44,45 

The high-resolution XPS N 1s spectra (Fig. 3e) reveals four peaks at 

398.4, 399.9, 401.1, and 402.3 eV, corresponding to pyridinic-N, Fe-

Nx, graphitic-N, and oxidized-N,46 respectively. Co@Fe-N-C exhibits 

similar Fe-Nx content (21.32%), when compared with those of Fe-N-

C (21.06%). Importantly, an increase of the graphitic-N content is 

observed in Co@Fe-N-C (28.91%) compared to Fe-N-C (22.81%) 

which is beneficial for the ORR activity and the stability of M-N-C 

catalysts.26 N 1s spectra of Co@N-C and N-C are shown in Fig. S7a in 

the ESI. The C 1s spectra of the samples are also analyzed and fitted 

to three peaks at 284.6, 286.2, and 288.2 eV, which correspond to C-

C, C=N, and O-C=O,47 respectively (Fig. S7b in the ESI). The chemical 

states of Fe and Co are not analyzed because of the low signal-to-

noise ratio in the Fe 2p spectra and the Co 2p spectra. (Fig. S7c in the 

ESI). 

As the metallic Co content of Co@Fe-N-C is too low to be 

detected by XAFS. Here, XAFS spectroscopy was used for 

examining the chemical environment of Fe in the Co@Fe-N-C 

catalyst. As shown in Fig. 3f, the XANES spectrum denotes that 

the pre-edge position of Co@Fe-N-C is between that of Fe foil 

and Fe(II) phthalocyanine (FePc) and is far left when compared 

with the position of FeCl3. Thus, the valence state of Fe is 

between 0 and +2. The Fourier-transformed (FT) k3-weighted 

EXAFS spectra of Co@Fe-N-C and its references (Fig. 3g) reveal 

a dominant peak at ~1.5 Å, which could be attributed to the 

observed Fe-N bonds.15,48 These results are consistent with the 

ACTEM and elemental mapping results, confirming the atomic-

level distribution of Fe in Co@Fe-N-C. The EXAFS fitting results 

denote that the coordination number of Fe to N atoms is 3.7 ± 

0.6, suggesting the presence of Fe-N4 complexes in Co@Fe-N-C 

(Fig. S8 and Table S3 in the ESI). As we know, the ORR activity 

can be enhanced by the presence of efficient Fe-N4 active 

centers.49,50 

Electrochemical performances tests 

The electrochemical performance of the samples was evaluated 

using a three-electrode system. The CV curves indicate peak 

potentials of 0.90 V vs. RHE for Co@Fe-N-C, 0.91 V for Pt/C, 0.84 V 

for Fe-N-C, 0.76 V for Co@N-C, and 0.72 V for N-C in O2-saturated 0.1 

M KOH solution (Fig. 4a). LSV curves are shown in Fig. 4b (vs. RHE 

electrode) and Fig. S9 in the ESI (vs. Ag/AgCl electrode). The onset 

potential is 1.03 V for Co@Fe-N-C, 1.02 V for Pt/C, 0.96 V for Fe-N-C, 

0.88 V for Co@N-C, and 0.86 V for N-C. We observe higher E1/2 for 

Co@Fe-N-C than CoNPs-free Fe-N-C, hence confirming beneficial 

effect of CoNPs in enhancing ORR activity (Fig. 4c). To confirm the 

effect of CoNPs and to distinguish between the effect of CoNPs and 

that or specific surface area and number of active sites, we examined 

ORR activity of catalyst with CoNP and after removal of CoNP by 

etching (0.5 M H2SO4 at 80 °C). The successful removal of CoNPs by 

etching was confirmed by TEM studies, which revealed presence of 

pores in place of the CoNPs (Fig. S10 in the ESI). The activity of etched 

Co@Fe-N-C-A was significantly reduced confirming the important 

role of CoNPs in ORR activity of Co@Fe-N-C. (Fig. S11a in the ESI). We 

summarise the ORR performance parameters for the Co@Fe-N-C, 

Co@Fe-N-C-A and Fe-N-C in Table S4 in the ESI. Furthermore, the 

RRDE results demonstrates that Co@Fe-N-C possesses the lowest 

ring current which is beneficial for the four-electron pathway in ORR 

(ring current in LSV curves, Fig. 4b). The catalytic activity of both Fe-

containing catalysts, Co@Fe-N-C and Fe-N-C, was found to be higher 

than that of N-C, which confirms the important role of the Fe-N4 sites 

as active centers. This Co@Fe-N-C catalyst also demonstrates 

comparable or higher ORR catalytic activity than most of the 

Figure 3. (a) Raman curves, (b) N2 adsorption and desorption curves and (c) corresponding pore size of Co@Fe-N-C, Fe-N-C, Co@N-C and N-

C. (d) XPS spectrums and (e) corresponding high-resolution XPS N 1s spectrums of Co@Fe-N-C, Fe-N-C, Co@N-C and N-C. (f) XANES and (g) 

FT-EXAFS curves of Co@Fe-N-C and references at Fe k-edge. 
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previously reported Fe- and Fe-Co bimetal-based non-precious metal 

catalysts (Table S5 in the ESI).  

LSV curves were obtained at various rotation speeds from 400 to 

2500 rpm to analyze the process of electron transfer in alkaline 

media, and the current density was observed to increase with the 

increasing rotational speed (Fig. S12 in the ESI). In addition, 

Koutecky-Levich (K-L) plots are obtained from the K-L formula, and 

the results are used for analyzing the reaction kinetics (Fig. 4d). The 

excellent linearity and parallelism obtained in the range of 0.4 to 0.7 

V, indicates first-order reaction kinetics for Co@Fe-N-C. In addition, 

Co@Fe-N-C exhibits the lowest Tafel slope (80.26 mV dec−1) 

compared to Pt/C (93.67 mV dec−1) compared to the catalysts with 

no CoNP present (95.05, 129.74, 140.06 and 88.76 mV dec−1 for Fe-

N-C, Co@N-C, N-C and Co@Fe-N-C-A, respectively), confirming their 

Figure 4. Electrocatalytic activity tests. (a) CV curves, (b) RRDE LSV curves, (c) half-wave potential of Pt/C, Co@Fe-N-C, Fe-N-C, Co@N-C and 

N-C in O2-saturated 0.1 M KOH solution. (d) K-L plots of Co@Fe-N-C at potential from 0.4 to 0.7 V in 0.1 M KOH. (e) Tafel plots of above 

samples in 0.1 M KOH. (f) RDE LSV curves of above samples in O2-saturated 0.1 M HClO4 solution. 
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superior catalytic activity (Fig. 4e and Fig. S11b in the ESI). Moreover, 

the ORR activity of Co@Fe-N-C was tested in a O2-saturated 0.1 M 

HClO4 electrolyte. The LSV curves provide an E1/2 = 0.79 V for Co@Fe-

N-C, which is comparable to that of the Pt/C catalyst (0.82 V) and 

higher than those of Fe-N-C, Co@N-C and N-C samples (Fig. 4f). Tafel 

curves in acidic electrolyte are also investigated and the results 

indicates the Co@Fe-N-C has the lowest Tafel slope which 

corresponds to the superior activity (Fig. S13a in the ESI). 

The number of transferred electrons, n, is another important 

parameter associated with the ORR catalysts. Based on the 

RRDE results, Co@Fe-N-C has the highest value of n = ~3.95 

when compared with n = ~3.90 for Pt/C, n = ~3.70 for Fe-N-C, n 

= ~3.05 for Co@N-C, and n = ~2.75 for N-C in 0.1 M KOH (Fig. 

5a). During the ORR process, hydrogen peroxide (H2O2) is 

produced as an intermediate product and can lead to catalyst 

poisoning, resulting in catalytic performance degradation. The 

yield of H2O2 from the RRDE results were tested and Co@Fe-N-

C showed the lowest H2O2 yield of ~3%, while higher H2O2 

quantities were detected in Pt/C (~5%), Fe-N-C (~15%), Co@N-

C (~55%) and N-C (~72%) (Fig. 5b). Thus, the Co@Fe-N-C catalyst 

follows a direct four-electron reaction pathway, further 

confirming the excellent activity of this catalyst toward ORR in 

alkaline electrolyte. Stability of catalysts is crucial for their 

practical application in fuel cells and metal-air batteries. The LSV 

curves of Co@Fe-N-C (Fig. 5c) reveal a decrease of 10 mV and 

50 mV in E1/2 before and after 10,000 and 20,000 CV cycles, 

respectively. However, the stability test of CoNPs-free Fe-N-C 

shows 50 mV drop in E1/2 after only 5000 cycles (Fig. 5d). An 

excellent alkaline ORR stability for the Co@Fe-N-C catalyst 

compared to Fe-N-C can be ascribed to the higher graphitization 

degree, more graphitic-N contents, and the synergy between 

CoNPs and Fe species of Co@Fe-N-C.40 We note that these 

catalysts have poor acidic stability (see Fig. S13b in the ESI), 

likely due to the damage of CoNPs induced by acidic 

environment. Moreover, the long-term durability tests for 

Co@Fe-N-C also indicates an excellent performance with only 

15% decrease in current after 60,000 s which is much lower than 

that of Pt/C catalyst (50% decrease in current), as shown in Fig. 

5e. The methanol tolerance ability of ORR catalysts is very 

important for applications in fuel cells, particularly in case of 

direct methanol fuel cells. Fig. 5f shows the current-time (i-t) 

chronoamperometric response results of RDE testing, in which 

no obvious change in relative current could be observed for 

Co@Fe-N-C after addition of 5 mL of a 3 M aqueous solution of 

methanol at 300 s. However, the relative current is observed to 

drastically decrease in case of the Pt/C catalyst after the 

addition of methanol. Furthermore, the relative current of 

Co@Fe-N-C is 98% after 2000 s, which is considerably higher 

than that of the Pt/C catalyst (68%). The TEM images of Co@Fe-

N-C after the stability (10,000 cycles) and long-term durability 

tests indicate that morphology of the catalyst and presence of 

CoNPs is not changed, indicating high structural stability of this 

catalyst in alkaline media (Fig. S14 in the ESI). The outstanding 

stability, long-term durability and tolerance of methanol-

containing environment are essential for the practical 

application of this Co@Fe-N-C catalyst. 

DFT theoretical calculations 

The establish the origin of the enhanced catalytic activity of and to 

evaluate the specific role of CoNPs, we performed DFT calculations 

and compared Co@Fe-N-C and Fe-N-C catalysts (Table S6). As there 

is a very low content of CoNPs in Co@Fe-N-C, one particle exists in 

the large carbon matrix and the only different between Co@Fe-N-C 

and Fe-N-C is the existence of CoNPs (Fig. S15). Herein, simplified 

local structures of Co@Fe-N-C and Fe-N-C (Fig. S16, Fig. S17 in the 
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ESI) were considered. The comparatively large size of CoNPs can 

accommodate a number of Fe-N4 active sites near a CoNP surface. 

Therefore, we examine the charge structure of the local structure of 

one Fe-N4 in Fe-N4-C in the presence of a CoNP. Fig. 6a shows that 

the three intermediates (OOH*, O*, and OH*) are adsorbed on the 

Fe-N4 active center. The difference in charge density (Fig. 6b, Fig. S18 

in the ESI) reflects the charge transfers from a CoNP to the Fe-N4 

active center, forming an electron-rich active site, which is beneficial 

for the ORR activity.  

Furthermore, the performance of Co@Fe-N-C was evaluated 

based on the free energy diagram of ORR at its overpotential. A 

reduction in free energy could be observed at a potential of less than 

0.85 V, indicating that the over potential of Co@Fe-N-C is 0.38 V (Fig. 

6c). In contrast, the overpotential of Fe-N-C is 0.64 V (Fig. S19 in the 

ESI). The much lower overpotential of Co@Fe-N-C compared to those 

of Fe-N-C and commercial Pt/C (overpotential of 0.45 V).51 

theoretically confirms its superior ORR catalytic activity. This result is 

in good agreement with those obtained via the electrochemical 

performance tests. The energy diagram indicates that the density of 

states (DOS) near the Fermi level became sharper after CoNPs were 

introduced into Fe-N4-C, indicating a considerable increase in 

conductivity of Co@Fe-N-C (Fig. S20 in the ESI) that is well agreement 

with Raman spectra results (i.e., high graphitization degree). 

As discussed above, with the incorporation of CoNPs on the 

surface of Fe-N4-C nanomaterials, Co@Fe-N-C performs lower 

overpotential, higher conductivity and more beneficial surface 

charge distribution, which are all crucial for the enhancement of ORR 

catalytic performance. Thus, the improved ORR performance of this 

Co@Fe-N-C catalyst can be partially attributed to the enhanced 

synergy between CoNPs and Fe-N4 active sites and their positive 

effects on electron transfer. 

Distribution of Co nanoparticles 

To examine the effect of the distribution of CoNPs on the ORR 

activity, we produced Co@Fe-N-C using different experimental 

conditions, which affect the NP formation, including the pyrolysis 

temperature, Ar flow rate and Co contents.52  

We investigated the effect of Co content on the distribution of 

CoNPs and ORR activity of the catalyst with mCo-ZIF = 50, 100, 200, 300 

mg per mFe-ZIF-8 = 100 mg. We found that the density of CoNPs 

increased from 0.04 wt.% to 0.14 wt.% and the higher density of 

CoNPs generally corresponded to higher ORR activity (Fig. S21, S22 

and Table S7 in the ESI).  

We also explored the effect of heat treatment temperature on 

formation of CoNPs and the ORR activity of Co@Fe-N-C. We further 

found that the density of formed CoNPs and their location is strongly 

affected by the treatment temperature and the greater ORR activity 

was observed for catalysts with higher CoNPs density. For example, 

the sample treated at T = 700 °C (Co content, 0.04 wt.%) reveals some 

isolated CoNPs out of the surface of Fe-N4-C nanomaterials and has 

poor performance with E1/2=0.67 V, while the samples treated at T = 

800 °C (Co content, 0.06 wt.%) and T=1000 °C (Co content 0.06 wt.%) 

have higher E1/2=0.82 V and 0.84 V, respectively. The sample treated 

at T=900°C (the largest Co content 0.10 wt.%) shows the highest 

CoNPs density and best performance with E1/2=0.92 V (Fig. S23, S24, 

S25 and Table S7 in the ESI).  

We also found that Ar flow rates (10 mL/min, 50 mL/min, 100 

mL/min) greatly affect the formation of CoNPs. The highest density 

of CoNPs was observed for Ar flow rate of 50 mL/min. The ORR 

activity was affected by the flow rate: E1/2=0.86 V (Co content 0.04 

wt.%, Ar rate - 10 mL/min), E1/2=0.92 V (Co content 0.10 wt.%, Ar rate 

- 50 mL/min) and E1/2=0.82 V (Co content 0.01 wt.%, Ar rate - 100 

mL/min), revealing clear link between the higher CoNP density and 

better ORR activity (Fig. S26, S27 and Table S7 in the ESI). 

We also examined the effect of the sizes of CoNPs in Co@Fe-N-C 

on the ORR activity and found that smaller CoNPs sizes do not refer 

to better ORR performance. Instead, the higher CoNPs density and 

more uniform distribution of CoNPs on Co@Fe-N-C have significant 

effect on the ORR performance (Table S8 in the ESI). Overall, we 

attribute enhanced ORR performance of to the Co@Fe-N-C s due to 

the combination of the factors, such as CoNP induced decrease of the 

overpotential of Fe-N4 sites, increase of specific surface area and a 

larger number of graphitic-N.  

Conclusions 

In summary, we successfully prepared the Co@Fe-N-C catalyst 

containing CoNPs loaded on the surface of Fe-N4-C 

nanomaterials using an assisted thermal loading method. This 

catalyst exhibited an excellent ORR activity with 20 mV higher 

E1/2 than Pt/C in 0.1 M KOH solution and a considerable activity 

with only 30 mV lower E1/2 than Pt/C in 0.1 M HClO4 electrolyte. 

Moreover, this catalyst exhibits an expected 4-electron 

pathway, low yield of H2O2 (lower than 3%), outstanding 

stability with negligible decrease in E1/2 after 10,000 cycles, 

remarkable methanol tolerance and long-term durability (85% 

in current after 60,000 s) in alkaline electrolyte. Microscopic 

characterizations indicated that Co@Fe-N-C had larger specific 

surface area and higher graphitic-N content compared to Fe-N-

C. Density functional theory calculations further supported the 

positive effect of CoNP and suggested the enhanced synergy 

between CoNPs and Fe-N4 sites. Thus, the incorporation of 

CoNPs into the Fe-N-C catalyst led to enhancement of the ORR 

activity. This study provides a new route to prepare practical, 

high-performance, and low-cost ORR catalysts, which will 

promote their application in devices such as fuel cells and 

metal-air batteries. 
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