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Nitrogen-doped carbon xerogels (NCX) have been used as non-precious metal electrocatalysts for 

oxygen reduction reaction (ORR). In this study, a Co-Fe bimetallic nitrogen-doped carbon xerogel 

(CoFeNCX) electrocatalyst with high contents of quaternary N and pyridinic N and a uniformly 

distributed bimetallic structure was prepared by facile sol-gel and pyrolysis methods. The resulting 

materials were characterized by scanning electron microscopy, field-emission transmission electron 

microscopy, energy-dispersive spectrometry, and X-ray photoelectron spectroscopy. Electrochemical 

testing of the catalyst by using a thin-film rotating disk electrode revealed its superior performance in 

acidic and alkaline electrolytes. The ORR performance of the bimetallic CoFeNCX electrocatalyst was 

remarkably better than those of CoNCX and FeNCX materials, which was primarily attributed to the 

high proportions of quaternary N and pyridinic N in the CoFeNCX electrocatalyst. The non-precious 

metal catalysts developed herein can be used as an efficient electrocatalyst for ORR in acidic and alkaline 

membrane fuel cells. 

 

 

Keywords: N-doped carbon xerogel; oxygen reduction reaction; electrocatalyst; alkaline and acidic 

media 

 

 

1. INTRODUCTION 

 

Increase in energy consumption and depletion of traditional fossil fuels have resulted in a series 

of global energy crisis and environmental pollution. Therefore, there is an urgent need to develop clean, 

renewable, and efficient alternative energy systems to meet the energy supply requirements of 

humans.[1,2] Fuel cell technology has attracted increasing attention due to its high-power density and 

low environmental impact. Thus far, platinum-based electrocatalysts are still the most effective 
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electrocatalysts for oxygen reduction reaction (ORR). However, the high costs and poor long-term 

stability of Pt seriously hinder large-scale applications of fuel cells. Therefore, the development of novel, 

highly active, and low-cost non-precious metal catalysts (NPMC) and their application as alternatives to 

platinum-based electrocatalysts are of immense importance to promote the commercialization of fuel 

cells.[3-5] Transition metals have been reported to promote the bonding of nitrogen atoms in a carbon 

six-membered carbon ring, forming a more active nitrogen–carbon structure with high-edge 

exposure.[6,7] The nature of carbon networks plays a key role in ORR. The addition of nitrogen atoms 

into the carbon structure significantly increases ORR activity because it enhances the electron density 

of materials and their abilities to contribute electrons. In addition, delocalization induced by nitrogen 

doping can improve oxygen adsorption, thereby promoting ORR. The morphology, structure, electronic 

characteristics, and composition of carbon carriers used for the synthesis of N-doped carbon materials 

exert key effects on the types and number of different N species in the final materials, thereby affecting 

the electrocatalytic performance in ORR.[8-11] Various N-doped carbon materials, such as carbon 

nanotubes, graphite, ordered mesoporous carbon, graphite, and carbon nanofibers, etc., have been used 

as electrocatalysts for ORR. Among these materials, carbon xerogels (CXs) continue to attract 

considerable attention mainly because of their competitive price and adjustable surface chemical 

states.[12-15] Material synthesis is simple, and facile scale-up is possible. In addition, new materials 

with a high porosity, high specific surface area, and high pore size distribution can be obtained by the 

simple adjustment of the synthetic parameters. In fact, the presence of medium-to-large pores in CX 

structures facilitates mass transfer in ORR. Currently, a carbon gel is mainly used as the carrier of 

precious metals, precious-metal alloys, or transition metals (such as Co, Fe, Ni).[16-19] Previously, our 

group has investigated the effect of cobalt metal (Co) on the ORR activity of a nitrogen-doped CX in 

acidic and alkaline media.[20,21] The results reveal that the catalyst exhibits a good catalytic activity as 

well as stability. Fe–N–C is well known to exhibit excellent ORR activity, while Co–N–C exhibits good 

durability. Therefore, to further increase the density of the active center in nitrogen-doped carbon 

xerogels (NCX) and catalytic ORR performance, a series of novel Co-Fe bimetallic nitrogen-doped 

carbon xerogel (CoFeNCX) electrocatalysts were developed by simple sol-gel and pyrolysis methods. 

In addition, factors affecting the performance of the CoFeNCX catalyst were investigated via the 

optimization of the composition and treatment temperature. The ORR electrocatalytic activity of the 

prepared materials in acidic and alkaline media was evaluated on an electrochemical workstation. High 

contents of pyridine nitrogen and graphite nitrogen in CoFeNCX rendered better ORR catalytic activity 

and stability than those of pure cobalt and ferroelectric catalysts. 

 

 

 

2. EXPERIMENTAL 

2.1. Catalyst preparation  

First, the resorcinol formaldehyde Co-Fe (RFCoFe) xerogel was prepared by the polymerization 

of resorcinol, formaldehyde, cobalt acetate, and ferric nitrate; then the RFCoFe xerogel was 

functionalized by N doping in ammonia to afford a CoFeNCX composite electrocatalyst. The RFCoFe 
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precursor system was prepared as follows: First, 6.16 g (0.056 mol) of resorcinol (C6H6O2, AR) was 

dissolved in 7.0 mL of deionized water, and a cobalt acetate solution (Co(CH3COO)2·4H2O, AR) was 

slowly added to the solution and stirred until it was completely dissolved. Next, a Fe(NO3)3 solution 

(Fe(NO3)3·9H2O, AR, R:Co:Fe molar ratio = 40:1:1) was added to the solution, and stirring was 

continued until the solid was completely dissolved. Subsequently, 9.08 g (0.112 mol) of a formaldehyde 

solution (HCHO, AR, 37 wt%, Tianjin Damao Chemical Reagent Factory) was dropped, followed by the 

slow addition of ammonia water (NH3, 25–28 wt%, AR, Xilong Chemical Co., LTD.) to the solution for 

a reaction to form a hydrogel. Then, the organic hydrogels were transferred to a vacuum drying oven for 

vacuum drying and closed aging at 85℃ for 7 days, affording RFCoFe organic xerogel precursor 

samples. After the sample was crushed, it was heat-treated at 800℃ in ammonia for 2 h and then naturally 

reduced to room temperature, affording a Co-Fe bimetallic composite N-doped CoFeNCX 

electrocatalyst. To compare the effect of CoFe doping, the same preparation method was employed to 

prepare samples with Co:Fe molar ratios of 1:0, 5:1, 2:1, 1:1, 1:2, 1:5, and 0:1. 

 

2.2. Materials characterization 

Sample morphologies were analyzed on a JEOL JSM 6701F field-emission scanning electron 

microscopy (FE-SEM) system. A Philips CM-1 X-ray diffractometer was utilized to investigate the bulk 

phase structure of the samples under the following test conditions: Cu Kα1 radiation source (λ = 1.54056 

A), a tube voltage of 20 kV, and a scanning range of 20°–80°. Field-emission transmission electron 

microscopy (FE-TEM) and energy-dispersive spectrometry (EDS) measurements were conducted on a 

Talos F200X system to observe catalyst morphology. X-ray photoelectron spectroscopy (XPS) data were 

recorded on an Axis Ultra DLD spectrometer and with a mono Al K αX-ray source  (Al mono, 150 W). 

The C1s (284.6 eV) peak was selected as the internal standard. Deconvolution of the XPS peak was 

conducted by an XPS peak fitting program (XPSPEAK Version 4.1). 

 

2.3. Electrochemical measurements 

Electrochemical performance of the catalysts was measured by cyclic voltammetry (CV) and 

using a conventional three-electrode system on a PGSTAT302N electrochemical workstation (Metrohm 

Corp., Switzerland). The working electrode was prepared as follows: First, 5 mg of the catalyst sample, 

1 mL of ethanol, and 50 μL of a 5 wt% Nafion solution were mixed by ultrasonication, affording a 

uniform slurry. Second, 10 μL of the slurry was extracted and transferred to a glassy carbon electrode 

with an area of 0.19625 cm2. After drying at room temperature, a thin-film electrode was formed. The 

total amount of the catalyst sample on the electrode was 0.2426 mgcm2. The reference and counter 

electrodes were a saturated KCl calomel electrode (SCE, potential of 0.242 V relative to the standard 

hydrogen electrode RHE) and Pt wire electrode, respectively, and the electrolyte was 0.5 molL1 H2SO4 

solution or 0.1 molL1 KOH solution. Unless otherwise noted, the electrode potential in CV was relative 

to RHE. High-purity N2 was continuously pumped into the electrolyte for 30 min before the test at room 
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temperature to remove the dissolved oxygen from the solution. The potential scanning range was 0–1.2V, 

and the scanning rate was 100 mVS
1. 

The catalyst activity in ORR was measured using a rotating disc electrode (RDE) on the 

PGSTAT302N electrochemical workstation with a rotary unit (PINE Corp., USA). The test conditions 

and environment were the same as those used in the CV test, and oxygen was allowed to flow into the  

electrolyte for 30 min before the test to saturate it with oxygen. The scanning range was from 1.2 V to 

0.0 V, scanning rate was 5 mVs1, and electrode speed was 1600 rpm. Catalyst stability was evaluated 

by an accelerated aging test (AAT) based on continuous potential cycling for 1000 cycles at room 

temperature. The AAT was conducted by scanning the potential between 0 and 1.2 V at a scan rate of 

50 mVS
1 in a 0.5 M H2SO4 electrolyte purged with N2. The ORR performances (before and after AAT) 

were investigated by RDE measurements using the same standard three-electrode electrochemical 

system as described above. The electrolyte was saturated by O2, and the ORR polarization curve was 

recorded at a rotating speed of 1600 rpm.  

 

3. RESULTS AND DISCUSSION 

3.1 Physical characterization of catalysts 

 

 

Figure 1. Scanning electron micrographs of samples (a) CoFeNCX (b) CoNCX and (c) FeNCX. 
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As can be observed from the SEM images of (a) CoFeNCX, (b) CoNCX, and (c) FeNCX samples 

in Figure 1, the three samples exhibit microgranular and evenly distributed surface morphologies. 

CoNCX samples are more evenly distributed, while FeNCX samples are slightly agglomerated. The 

distribution state of the CoFeNCX sample is between those of the CoNCX and FeNCX samples. 

 

 

 
 

Figure 2. FE-TEM pictures (a) CoFeNCX (b) CoNCX and (c) FeNCX. (d) The elemental mapping 

image of CoFeNCX sample. 

 

To further investigate the microstructure of the prepared catalyst, FE-TEM was employed to 

analyze the microstructure and composition of the sample (Figure 2). Figures 2 (a), (b), and (c) shows 

the FE-TEM images of CoFeNCX, CoNCX, and FeNCX catalyst samples, respectively. The comparison 

of the CoNCX sample reveals carbon nanospheres with a uniform distribution of metal particles on the 

surface, while the FeNCX sample exhibits an irregular and considerable carbon distribution, with a low 

amount of dispersed metal particles. Compared with the distributions of CoNCX and FeNCX, the 

microcosmic distribution of CoFeNCX is more uniform, showing irregular, amorphous carbon 
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distribution, and surface doping leads to relatively uniform metal particles. The elemental mapping 

image reveals that the distributions of Co and Fe are basically consistent, the distributions of C and N 

are consistent, and the doping of N is relatively uniform. FE-TEM analysis reveals that the prepared 

bimetal-doped NCX catalyst exhibits a more uniform microstructure and element composition than those 

of the single-metal doped NCX catalyst. This uniform structure contributes to the better catalytic activity 

of the material in the electrocatalytic process.[22-24]  

 

 

 

Figure 3. XPS spectra of CoFeNCX, CoNCX and FeNCX samples (a) Co 2p (b) Fe 2p and (c) N 1s. 
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XPS was employed to analyze the surface chemical states of CoFeNCX, CoNCX, and FeNCX 

materials. The peak at 775–870 eV corresponds to the satellite peaks of Co2p (Figure 3 (a)).[25,26] 

Compared to the FeNCX samples, CoFeNCX and CoNCX samples exhibit a clear Co2p spectrum.  

The peak at 705–735 eV in Figure 3(b) corresponds to the satellite peaks of Fe2p.[27] Compared 

to CoNCX samples, CoFeNCX and FeNCX samples exhibit a clear Fe2p spectrum. The peak observed 

at 394–408 eV corresponds to satellite peaks of N1s.[28,29] CoFeNCX, CoNCX, and FeNCX samples 

exhibit a clear N1s spectrum. However, compared with those of the CoNCX and FeNCX samples, the 

N1s peak of CoFeNCX sample is clearer, and the peak area is higher, indicating that the N doping content 

of the CoFeNCX sample is higher. Table 1 shows the atom content according to the XPS C1s, N1s, O1s, 

Co2p, and Fe2p region analysis of CoFeNCX, CoNCX, and FeNCX samples.  

 

 

Table 1. Overview of the XPS C1s, N1s, O1s, Co2p and Fe2p region analysis of CoFeNCX, CoNCX 

and FeNCX (atom contents). 

 

Sample ID C 1s (%) N 1s (%) O 1s (%) Co 2p (%) Fe 2p (%) 

CoFeNCX 82.04 1.02 16.76 0.09 0.09 

CoNCX 81.25 0.72 17.91 0.13 -- 

FeNCX 80.07 0.56 19.30 -- 0.07 

 

 

According to the data listed in Table 1, the C and O contents did not change considerably in the 

CoFeNCX, CoNCX, and FeNCX catalysts. The content of N in CoFeNCX is 1.42 times of that in 

CoNCX and 1.82 times of that in FeNCX. Bimetal doping significantly improves the N content of the 

CoFeNCX catalyst. In addition, XPS analysis results also reveal that the doping amounts of Co and Fe 

in the CoFeNCX sample are the same (0.09%). 

 

 

Table 2. Overview of the XPS N1s regions analysis of CoFeNCX, CoNCX and FeNCX samples. 

 

Sample ID 

pyridinic N-O quaternary N pyrrolic N pyridinic N 

B.E. 

(eV) 
N (%) 

B.E. 

(eV) 
N (%) 

B.E. 

(eV) 
N (%) 

B.E. 

(eV) 
N (%) 

CoFeNCX 403.5 10.18 401.0 44.85 399.7 14.32 398.4 30.65 

CoNCX 403.1 18.03 401.0 42.23 399.5 16.59 398.4 23.15 

FeNCX 402.8 18.30 401.0 34.62 399.8 13.22 398.4 33.87 

 

 

In this study, chemical states of N in CoFeNCX, CoNCX, and FeNCX samples were further 

analyzed by the peak-splitting fitting method (Figure 4).  
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Figure 4. High-resolution XPS spectra N1s of the CoFeNCX, CoNCX and FeNCX samples. 

 

Generally, N1s high-resolution spectra can be fitted into four peaks, corresponding to pyridinic 

N-O (402.8–403.5 eV), pyrrolic N (399.5–400.0 eV), and pyridinic N (397.6–398.4eV). Among them, 

the quaternary N and pyridinic N are thought to help catalyze ORR.[28-30] Table 2 shows the contents 

of the four chemical states of N calculated according to their peak areas after the peak fitting of 
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CoFeNCX, CoNCX, and FeNCX samples. As can be observed from the data shown in Table 2, the sum 

of the contents of quaternary N and pyridinic N in the CoFeNCX sample is the highest (75.50%); it is 

1.15 times that of the CoNCX sample (65.38%) and 1.10 times that of the FeNCX sample. The 

CoFeNCX sample composition is beneficial to its catalytic ORR process. 

 

3.2 Catalyst activity and stability 

To confirm the catalytic performance of the prepared materials, the ORR activity of the catalysts 

in acidic and alkaline media was tested and analyzed on an electrochemical workstation using CV and 

linear sweep voltammogram (LSV) methods. Figures 5(a) and (b) show the electrochemical test results 

of samples with different proportions in the acidic electrolyte.  

 

 

 

Figure 5. CV curves and LSV curves for CoxFeyNCX catalysts with Co:Fe=1:0, 5:1, 2:1, 1:1, 1:2, 1:5 

and 0:1in (a,b) 0.5 molL1 H2SO4 electrolyte and (c,d) 0.1 molL1 KOH electrolyte. 

 

As can be observed from the CV curves of the samples in Figure 5 (a), the CV curves of several 

samples exhibit nearly symmetrical rectangles, indicating that the samples exhibit good double-layer 

capacitance. The sample with a Co:Fe ratio of 1:1 exhibits the highest area enclosed by CV, indicating 

that the double-layer capacitance of the sample is the highest and that the electrochemical energy storage 

of the material is excellent. As can be observed from Figure 5(b), with the change in the doping ratio, 

the ORR performance of the material also gradually changes. Compared with those of samples with 

Co:Fe ratios of 1:0 and 0:1, the catalytic activity of the CoFeNCX sample with a Co:Fe ratio of 1:1 is 

(a) (b)

(c) (d)
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significantly improved. The initial oxygen reduction potential and half-wave potential are significantly 

greater than those of CoNCX and FeNCX samples. In an acidic electrolyte, a bimetal-doped CoFeNCX 

catalyst exhibits excellent ORR catalytic activity, which is consistent with XPS analysis results. Figure 

5(c and d) shows the electrochemical test results of samples in different mol ratios in an alkaline 

electrolyte. As can be observed from the CV curves of the samples in Figure 5 (c), the CV diagrams of 

several samples are similar to those in the acidic electrolyte, with nearly symmetrical rectangles up and 

down, indicating that the samples exhibit good double-layer capacitance. As can be observed from 

Figure 5(d), with the change in the doping ratio, the ORR performance of the material also changes 

gradually, but the change range is small, and the change is slightly different from that observed in the 

acidic system. Compared to the samples with Co:Fe ratios of 1:0 and 0:1, the CoFeNCX sample with a 

Co:Fe ratio of 1:1 does not exhibit any clear advantage in terms of the catalytic activity. The initial ORR 

potential and half-wave potential are not different from those of CoNCX and FeNCX samples. In general, 

CoFeNCX samples exhibit good catalytic performance for ORR in acidic and alkaline electrolytes, 

which is possibly attributed to the high contents of quaternary N and pyridinic N in CoFeNCX samples, 

and the electrochemical test results further confirm the analysis conclusion of XPS. 

 

 

 

Figure 6. CV curves and LSV curves of CoFeNCX catalysts at pyrolysis temperature of 700, 800, 900 

and 1000 oC in a (a,b) 0.5 molL1 H2SO4 electrolyte and (c,d) 0.1 molL1 KOH electrolyte. 

 

Next, the effect of pyrolysis temperature on catalytic activity was investigated. Figure 6 shows 

the comparison of CV and LSV curves of the CoFeNCX catalyst obtained by pyrolysis at different 

temperatures in acidic and alkaline media. As can be observed from the CV curve of the sample in Figure 

6 (a), with the increase in the pyrolysis temperature, the electric double layer of the sample gradually 

(a) (b)

(c) (d)
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decreases. Pyrolysis temperatures considerably affect the capacitance performance of the catalyst. 

Among them, compared to the samples prepared at other temperatures, the CoFeNCX catalyst prepared 

at 700 °C exhibits better double-layer capacitance performance. As can be observed from the LSV curve 

of the sample in Figure 6 (b), the catalytic activity of the sample increases first and then decreases with 

the increase in the treatment temperature, and the CoFeNCX catalyst prepared at 800°C exhibits the best 

catalytic performance. The test results under alkaline conditions are slightly different from those under 

acidic conditions (Figure 6(c and d)). The CoFeNCX catalyst prepared at 800 °C exhibits the best double-

layer capacitance performance (Figure 6 (c)). The catalytic properties of samples prepared at 700 °C, 

800 °C, and 900 °C are similar(Figure 6 (d)). Considering the factors of the initial voltage, half-wave 

potential, and limiting current, the CoFeNCX catalyst prepared at 800 °C exhibits the best performance. 

Therefore, the CoFeNCX catalyst prepared at 800 °C exhibits better catalytic ORR performance both in 

acidic and alkaline electrolytes. 

To investigate the possibility of the CoFeNCX catalyst replacing commercial Pt/C, LSV curves 

of the CoFeNCX catalyst were recorded and compared with that of the Pt/C catalyst in acidic and alkaline 

systems respectively (Figure 7). As can be observed from Figure 7 (a) and (b), the initial ORR potentials 

of the CoFeNCX catalyst are 0.832 V and 0.981 V, and the corresponding differences between 

commercial Pt/C (0.878 V and 0.990 V) are 0.046 V and 0.009 V. The half-wave potentials of the 

CoFeNCX catalyst are 0.612 V and 0.795 V, corresponding to differences of 46 mV and 51 mV from 

those of commercial Pt/C (0.658 V and 0.846 V), respectively. The initial ORR potentials and half-wave 

potentials of the CoFeNCX catalyst are comparable to those of cobalt and iron co-doped carbon catalysts, 

especially in acidic media. That is, for the (Co,Fe)-CN/RGO catalyst (onset potentials is 41 mV more 

negative than that of a commercial Pt/C) [31], for the FeCo@N-C/KB catalyst (the onset potential and 

half-wave potential are 100 mV and 80 mV less than those of Pt/C) [32] and Co2/Fe-N@CHC catalyst 

(half-wave potential is 23 mV less than that of Pt/C)[33]. The performance of the CoFeNCX catalyst is 

still slightly far less than that of commercial Pt/C. However, the material and preparation costs of the 

CoFeNCX catalyst, as a cost-effective and facile method to prepare a non-noble metal catalyst, is 

considerably less than those of the Pt/C catalyst. Therefore, the CoFeNCX catalyst can be considered as 

a promising new catalyst to replace commercial Pt/C. 

 

 

 

Figure 7. LSV curves of the CoFeNCX and Pt/C catalysts in (a) 0.5 molL1 H2SO4 and (b) 0.1 molL1 

KOH electrolytes.  
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Figure 8. CV and LSV curves of the CoFeNCX catalyst before and after AAT in 0.5 molL1 H2SO4 

electrolyte. 

 

To investigate the stability of the catalyst in practical applications, the AAT method was 

employed to examine the stability of CoFeNCX. Figure 8 shows the results. As can be observed from 

Figure 8(a), before and after AAT, CV curves of samples reveal a double-electric layer structure with 

upper and lower symmetry and a small shape change, indicating that the CoFeNCX sample structure 

remains relatively stable after the AAT test. Figure 8(b) shows LSV curves of samples before and after 

AAT. As can be observed from the figure, after AAT, the initial ORR potential and half-wave potential 

of CoFeNCX samples are 0.803 V and 0.566 V, which are 29 mV and 46 mV less than those before 

AAT (0.832 V and 0.612 V), respectively. AAT does not lead to a significant potential drop. The 

CoFeNCX samples exhibit good electrochemical stability and excellent comprehensive performance, 

and these catalysts demonstrate immense promise to replace noble-metal catalysts in fuel cell 

applications. 
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4. CONCLUSIONS 

In conclusion, a highly effective and low-cost FeCoNCX electrocatalyst is developed by a facile 

method for ORR in acidic and alkaline electrolytes. The high contents of quaternary N and pyridinic N 

can anchor high content of Co and Fe species, generating highly efficient active sites. Therefore, the 

FeCoNCX electrocatalyst exhibits outstanding activity and stability for ORR. This study provides novel 

insights into the design and synthesis of various non-precious carbon-based materials as efficient 

electrocatalysts for green energy storage and conversion technologies in the future. 
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