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A nitrogen-doped mesoporous carbon containing an embedded 

network of carbon nanotubes as a highly efficient catalyst for the 

oxygen reduction reaction 

Jin-Cheng Li,†
 Shi-Yong Zhao, † Peng-Xiang Hou,* Ruo-Pian Fang, Chang Liu,* Ji Liang, Jian Luan, Xu-

Yi Shan and Hui-Ming Cheng 

A nitrogen-doped mesoporous carbon containing a network of carbon nanotubes (CNTs) was produced for use as a 

catalyst for the oxygen reduction reaction (ORR). SiO2 nanoparticles were decorated with clusters of Fe atoms to act as 

catalyst seeds for CNT growth, after which the material was impregnated with aniline. After polymerization of the aniline, 

the material was pyrolysed and the SiO2 was removed by acid treatment. The resulting carbon-based hybrid also contained 

some Fe from the CNT growth catalyst and was doped with N from the aniline. The Fe-N species act as active catalytic sites 

and the CNT network enables efficient electron transport in the material. Mesopores left by the removal of the SiO2 

template provide short transport pathways and easy access for ions. As a result, the catalyst showed not only excellent 

ORR activity, with 59 mV more positive onset potential and 30 mV more positive half-wave potential than a Pt/C catalyst, 

but also much longer durability and stronger tolerance to methanol crossover than a Pt/C catalyst.

Introduction 

The electrochemical oxygen reduction reaction (ORR) is a key 

step that determines the performance of a variety of energy 

storage and conversion devices, such as fuel cells
1-3

 and metal-air 

batteries
4,5

. Pt-based catalysts have been the most efficient catalyst 

for ORR, but the high cost, scarcity, poor long-term stability, and 

poisoning effect of Pt-based catalysts significantly hinder their 

large-scale applications.
6
 It is therefore urgent to seek alternatives 

for Pt-based catalysts that have low cost, high activity and good 

stability. 

Doped carbon materials prepared by metal-free heteroatom 

doping
7-18

 or noble-metal-free heteroatom doping
19-24

 showed high 

electrocatalytic activity, good stability and low cost, and are 

therefore considered to be promising candidates for ORR catalysis. 

Among these, carbon-based catalysts, and nitrogen-doped carbon 

materials containing transition-metals (Fe and/or Co) have 

attracted considerable research interest due to their excellent 

catalytic activity.
25

 At present, such catalysts (Me-N/C) are mainly 

synthesized by the pyrolysis of precursors comprised of mixtures,
26

 

composites,
27,28

 metal-organic frameworks,
29,30

 etc. of transition 

metals, nitrogen and carbon. However, very few Me-N/C catalysts
21, 

31-33
 exhibit a desirable positive ORR onset potential and half wave 

potential, and a high reaction current compared to those of a 

commercial Pt/C catalyst when a similar amount of catalyst is used. 

To achieve excellent ORR performance, the catalyst should provide 

a high density of active sites, high electrical conductivity, and 

suitable porosity.
34-36

 The high electrical conductivity indicates good 

electron transport, micropores can supply numerous accessible 

active sites, and high mesoporosity facilitates efficient mass 

transport in the catalyst.
37

 However, there are trade-offs between 

these. For example, carbon materials synthesized at high 

temperatures usually have good graphitic crystallinity, but the 

density of active sites decreases,
38

 and high porosity may decrease 

the electrical conductivity. 

Carbon nanotubes (CNTs) have been used in the catalytic ORR as 

a support material
39-41

 and as a metal-free catalyst
7,42,43

, due to its 

one-dimensional structure, high electrical conductivity, and good 

stability. It was recently reported that a non-precious-metal catalyst 

containing CNTs showed a good ORR performance.
44-46

 For 

example, Yao et al. reported a Fe-N-C shell closely wrapped around 

a core of CNTs,
44

 Chung et al. prepared a nitrogen-doped 

CNT/nanoparticle composite electrocatalyst,
45

 and Yang et al. 

synthesized a bamboo-like CNT-Fe3C nanoparticle hybrid.
46

 In these 

studies, CNTs were incorporated by either pyrolysis of pre-mixed 

precursors or post-synthesis dispersion, and the CNTs were used to 

increase the electrical conductivity. However, the porosity, density 

of active sites, and mass transport ability of these hybrid catalysts 

are not well controlled and optimized. Rational design of the 

structure of carbon-based catalysts is crucial for achieving excellent 

ORR performance. 

Here, we designed and fabricated a nitrogen-doped mesoporous 

carbon containing a network of CNTs. The mesoporous structure 

Page 1 of 6 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

provides short pathways for efficient ion transport, and the Fe-N-C 

species (the very small amount of Fe is from the residue of CNT 

growth catalyst) provide abundant active sites, while the CNT 

network ensures fast electron transport
47, 48

. As a result, this 

carbon-based hybrid catalyst showed a higher onset potential (59 

mV) and half-wave potential (30 mV), as well as higher durability 

and stronger tolerance to methanol crossover than a commercial 

Pt/C catalyst. To the best of our knowledge, this is one of the most 

efficient carbon-based catalysts ever reported for ORR. Considering 

its low-cost and easy fabrication, the material is a promising 

candidate for replacing Pt-based ORR catalysts. 

Experimental 

Synthesis of CNT/(N-C)-X (X=700, 800 or 900) 

Figure 1 is a schematic of the synthesis process of the CNT-

network supported Fe-N decorated mesoporous carbon material. 

First, porous SiO2 nanoparticles were immersed in a Fe(NO3)3 

solution (Figure 1a) to obtain SiO2 nanoparticles decorated with 

clusters of Fe to act as catalyst seeds for CNT growth. CNTs were 

then grown on the SiO2 by the chemical vapor deposition of ethanol 

at 800 
o
C using the iron nanoparticles as catalyst. A high-density of 

CNTs was produced that formed a network with many connecting 

links between the SiO2 particles (Figure 1b, Figure S1a). This CNT-

SiO2 hybrid was dispersed in an aqueous HCl solution, and was then 

mixed with an aqueous HCl solution containing aniline monomer. 

An ammonium peroxydisulphate (APS) solution was then added to 

polymerize the aniline on the CNT-SiO2 to form a composite (CNT-

SiO2/PANI) (Figure 1c). The CNT-SiO2/PANI composite was pyrolysed 

under an NH3 atmosphere for 1 h at different temperatures of 700, 

800, and 900 
o
C. The resulting material was washed with a HF 

solution and concentrated HCl to remove SiO2 and any unstable 

species. Finally, mesoporous nitrogen-doped carbon interlinked by 

a CNT network (CNT/N-C) was obtained (Figure 1d). The samples 

pyrolysed at 700, 800, and 900 
o
C are denoted as CNT/(N-C)-700, 

CNT/(N-C)-800, and CNT/(N-C)-900, respectively. More details of 

the preparation procedure are given in supporting information. 

 

Figure 1. Schematic of the formation process of the CNT/N-C 

composites. (a) SiO2 nanoparticles were immersed in an Fe(NO3)3 

solution to load the SiO2 with an Fe-containing catalyst precursor. 

(b) CNTs were grown from the Fe catalyst on the surface of the SiO2 

nanoparticles. (c) Formation of a polyaniline matrix containing the 

CNT-SiO2 hybrid by the polymerization of aniline. (d) Formation of 

the mesoporous nitrogen-doped carbon containing a CNT network. 

 

Materials characterization 

The morphology and structure of the catalysts were 

characterized using scanning electron microscopy (SEM, Nova 

NanoSEM 430, operated at 15 kV), X-ray diffraction (XRD, Rigaku 

diffractometer with CuKα radiation), X-ray photoelectron 

spectroscopy (XPS, Escalab 250, Al Kα), Raman spectroscopy (Jobin 

Yvon HR800), and transmission electron microscopy (TEM, Tecnai 

F20, 200 kV). The specific surface area and pore structure of the 

samples were investigated with an automatic volumetric sorption 

analyzer (ASAP 2020 M) using N2 as the adsorbate at -196 
o
C.  

 

Electrode preparation and electrochemical measurements 

All electrochemical measurements were performed on an 

electrochemical analysis station (PARSTAT 2273, CH Instruments, 

USA) using a standard three-electrode cell at room temperature. A 

Pt wire and an Ag/AgCl electrode in saturated KCl (filled with 10 

wt% KNO3 solution) served as the counter electrode and reference 

electrode, respectively. All potential values refer to that of a 

reversible hydrogen electrode (RHE). The potential difference 

between Ag/AgCl and RHE are based on the calibration 

measurements in H2-saturated 0.1 M KOH with a Pt wire as the 

working and counter electrodes, and Ag/AgCl as the reference 

electrode. 

The catalysts were ultrasonically dispersed in an ethanol solution 

containing 0.05 wt% Nafion to form a concentration of 2.0 mg/ml 

catalyst ink, then coated on the surface of a glassy carbon disk (5.0 

mm diameter). The catalyst loading was 0.1 mg/cm
2
. Cyclic 

voltammetric (CV) and linear sweep voltammetry (LSV) 

measurements were carried out in an O2-saturated 0.1 M KOH 

solution. The scan rate for CV measurements was 50 mV/s and 5 

mV/s for LSV measurements. The polarization curves were collected 

at disk rotation rates of 400, 800, 1200, 1600, 2000, and 2500 rpm. 

For the calculation of the number of electrons transferred (n), we 

analyzed the kinetic parameters on the basis of the Koutecky–

Levich (K–L) equations.                       

Results and discussion 

Figure 2a shows a typical scanning electron microscopy (SEM) 

image of the CNT/(N-C)-800 catalyst. It can be seen that CNTs are 

homogeneously dispersed in the porous carbon and tend to form a 

network. Transmission electron microscopy (TEM) observations 

(Figure 2b) further reveal that the CNTs are intimately rooted in the 

porous carbon. TEM images of catalysts prepared at different 

pyrolysis temperatures are shown in Figure S1. It can be seen that 

the carbon structure becomes more ordered as the pyrolysis 

temperature is increased. The pore structure of the catalysts was 

studied by cryo-nitrogen adsorption, and the results are given in 

Figure 2c, Figure S2 and Table S1. The CNT/(N-C)-800 composite 

shows a typical type-IV isotherm, indicating a mesoporous structure 

(Figure 2c). There are two distinct hysteresis loops in the medium 

(P/P0=0.45-0.6) and high (P/P0=0.85-1.0) pressure regions, which 
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are respectively attributed to mesopores and macropores. The right 

inset in Figure 2c shows that the mesopore peak widths are 

centered at ~7 nm and the average diameter of mesopores 

calculated by the Barrett-Joyner-Hadlenda (BJH) equation is ~6.6 

nm. Furthermore, the rapid adsorption rise in the low pressure 

region indicates the presence of micropores, and the corresponding 

micropore distribution calculated by the density functional theory 

(DFT) method is plotted in the left inset of Figure 2c. It can be seen 

that the micropore size is centered at ~1.2 nm. The Barrett-

Emmett-Teller (BET) surface area of the CNT/(N-C)-800 catalyst is 

630 m
2
g

-1
, similar to those of the CNT/(N-C)-700 (590 m

2
g

-1
) and 

CNT/(N-C)-900 (640 m
2
g

-1
) catalysts. More details of the 

microstructure of the material were revealed by laser Raman 

spectra (Figure S3a), which shows that G-band and D-band peak 

shapes become slimmer with increasing pyrolysis temperature. This 

suggests that a higher pyrolysis temperature produces better 

graphitization of the mesoporous carbon, consistent with the TEM 

results. All the materials show X-ray diffraction (XRD) spectra with 

obvious (002) and (004) graphite peaks at 25
o
 and 43

o
, with no 

other peaks observed (Figure S3b). 

 

Figure 2. Typical (a) SEM and (b) TEM images of the CNT/(N-C)-800 

catalyst. (c) N2 adsorption/desorption isotherms of the CNT/(N-C)-

800 catalyst (insets: (left) micro- and (right) meso-pore size 

distribution curves). (d) Scanning TEM (STEM) image of the CNT/(N-

C)-800 catalyst and the corresponding elemental maps of (e) C, (f) 

N, (g) O, and (h) Fe within the square area in (d). (i) XPS spectrum of 

the CNT/(N-C)-800 catalyst (inset: high-resolution details of the N 1s 

peak). 

 

In order to reveal the elemental composition of the CNT/(N-C)-

800 catalyst, energy-dispersive X-ray spectroscopy (EDS) and X-ray 

photoelectron spectroscopy (XPS) characterizations were 

performed. Figure 2d shows a STEM image of the CNT/(N-C)-800 

catalyst and the corresponding EDS element maps of C (Figure 2e), 

N (Figure 2f), O (Figure 2g), and Fe (Figure 2h) within the square 

area in Figure 2d. It is clearly shown that all these elements are 

uniformly distributed in the sample. An XPS survey scan (Figure 2i) 

confirms that the CNT/(N-C)-800 catalyst contains C (88.2 at%), N 

(7.4 at%), O (4.3 at%), and a small amount of Fe (< 0.1 at%, Figure 

S4a) from the residual Fe catalyst used for CNT growth. The inset of 

Figure 2i shows the corresponding high-resolution N1s peak. The 

fitted peaks at 398.4, 399.1, 401.0, and 402.7 eV can be assigned to 

pyridinic N (20.4 at%), pyrrolic N (20.9 at%), graphitic N (35.8 at%), 

and quarternary N
+
-O

-
 (22.9 at%), respectively, on the basis of their 

binding energies.
9, 49, 50

 It was reported that pyridinic N and 

graphitic N are important active sites for ORR.
 14, 51-53 

 In addition, 

the pyridinic N and pyrrolic N can act as metal-coordination sites 

due to their lone-pair electrons.
54, 55

  Therefore, the high contents 

of pyridinic, pyrrolic, and graphitic nitrogen in the CNT/(N-C)-800 

catalyst help in achieving a desirable ORR performance. We found 

that the content of N in the carbon-based catalyst decreases with 

the increasing pyrolysis temperature (Figure S4b and Table S1), and 

the content of nitrogen in the CNT/(N-C)-900 (3.55 at%) is only 

about half that in the CNT/(N-C)-800 catalyst. 

  The activity of the materials to electrochemically catalyze the ORR 

was evaluated by CV and rotating disk electrode (RDE) 

measurements in 0.1 M KOH. The CV curves of the CNT/(N-C)-800 in 

an O2-saturated electrolyte (Figure S5) show a distinct peak 

potential of 0.829 V, which is higher than that of CNT/(N-C)-700 

(0.643 V) and CNT/(N-C)-900 (0.793 V) and similar to that of a Pt/C 

(0.833 V) catalyst. The lower potential of the CNT/(N-C)-700 can be 

attributed to its relatively low electrical conductivity, due to its low 

pyrolysis temperature and poor crystallinity as revealed by TEM, 

XRD and Raman. As for the CNT/(N-C)-900, despite its higher degree 

of graphitization, it suffers from a low N content or loss of metal-

coordination sites due to its higher treatment temperature, which 

deteriorates its ORR activity. The ORR activity of these catalysts was 

further characterized by RDE measurements as shown in Figure 3a. 

It can be seen that the ORR activities of the catalysts are in the 

following order: CNT/(N-C)-800 > CNT/(N-C)-900 > CNT/(N-C)-700, 

consistent with the CV measurements. In particular, the CNT/(N-C)-

800 catalyst exhibits outstanding ORR performance, as evidenced 

by an onset potential (Eonset) of 0.970 V, slightly higher than that of 

Pt/C (Eonset = 0.962 V), and a half wave potential (E1/2) of 0.844 V, 26 

mV more positive than that for Pt/C (E1/2 = 0.818 V) with the same 

loading density of 0.1 mg cm
-2

 as shown in Figure 3b. In addition, 

the limited current density (J) of the CNT/(N-C)-800 catalyst is 5.67 

mA cm
-2

, similar to that of Pt/C (J = 5.63 mA cm
-2

). When the 

loading amount of CNT/(N-C)-800 was increased from 0.1 to 0.5 mg 

cm
-2

, improved Eonset and E1/2 values of 1.021 V and 0.848 V were 

obtained, which are 59 mV and 30 mV, respectively, more positive 

than those for a Pt/C catalyst. All these results show that the 

CNT/(N-C)-800 catalyst has better performance than a Pt/C catalyst 

toward ORR in alkaline media. 

 

 

Figure 3. (a) RDE voltammograms of the CNT/(N-C)-700, CNT/(N-C)-

800, and CNT/(N-C)-900 catalysts. (b) RDE voltammograms of the 

CNT/(N-C)-800 catalyst with low (0.1 mg cm
-2

) and high (0.5 mg cm
-

2
) loadings and a commercial 20 wt% Pt/C catalyst. The RDE 

voltammograms were recorded in an O2-saturated 0.1 M KOH 

solution with a rotation rate of 1600 rpm and a scan rate of 5 mV s
-

1
. 
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To gain better insight into the ORR catalysis mechanism, Tafel 

plots of the CNT/(N-C)-800 catalyst and commercial Pt/C catalyst 

were derived from the RDE results (Figure S6). It can be seen that 

the CNT/(N-C)-800 catalyst has a Tafel slope of 66 mV/decade, 

much smaller than that of Pt/C (74 mV/decade), indicating that the 

CNT/(N-C)-800 has superior ORR kinetics and activity. A high Tafel 

slope means that the overpotential increases quickly with current 

density, leading to inferior ORR activity.
56

 The lower Tafel slope of 

the CNT/(N-C)-800 catalyst reveals that the transfer of the first 

electron is probably the rate-determining step.
57

 To further 

understand the electron transfer process of the catalysts, RDE 

voltammograms of the catalysts at different rotation rates (ranging 

from 400 to 2500 rpm) were measured, and the corresponding K–L 

plots at 0.4, 0.5, 0.6, and 0.7 V are given in Figures S7-S9. Using the 

K-L equation, J
-1

 versus ω
-1/2

 plots were obtained to estimate the 

electron-transfer number (n) from the slope of each line. The 

average value of electron-transfer number for the CNT/(N-C)-800 

catalyst is 4.0, higher than those of the CNT/(N-C)-700 (n = 3.0) and 

CNT/(N-C)-900 (n = 3.7) catalysts. Therefore, the ORR of the 

CNT/(N-C)-800 catalyst follows a complete four-electron-transfer 

pathway compared to both the two-electron-transfer process and 

the four-electron-transfer process for the CNT/(N-C)-700 and 

CNT/(N-C)-900 catalysts. The CNT/(N-C)-800 catalyst shows a more 

positive onset potential and lower Tafel slope than those of 

commercial Pt/C catalysts. A comparison of the performance of our 

CNT/(N-C)-800 catalyst with that of previously reported N-doped 

carbon electrocatalysts
8, 11, 58-62

 is given in Figure S10. It can be seen 

that our CNT/(N-C)-800 catalyst shows superior ORR performance in 

terms of higher positive onset potential, half-wave potential, and 

current density. Furthermore, it is also better than most reported 

results of noble-metal-free catalysts (Table S2)
21, 31, 32, 54, 63

. 

We attribute the superior ORR performance of the CNT/(N-C)-

800 catalyst to its unique mesoporous structure with a CNT network 

which simultaneously gives it a high-density of active sites, an 

appropriate pore structure, and good electrical conductivity. To 

better understand this synergistic effect, we performed comparison 

experiments to investigate the effect on the ORR performance of 

mesopores, CNTs, and residual Fe from the CNT growth. Three 

samples were prepared for this comparison study: first, Fe was 

removed from the catalyst after CNT growth and the sample is 

denoted no-Fe; second, the SiO2 template was removed before the 

polymerization, consequently no or few mesopores exist in the 

sample (denoted no-MP); third, CNT growth was not performed and 

the sample is denoted no-CNT. The pyrolysis temperature was set 

to be 800 
o
C, and all other preparation conditions were kept 

unchanged. More details of the preparation procedure are given in 

supporting information. The contents of nitrogen in the above three 

samples were measured to be close to that of the CNT/(N-C)-800 

catalyst (Figure S11), which suggests that the degree of nitrogen 

doping is mainly determined by the pyrolysis temperature. The 

above samples were assessed by RDE and CV measurements, and 

the results are shown in Figure 4a and Figure S12. From the RDE 

voltammograms (Figure 4a), it can be seen that the no-Fe catalyst 

has an obvious negative shift of E1/2 of 20 mV, a low current density 

(J = 4.84 mA cm
-2

) and an electron-transfer number of 3.9 (Figure 

S13). The CV curves shown in Figure S11 also indicate worse ORR 

performance of the no-Fe catalyst than that of the CNT/(N-C)-800. 

These results indicate that the residual Fe from CNT growth 

facilitates the formation of catalytic sites and improves the activity 

of the catalyst for ORR, even though the Fe content is very limited. 

The no-MP catalyst exhibits much poorer ORR activity than the 

CNT/(N-C)-800 catalyst, evidenced by a more negative Eonset and 

E1/2, smaller J, and an incomplete four-electron-transfer pathway 

(Figures 4a and S14). We attribute this poor ORR performance to its 

lack of mesopores (Figure S15) and the low content of pyrrolic N 

(Figure S11). As for the no-CNT catalyst, even though it showed an 

Eonset of 0.967 V and an electron-transfer number of ~4.0 (Figures 4a 

and S16), very close to those of the CNT/(N-C)-800 catalyst, its E1/2 

and J are obviously inferior. As revealed by XPS characterization 

(Figure S11), the no-CNT catalyst has higher contents of pyrrolic N 

and Fe than those of the CNT/(N-C)-800 catalyst, which may endow 

it with more active sites of Fe-N species. However, the low electrical 

conductivity caused by the absence of conductive CNT networks 

and its intrinsic poor graphitization (Figure S17) impedes efficient 

electron transport. 

 

Figure 4. (a) RDE voltammograms of the CNT/(N-C)-800 catalyst and 

three reference catalysts for comparison. Rotation rate: 1600 rpm, 

scan rate: 5 mV s
-1

. (b) Chronoamperometric responses of the 

CNT/(N-C)-800, no-CNT, and commercial Pt/C catalysts, 0.53 V 

versus RHE. Rotation rate 1600 rpm. Inset: chronoamperometric 

response of the CNT/(N-C)-800 and commercial Pt/C catalysts kept 

at 0.73 V versus RHE when 0.1M methanol was added at 280 s. 

Rotation rate 1600 rpm. 

 

In addition to the high activity, we further studied the durability 

of the CNT/(N-C)-800 catalyst. Figure 4b shows that the current 

density decay of the CNT/(N-C)-800 catalyst is ~2.4 % after 10000 s 

testing, much smaller than that of commercial Pt/C (~12.0%), 

indicating excellent durability. It is interesting to point out that the 

CNT/(N-C)-800 catalyst also exhibits more stability than the no-CNT 

catalyst. Thus, the CNT framework not only leads to an increased 

electrical conductivity but also greatly improves the durability of 

the catalyst. We believe that the CNT networks and the good 

graphitization of the Fe-N decorated carbon play an important role 

in improving the stability. The tolerance of the CNT/(N-C)-800 and 

Pt/C catalysts toward methanol was determined by adding 0.1 M 

methanol into a 0.1 M KOH electrolyte during chronoamperometric 

measurements. As shown in the inset of Figure 4b, the current 

density of the CNT/(N-C)-800 remained almost unchanged while 

that of the Pt/C catalyst sharply decreased on the addition of 

methanol, suggesting that the CNT/(N-C)-800 catalyst is free from 

methanol crossover. These results indicate that the CNT/(N-C)-800 

catalyst possesses very good structural and chemical stability, and 

hence has potential for use as a durable ORR catalyst. 
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Conclusions 

In conclusion, we designed and fabricated a hybrid carbon-based 

catalyst that contains N-doped mesoporous carbon, a CNT network, 

and a small amount of Fe. The homogeneously distributed Fe-N 

species provide abundant active sites, the mesoporous structure 

enables fast and efficient mass transport, and the CNT network 

significantly improves the electron transport capability of the 

catalyst. As a result, this carbon-based catalyst shows excellent ORR 

activity, with a 59 mV more positive onset potential and a 30 mV 

more positive half-wave potential than a Pt/C catalyst. In addition, 

the carbon-based catalyst also shows much better durability and 

stronger tolerance to methanol crossover than a commercial Pt/C 

catalyst. Taking into account its low-cost, easy fabrication process, 

and excellent overall performance, the nitrogen-doped mesoporous 

carbon containing a network of carbon nanotubes (CNTs) is a 

promising candidate for use as a high-efficiency non-noble metal 

ORR catalyst. 
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