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and high cost still restricted their large-scale industrializa-
tion [4]. Therefore, exploring cost-effective no-noble metal 
ORR electrocatalyst to overcome aforesaid problems is still 
in full of challenge.

α-Fe2O3, as the principal component in earth-abundant 
hematite, is the most stable ferric oxide and famous n-type 
semiconductor with favorable band gap and valence band 
edge position [5]. In a typical α-Fe2O3 crystal, the slight 
distortions exposing from the Fe3+-filled octahedra con-
struction can cause regular displacement of either Fe ions 
or other metallic ions, serving as the active sites, greatly 
contributing to the excellent catalytic ability. Thanks to the 
inherent advantage, it has been widely studied for gas sen-
sor [6], photo/electrocatalyst [7–9], and lithium-ion bat-
tery [10] in recent years. γ-Fe2O3 is another special crystal 
system of Fe2O3 with cubic or tetragonal structure occupy-
ing amounts of interstices, in which 5/6 of these positions 
are only occupied by Fe3+, remaining about 1/6 are vacan-
cies [11].   The vacancies hold great potential in accelerating 
electron transfer efficiency and increasing promising active 
sites for catalytic reaction [12]. Therefore, the γ-Fe2O3 also 
exhibits perfect performance in a variety of applications 
[13–15]. Although sorts of   strategies such as morphology 
tailoring [16], multi-dimensionality assembly [17], hetero-
junction co  mposition [18], and impurity doping [19] have 
been successfully applied to promote their catalytic activity 
for further expeditions, there is no remarkable progress on 
the electrocatalytic ORR. 

The nitrogen doped carbon nanotubes (N-CNTs) [20], 
as an ideal carbonaceous support, have been widely proved 
to modify the electronic properties of the sp2-hybridized 
carbon matrix. The generated surface defects by mass ni-
trogen chemical doping intrinsically break the balance of 

De  veloping transition metal oxides/carbon substrate hybrids as 
highly promising non-precious metal oxygen reduction reaction 
(ORR) electrocatalysts is crucial to replace the scarce platinum 
and solve the world-wide energy predicament. In this work, 
γ-Fe2O3/N-carbon nanotubes (N-CNTs) and α-Fe2O3/N-CNTs 
nanocatalysts were successfully synthesized by simultaneous 
formation of crystal configuration of Fe2O3 and the doping of 
nitrogen on CNTs. α-Fe2O3/N-CNTs catalysts exhibited supe-
rior ORR electrocatalytic activity with lower onset and peak 
potential of −0.21 and −0.27 V, and possessed a more efficient 
four-electron-dominant ORR process compared with γ-Fe2O3/
N-CNTs, N-CNTs and CNTs. The crystal distortions on octahe-
dral α-Fe2O3 held great potential for displacement of either iron 
or other ions, serving as the active sites and contributing to its 
better ORR catalytic ability than the vacancies integrated in γ  -
Fe2O3/N-CNTs. Both the two nanocatalysts possessed superior 
methanol tolerance and long-term stabili  ty of ORR compared 
with Pt/C, indicating great potential for their practical utiliza-
tion in fuel cells.

INTRODUCTION
The cathodic oxygen reduction reaction (ORR) is of great 
promise in solving the worldwide energy crisis in the near 
future. With the rapid development of the various research 
fields related with ORR, the ongoing improvement of ORR 
for these applications is greatly demanded [1–3]. How to si-
multaneously minimize the ORR procedure of a two-elec-
tron transfer with the production of H2O2 as the   interme-
diate, while maximize an efficient four-electron process to 
generate H2O as the end product, is essential for the pro-
motion of the sluggish ORR kinetics. Although noble met-
al-based electrocatalysts (e.g., Pt/C) have largely elevated 
the efficiency of electron transfer via an ideal ORR process, 
the crossover effects, CO poisoning, unsatisfactory stability 
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electron distribution, becoming countless ORR active sites 
[21]. Undoubtedly, the N-CNTs are qualified as more fa-
vorable substrates for the anchoring of Fe2O3 for catalytic 
ORR. This assembly structure can avoid the defects on weak 
conductivity and agglomeration of Fe2O3 particles during 
electrochemical process. More importantly, it exerts supe-
riorities of the self-construction, resulting in an optimal ex-
posure of activate sites and electron holes for ORR. In this 
sense, it is wise to take N-CNTs as the support to synthe-
size γ-Fe2O3 or α-Fe2O3/N-CNTs hybrids for effective ORR, 
which reveal the different ORR performance deriving from 
the different crystal structure Fe2O3/N-CNTs.

Here  in, γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs were 
synthesized by following a two-step synthesis method 
modified from our previous work [8]. Firstly, the precur-
sor of iron-contained grain coated CNTs nanocomposite 
was heated at 140oC in the air to form ferric oxides/CNTs. 
These intermediates were further treated by calcination in 
nitrogen/a  mmonia atmosphere at 450 and 650°C,   respec-
tively. During nitrogen annealing, the formation of differ-
ent crystals of Fe2O3 and the doping of nitrogen on CNTs 
were respectively accomplished. X-ray diffraction (XRD), 
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), X-ray photoelectron spectros-
copy (XPS) and Raman spectroscopy were employed to 
characterize the γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs. 
The results indicated that the well-defined γ-Fe2O3 nano-
tubes and α-Fe2O3 nanospheres were well supported on the 
surface of N-CNTs with nitrogen loading of less than 2%. 
In comparison, α-Fe2O3/N-CNTs nanocomposites exhibit 
better catalytic performance for ORR with a predominant-
ly four-electron transfer pathway than that of γ-Fe2O3/N-
CNTs, N-CNTs and CNTs. The superb methanol tolerance 
and long-term catalytic stability of the two nanocomposites 
compare favorably to those of commercial Pt/C in alkaline 
condition, indicating great promise for their practical uti-
lization in fuel cells.

EXPERIMENTAL SECTION

Materials
FeCl3·6H2O, HCl, H2SO4, K4[Fe(CN)6], K3[Fe(CN)6], KCl 
and KOH were obtained from Sinopharm Chemical Re-
agent Co., Ltd. (Shanghai, China). Nafion stock solution (5 
wt.%, Dupont) was supplied by Alfa Aesar. CNTs (99.99%, 
325 mesh) were obtained from Tsinghua University (Bei-
jing, China). Ultrapure water used in this experiment was 
generated by a Millipore Water Purification System (Ad-
vantage 10, Millipore) with a resistivity of ≥ 18.2 MΩ cm. 
All reagents were analytically pure and used as received.

Synthesis of N-CNTs, γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs
The activation process of pristine CNTs by nitric acid 
(HNO3, 68 wt.%) was followed by the reported literature 
and prepared for further utilization [22]. The N-CNTs were 
synthesized by an annealing method [23], in which the ac-
tivated CNTs were heated at 800°C with a rate of 5°C min−1 
in N2/NH3 (v/v = 2:1) gas and held for 3 h. The resulting 
black products were washed by ultrapure water and ethanol 
for three times. For the synthesis of the two different crys-
tal ferric oxides supported N-doped CNTs nanocatalysts 
[8,24], 100 mg of activated CNTs were stirred at 600 rpm 
in ethanol-water (v/v = 5%) solution at room temperature 
for 1 h, followed by 10 min of ultrasonic treatment. Sub-
sequently, 0.35 mL fresh 0.1 mol L−1 aqueous FeCl3·6H2O 
was added quickly and the solvent was dried at 60°C for 12 
h. Finally, the dried composites were gradually heated to 
140oC in air and kept for 8 h, then heated to 450°C in N2/
NH3 (v/v = 2:1)  gas with 2°C min−1 and held for 3 h, result-
ing in the products of α-Fe2O3/N-CNTs; as it was heated to 
650°C in the same N2/NH3 condition with 2°C min−1 and 
held for 3 h, γ-Fe2O3/N-CNTs were thus synthesized.

Characterization
The crystal structure was determined using XRD mea-
surements (  Bruker D8 Advance) between 10° and 80° at a 
scan step of 20° min−1 operating at 40 kV and 30 mA us-
ing Cu Ka radiation. TEM and high-resolution TEM (HR-
TEM) images were obtained with a TEM H-800 (Hitachi, 
Japan) at an accelerating voltage of 220 kV. Energy-dis-
persive X-ray spectrum (EDS) was analyzed b  y an energy 
dispersive spectroscopy analyser attached to the HRTEM. 
The XPS data was performed with an AXIS-Ultra instru-
ment (Kratos Analytical, UK) using monochromatic Al Ka 
radiation (225 W, 15 mA, 15 kV). Binding energies were 
standardized with the C 1s line at 284.80 eV. Raman spec-
tra were recorded on a microscopic confocal Raman spec-
trometer (JY Lab Raman HR 800) with an excitation laser 
source of 785 nm.

Electrochemical measurements
The conventional three-electrode system was assembled 
with an as-s  ynthesized nanocatalyst-coated glassy carbon 
electrode (GCE), an Ag|AgCl/KCl (saturated) reference 
electrode and Pt wire as a counter electrode. The GCE 
should be polished by using 0.3 mm aluminium oxide slur-
ry and washed with ethanol and ultrapure water in sequence 
in an ultrasonic bath before being used. Catalyst ink was 
obtained by mixing solid catalyst (2 mg) with Nafion solu-
tion (1 mL) under sufficient sonication for 30 min. Finally, 
6 and 20 mL of the prepared inks were dropped onto the 
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prepared GCE with diameters of 3 mm for cyclic voltamme-
try (CV) test, and 5 mm for rotating-disk electrode (RDE) 
measurement, respectively. Electrochemical measurements 
were performed using a CHI 830 electrochemical analyzer 
coupled with an RDE system (Princeton Applied Research, 
Model 616). Additionally, the electrochemical impedance 
spectroscopy (EIS) tests were operated by applying an AC 
voltage of 10 mV amplitude with frequency from 100 Hz 
to 100 kHz in 5 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) 
redox probe solution. All the experiments were conducted 
at room temperature.

RESULTS AND DISCUSSION
Fig. 1a shows the powder XRD patterns of γ-Fe2O3/N-
CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs. The N-CNTs 
exhibited two typical carbon peaks located at 25° and 

43°, both of which just expanded the peak width slightly 
compared to CNTs. The distinct strong diffraction peaks 
can be observed corresponding to the (220), (311), (400), 
(422), (511) and (440) peaks from γ-Fe2O3/N-CNTs, which 
precisely matched those of pure γ-Fe2O3 crystals (JCPDS 
card No.   39-1346), indicating that the γ-Fe2O3 with good 
crystallinity successfully grew on the N-CNTs. Similarly, 
the XRD pattern of α-Fe2O3/N-CNTs was also well identi-
cal to that of standard α-Fe2O3 (JCPDS card No.   33-0664). 
Further confirmation of the structural information of ni-
trogen-doping (N-doping) on CNTs was obtained from the 
Raman spectra (Fig. 1b). The characteristic D and G peaks 
in the wavenumbe  r located at around 1356 and 1609 cm−1, 
respectively. Generally, the change of ID/IG value offers 
strong evidence of the reduction degree a  nd N-doping in 
CNTs, in which D peaks suggest the degree of defects and 
G peaks always indicat  e the in-plane stretching vibration of 
carbon atom sp2 hybridization [25]. The ID/IG ratio of 1.12 
in N-CNTs indicates a lower crystallinity and higher de-
gree of N-doping than that of 1.04 in CNTs. In comparison, 
for γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs, the obtained 
ID/IG value of α-Fe2O3/N-CNTs was 1.26, higher than that 
of γ-Fe2O3/N-CNTs (1.18), revealing that the growth of 
different crystal structure of Fe2O3 significantly enhanced 
the heteroatom doping on CNTs. Obviously, with the same 
weight load of iron, the prepared α-Fe2O3/N-CNTs resulted 
in more defects of N-doping compared with γ-Fe2O3/N-
CNTs, which might influence their ORR performance to 
some extent. 

XPS is a powerful tool to identify the elemental states 
in bulk nanoscale γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs. 
As shown in Fig. 2a, both the two nanocatalysts show the 
peaks at around 710, 719 and 724 eV, representing the 
binding energies of Fe 2p3/2, shake-up satellite Fe 2p3/2, and 
Fe 2p1/2 of Fe3+, suggesting the excellent formation of pure 
Fe2O3 without impurities [8]. Particularly, the only signals 
on γ-Fe2O3/N-CNTs were observed expressly for Fe2+ at 
59.2 eV of Fe 3p and at 79.2 eV of Fe 3s, explaining the 
specific structural characteristics of cubic γ-Fe2O3 with Fe2+ 
occupied vacancies. Furthermore, the high-resolution XPS 
spectra of N 1s, C 1s and O 1s provided more information 
in confirming the nature of the binding among oxygen, 
carbon and nitrogen in detail. As shown in Fig. 2b, the N 1s 
peaks were both observed at 399.9 eV for pyrrolic-N and 
401.5 eV for quaternary-N [26,27] from γ-Fe2O3/N-CNTs, 
and corresponding binding energy (BE) at 399.7 eV and 
401.7 eV from α-Fe2O3/N-CNTs, indicating that the het-
eroatom nitrogen successfully doped on the CNTs. Com-
pared with the γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs held a 
decreasing baseline noise and increasing peak intensity of 
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Figure 1  (a) XRD patterns of the γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, 
N-CNTs and CNTs. (b) Raman spectra of typical carbon regions of 
γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs. 
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quaternary-N, which further demonstrates an enhanced 
level of N-doping on α-Fe2O3/N-CNTs. Table 1 lists the 
atomic content of carbon, nitrogen, oxygen and iron of 
γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs obtained from 
XPS and EDS results, respectively. Thermal treatment in 
N2/NH3 condition introduced an average of 1.06% N into 
γ-Fe2O3/N-CNTs. While under the same amount of iron 
precursor, the formation of α-Fe2O3/N-CNTs increased N 
percentage up to mean 1.94%. Fig. 2c shows the typical C 1s 
peak ranging from 282 to 290 eV, around which there are 
three different C bonds in the chemically modified CNTs: 

C–C at 284.2 eV, C–OH at around 285.3 eV, and C=O a  t 
287.0 eV. It is well-known that the peak of C=O is often 
overlaid with C–N around the binding energy of 287.5 ± 0.5 
eV [28]. Therefore, the peak at 287.0 eV for C=O or C–N 
on α-Fe2O3/N-CNTs increased slightly to γ-Fe2O3/N-CNTs, 
further providing the evidence of an intensive doping of 
nitrogen in α-Fe2O3/N-CNTs. Additionally, the apparent 
increase of C–OH peak at around 285.3 eV on α-Fe2O3/N-
CNTs suggests that it possesses more oxygen-contained ac-
tive sites on the surface of N-CNTs than that of γ-Fe2O3/N-
CNTs. These sites supply not only sufficient and potential 
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Figure 2  (a) XPS survey spectra of the full scan of γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs. High-resolution XPS spectrum of (b) N 1s, (c) C 1s, (d) O 1s 
regions of the γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs.

Table 1  Atomic composition of C, O, N, and Fe of the synthesized γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs 

  Sample C (%) N (%) O (%) Fe (%) Data source
γ-Fe2O3/N-CNTs 87.68 1.02 6.98 4.32 XPS

86.42 1.10 7.91 4.57 EDS
α-Fe2O3/N-CNTs 86.85 1.85 7.52 3.78 XPS

87.50 2.03 7.16 3.31 EDS
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locations for the N-doping, but also create convenience in 
surface functionalization for α-Fe2O3/N-CNTs to develop 
the electrocatalytic ORR activity further. Similarly, the ad-
vantage of the O 1s peaks at 531.5 eV on α-Fe2O3/N-CNTs 
mainly fits the sig nals of oxygen bridge (–O–) on the inter-
faces of N-CNTs, revealing its capacity in combining active 
addends as well (Fig. 2d). 

To reveal the morphologies and microscopic structures, 
the synthesized γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs 
were characterized by TEM and HRTEM. As shown in Fig. 
3a, the cubic γ-Fe2O3 being spiral growth along the different 
axis centers is stably distributed on the compact three-di-
mensional (3D) spaces formed by the stacked CNTs. The 
interlaced CNTs are highly interconnected, providing stable 
spaces for the formation and dispersion of Fe2O3 nanopar-
ticles, and also enhancing the multidimensional electron 
transfer pathways. The corresponding HRTEM image (Fig. 
3b) demonstrates that a well-defined crystalline lattice can 
be observed with a spacing of 2.51 Å, matching with the 
mainly exposed (311) face of γ-Fe2O3 nanocrystal. The in-
set of Fig. 3b illustrates its deductive schematic drawings of 
the exposed (311) faces of cubic γ-Fe2O3 according to the 
HRTEM. In Fig. 3c, the as-synthesized α-Fe2O3 shaped like 

an ellipsoid with the approximate size of 100 nm scattering 
on the CNT surface can be clearly seen. The inset in Fig. 
3c shows the parallel results of component of iron, carbon, 
nitrogen and oxygen in α-Fe2O3/N-CNTs. While, as a result 
of thermal processing of ferric oxide to 650oC in N2/NH3, 
the dominant face of α-Fe2O3 has been changed to (104) 
with an exact measured lattice of 2.69 Å (see Fig. 3d). 

The cyclic voltammograms (CVs) of ORR on the 
γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs 
in O2-saturated 0.1 mol L−1 KOH solutions are shown in 
Fig. 4a. Obviously, the N-CNTs exhibited more pleasurable 
ORR performance with lower peak potential of −0.36 V 
than that of −0.44 V on CNTs alone, confirming the su-
periority of nitrogen doped ORR reaction site. However, 
it possessed relatively poorer ORR catalytic activity com-
pared with γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs owing 
to its onset and reduction peak potential at around −0.28 
and −0.35 V, respectively. The results indicated that the 
introduction of ferric oxide accelerated the electron trans-
fer pathways and contributed to electroactive ORR sites. 
Compared with γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs, 
although γ-Fe2O3/N-CNTs show similar cathodic peak 
current to α-Fe2O3/N-CNTs, it has a more negative onset 
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Figure 3  (a) TEM a  nd (b) HRTEM images of γ-Fe2O3/N-CNTs; (c) TEM and (d) HRTEM images of α-Fe2O3/N-CNTs. The insets of (a) and (c) show 
the corresponding EDS patterns and the insets of (b) and (d) show the corresponding schematic drawings of the exposed crystal faces.
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potential at −0.25 V and peak potential at −0.33 V than 
α-Fe2O3/N-  CNTs with the onset potential at −0.21 V and 
peak potential at −0.27 V, respectively. These results indi-
cated that α-Fe2O3/N-CNTs owned a remarkable improve-
ment of ORR property to γ-Fe2O3/N-CNTs. This promo-
tion of ORR activity was highly depended on the crystal 
configuration of α-Fe2O3, and greatly benefited from the 
superior mounts of N-doped sites introduced by α-Fe2O3, 
but not γ-Fe2O3.

The electron transfer ability of nanocatalysts was also 
investigated by EIS. As shown in Fig. 4b, the characteris-
tic impedance curves (Nyquist plots) of CNTs, N-CNTs, 
γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs electrodes with 
the decreasing di  ameters of the semicircles in sequence are 
clearly observed. Obviously, the CNTs coated GCE pos-
sessed largest diameter of the semicircle in low-frequency 
region than N-CNTs, γ-Fe2O3/N-CNTs and α-Fe2O3/N-
CNTs, suggesting its typical electrical inductance caused 
by adsorbate-induced relaxations. The similar surplus 
interfacial process on N-CNTs also creates a barrier for 
the transfer of electron, and thereby increases its charge 

transfer resi  stance value [29]. In sharp contrast, there is al-
most no apparent resistant ch  aracteristic of Nyquist plots 
of γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs, indicating that 
both the introduction of γ-Fe2O3 and α-Fe2O3 to N-CNTs 
significantly decreased the internal and interfacial resis-
tances of nanocomposites, enhancing the electron-trans-
porting property compared to that of N-CNTs alone.

For better gaining an insight into the electrocatalytic 
performance of the as-synthesized nanocatalysts during 
the ORR process, linear sweep voltammetry (LSV) curves 
were measured using RDE in O2-saturated 0.1 mol L−1 
KOH solution at a rotation rate of 1600 rpm. As seen from 
the Fig. 4c, α-Fe2O3/N-C  NTs and γ-Fe2O3/N-CNTs both 
had similar onset potential (~ −0.16 V), but more positive 
than that of N-CNTs and CNTs at −0.21 V. Furthermore, 
α-Fe2O3/N-CNTs possessed higher limiting current densi-
ty from 2.2 to 3.1 mA cm−2 rangin  g from −0.4 to −0.6 V 
than that of γ-Fe2O3/N-CNTs from 2 to 2.8 mA cm−2, and 
that of N-CNTs from 1.7 to 1.9 mA cm−2, not to mention 
CNTs. The obtained results are well in agreement with the 
experimental observations of CV and further manifest that 
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Figure 4  (a) CV curves of the γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs in O2-saturated 0.1 mol L−1 KOH solution. Scan rate: 50 mV s−1. 
(b) EIS of the γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs in 5 mmol L−1 Fe(CN)6

3−/4− containing 0.5 mol L−1 KCl solution. The frequency 
range is from 60 mHz to 60 kHz with signal amplitude of 10 mV. The inset shows the corresp  onding Nyquist plots in low-frequency region. (c) LSV 
curves of γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs, N-CNTs and CNTs in O2-saturated 0.1 mol L−1 KOH solution at a rotation rate of 1600 rpm. Sweep rate: 
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the α-Fe2O3/N-CNTs held better ORR active sites, more 
reformative electrolyte diffusion, and higher charge trans-
fer efficiency than γ-Fe2O3/N-CNTs. It can be inferred that 
the α-Fe2O3 with appropriate distortions had better oppor-
tunity for increasing the charge transfer rate and improv-
ing mass adsorption of oxygen atoms on the distortion sites 
than γ-Fe2O3. 

RDE voltammetry was further utilized to reveal the 
kinetic information of the electrocatalytic ORR for 
γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs. The polarization 
curves were acquired by scanning the potential from 0 to 
−0.7 V at a scan rate of 5 mV s−1 with different rotation 
rates in O2-saturated 0.1 mol L−1 KOH solution. As can 
be seen from Figs 5a and c, the limiting current densities 
of γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs both increased 
with the increasing rotation rates ranging from 400 to 2500 
rpm. In comparison, α-Fe2O3/N-CNTs showed better ORR 
performances than γ-Fe2O3/N-CNTs with a relatively high-
er current density from −0.3 to −0.7 V. Specifically, a com-
parable flat and wide current plateau can be observed from 
α-Fe2O3/N-CNTs at −0.3 to −0.55 V, and an evident further 

increase in limiting diffusion current from −0.55 to −0.7 
V compared to γ-Fe2O3/N-CNTs. Although the currents 
of N-CNTs increased with the rotation rates regularly (Fig. 
S1), it still cannot match the ORR activity of γ-Fe2O3/N-
CNTs and α-Fe2O3/N-CNTs in the limited current density 
mainly owing to the lack of ORR active site derived from 
the anchored ferric oxides. 

The electron transfer number (n) involved in ORR can 
be calculated by the corresponding Koutecky-Levich (K-L) 
plots based on the RD  E measurement. The plots at various 
potentials show good linearity with parallelism over the 
potential range from −0.45 to −0.65 V, suggesting a simi-
lar electron transfer number per O2 molecule involved and 
first-order dependence of O2 kinetics in the ORR. The de-
tails of n calculation from K-L equations are given below 
[30,31]:
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Figure 5  (a and c) RDE curves of the γ-Fe2O3/N-CNTs and the α-Fe2O3/N-CNTs in O2-saturated 0.1 mol L−1 KOH solution at various rotation rates. 
Sweep rate: 50 mV s−1. (b and d) The corresponding K-L plots of the γ-Fe2O3/N-CNTs and the α-Fe2O3/N-CNTs at different potentials.
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 JK = nFkC0,   (3)
where J is the measured current density, JK and JL are the 
kinetic and diffusion limiting current densities, ω is the 
electrode rotating rate (ω = 2pN, N is the linear rotation 
speed), n is the overall number of electrons transferred in 
the oxygen reduction, F is the Faraday’s constant (96,485 
C mol−1), C0 is the bulk concentration of O2, D0 is the dif-
fusion coefficient of O2 in the KOH electrolyte, υ is the ki-
nematic viscosity of the electrolyte, and k is the electron 
transfer rate constant.

As shown in Figs 5b and d, according to Equations (1 
and 2), the n value of γ-Fe2O3/N-CNTs was calculated to 
be 3.11 at −0.60 V, while the resulting n value was 3.37 for 
α-Fe2O3/N-CNTs. This result illustrates that both the ki-
netic ORR process via γ-Fe2O3/N-CNTs and α-Fe2O3/N-
CNTs was a combination of two-electron and four-elec-
tron reaction pathways. Nevertheless the α-Fe2O3/N-CNTs 
performed more closer to a four-electron ORR pathway 
that reduced O2 directly to OH− in alkaline oxygen reduc-
tion compared with γ-Fe2O3/N-CNTs, indicating that the 
structured N-CNTs with α-Fe2O3 nanoparticles exhibited 
abundant oxygen reduction active reaction sites. It can be 
inferred that except for the nitrogen doping site can serve 
as catalytic center for ORR, α-Fe2O3 further provided more 
ORR “hotspot” than γ-Fe2O3. In addition, the average n 
value of N-CNTs calculated from the diffusion potential 
ranges (−0.4 to −0.6 V) was 2.66 (inset in Fig. S1), demon-
strating that it possessed weaker catalytic activity for ORR 
than γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs, not to men-
tion the commercial Pt/C (n = 3.89, see Fig. S2). From 
the above results, it is suggested that the introduction of 
α-Fe2O3 and γ-Fe2O3 to N-CNTs could enhance the cata-
lytic performance   towards oxygen with abundant exposed 
active sites. The simultaneous pyrolysis of Fe2O3 and nitro-
gen doping procedure endowed the nanocatalysts not only 

with pyridinic- and quaternary-N for stimulating ORR, but 
also with the specific crystal type of Fe2O3 as added active 
ORR sites. 

The electrocatalytic performance in the resistance of 
methanol crossover and long-term stability are of great 
importance for the promising industrial application in fuel 
cells. In Fig. 6a, a clear positive jump in the Pt/C system 
appeared when 3 mol L−1 methanol was added at around 
300 s. While the γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs 
both retained stable current response as methanol was in-
troduced, suggesting that they were promising candidates 
particularly for direct methanol fuel cell. The electrocata-
lytic durabilities of γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs 
were also evaluated. As shown in Fig. 6b, the γ-Fe2O3/N-
CNTs and α-Fe2O3/N-CNTs maintained 89.1% and 84.7% 
of the original activity within 35,000 s, while the relative 
current of commercial Pt/C decreased gradually to 56.9%. 
The results demonstrate that the synthesized γ-Fe2O3/N-
CNTs and α-Fe2O3/N-CNTs are good at chemical stability 
and have potential use in direct methanol and alkaline fuel 
cells compared to Pt/C.

CONCLUSIONS
The well-defined γ-Fe2O3 nanotubes and α-Fe2O3 nano-
spheres supported on N-CNTs nanocatalysts were suc-
cessfully synthesized through a cooperative process of 
crystal formation and heteroatom nitrogen doping. The 
differences of electrocatalytic performance for ORR be-
tween γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs were inves-
tigated carefully. The results show that α-Fe2O3/N-CNTs 
were more capable for oxygen reduction with more active 
response of peak potential and current compared to that 
of γ-Fe2O3/N-CNTs. Moreover, it also held highly efficient 
and preferable four-electron transfer of ORR kinetic pro-
cess. The formation of α-Fe2O3 with the right amount of 
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Figure 6  The current-time (I-t) responses of the γ-Fe2O3/N-CNTs, α-Fe2O3/N-CNTs and Pt/C at −0.2 V in O2-saturated 0.1 mol L−1 KOH solution with 
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distortions not only provided more ORR active sites than 
that of γ-Fe2O3, but also decreased the difficulty of nitrogen 
doping on CNTs, resulting in more N doped active sites 
for ORR. Both the γ-Fe2O3/N-CNTs and α-Fe2O3/N-CNTs 
show excellent catalytic stability and methanol resistance, 
which make them ideal candidates of non-noble ORR cat-
alysts for fuel cells application.
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中文摘要    本论文采用空气煅烧与氮气/氨气退火两步法制备了α-Fe2O3/N-CNTs和γ-Fe2O3/N-CNTs高效氧气还原反应催化剂. X射线
衍射与X射线光电子能谱等结果显示: 球状的α-Fe2O3与立方体状的γ-Fe2O3较好地分散在氮掺杂的碳纳米管上; 不同的退火温度造成
γ-Fe2O3/N-CNTs中氮的掺杂量约为1.06%, 而α-Fe2O3/N-CNTs中氮掺杂量约为1.94%. 从拉曼光谱结果发现, α-Fe2O3/N-CNTs的ID/IG值
(1.26)大于γ-Fe2O3/N-CNTs的ID/IG值(1.18), 说明α-Fe2O3/N-CNTs表面可因较大的碳缺陷程度而产生更多的氧还原活性电位. 电化学性
能表征结果再次印证: 相比较于γ-Fe2O3/N-CNTs, N-CNTs和CNTs, α-Fe2O3/N-CNTs具有更低的氧还原起始电位(−0.21 V)和峰值电位
(−0.27 V). 在碱性条件下, 氧气在α-Fe2O3/N-CNTs表面更易发生接近4电子的还原反应. 另外, 与Pt/C相比, α-Fe2O3/N-CNTs和γ-Fe2O3/
N-CNTs皆具有较好的催化耐久性与稳定性, 进一步显示了二者在清洁能源电池领域的应用价值与潜力.
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