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Magnetic N-Enriched Fe3C/Graphitic Carbon instead of Pt as an
Electrocatalyst for the Oxygen Reduction Reaction

Xiaobai Wang, Peng Zhang, Wei Wang, Xiang Lei, and Hua Yang*[a]

Abstract: A series of Fe3C/C-Nx nanoparticles (NPs) with dif-
ferent nitrogen content are prepared by a simple one-pot
route. In the synthetic procedure, aniline and acetonitrile are
simultaneously used as the carbon and nitrogen source. The
effect of calcination temperature on the structural and func-

tional properties of the materials is investigated. Magnetic
measurement shows that the sample prepared at 800 8C

(Fe3C/C-N800 NPs) possesses the highest Ms value of

77.2 emu g¢1. On testing as oxygen reduction reaction (ORR)

catalysts, the sample prepared at 750 8C (Fe3C/C-N750 NPs)
shows the best ORR performance among the series, with
a more positive onset potential (+ 0.99 V vs. RHE), higher se-
lectivity (number of electron transfer n�3.93), longer dura-
bility, and stronger tolerance against methanol crossover

than commercial Pt/C catalysts in a 0.1 m KOH solution.
Moreover, in acidic solution, the excellent ORR activity and

stability are also exhibited.

Introduction

Highly active and durable catalysts for the ORR are of great
significance for large scale application of fuel cells.[1] The state-

of-the-art catalysts are Pt-based materials,[2] however, they still
suffer from several serious problems, including prohibitive

cost,[3] limited availability, poor durability, and the issue of

methanol crossover;[4] these obstacles hamper the commercial-
ization of this technology. Thus, the exploration of highly

active non-platinum metal catalysts (NPMCs) for the four elec-
tron ORR with comparable electrochemical performance is

a paramount subject for fuel cells.[5]

Considering the harsh ORR conditions, it has been found
that only a few types of materials are active and durable, such

as carbon-accompanied transition metal–nitrogen composites
(M¢N¢C, with M = Fe, Co, etc.),[6] metal-free N-doped carbon

materials,[7] and transition metal–carbon materials,[8] and so on.
Among the best is the M¢N¢C catalyst in which the active

sites are believed to involve surface nitrogen coordinated with
metals.[5b]

Very recently, researchers reported a new type of NPMC

based on Fe3C that was active towards ORR. Hou et al. fabricat-
ed N-doped Fe/Fe3C@C nanoboxes supported on reduced gra-

phene oxide sheets as ORR catalysts in alkaline media.[9] Yang
et al. found that the N-doped bamboo-like carbon nanotube/

Fe3C nanoparticles (NPs) exhibited excellent ORR activities in
both alkaline and acidic media.[10] Though interesting, limited

information is known about the role of the Fe3C phase in catal-

ysis, probably owing to two main aspects: 1) The morphology
of the catalysts is very important ; as in Hou and Yang’s exam-

ple,[9–10] only the regular shaped catalysts can exhibit excellent
ORR activities ; 2) it has been found that the prepared Fe3C-

based catalysts contained a certain amount of surface nitrogen
atoms, suggesting the possible presence of Fe-Nx or/and C-Nx

moieties, and the Fe-Nx and C-Nx moieties are probably active

towards ORR.[11] More exactly, the nitrogen-induced charge de-
localization can facilitate the bridge model chemisorption of

O2 on the N-doped Fe3C catalysts, which can effectively
weaken the O¢O bonding to promote the ORR.[12]

For the present view, the selectivity of oxygen reduction is
quite important, that is, the four electron reaction or two elec-
tron reaction. As in Liu’s example, non-N-doped carbon gener-

ated about 80 % H2O and 20 % H2O2.[13] However, the formation
of H2O2 is undesirable because it reduces the effective cathodic
current, contaminates the surroundings of the catalyst, and
corrodes the polymer membrane present in fuel cells. On the

other hand, N-doped carbon generated more than 96 % H2O
and less than 4 % H2O2, which means that doping nitrogen on

carbon is not only favorable for the ORR activity, but also im-
proves the selectivity towards oxygen reduction. Within this
context, it is extremely important to maximize the nitrogen

content in the ORR catalysts so that they exhibit the best ORR
activity. However, most of the current synthetic routes to pro-

duce ORR catalysts are complicated and the nitrogen content
and morphology are uncontrollable. This presents a highly im-

portant and urgent problem that needs to be solved.

In this paper, we firstly report a simple one-pot route to syn-
thesize Fe3C NPs encased by uniform graphitic shells by direct-

ly calcinating the matrix of ferric chloride, aniline, and acetoni-
trile under nitrogen. By varying the calcination temperatures,

a series of materials with different nitrogen contents (hereafter
referred to as Fe3C/C-Nx, in which x is the calcination tempera-
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ture) are obtained. Magnetic measurements reveal that all of
the as-synthesized Fe3C/C-Nx NPs display soft magnetic behav-

ior at room temperature. On testing as ORR catalysts, the Fe3C/
C-Nx NPs exhibit excellent activities and stabilities in alkaline

media.

Results and Discussion

Structure and morphology

Figure 1 a shows the XRD patterns of the four kinds of Fe3C/C-
Nx (x = 650, 700, 750, 800 8C) NPs. All of the diffraction peaks
are in good agreement with that of the Fe3C (JCPDS card no.

89-2867). The nanosized nature of the Fe3C/C-Nx samples can

be deduced from these strong and broaden peaks. A sharp
peak appearing 2q = 26.5 8 is ascribed to a crystalline structure

of carbon (JCPDS card no. 26-1079). Note that by increasing
the pyrolysis temperature from 650 to 800 8C, this peak is en-

hanced. This enhancement may be because the high tempera-
ture provides enough energy to promote the formation of
crystalline carbon (here we refer to graphitic carbon). Raman
spectra are used to support this view. As can be seen in Fig-
ure 1 b, the G-band for graphitic carbon appears at about

1586 cm¢1 and the D-band for amorphous carbon[14] locates at
about 1331 cm¢1. Typically, the relative intensity ratio of the D-

band to the G-band (ID/IG) reveals the degree of graphitization
of samples. The values for the four kinds of Fe3C/C-Nx NPs are

2.52, 1.97, 1.05, and 0.97, respectively. Among the series, Fe3C/
C-N800 NPs has the lowest (ID/IG) value and so it has the highest

degree of graphitization, confirming that the high temperature
is the key factor in the formation of graphite carbon. This
result is consistent with the XRD analysis. The degree of
graphitization relates closely to the ORR performance and

magnetic parameters of the materials.[10, 15]

Figure 1 c depicts the N2 adsorption/desorption isotherm of
the four kinds of Fe3C/C-Nx NPs. All samples exhibit type IV iso-
therms with hysteresis loops, signifying that the samples pos-
sess micro- and mesopores.[16] The unrestricted adsorption is
confirmed by the hysteresis loop in the high-pressure regime
and the increase gas uptake at P/P0>0.90 suggests that there

are slit-like and bottle-like pores in the samples. The specific
surface areas calculated from Brunauer–Emmet–Teller (BET) are

59, 77, 110, and 86 m2 g¢1, for the four kinds of Fe3C/C-Nx NPs,
respectively, as shown in Figure 1 d. One can see that with in-

creasing the pyrolysis temperature, the specific surface area is

increased. However, comparing with the Fe3C/C-N750 NPs, the
specific surface area for Fe3C/C-N800 NPs is decreased, indicat-

ing that the high temperature likely leads to the collapse of
the mesopores. In other words, the specific surface area reach-

es the maximum when the sample is prepared at 750 8C.
To investigate the formation mechanism of the Fe3C/C-Nx

NPs, FTIR and TGA are performed to analyze the precursor of

Fe3C/C-Nx NPs. Figure 1 e shows the FTIR spectrum of the pre-
cursor in the 400–4000 cm¢1 region. The 1300–1500 cm¢1

region is ascribed to the saturated C¢H deformation vibration.
The presence of the bands at 2240 and 2979 cm¢1 are the

characteristic of the C¢N and C¢H stretching vibrations.[17] The
existence of these bands confirms that there is acetonitrile in

the precursor. Then, the relative weakness of the band at 700–

750 cm¢1 is indexed to the vibration of mono-substituted ben-
zene. In addition, the ring stretch of quinoid and benzenoid

forms is observed at 1580 and 1500 cm¢1.[18] These observa-
tions confirm that the existence of aniline. Note that there are

no peaks for ferrite or other iron-containing phase, signifying
that the iron should exist in ionic condition. Finally, due to the

oxidation of aniline, there may be nitrobenzene or quinoid and

so on in the precursor.
Figure 1 e shows TGA curve for the precursor of Fe3C/C-Nx

NPs measured in a N2 atmosphere. There are four major steps
of weight loss. The initial weight loss starts at below 198 8C is

likely due to the vaporization of bound water. The second
weight loss is very small, starting from 198 to 350 8C. This is

the decomposition temperature range of nitrobenzene, qui-
noid, and oligomers of aniline in a N2 atmosphere. It seems
a reasonable deduction that part of these organics will be de-

composed in this temperature range. The third weight loss of
51.8 % starts at 350 8C and ends at around 530 8C, which is

most probably due to three important reasons: 1) The decom-
position of organics.[19] 2) The nucleation of Fe3C, and 3) The

evaporation of FeCl3.[20] Finally, the fourth weight loss is not

very obvious at 1.8 % between 530 and 800 8C, which is likely
due to the decomposition of some organic byproducts.

The morphology of Fe3C/C-N750 NPs is investigated by TEM
and HRTEM. As shown in Figure 2 a, the Fe3C/C-N750 NPs are

embedded in a sheet-like carbon. There is a Fe3C/C-N750 parti-
cle with core-shell structure in the circle region. Figure 2 b rep-

Figure 1. a) XRD patterns; b) Raman spectra; c) N2 sorption isotherm; and
d) BET surface areas of the as-synthesized Fe3C/C-Nx (x = 650, 700, 750,
800 8C) NPs; e) FTIR spectrum; and f) TGA curve of Fe3C/C-Nx precursor.
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resents an enlarged image of an isolated encapsulated particle.

The image clearly indicates that the quasi-spherical particle has
a core-shell structure with a complete and tight encapsulation.

Figure 2 c shows a HRTEM image of a Fe3C/C-N750 particle. It is
seen that the lattice fringes are 0.21 and 0.34 nm, which are at-
tributed to an interplanar spacing of graphite (002) and Fe3C

(211) crystal plane, respectively. The high angle annular dark-
field scanning TEM (HAADF-STEM, in Figure 2 d) reveals the po-
sitions of sheet-like carbon and the core-shell structure nature
of Fe3C/C-N750 NPs. The elemental mapping results (Figure 2 e–
h) demonstrate the uniform distribution of C, Fe, and N. Impor-
tantly, N is detected over the whole area, which may be in

favor of improving ORR performance of the materials.[21]

Based on all of the above analysis, a possible mechanism for
the formation of Fe3C/C-Nx NPs is proposed. First, when the

aniline is added to the mixture of FeCl3 and AN, part of it will
be converted into nitrobenzene, quinoid, or/and oligomers of

aniline and so on immediately. Then the rest of aniline and AN
will provide electrons to Fe3 + ions to form an iron–aniline–AN

coordination structure. It is assumed that the [Fe(anili-

ne)x(AN)6¢x]Cl3 is the most possible one. During the water bath
process, some AN may evaporate, leading to a stronger inter-

action between the Fe3 + ions and nitrogen atoms. By increas-
ing the calcination temperature, quinoid, or/and oligomers of

aniline are decomposed to form a complicated carbon matrix.
The [Fe (aniline)x(AN)6¢x]Cl3 part is simultaneously transformed

into Fe and nitrogen-rich carbon matrix (Fe is surrounded by
the nitrogen-rich carbon matrix). When the temperature reach-
es the crystallization point of Fe3C, the surrounding nitrogen-
rich carbon matrix will play the role of carbon source to react

with Fe to form Fe3C; In turn, the Fe3C will play the role of cat-
alyst to change the surrounding carbon matrix into graphite

carbon. With the increase of pyrolysis temperature, the degree
of graphitization of samples is increased. This has been dem-
onstrated by the XRD and Raman analysis. In addition, there is

a certain amount of surface nitrogen that has been demon-
strated by the elemental mapping result, which most probably

exists in the form of Fe-Nx or/and C-Nx moieties.
The low-resolution XPS spectra for the as-synthesized Fe3C/

C-Nx NPs are shown in Figure 3 a and Figure S1 a (the Support-
ing Information). One can see that there are C 1s, N 1s, O 1s,

and Fe 2p in the spectra, confirming that the existence of

these elements in the samples. The concentrations of the N
and Fe in each sample are demonstrated in Table S1 (the Sup-
porting Information). It is shown that pyrolysis treatments at
elevated temperatures (650–800 8C) lead to a significant de-
crease of Fe and N. Figure 3 b depicts the high-resolution C 1s

spectrum of Fe3C/C-N750 NPs. It is deconvoluted into three

peaks at 284.7, 286.0, and 287.5 eV, which are consistent with
C¢C, C¢N, and O¢C=O, respectively, signifying that a high

degree of graphitization of this sample. In Figure 3 c, the N 1s
spectrum can be deconvoluted into three peaks at 398.3,

399.3, and 400.9 eV, which are assigned to pyridinic-N, pyrrolic-
N, and graphitic-N as illustrated in Figure 3 f, signifying that ni-

Figure 2. a) Fe3C/C-N750 NPs with core-shell structures and sheet-like carbon;
b) Magnification image of a single particle; c) HRTEM image of a particle; d)
HADDF-STEM image of Fe3C/C-N750 NPs; and e–h) the elemental mapping
for the box region in (d).

Figure 3. a) Low-resolution XPS spectrum for Fe3C/C-N750 NPs, and high-reso-
lution b) C 1s; c) N 1s; and d) Fe 2p XPS spectra for Fe3C/C-N750 NPs; e) Con-
centrations of the three types of nitrogen in Fe3C/C-Nx samples obtained at
different temperatures; f) Illustration of three types of nitrogen in gra-
pheme.[22]
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trogen is indeed doped into the materials.[23] It should be
noted that pyridinic and pyrrolic-N can combine with Fe to

form the Fe-Nx moieties, and researchers believe that the pyri-
dinic-N and graphitic-N are beneficial for ORR. Furthermore, ac-

cording to the integrated peak areas, we quantify the concen-
trations of the three kinds of nitrogen, as shown in Table S1

(the Supporting Information). It can be seen that graphitic-N is
the dominated species in all samples (Figure 3 e), and Fe3C/C-
N750 NPs possesses the highest concentration of graphitic-N

among the series, which reaches 2.9 at %. It also can be seen
that the concentration of pyridinic-N and pyrrolic-N are much
lower in all samples. With increasing the calcination tempera-
ture, the concentration of pyridinic-N and pyrrolic-N are de-
creased markedly, indicating that the thermal stability of pyri-
dinic-N and pyrrolic-N are weaker than that of graphitic-N. Fur-

thermore, in Figure 3 d, there is a negligible surface iron con-

tent on the Fe3C/C-N750 NPs from the high-resolution Fe 2p
spectrum, which is likely because the Fe3C NPs are encased ex-

clusively by the graphite carbon.

Magnetic properties

Magnetic measurements (Figure 4 a) reveal that all of the as-
synthesized Fe3C/C-Nx NPs display soft magnetic properties,

and the Fe3C/C-N800 NPs has the highest Ms value of
77.2 emu g¢1 compared with those of its high-temperature an-

nealed counterparts. The inset picture in Figure 4 a demon-

strates that the materials can be easily recovered from suspen-
sions. The Ms and Hc values versus calcinations temperature are
summarized in Figure 4 b. One can see that the Ms values tend

to increase upon increasing the calcinnation temperature,
which is due to the different crystallite sizes of the samples. In
contrast, the coercivity (Hc) values decrease from 175 to

78.9 Oe. The detailed magnetic data of the four Fe3C/C-Nx NPs
are shown in Table S2 (the Supporting Information).

In this work, it is believed that the magnetic properties
relate closely to the electrochemical properties of the materi-

als. As we all know, all of the magnetic nanomaterials possess

the magnetocrystalline anisotropy which is caused by two
main reasons: 1) the combined effect of crystalline field and

spin-orbit interaction; 2) the effect of spin-orbit interaction to
the energy band. When the Ms values increase, the magneto-

crystalline anisotropy will decrease. The p electronics that
belong to the carbon shell tend to combine with the unoccu-

pied orbital of the magnetic (Fe3C) core easily, leading to the
enhanced electrochemical properties of the magnetic materi-

als.

Electrochemical properties

Further, the as-synthesized Fe3C/C-Nx NPs are used as electro-

catalysts for the ORR. The cyclic voltammetry (CV) and rotating
ring-disk electrode (RRDE) techniques are used to analyze their

electrocatalytic performance. Figure 5 depicts the CV curves of
the as-synthesized Fe3C/C-Nx NPs that are obtained in a 0.1 m

KOH solution saturated with N2 or O2 at the scan rate of

10 mV s¢1. One can see that there are quasi-rectangular voltam-
mograms without redox peaks for all the four samples when
the electrolyte is saturated with N2. However, when the O2 is

involved, an obvious ORR peak is observed, signifying that
these materials are sensitive toward ORR. Among the series,
Fe3C/C-N750 shows the most positive peak potential of 0.82 V,
suggesting that Fe3C/C-N750 has a highly pronounced ORR ac-
tivity compared with those of its high-temperature annealed
counterparts. Note that, the Fe3C/C-N750 sample possesses the

highest concentration of graphitic-N among the series (Fig-
ure 3 e and Table S1, the Supporting Information), signifying
that graphitic-N likely plays a dominant role in the determina-

tion of the ORR activity.
Figure 6 a shows the typical RRDE voltammograms of Fe3C/

C-N750 and commercial Pt/C catalyst obtained at room temper-
ature in O2-saturated 0.10 m KOH solution. Fe3C/C-N750 NPs

shows a higher electrocatalytic activity towards ORR than com-

mercial Pt/C catalyst, as indicated by its 30 mV more positive
half-wave potential (E1/2) compared with that of the commer-

cial Pt/C catalyst. Moreover, the onset potential is identified at
+ 0.99 V for the Fe3C/C-N750 and + 0.98 V for the commercial

Pt/C; these values are more positive than the Fe¢C¢N catalysts
that were prepared by complex methods in recent studies.

Figure 4. a) M¢H plots of the as-synthesized Fe3C/C-Nx NPs; b) The graph of
the Ms and Hc versus calcination temperature.

Figure 5. CV curves of Fe3C/C-N650, Fe3C/C-N700, Fe3C/C-N750, and Fe3C/C-N800

NPs in N2-saturated, O2-saturated 0.1 m KOH solution at a scan rate of
10 mV s¢1.
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From the RRDE test, it can also be calculated that the H2O2 per-
cent yield (H2O2 %) and the number of electron transfer (n) in-

volved in ORR by using the following Equations (1) and (2):

H2O2 % ¼ 200 IRing=N

IRing=Nþ IDisk

ð1Þ

n ¼ 4 IDisk

IRing=Nþ IDisk
ð2Þ

in which N is the collection efficiency, IDisk is the voltammetric
currents at the risk electrode and IRing is the voltammetric cur-

rents at the ring electrode. In Figure 6 b, it can be clearly seen
that the yield of H2O2 for Fe3C/C-N750 is below 8.0 % at all po-
tentials, corresponding to an average n of 3.93, close to that of
the Pt/C catalyst. To evaluate the durability of Fe3C/C-N750 in al-

kaline solution for the ORR, linear sweeps between 0.4 and
1.04 V are applied.

In Figure 6 c, it can be seen that there is a slight ORR polari-
zation curve shift after 3000 cycles for Fe3C/C-N750 sample,

whereas a significant ORR polarization curve shift is observed

for commercial Pt/C catalyst as shown in Figure 6 d. In addi-
tion, the resistance of the Fe3C/C-N750 sample and Pt/C catalyst

toward methanol crossover is also investigated. As shown in
Figure 6 e, after the addition of 1 m methanol to 0.10 m KOH

electrolyte solution, no significant change is observed in the
ORR current for the Fe3C/C-N750 sample. In contrast, there is

a significant change in the CV curve for the commercial Pt/C
after methanol is added. These results confirm that the Fe3C/C-

N750 sample exhibits stronger tolerance against methanol cross-
over than commercial Pt/C catalysts.

Moreover, the Fe3C/C-N750 catalyst also exhibits excellent
ORR activity and stability in acidic solution as shown in Fig-

ure S3 (the Supporting Information). The onset potential is
identified at + 0.82 V for the Fe3C/C-N750, close to the + 0.91 V
for the commercial Pt/C catalyst. The H2O2% for Fe3C/C-N750 is

below 5 %, corresponding to an average n of 3.84. The stability
of Fe3C/C-N750 is better than Pt/C catalyst as shown in Fig-
ure S3 c and d (the Supporting Information).

Based on the structure, morphology, and composition of

Fe3C/C-N750 NPs, it is believed that three important aspects
should be responsible for its excellent ORR activity and stabili-

ty: 1) Owing to the core-shell structure of the Fe3C/C-N750 NPs,

there may be a host–guest electronic interaction between Fe3C
core and graphite carbon shell, making the outer surface of

shell more active toward ORR;[24] 2) There may be a synergetic
effect between sheet-like carbon and the encapsulated Fe3C,

which relates closely to the ORR activity and stability of the
Fe3C/C-N750 NPs;[25] 3) The high percentage of graphitic-N

(2.9 at. %) in the Fe3C/C-N750 NPs can lead to the charge deloc-

alization, thus facilitating the bridge model chemisorption of
O2 on the Fe3C/C-N750 NPs, which can effectively weaken the

O¢O bonding to promote the ORR.[22]

Conclusions

A series of Fe3C/C-Nx NPs with different nitrogen contents was
prepared by a simple one-pot route. In the synthetic proce-

dure, aniline and AN are used as the carbon and nitrogen
source. It is believed that an iron–aniline–AN coordination

structure is involved in the nucleation process of Fe3C. The
effect of calcination temperature on the structural and func-

tional properties of the materials is investigated. Magnetic

measurements reveal that all of the as-prepared Fe3C/C-Nx NPs
display ferrimagnetic behavior at room temperature, with the

highest Ms value of 77.2 emu g¢1 for Fe3C/C-N800 NPs. All of the
as-prepared Fe3C/C-Nx NPs are also applied as the ORR cata-

lysts. As a result, the Fe3C/C-N750 NPs emerges as a superior
ORR electrocatalyst with highly pronounced electrocatalytic

performance, long durability, high selectivity, and strong toler-

ance against methanol crossover. These characteristics are
most likely due to the high percentage of graphitic-N and the

unique structure of the Fe3C/C-N750 NPs. The findings of the
synthetic route, the prepared materials of the unique structure,

and the proposed mechanism paves a way to further develop-
ment of active and durable ORR catalysts for fuel cell applica-

tions.

Experimental Section

Preparation of Fe3C/C-Nx NPs

The preparation process is depicted in Scheme 1. Firstly, FeCl3

(0.02 mol) was added into acetonitrile (AN) (0.2 mol) with stirring.

Figure 6. a) RRDE voltammograms; b) Plots of H2O2 yield and number of
electron transfer of Fe3C/C-N750 and Pt/C at the rotation rate of 1600 rpm.
LSV curves of c) Fe3C/C-N750, and d) Pt/C for ORR before and after 3000
cycles. CV curves of e) Fe3C/C-N750, and f) Pt/C without and with 1.0 m
CH3OH. All of these experiments were carried out in O2-saturated 0.10 m
KOH solution.
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After 5 min, aniline (0.3 mol) was slowly added into above solution.
The color of the solution gradually changed from yellow to dark
brown. Subsequently, the mixture was transferred to an 80 8C
water bath for 3 h. During this process, the mixture became vis-
cous. Finally, the viscous mixture was calcinated at controlled tem-
peratures (650, 700, 750, or 800 8C) for 2 h in a N2 atmosphere at
the gas flow rate of 320 sccm.

Characterizations

The X-ray powder diffraction (XRD) patterns were recorded on
a Shimadzu XRD-6100 using CuKa radiation (l= 0.15405 nm).
Raman spectra were measured with a JobinYvon/HORIBA LabRam
ARAMIS Raman spectrometer with the radiation from an air-cooled
He Ne laser (633 nm). The Brunauer–Emmet–Teller (BET) surface
area was determined by using a Micromeritics ASAP 2020 instru-
ment at 77 K. The Fourier Transform Infrared (FTIR) Spectrometer
spectrum was recorded on a Shimadzu IRAffinity-1 FTIR spectrome-
ter using KBr pellets in the wavenumber range of 4000–400 cm¢1.
Thermogravimetric analysis (TGA) was carried out using a Rheomet-
ric Scientific DSC QC (TA, USA) under a N2 atmosphere at a heating
rate of 5 8C min¢1. High-resolution transmission electron microsco-
py (HRTEM) images were obtained with a Philips Tecnai G2 F20
High Resolution Transmission Electron Microscopy equipped with
an EDS detector at an acceleration voltage of 100 kV. The magnetic
properties were determined by using a LakeShore 7404 vibrating
sample magnetometer (VSM) in the magnetic field of ¢17 000 to
+ 17 000 Oe. Finally, the X-ray Photoelectron Spectroscopy (XPS)
spectra were recorded using an ESCALAB 250 spectrometer with
a mono X-ray source AlKa excitation (1486.6 eV).

Electrochemical measurement

Electrochemical measurements were performed in a standard
three-electrode system controlled by a CHI 760D electrochemistry
workstation (CH Instruments, Chenhua Co., China). A platinum wire
was used as the counter electrode, an Ag/AgCl as the reference
electrode, and a catalyst-modified glassy carbon electrode (GCE) as
the working electrode. The catalyst ink was prepared by adding
10 mg of catalyst into a mixture of deionized water, isopropyl alco-
hol, and Nafion (5.0 wt %) at a volume ratio of 20:1:0.075 to form
a homogeneous suspension at the catalyst concentration of
2 mg mL¢1. The GCE was polished carefully to a mirror finish by
using the 0.3 mm alumina slurries. After that, the GCE was sonicat-
ed in acetone, ethanol and deionized water successively to remove
any bound particles, and dried under a gentle air stream. Then,
a certain amount of the catalyst ink was evenly casted onto the

pretreated GCE surface with a loading amount of 1.5 mg cm¢2. Fi-
nally, the modified electrodes were then dried under ambient con-
ditions for electrochemical measurements. As a comparison, the
commercial Pt/C catalyst was prepared according to the same pro-
cedure. Linear sweep voltammograms (LSV) were acquired in an
O2-saturated 0.1 m KOH solution and 0.1 m HClO4 solution at a rota-
tion rate of 1600 rpm. In the measurements, the Ag/AgCl reference
electrode was calibrated with respect to a reversible hydrogen
electrode (RHE).
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