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ABSTRACT: The development of low-cost electrocatalysts
with comparable activity for oxygen reduction reaction (ORR)
to substitute platinum-based catalysts is imperative but still
challenging for the commercialization of fuel cells. Herein, we
reported a strategy to effectively confine iron carbide
nanocrystals in N-doped carbon coated on carbon nanotubes
(CNx@CNT), which prevented the agglomeration of iron
carbide during pyrolysis and thus provided the sufficient highly
active catalytic sites. Together with the benefit from three-
dimensional conductive network of CNT-based core−shell
structure for fast electron transfer and rapid mass transfer, the
developed nanocatalyst exhibited the significantly enhanced
electrocatalytic activity for ORR, as well as high durability and methanol tolerance. Moreover, it was interestingly found that the
types of the confined iron compounds appreciably affected the performance of the catalysts, and Fe3C might be most effective on
improving ORR activity in this case.
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■ INTRODUCTION

Fuel cells, as efficient clean energy conversion devices, are
promising for tackling the future global energy crisis and
environmental issues.1,2 However, the sluggish kinetics in
cathode oxygen reduction reaction (ORR) still limits fuel cell
performance, while the scarce and expensive Pt-based anode
and cathode catalysts retard commercialization.3−13 Therefore,
it is necessary and urgent to develop low-cost electrocatalysts
with sufficient activity for ORR as substitutes for Pt-based
catalysts. Many efforts have been made to explore such
catalysts, such as nonprecious transition metal (Fe, Co, etc.)
based catalysts as well as some nonmetal element (B, N, S, etc.)
doped carbon materials.14−29 Among these materials, iron/
nitrogen containing (Fe/N) carbon-based materials have been
considered as one of the most promising non-noble-metal ORR
catalysts due to the low cost, high activity, and excellent
durability, especially for applications in alkaline fuel cells.30−34

Fe/N carbon-based ORR catalysts were generally prepared
by directly pyrolyzing the composites of carbon/nitrogen-
containing precursors such as phthalocyanin, cyanamide,
polyaniline, melamine, and polydopamine with iron salt or
complexes of iron and N4-chelating ligands.

26,35−40 To improve
the conductivity of the catalysts, graphitic carbon materials
(graphene, carbon nanotubes, etc.) were frequently introduced
to construct electrocatalyst composites. During most of these
synthetic processes, the morphologies, composition, and

structure of the catalysts were not controllable, and their
influences on the catalytic performance were seldom
investigated. It was reported that the rational design of catalyst
architectures and careful regulation of interactions between
active moieties and matrixes during in the synthetic process
were important to maximize ORR catalytic performance.40,41 In
this study, we developed an effective strategy to prepare a new
type of Fe/N containing core−shell carbon/carbon nanotube
catalyst (Fe−N−C@CNT), in which well-defined iron carbide
(FexC) nanocrystals were encapsulated inside the N-doped
carbon (CNx) shell. The CNx shell not only effectively
prevented the aggregation and agglomeration of iron carbide
nanocrystals, but also produced sufficient highly active sites for
ORR by means of the interaction with iron carbide nanocryst-
als. The influence of synthetic conditions of the catalysts on the
catalytic activity was further investigated, and it was found that
the types of iron compounds appreciably affected the catalytic
performance of the catalysts. Ascribed to the well-defined
core−shell structure and the composition control of iron
compounds, the designed Fe−N−C@CNT catalyst demon-
strated the significantly enhanced electrocatalytic activity for
ORR, as well as high durability and methanol tolerance.
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■ RESULTS AND DISCUSSION
As shown in Figure 1a, a three-step strategy was applied to
achieve well-defined Fe−N−C@CNT. In brief, Fe3O4 nano-

particles were first controllably loaded on CNT surface to get
Fe3O4/CNT composite. Polydopamine (PDA) layer was then
coated on Fe3O4/CNT to obtain the composite of PDA@
Fe3O4/CNT, which was then converted into the Fe−N−C@
CNT after pyrolysis at 800 °C. During pyrolysis, the PDA layer
was decomposed into a CNx layer, and Fe3O4 nanoparticles
were reduced in situ to FexC nanoparticles, which were well-
confined in the CNx layer. The typical scanning electron
microscopy (SEM) image of Fe3O4/CNT in Figure 1b
displayed that the entire surfaces of all CNT were covered by
a layer of nanoparticles. Transmission electron microscopy
(TEM) image (Figure 1c) further exhibited that the nano-
particles in a size of several nanometers were well dispersed on
the CNT surfaces with no obvious aggregation. A representa-
tive high-resolution TEM (HRTEM) image (Figure 1c, inset)
showed clear lattice fringes with a distance of 0.24 nm which is
in good agreement with the d-spacing of (222) plane of cubic
Fe3O4, indicating that these nanoparticles were Fe3O4 nano-
crystals. X-ray diffraction (XRD) pattern of Fe3O4/CNT
composite in Figure 1d clearly showed the typical peaks at
30.10, 35.45, 56.98, and 62.57° from cubic Fe3O4 (JCPDS no.
39-1346) and the peak at 26.60° from CNT, which
corroborated that the composite was composed of cubic
Fe3O4 and CNT.

After the PDA coating, it can be seen from SEM image in
Figure 1e that Fe3O4/CNT was uniformly coated with a layer
with a smooth surface, and the diameter of nanotubes became
larger. The TEM image in Figure 1f clearly displayed the core−
shell structure of PDA@Fe3O4/CNT with a Fe3O4/CNT core
and a PDA shell in ∼30 nm thick. No spherical structures from
self-polymerization of dopamine were found during SEM and
TEM observation, indicating that the hydrophilic surface of
Fe3O4 favored the core−shell coating of PDA on Fe3O4/CNT
cores. It should be noted that the thickness of the PDA layer
could be easily controlled by the polymerization time (Figure
S1a, SI). The thickness of the PDA shell was optimized by
measuring their electrocatalytic activity, as discussed in the
Experimental Section, and 30 nm thick PDA shells were used in
the following experiments. The XRD pattern (Figure 1d, black
curve) indicated that the PDA coating had a negligible
influence on the crystalline structure of Fe3O4/CNT. Fourier
transform infrared (FTIR) spectrum of PDA@Fe3O4/CNT
(Figure 1g) showed the characteristic FTIR signals correspond-
ing to the vibrations from functional groups of N−H, O−H,
C−O, and C−N of PDA, corroborating that the shell shown in
Figure 1f is PDA.
Figure 2a presented the typical SEM images of the final

product after the pyrolysis of PDA@Fe3O4/CNT at 800 °C. A
higher-magnification SEM image is shown in Figure S2 (SI). It
can be seen that the morphology of one-dimensional nanotubes
was well maintained after the pyrolysis. The nanoparticles in a
brighter contrast were observed in the catalyst and seems to be
covered by a layer of materials. No clear outer surface of these
nanoparticles can be identified in the high-magnification SEM
image, and no nanoparticles were found at the edges of the
nanotubes in either SEM or TEM observations. In consid-
eration of the fact the iron precursors were covered with the
PDA layer (Figure 1f), it can be reasonably presumed that these
nanoparticles were covered by the carbon layers derived from
the pyrolysis of PDA but should still be on the outer surfaces of
the inner nanotubes. Compared to Figure 1f, the TEM image of
the pyrolyzed product (Figure 2b) clearly displayed that the
smooth shell layer in PDA@Fe3O4/CNT was converted into a
porous carbon layer with wrinkled folds from the decom-
position and graphitization of PDA. The Fe3O4 nanocrystal
layer was changed into larger nanoparticles in a size of 15−20
nm which decorated inside the carbon layer without obvious
aggregation. The larger size could be due to the migration and
ripening of the nanocrystals during the reduction. In contrast,
the Fe3O4 nanocrystals in Fe3O4/CNT without the protection
of PDA shell layer turned into larger aggregates and detached
from CNT after the same heat treatment, as shown in the TEM
image (Figure 2c). The thicker the PDA shell was, the more
effective this space-confinement effect was. As shown in Figure
S1b (SI), when the thickness of PDA shell increased to ∼90
nm, the size of the formed nanoparticles after the pyrolysis
decreased, indicating less aggregation. Therefore, it could be
concluded that the PDA shell effectively prevented the
aggregation and growth of the reduced nanoparticles due to
the space confinement effect. Moreover, the continuous lattice
fringes throughout the whole nanoparticle shown in HRTEM
image (Figure 2b, inset) implied that these nanoparticles were
well crystallized. The distance of 0.21 nm between lattice
fringes was consistent with the d-spacing of (211) planes of
Fe3C.
The nitrogen adsorption/desorption isothermal technique

was further employed to characterize the porous nature of Fe−

Figure 1. (a) Schematic illustration of the preparation of Fe−N−C@
CNT. (b) Typical SEM and (c) TEM images of Fe3O4/CNT. (d)
XRD patterns of CNT, Fe3O4/CNT, and PDA@ Fe3O4/CNT. (e)
Typical SEM and (f) TEM images of PDA@Fe3O4/CNT (g) FTIR
spectrum of PDA@ Fe3O4/CNT.
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N−C@CNT. The Brunauer−Emmett−Teller (BET) analysis
(Figure 2d) showed that the Fe−N−C@CNT had a high
surface area of 245.1 m2/g, which is much larger than that of
pristine CNT (79.5 m2/g).2 The corresponding pore size
distribution curves (Figure 2e), calculated by the density
functional theory (DFT), revealed the existence of a great
quantity of nanopores less than 4 nm in the Fe−N−C@CNT.
These nanopores could offer a large number of potential active
sites for catalyzing ORR and supply abundant channels for the
mass transfer of reactants and products.
XRD was further used to analyze the crystalline structure of

these nanoparticles. The XRD pattern of Fe−N−C@CNT in
Figure 2f showed a multitude of diffraction peaks. By looking
into the XRD database, we found that the peaks at 37.74, 44.99,
45.86, and 49.15° could be well indexed to the characteristic
diffraction of orthorhombic Fe3C (JCPDS no. 35-0772) and the
peaks at 37.68, 41.48, 43.23, and 68.03° could be ascribed to
the hexagonal Fe2C (JCPDS no. 36-1249). The peak at 26.60°
was from the diffraction of (002) planes of graphitized carbon.
All other weak peaks matched with the orthorhombic Fe3C
(JCPDS no. 35-0772) as well. These results evidenced that the
nanocrystals in darker contrast in TEM image of Fe−N−C@
CNT (Figure 2b) should be composed of Fe3C and Fe2C. The
content of iron in the composite was further determined by
thermogravimetric analysis (TGA). Figure 2g presented the
TGA curve of Fe−N−C@CNT recorded under atmosphere;
14.21% of weight remained at above 600 °C, which could be
ascribed to the formation of Fe2O3 during heating and
corresponded to 9.94 wt % of iron.

Moreover, X-ray photoelectron spectroscopy (XPS) was
employed to investigate the chemical bonding state of nitrogen
in Fe−N−C@CNT. As shown in Figure 2h, the N 1s signal in
XPS survey spectrum of Fe−N−C@CNT indicated the
successful introduction of N into the composite. The nitrogen
content was calculated to be 1.68 at. %. To clearly investigate
the bonding state of nitrogen, we deconvoluted the high-
resolution N 1s signal into three typical components (∼398.05
eV for pyridinic N, ∼399.79 eV for pyrrolic N, and ∼400.49 eV
for quaternary N), as shown in Figure 2i. The content for each
type of N was 9.28, 54.78, and 35.94 at. %, respectively. On the
other hand, the iron signal in the survey scan XPS spectrum was
very weak, and the iron content calculated on a basis of XPS
signal was just ∼0.17 at. %, far from the TGA result. Compared
with the TGA result (9.94 wt %, Figure 2g), such a low content
of iron on the surface implied that most iron carbide
nanoparticles were buried in the carbon shell.
It was reported that transition metal-based nanoparticles was

able to enhance the electrocatalytic performance of carbon
materials.33,38,41−45 For example, Bao’s groups found that the
Fe nanoparticles encapsulated inside CNT could improve the
catalytic activity for ORR.33 Based on DFT calculations, they
attributed the improvement to the decrease of local work
function on the carbon surfaces due to the electron transfer
from the encapsulated Fe nanoparticles to the surface of CNT.
If nitrogen was introduced into the carbon lattice, the local
work function was further reduced, resulting in the significant
enhancement of catalytic performance. Xing’s group reported
that Fe3C nanoparticles in the carbon layers did not participate

Figure 2. (a) Typical SEM and (b) TEM images of Fe−N−C@CNT. (c) Typical TEM image of Fe-CNT. (d) N2 adsorption−desorption isotherm
and (e) pore size distribution of Fe−N−C@CNT. (f) XRD pattern of Fe−N−C@CNT, Fe3C, and Fe2C. (g) TGA profile, (h) wide-scan survey
XPS spectrum, and (i) high-resolution N 1s XPS signal of Fe−N−C@CNT.
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in ORR directly, but still played a key role in the catalysis by
activating the surrounding graphitic layers.41 Recently, Deng’s
group ascribed the superior HER performance of CoNi@NC
material to the modification of the electron density and the
electronic potential distribution at the carbon surfaces by a
penetrating electron from the CoNi cores.43 All of the above
literatures indicated that the improvement of electrocatalytic
performance from transition metal-based nanoparticles could
stem from the unique electronic interaction between the
confined nanoparticles and the carbon shells; and the encased
nanoparticles did not take part in the catalytic reaction while
the modulated carbon layers supplied the efficient active sites
for catalyzing ORR or HER.
In the present Fe−N−C@CNT, iron carbide nanocrystals

were well confined inside the porous N-doped carbon/CNT, as
discussed above, in which iron carbide nanocrystals encapsu-
lated with the porous N-doped carbon could act as highly active
sites, and CNT core could be used as efficient conductive
network for fast electron transfer. This structure was expected
to exhibit the superior performance. The electrocatalytic
performance for ORR of Fe−N−C@CNT was first evaluated
by linear sweep voltammetry (LSV) technique. Several other
catalysts prepared in parallel and commercial Johnson Matthey
Pt/C catalyst (20 wt % Pt loading) were also evaluated for
comparison. Catalyst N−C, N−C@CNT, and Fe-CNT were
obtained by pyrolyzing PDA, PDA@CNT, and Fe3O4/CNT,
which were prepared in parallel with Fe−N−C@CNT,
respectively (see Experimental Section for details). As shown
in Figure 3a, the catalytic activities for ORR of N−C, N−C@
CNT, and Fe-CNT were much worse than the Fe−N−C@
CNT and Pt/C in terms of negative onset-potential and half-

wave potential in LSV curves. The better performance of N−
C@CNT than N−C can be attributed to the improved electron
transfer from CNT network as well as the CNT support effect
for better mass transfer. Comparing the LSV curves of Fe−N−
C@CNT and N−C@CNT, the former exhibited 107 mV
positive shift of the onset-potential and 119 mV positive shift of
half-wave potential, as well as a much larger diffusion limiting
current density, indicating that the introduction of iron carbide
nanocrystals inside the porous N−C shell dramatically
enhanced the electrocatalytic activity for ORR. The much
improved ORR activity of Fe−N−C@CNT vs Fe-CNT
corroborated that the synergetic effect of iron carbide
nanocrystals and CNx layer produced the more efficient
catalytically active sites for ORR. To understand the ORR
process on Fe−N−C@CNT catalyst, the electron transfer
process was further investigated by rotating ring-disk electrode
(RRDE) experiment. The potential at platinum ring of RRDE
was set at 0.5 V (vs Ag/AgCl) to detect peroxide species
forming at disk electrode. Figure 3b showed that the H2O2 yield
on Fe−N−C@CNT catalyst remained below 9% over the
potential range from −0.2 to −0.7 V (vs Ag/AgCl),
corresponding to an electron-transfer number of over 3.8.
This result revealed that ORR on Fe−N−C@CNT catalyst
followed by a favorable four-electron process. The Tafel curves
were also plotted in Figure S3 (SI) to further evaluate the
catalytic activity for ORR. The Tafel slope of the Fe−N−C@
CNT catalyst at low overpotentials (87 mV dec−1) is similar to
that of Pt/C catalyst (83 mV dec−1), corroborating the
excellent catalytic activity of Fe−N−C@CNT.
The durability of electrocatalysts is critical for its practical

application in fuel cells. Methanol crossover is one of the big
issues in direct methanol fuel cells, in which methanol can
penetrate through proton exchange membrane and thus
deteriorate cathode catalysts. Therefore, the present Fe−N−
C@CNT was first evaluated for the tolerances of methanol and
compared with Pt/C catalyst. As shown in Figure 3c, the
cathodic current of Fe−N−C@CNT did not change much
after the addition of methanol into electrolyte while that of Pt/
C catalyst sharply dropped by 80.35%, which indicated that
methanol crossover did not affect the ORR activity of Fe−N−
C@CNT. On the other hand, the durability of Fe−N−C@
CNT in ORR was further investigated by chronoamperometric
measurement. The relative current−time curve of Fe−N−C@
CNT (Figure 3d) exhibited a much slower current attenuation
than that of Pt/C; 74.17% current remained for Fe−N−C@
CNT after 10000 s test, while only 43.56% current left for Pt/
C, revealing that Fe−N−C@CNT demonstrated much better
durability in ORR than Pt/C.
Furthermore, we noticed that the pyrolysis temperature

could influence the catalytic activity of Fe−N−C@CNT
catalysts because it would affect the state of catalytic sites.
During the preparation of the above-mentioned Fe−N−C@
CNT catalyst, which was pyrolyzed at 800 °C, two other Fe−
N−C@CNT catalysts were synthesized in parallel at the same
conditions except at pyrolysis temperatures of 700 and 900 °C.
XRD patterns of three catalysts in Figures 2d and 4a,b show
that the three catalysts exhibited the difference in crystalline
structure. For the catalyst pyrolyzed at 700 °C, two major
diffraction peaks 44.67 and 65.02° can be well indexed to cubic
Fe (JCPDS no. 06-0696) and the other three small peaks at
35.63, 43.28, and 50.00° can be attributed to cubic Fe3O4
(JCPDS no. 39-1346), indicating the element Fe existed mainly
in form of iron with a small amount of Fe3O4. In the catalyst

Figure 3. (a) LSV curves of N−C, N−C@CNT, Fe-CNT, Fe−N−
C@CNT, and reference Pt/C recorded in O2-saturated 0.1 M KOH at
a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm. (b) H2O2
yield and electron transfer number (n) in RRDE measurement of Fe−
N−C@CNT. (c) Current−time (i−t) chronoamperometric responses
of Fe−N−C@CNT and Pt/C recorded at −0.2 V in 0.1 M O2-
saturated KOH solution. The arrow indicates the addition of
methanol. (d) Relative current−time (i−t) chronoamperometric
responses of Fe−N−C@CNT and Pt/C recorded at −0.2 V in 0.1
M O2-saturated KOH solution.
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pyrolyzed at both 800 and 900 °C, all XRD peaks can be
indexed to hexagonal Fe2C and orthorhombic Fe3C except the
peak of graphitized carbon at 26.60°, but the composition ratios
of Fe2C and Fe3C in two catalysts were slightly different. In all
XRD measurements, the materials’ loading and recording
parameters were carefully kept constant. Comparing the XRD
patterns in Figures 2f and 4b, it can be calculated that the
intensity ratio of the strongest XRD peaks of Fe3C to Fe2C
(XRD peak at 44.9° for Fe3C and peak at 43.1° for Fe2C) in
Fe−N−C@CNT prepared at 800 °C were significantly larger
than that of the material prepared at 900 °C (0.58 vs 0.20). In
view of the same total iron content in two samples and given
that almost all iron compounds were in crystallized form (as
indicated in TEM observation), it could be inferred that the
relative content of Fe3C in Fe−N−C@CNT prepared at 800
°C was higher than that in the catalyst prepared at 900 °C,
although XRD is not a quantitative analysis. The electrocatalytic
performances of three catalysts were subsequently evaluated. As
shown in polarization curves in Figure 4c, Fe−N−C@CNT
pyrolyzed at 800 °C exhibited the highest activity for ORR in
terms of positively shifted onset potential and half-wave
potential. The difference in catalytic activity can be ascribed
to the difference in the graphitization, composition, and status
of iron compounds in these three catalysts. The higher pyrolysis
temperature favored the graphitization and thus the electron
transport during ORR, but too high a temperature would cause
the separation of iron compounds from the carbon support,
which degraded the performance of the catalyst. As shown in
Figure S5 (SI), the iron carbides separated out and severely
aggregated in the catalyst prepared at 900 °C.
In addition, the effect of iron content on ORR performance

of Fe−N−C@CNT catalyst was further investigated. Com-
pared to the above-mentioned Fe−N−C@CNT catalyst (800
°C), two more Fe−N−C@CNT catalysts were prepared in
parallel except for using half and double amounts of iron source
instead. The three catalysts were denoted as 1Fe, 0.5Fe, and

2Fe in Figure 5a. It can be seen that the catalyst 1Fe exhibited
the best electrocatalytic activity for ORR. The amount of iron
affected not only the amount of active sites, but also the
composition of iron compounds. As shown in Figure 5b,c, Fe4N
and Fe2C dominated in the catalyst 0.5 Fe, while metallic Fe,
Fe4N, and Fe3N existed in the catalyst 2Fe. By comparing the
electrochemical results of the catalysts prepared at different
temperatures, it can be concluded that the composition of iron
compounds appreciably affected the catalytic performance of
the catalysts and Fe3C might be most effective on improving
ORR activity of Fe−N−C@CNT catalysts.
The thickness of CNx shell also influenced the catalyst

performance, which can be controlled by the PDA polymer-
ization time (Figure S1b, SI). The PDA shell around 30 nm
thick delivered the best performance in our experiments. A too-
thick CNx shell weakened the electronic interaction between
iron compounds and CNx shell and deteriorated the effective
electron transfer from CNT cores, as demonstrated by the
inferior ORR activity of the catalyst with 90 nm thick PDA
(Figure S5, SI). On the other hand, it was difficult to confine
the iron carbides inside the CNx shell if the shell was not thick
enough, which also downgraded the performance of the Fe−
N−C@CNT catalysts.

■ CONCLUSION

In summary, a new type of non-noble-metal nanostructure with
core−shell CNx@CNT structure and encapsulated iron carbide
nanocrystals was developed as an efficient electrocatalyst for
ORR. Ascribed to the confinement effect of carbonaceous shell
during pyrolysis, iron carbide nanocrystals were well dispersed
inside the N-doped carbon shell and produced sufficient highly
active sites for ORR. The investigation of synthetic conditions
on the catalytic activity indicated that the types of iron
compounds appreciably affected the catalytic performance of
the catalysts. Benefited from the well-defined structure and the
composition control of iron compounds, the designed Fe−N−

Figure 4. XRD patterns of Fe−N−C@CNT prepared at (a) 700 and (b) 900 °C. (c) LSV curves of Fe−C−N@CNT prepared at various pyrolysis
temperature. All LSV curves recorded in O2-saturated 0.1 M KOH at a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm.

Figure 5. (a) LSV curves and (b and c) XRD patterns of Fe−C−N@CNT catalysts prepared at 800 °C with various amount of iron source. All LSV
curves recorded in O2-saturated 0.1 M KOH at a scan rate of 10 mV s−1 and a rotation speed of 1600 rpm.
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C@CNT catalyst demonstrated the superior electrocatalytic
activity for ORR with high durability and methanol tolerance.

■ EXPERIMENTAL SECTION
Synthesis of Fe3O4/CNT. In a typical synthesis, 233.4 mg

Fe(acac)3 (Alfa Aesar) and 80 mg CNT (Shenzhen Nanotech Port
Ltd. Co, China) were ultrasonically dispersed in 48 mL triethylene
glycol (Alfa Aesar) in a three-necked flask. The suspension was then
heated at 190 °C for 30 min under argon protection and then refluxed
at 278 °C for another 30 min. After cooling to room temperature, the
product was washed with ethyl acetate several times and dried at 40 °C
in vacuum to obtain Fe3O4/CNT.
Synthesis of PDA@ Fe3O4/CNT. In a typical synthesis of PDA@

Fe3O4/CNT, 40 mg Fe3O4/CNT was dispersed in a mixed solution of
30 mL of water and 80 mL of ethanol under magnetic stirring for 2 h.
Then, 40 mL of aqueous solution of tris-base (100 mM, Alfa Aesar)
was added into the suspension. After the addition of 30 mL of aqueous
solution containing 160 mg of dopamine, the resultant solution was
gently stirred for 6 h at room temperature. The product was filtered,
washed with water and ethanol, and then dried overnight at 60 °C.
Synthesis of Fe−N−C@CNT Catalyst. The as-obtained PDA@

Fe3O4/CNT was heated to 800 °C under argon atmosphere at a rate
of 5 °C/min and then kept at 800 °C for 1 h to achieve Fe−N−C@
CNT after the pyrolysis of PDA.
Synthesis of N−C Catalyst. N−C catalyst was prepared in parallel

with the same method as that for Fe−N−C@CNT, except there was
no addition of Fe3O4/CNT.
Synthesis of Fe-CNT Catalyst. Fe-CNT catalyst was prepared in

parallel with the same method as that for Fe−N−C@CNT, except we
used Fe3O4/CNT instead of PDA@Fe3O4/CNT.
Synthesis of N−C@CNT Catalyst. N−C@CNT catalyst was

prepared in parallel with the same method as that for Fe−N−C@
CNT, except we used CNT instead of Fe3O4/CNT.
Characterization. The morphologies of all materials were

characterized by scanning electron microscope (JSM 6701, JEOL,
Japan) operated at 10 kV and transmission electron microscope (JEM-
2100F, JEOL, Japan) worked at an accelerating voltage of 200 kV. X-
ray photoelectron spectroscopy (XPS) spectra were recorded on a VG
ESCALab220i-XL with a monochromic Mg Kα source. X-ray
diffraction (XRD) experiments were carried out on a Regaku D/
Max-2500 diffractometer equipped with a Cu Kα1 radiation (λ =
1.54056 Å, Rigaku Corporation, Tokyo, Japan). The FTIR spectra
were recorded on a TENSOR-27 550II FTIR spectrometer. Nitrogen
adsorption−desorption isotherms were measured on the Quadrasorb
SI-MP at 77 K. The specific surface areas were calculated by the
Brunauer−Emmett−Teller (BET) method, and the pore size
distribution curves were calculated by the density functional theory
(DFT) method.
Electrochemical Measurements. All electrochemical measure-

ments were recorded on a rotating ring-disk electrode rotator (RRDE-
3A, ALS, Japan) by a standard three electrode cell system connected to
an electrochemical workstation (CHI 760E, ChenHua, Shanghai,
China) at room temperature. A rotating ring disk electrode (RRDE, 4
mm in diameter) coated with catalyst was used as the work electrode.
Pt foil and standard Ag/AgCl (3 M KCl solution) reference electrode
were used as counter electrode and reference electrode, respectively.
RRDE was mechanically polished prior to use with 0.5−0.7 μm and
then 0.03−0.05 μm alumina slurry to obtain a mirror-like surface,
followed by washing with ethanol and drying in air. For preparation of
working electrode, 2 mg of catalyst was dispersed in 800 μL of ethanol
and then sonicated for 15 min to obtain a homogeneous ink. Then,
30.2 μL of ink was slowly dropped onto clean glassy carbon electrode
to achieve a catalyst loading of 600 μg cm−2. After that, 2 μL nafion
(0.5 wt %) solution was dropped onto the electrode surface. After
drying in air, the electrode was ready for testing. Commercial
Johnson−Matthey Pt/C with 20 wt % Pt loading was used for
comparison, and Pt loading on electrode was 25.5 μg cm−2.
Four-electron selectivity of catalyst was evaluated based on H2O2

yield, which was calculated from the following equation:

= ×
+

I N
I N I

H O (%) 200
/

( / )2 2
R

R D

The electron transfer number (n) was calculated from the following
equation:

= ×
+

n
I

I N I
4

( / )
D

R D

Where, ID and IR are the disk and ring currents, respectively, and N is
the ring collection efficiency and equals 0.424.
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