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Abstract

Rational design and synthesis of non-precious-metal catalyst plays an important role in improving the activity and
stability for oxygen reduction reaction (ORR) but remains a major challenge. In this work, we used a facile approach to
synthesize iron nanoparticles encapsulated in nitrogen-doped porous carbon materials (Fe@N-C) from functionalized
metal-organic frameworks (MOFs, MET-6). Embedding Fe nanoparticles into the carbon skeleton increases the
graphitization degree and the proportion of graphitic N as well as promotes the formation of mesopores in the
catalyst. The Fe@N-C-30 catalyst showed the excellent ORR activity in alkaline solutions (E0 ¼ 0.97 V vs. RHE, E1/
2 ¼ 0.89 V vs. RHE). Moreover, the Fe@N-C-30 catalyst exhibited better methanol resistance and long-term stability
when compared to commercial Pt/C. The superior ORR performance could be attributed to the combination of high
electrochemical surface area, relative high portion of graphitic-N, unique porous structures and the synergistic effect
between the encapsulated Fe particles and the N-doped carbon layer. This work provides a promising method to
construct efficient non-precious-metal ORR catalyst through MOFs.
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1. Introduction

Fuel cells and metal-air batteries have been
considered as alternatives to traditional fossil fuels,
due to their high energy density, high conversion
efficiency and environmentally friendliness [1,2].
However, the efficiency of these energy devices is
hampered by the slow kinetics of the cathodic oxy-
gen reduction reaction (ORR) [3]. The most effective
ORR catalysts to date are Pt-based ones [4,5], but
their limited availability, high price, and poor sta-
bility have severely restricted their use on a large-
scale [6e8]. Thus, it is urgent and crucial to develop
alternative non-noble metal ORR electrocatalysts
that are more affordable, efficient and stable.
Recently, carbon-based materials have attracted

much attention owing to their tunable structures,
earth abundance, and high catalytic activity toward

ORR [9e11]. Doping heteroatoms (i.e., N, P, S, B)
into the carbon skeletons can induce charge
redistribution, enhance the number of active sites
and thus improve the ORR performance of carbon
materials [12e15]. However, the ORR performance
of most heteroatom-doped carbon materials is still
less effective compared to commercial Pt/C cata-
lysts [16,17]. Transition metal nanoparticles
(TMNPs, usually being Ni, Fe and Co nano-
particles) embedded in N-doped carbon materials
(M@N-C) are regarded as a promising approach to
further enhance their ORR catalytic activity
[18e21], because the TMNPs-embedding treat-
ment could increase catalytic active sites and the
graphitic degree of the carbon materials [22,23].
Meanwhile, electronic interactions between N-
doped carbon layers and transition metals can
further improve the ORR catalytic performance.
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For example, Deng et al. [24] synthesized pod-like
carbon nanotubes encapsulated Fe nanoparticles
for ORR. The catalysts exhibited high catalytic ac-
tivity and long-term durability in proton exchange
membrane fuel cells (PEMFC). According to DFT
calculations, electron transferred from Fe particles
to the CNTs, which decreased the local work
function on the carbon surface, could be the
sources of the enhanced catalytic activity. Recently,
Zhang et al. [25] synthesized N-doped carbon
nanotube-encapsulated cobalt nanoparticles
(Co@NCNTs) using silica colloids and triblock co-
polymers as hard and soft templates, respectively.
The Co@NCNTs-800 catalyst showed higher ORR
performance as well as better methanol tolerance
and durability, compared with commercial Pt/C.
The excellent catalytic activity toward ORR origi-
nated from the combination of nitrogen doping,
unique structure, large surface area and the syn-
ergistic effect between cobalt nanoparticles and N-
doped carbon layers. Despite these advances, most
of the preparation processes are time-consuming
and difficult to remove the templates. Meanwhile,
it remains a great challenge to further enhance the
ORR performance of carbon-based catalysts.
Therefore, developing a simple and straightfor-
ward method to synthesize transition metal and N
co-doped carbon materials with enhanced ORR
catalytic activity is still necessary and urgent.
Fortunately, metal-organic frameworks (MOFs)

have been regarded as promising precursors to
prepare carbon-based nanomaterials, due to the
advantages of high surface area, tunable porosity
and structures as well as easy functionalization
[22,26]. In addition of self-sacrificing templates,
MOFs are also acted as carbon andnitrogen sources.
Usually, MOFs-derived carbon-based materials
feature large specific surface area, porous structures
and abundant catalytic active sites, which would
facilitate themass transfer of reactants andproducts,
and exhibit high ORR performance [27,28].
In this work, we developed a facile approach to

synthesize Fe nanoparticles encapsulated in N-
doped porous carbon materials (Fe@N-C) from
functionalized MOFs (MET-6). The functionalized
MET-6 was achieved by simple impregnation with
ammonium ferric citrate (AFC). The Fe@N-C
catalysts were obtained after high-temperature
pyrolysis and acid leaching. The Fe@N-C-30
catalyst showed the excellent ORR activity in
alkaline solutions with the onset reduction po-
tential (E0) and the half-wave potential (E1/2) being
0.97 and 0.89 V vs. RHE, respectively. Moreover,
the Fe@N-C-30 catalyst exhibited better methanol
resistance and stability compared with commer-
cial Pt/C.

2. Experimental section

2.1. Chemicals

Zinc chloride (ZnCl2, >98%), 1H-1, 2, 3-triazole
(�98.0%), aqueous ammonia (25%e28%), N, N-
dimethylformamide (DMF, 99.5%), etha-
nol(C2H5OH, �99.7%), potassium hydroxide (KOH,
�99.0%), perchloric acid (HClO4,70%e72%) were
all purchased from Shanghai McLean Biochemical
Technology Co., Ltd. Ammonium ferric citrate
(C6H11FeNO7, AFC) was purchased from J&K Sci-
entific Ltd. All chemicals and solvents were used
without further purification.

2.2. Preparation of catalysts

The synthesis process of Fe@N-C catalysts is
illustrated in Scheme 1. Firstly, the MET-6 was
prepared by a simple method reported in the
previous work [29]. Then MET-6 was functional-
ized with AFC by a simple impregnation method.
Subsequently, the precursor was annealed at
900 �C in Ar atmosphere. Finally, Fe nanoparticles
encapsulated in N-doped porous carbon materials
(Fe@N-C) were obtained after acid-leaching. The
details are described in the following sections.
Synthesis of MET-6
5.0 g ZnCl2 was dissolved in the mixture of 50 mL

ethanol, 20 mL aqueous ammonia, 75 mL deion-
ized water and 50 mL DMF. Then 6.26 mL of 1H-1,
2, 3-triazole was added into the solution and stirred
for 24 h at room temperature. Finally, the MET-6
was obtained after centrifugation and dried under
vacuum.
Synthesis of Fe@N-C-30 catalyst
30 mg of AFC was dissolved in 60 mL deionized

water, and then 1.0 g MET-6 was added into the
above solution. After string for 25 h, the function-
alized MET-6 (AFC/MET-6-30) was collected after
being filtered and dried at 70 �C. Subsequently, the
AFC/MET-6-30 precursor was pyrolyzed at 900 �C
for 3 h in Ar atmosphere. The resulted black power
was acid-washed with 0.5 mol$L�1 HClO4 for 16 h.
After filtering and drying at 60 �C overnight, the
products were obtained and are named as Fe@N-
C-30. For comparison, N-C and Fe@N-C-60 were
synthesized by the similar process, except that
different amounts of AFC (0 and 60 mg) were
added during the impregnation process.

2.3. Characterizations

The X-Ray diffraction (XRD) patterns were
recorded on an Ultima IV X-ray diffractometer
with Cu Ka radiation. X-ray photoelectron
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spectroscopic (XPS) spectra were measured by
Thermo SCIENTIFIC ESCALAB 25Xi spectrom-
eter. Transmission electron microscopic (TEM)
images were obtained using a Japan-JEOL-JEM
2100 F transmission electron microscope. N2

adsorption/desorption isotherms were collected
by Quantachrome Autosorb-iQ2 system. The
specific surface areas and pore distributions were
evaluated by Brunauer-Emmett-Teller (BET) and
density functional theory (DFT) methods. Raman
spectrum measurements were carried out on a
Japan-HORIBA-XploRA Plus with a radiation of
532 nm from a liquid nitrogen-cooled He-Ne
laser.

2.4. Electrochemical measurements

Rotating disk electrode (RDE) measurements
were performed by MSR Electrode Rotator from
Pine Research Instrument, while the potential
control and current collection were generally per-
formed on a three-electrode system by a CHI660E
electrochemical workstation (Shanghai CH In-
struments). The Hg/HgO electrode and carbon rod
electrode were applied as the reference electrode
and the counter electrode, respectively. To prepare
the working electrode, 5.0 mg catalyst was mixed
with 50 mL Nafion solution (5 wt%) and 2 mL
ethanol, and followed by ultrasonication for 30 min
to form homogenous catalyst ink. Then, 25 mL of
the catalyst ink was dropped onto a cleaned glassy
carbon (GC) disk electrode (5 mm in diameter) and
dried at room temperature. Before the electro-
chemical tests, the electrolyte (0.1 mol$L�1 KOH)
was bubbled with high-purity O2 at least 30 min.
The linear sweep voltammetric (LSV) measure-
ments were carried out using RDE with various
rotating speeds from 400 to 2500 rpm at a scan rate
of 10 mV$s�1. The methanol tolerance test was
performed by adding anhydrous methanol into
O2-saturated 0.1 mol$L�1 KOH solution at the time
of 500 s. For comparison, 40 wt% Pt/C (25 mg$cm�2)

was coated on the GC and RDE electrodes to carry
out the similar electrochemical tests.
The electron transfer number (n) during ORR

was estimated by the following Kouteckye-Levich
(K-L) equations:

1
J
¼ 1
JL
þ 1
JK

¼ 1

Bu1
2
þ 1
JK

ð1Þ

B¼0:62nFC0D
2
3
0v

�1
6 ð2Þ

where J is the measured current density, JK and JL
are the kinetic current density and diffusion-
limited current density, respectively, u is the
angular velocity (u ¼ 2pN, N is the rotation rate), n
is the transferred electron number, F is Faraday
constant (96,485 C$mol�1), C0 is the concentration
of O2 in the electrolyte (1.2 � 10�6 mol$cm�3), D0 is
the diffusion coefficient of O2 (1.9 � 10�5 cm2$s�1),
and v is the electrolyte kinetic viscosity
(0.01 cm2$s�1) at room temperature.
The double-layer capacitance Cdl was used to

roughly evaluated the electrochemical active sur-
face area (ECSA), since ECSA is generally pro-
portional to Cdl. For ideal capacitors, a steady-state
capacitive current (iC) in a short time is related to
the capacitance (C ) and to the scan rate (n) as
described iC ¼ Cn. To obtain the double-layer
capacitance, cyclic voltammograms at various scan
rates were recorder within a potential region of
1.07e1.17 V (vs. RHE) with multiple scan rates
where no redox processes take place, extracting iC
from the anodic and cathodic scans of the recorded
voltammograms, and subsequently extracting Cdl

from the slope of the resulting iC vs Cdl plot [30].
All the measured potential converted to the RHE

values using the formula: ERHE ¼ EHg=HgOþ
0:0592 pHþ 0:098 , where 0.098 is the potential dif-
ferencebetween theHg/HgO (1mol$L�1NaOH) and
the standard hydrogen electrode (SHE), ERHE and
EHg/HgO are the potential values versus the reference
electrode of RHE and Hg/HgO, respectively.

Scheme 1. Schematic illustration showing the preparation process of Fe@N-C catalysts.
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3. Results and discussion

3.1. Morphological and structural characteristics

The XRD patterns of all the catalysts are shown
in Fig. 1A. For the Fe@N-C-30 and Fe@N-C-60, the
characteristic diffraction peaks at 43.6�, 50.8�and
74.8� are attributed to (111), (200) and (220) crystal
planes of Fe (ICDD-PDF #01-081-775) [31]. No
peaks related to the metallic Fe are observed in the
pattern of N-C. The two broad diffraction peaks at
26� and 44� are belonged to the (002) and (100)
planes of graphitic carbon [32]. Raman spectra
were measured to assess the graphitization de-
grees. As shown in Fig. 1B, all catalysts exhibit two
Raman bands at 1340 and 1590 cm�1, which are
assigned to defective band (D) and graphitic band
(G) of carbon, respectively [33]. The intensity ratio
of D and G bands (ID/IG) of NeC is higher than
those of Fe@N-C-30 and Fe@N-C-60, implying that
the graphitization degree is increased by the
doping of Fe. This could improve the electrical
conductivity of the catalyst and thus facilitate
charge transfer in the electrochemical reaction [34].
The structures and morphologies of the catalysts

were characterized by TEM. As shown in Fig. 2A,
the NeC catalyst shows a porous structure. The
TEM images of Fe@N-C-30 and Fe@N-C-60 indi-
cate that the Fe nanoparticles were embedded in
porous carbon (Fig. 2B and C). The HRTEM image
of Fe@N-C-30 is displayed in Fig. 2D. The lattice
fringes of 0.206 nm and 0.33 nm are corresponding
to the (111) plane of Fe and (002) plane of graphitic
carbon, which are consistent with the XRD results.
The above results clearly reveal that the Fe nano-
particles are encapsulated in N-doped porous
carbon.
The specific surface area and pore structure of

the catalysts were analyzed by N2 adsorption/
desorption isotherms. As shown in Fig. 3A, all the
samples show an obvious hysteresis loop in a wide
relative pressure (P/P0) range, indicative of the

existence of mesopores, which is consistent with
the TEM results. The hysteresis loops of Fe@N-C-
30 and Fe@N-C-60 are bigger than that of NeC,
implying higher contents of mesopores in Fe@N-
C-30 and Fe@N-C-60 than that in N-C. Fig. 3B
shows the pore size distribution plots of N-C,
Fe@N-C-30 and Fe@N-C-60, revealing that the
mesopores with sizes of 2.8e5 nm are produced in
the samples. In addition, the BET surface areas of
N-C, Fe@N-C-30 and Fe@N-C-60 are 357.2, 861.4
and 742.3 m2$g�1, respectively (Table 1). The
external surface areas of Fe@N-C-30 and Fe@N-C-
60 are much larger than that of N-C, indicating that
the Fe doping has positive effect on the formation
of mesopores. Large amounts of mesopores, and
the high BET surface areas of Fe@N-C-30 and
Fe@N-C-60 catalysts would expose much active
sites, facilitate the mass transport and further
enhance the ORR performance [25,33].
X-ray photoelectron spectroscopy (XPS) was

employed to investigate surface compositions and
chemical states of Fe@N-C-30 and Fe@N-C-60
catalysts. The survey XPS spectra in Fig. 4A show
that C, N, O, and Fe elements are presented in the
catalyst. Fig. 4B shows the high-resolution N 1s
spectra of Fe@N-C-30 and Fe@N-C-60 catalysts.
The N 1s spectra are deconvoluted into four types
of nitrogen species, including pyridinic N
(398.4 ± 0.2 eV), pyrrolic N (400 ± 0.2 eV), graphitic
N (401 ± 0.2 eV) and oxidized N (>404.0 eV) [35,36].
As shown in Table 2, the percentage of graphitic N
increases after Fe doping, and Fe@N-C-30 has the
largest value, which would improve the ORR per-
formance [37,38]. The high resolution XPS spectra
of Fe 2p in Fig. 4C show three pairs of peaks. The
signals at 707.6 and 718.6 eV are assigned to Fe0.
And the signals at 710.3, 723. eV, 714.5 and 726.5 eV
are belonged to oxidized Fe species, due to the
surface oxidation of Fe nanoparticles when
exposed to air [39,40]. Notably, the peak at
710.25 eV of Fe@N-C-30 shows a left shift by

I I

I I

I I

Fig. 1. (A) XRD patterns and (B) Raman spectra of different catalysts.
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0.66 eV compared to Fe@N-C-60 (709.59 eV), which
may be caused by the stronger interactions be-
tween Fe particles and the N-doped carbon layer
[41].

3.2. Electrochemical performance evaluation

The electrocatalytic performance toward ORR
of different catalysts was assessed by LSV

Fig. 2. TEM images of (A) N-C, (B) Fe@N-C-30 and (C) Fe@N-C-60 (Red arrows in B-C indicate to the Fe nanoparticles), and (D) HRTEM image
of Fe@N-C-30.

P P

V

Fig. 3. (A) N2 adsorption/desorption isotherms and the pore size distribution plots (B) for N-C, Fe@N-C-30 and Fe@N-C-60.

Table 1. The information of BET surface area and porosity characters of different catalysts.

Sample Surface area
(m2$g�1)

Micropore
area (m2$g�1)

External surface
area (m2$g�1)

Vtotal

(cm3$g�1)
Vu

(cm3$g�1)
DV
(cm3$g�1)

Fe@N-C-30 861.4 410.4 42 450.936 1.349 0.185 1.164
Fe@N-C-60 742.3 279.085 463.248 1.185 0.125 1.060
N-C 357.2 198.504 158.665 0.77 0.098 0.672
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Fig. 4. (A) Survey XPS spectra, and high-resolution (B) N 1s and (C) Fe 2p XPS spectra of Fe@N-C-30 and Fe@N-C-60 catalysts.

Table 2. The element content analyzed by XPS.

Sample Total nitrogen content (wt%) Percentage of nitrogen species (%)

pyridinic pyrrolic graphitic oxidized

N-C 8.15 33.36 22.80 36.85 7
Fe@N-C-30 7.29 31.52 16.29 45.8 6.4
Fe@N-C-60 6.14 31.64 22.30 40.14 5.92

E ) E

II II

Fig. 5. (A) LSV curves of different samples in O2 saturated 0.1 mol·L�1 KOH, (B) SCN� poisoning test of Fe@N-C-30 measured in O2-saturated
KOH, (C) Long-term stability test and (D) methanol tolerance test for Fe@N-C-30 and Pt/C.
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measurements in an alkaline electrolyte [42]. LSV
curves of N-C, Fe@N-C-30 and Fe@N-C-60, and
commercial 40 wt% Pt/C for ORR with 1600 rpm in
O2-saturated 0.1 mol$L�1 KOH are shown in Fig. 5.
The onset potential (Eo) of Fe@N-C-30 is 0.97 V (vs.
RHE), which shifts 20 mV positively compared to
those of Fe@N-C-60 and commercial Pt/C. And the
half-wave potentials (E1/2) of Fe@N-C-30 and
Fe@N-C-60 are 0.89 V and 0.88 V (vs. RHE),
respectively, which are more positive than that of
commercial Pt/C (0.86 V), indicating the enhanced
ORR performance. Generally, the ORR catalytic

activity of Fe@N-C-30 catalyst is comparable to
those reported for carbon-encapsulated metals or
metal-nitrogen-carbon catalysts (Table 3). Appar-
ently, the Eo and E1/2 of Fe@N-C-30 and Fe@N-C-
60 are much more positive than that of N-C, so do
the limiting current densities. The inferior ORR
activity of N-C can be mainly attributed to the
absence of Fe species, confirming that the encap-
sulated Fe nanoparticles play an important role in
promoting the ORR. In addition, to exclude the
possible surface Fe-Nx sites as active sites for ORR,
the SCN� poison test was performed in O2-

Table 3. Summary of the recently reported carbon-encapsulated metals and/or M-N-C catalysts for ORR in alkaline media.

Catalyst Catalyst loading (mg$cm�2) Eonset (V vs. RHE) E1/2 (V vs. RHE) Reference

Fe@N-C-30 0.3 0.97 0.89 This work
Fe@N-C NT/NSs 0.16 0.86 0.75 [43]
Co@C@TiO2 0.25 0.867 0.68 [18]
Co@NCNTs-800 0.3 0.88 0.75 [25]
Fe-N-C Act 0.2 / 0.9 [44]
Fe-N-C 0.23 0.95 0.85 [45]
Co@N-C(DM) 1.4 0.90 0.83 [22]
Co/N-CNN 0.76 / 0.865 [19]
Co-N-pCNs 0.25 0.96 0.8 [46]
Fe-N/P-C-700 0.6 0.941 0.867 [47]
3DOM Fe-N-C 0.61 / 0.875 [48]
Fe©N-Ce12 0.31 0.95 0.83 [49]
FeSA-N-C 0.28 1 0.89 [50]
Fe-CZIF-800-10 0.22 0.982 0.830 [51]
Fe@C2N 0.7 1.015 0.876 [52]
Fe-N-C(Fe-AC) / / 0.915 [53]

E vs E vs

J

n

J

n

Fig. 6. RDE curves of different catalysts for ORR at different rotating speeds with scan rate of 10 mV·s�1 in O2-saturated 0.10 mol·L�1 KOH (A,B),
and the corresponding K-L plots (C,D).
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saturated 0.1 mol$L�1 KOH. As shown in Fig. 5B,
Fe@N-C-30 exhibits almost the same ORR catalytic
activity with and without SCN� adsorption,
implying no deterioration of the ORR activity.
These results reveal that no surface exposed Fe
species (i.e., Fe-Nx sites) are active for ORR and the
Fe nanoparticles coated by N-doped carbon may
be the predominant factor for promoting the ORR
electrocatalytic performance of Fe@N-C-30 [54].
The durability and methanol-tolerance are

important requirements for the practical applica-
tions of the ORR catalysts [27,55]. Fig. 5C shows the
stability evaluation of Fe@N-C-30 and commercial
Pt/C. Under the potential of 0.8 V (vs. RHE), Fe@N-
C-30 retained 85% of the initial current density
after 36,000 s, much better than that of the Pt/C
(71% retained). The chronoamperometric re-
sponses of the Fe@N-C-30 and Pt/C were tested in

the O2-saturated 0.1 mol$L�1 KOH after adding
methanol at 500 s. As shown in Fig. 5D, no obvious
decrease of the current over Fe@N-C-30 is
observed, while the current of commercial Pt/C
decreases significantly because of the methanol
oxidation. All these results suggest that Fe@N-C-30
is a promising ORR catalyst with good long-time
durability and methanol tolerance.
To elucidate the ORR mechanism on different

catalysts, RDE curves recorded at different rotation
speeds are depicted in Fig. 6A,B. The Koutecky-
Levich plots (Fig. 6C,D) at various potentials
exhibit good first-order reaction kinetics related to
the concentration of dissolved O2. According to the
K-L equation, the electron transfer numbers (n) are
calculated to be about 3.86 and 3.9, and are very
close to 4.0, manifesting that the 4-electron
pathway occurred on the Fe@N-C-30 and Fe@N-C-

E vs

E vs

E vs

Fig. 7. ECSA measurements of (A,B) Fe@N-C-30, (C,D) Fe@N-C-60 and (E-F) N-C.
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60 catalysts, which is consistent with the superior
electrocatalytic activity [56,57].
In addition, the ECSA represents the actual

amount of electrochemical active sites exposed in
the catalyst. We estimated ECSAs of the catalysts by
measuring the Cdl, which is calculated by the slope
of the linear fitting curve. As shown in Fig. 7, the Cdl

value of Fe@N-C-30 (19.2 mF$cm�2) is much higher
than those of Fe@N-C-60 (12.1 mF$cm�2), and N-C
(11 mF$cm�2), which is coincidence with the BET
results, indicating that the mesoporous structure
could offer more exposed active sites and further
enhance the ORR performance [58].
Therefore, the excellent ORR performance of

Fe@N-C-30 could be attributed to the following
reasons: (1) the doping of Fe increased the graph-
itization degree of carbon layer and proportion of
graphitic N, as well as promotes the formation of
mesopores, which could expose a large number of
electrochemical active sites, facilitate charge
transfer/mass transport and thus enhance the ORR
activity [25,33]. (2) previous works on transition
metal nanoparticles encapsulated in carbon shell
for ORR have proposed that the electron transfer
from the encapsulated metal nanoparticles to the
contact carbon shells could increase the charge
density of carbon layers, which would facilitate the
activation of O2 and furtherly enhance the ORR
kinetics [24,43,59e61]. Therefore, the synergetic
interaction of Fe nanoparticles with the N-doped
carbon layer may play important role in enhancing
the ORR electrocatalytic activity.

4. Conclusions

In summary, we proposed a facile approach to
synthesize Fe nanoparticles encapsulated in N-
doped porous carbon materials (Fe@N-C) from
functionalized MOFs. The Fe@N-C-30 catalyst
showed excellent ORR activity in alkaline solutions
(E0 ¼ 0.97 V vs. RHE, E1/2 ¼ 0.89 V vs. RHE).
Moreover, the Fe@N-C-30 catalyst exhibited better
methanol resistance and long-term stability
compared with commercial Pt/C. The excellent
ORR catalytic activity could be attributed to the
combination of the high electrochemical surface
area, relatively high portion of graphitic-N, meso-
porous structures and the synergistic effect
between the encapsulated Fe particles and the
N-doped carbon layer. This work provides a
promising method to construct efficient non-
precious-metal ORR catalysts through MOFs.
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