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ABSTRACT: Developing highly efficient and stable non-Pt electrocatalysts for the oxygen reduction reaction (ORR) to replace
the state-of-the-art noble metal is essential for commercialization of fuel cells. Fe−N−C-based electrocatalysts are considered as a
promising alternative to commercial Pt/C. An efficient electrocatalyst commonly requires large density of active site, high surface
area, and desirable porosity, especially multimodal porosity with both large pores for efficient mass transfer and small pores for
exposing as many active sites as possible. Herein, a lamellar metal organic framework (MOF) was developed as a precursor to
directly achieve such a highly active Fe−N−C electrocatalyst with high surface area and desirable bimodal porosity. The
mesopores arising from the special lamellar morphology of MOF benefits efficient mass transfer, and the nanopores resulting
from pyrolysis of the MOF makes the majority of active sites accessible to electrolyte and thus effective for ORR. Uniform
distribution of active elements N, C, and Fe at the molecular level in MOF precursor ensures abundant well-dispersed highly
active sites in the catalyst. As a result, the catalyst exhibited superior ORR electrocatalytic activity and stability to commercial Pt/
C. This strategy, using rarely reported lamellar MOF to prepare ORR catalysts with the merits mentioned, could inspire the
exploration of a wide range of electrocatalysts from lamellar MOF precursors for various applications.
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■ INTRODUCTION

Alternative energy conversion and storage devices, such as fuel
cells and metal−air batteries, are attracting increasing attention
due to fast-growing energy demands. Highly active and durable
electrocatalysts for the oxygen reduction reaction (ORR)
dominate the overall performance and thus the practical
application of these systems.1 Although platinum (Pt)-based
materials are the most frequently investigated ORR catalysts
due to their superior activity, limited supply and high cost
hinder their large-scale commercial applications. It is critical to
explore efficient non-noble metal electrocatalysts for the
commercialization of fuel cells and metal−air batteries.
Some earth-abundant metal elements (M, such as Fe, Co, Ni,

etc.) have been intensively reported to develop nanohybrids,
like nanoparticles, nanorods, and nanosheets, which showed
considerable catalytic activity for electroreduction of oxygen.2−4

You et al.5 prepared a Fe−N−C-doped catalyst with excellent
ORR performance, methanol tolerance, and stability through a

facile nontemplate approach, in which polystyrene, melamine,
and ferric chloride were used as precursors. The excellent ORR
activity was attributed to the incorporation of metal-containing
active sites onto the conductive carbon matrix. Zhang et al.6

have developed a facile method by pyrolyzing polyaniline and
iron with addition of urea to improve ORR performance. Even
though the performances of these low-cost complexes have
been greatly improved in the past decade, their catalytic
performance for ORR is still inferior to that of Pt-based
catalysts.
At present, recent advancements in ORR suggest that

nitrogen-doped carbon nanostructures (NCNs) could work as
efficient catalysts of ORR in alkaline fuel cells.7−9 Earth-
abundant element-derived catalysts (EAEC) with high activity
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and stability in acid solution are mainly synthesized through
pyrolysis of precursors comprising transition metals, nitrogen,
and carbon (N−C/M).10 Recent progress has witnessed a few
pyrolyzed N-doped Fe/C catalysts (Fe−N−C) for ORR with
excellent activity and stability comparable to and even higher
than commercial Pt/C. Carbonaceous, N-containing com-
pounds and iron salts were commonly used as precursors to
prepare Fe−N−C catalysts through pyrolysis. Several hetero-
crocyclic compounds, such as pyrrole, porphyrins, and
phthalocyanines, have also been investigated as precursors.11−13

Generally, interactions among the carbon support, transition
metal, and doped nitrogen in the composites play a crucial role
in the evolution of active sites conducive to ORR.14−16

However, in view of the complexity of the precursors and
heterogeneous reactions, it is very challenging to control the
structure, morphology, and distribution of Fe-involved active
sites due to the high reactivity during high-temperature
pyrolysis. Therefore, designing precursors at the molecular
level to prepare Fe−N−C electrocatalysts would be an effective
way to achieve uniformly distributed active sites and thus
superior electrocatalytic performance.
Besides, ORR occurs at a solid−liquid−gas three-phase

interface, which requires that the reactants can easily access the
active sites of catalysts. Therefore, a hierarchically porous
structure with multimodal porosity is highly desirable for ORR,
as high microporosity can provide abundant accessible active

sites, while rich mesoporosity is favorable for efficient mass
transport in the catalyst layer. Metal organic frameworks
(MOF) have shown promising potential in producing ORR
catalysts recently, due to their high surface area, nanoporous
structure, abundant carbon in building blocks, and well-defined
transitional metallic ion center and organic ligands.17−28

However, most MOF-based ORR catalysts were derived from
three-dimensional bulk MOF crystals with large sizes of
micrometers. Compared to that, lamellar MOF exhibits some
advantages, such as larger surface area and more accessible
active sites on the surface arising from the specific lamellar
morphology,29 and lamellar MOF-derived ORR catalysts have
rarely been reported.
Herein, we develop a facile and scalable synthetic strategy

using the interaction between N-rich dicyanoimidazole (DCI)
and iron acetate to prepare a lamellar MOF (named DCI-Fe),
which is applied as a precursor to achieve a highly active Fe−
N−C electrocatalyst, which consists of well-defined iron
carbide nanospheres encapsulated in N-doped carbon shells
on N-doped carbon nanosheets (Fe3C@NC/NCS). The
uniform distribution of N, C, and Fe at the molecular level in
MOF building blocks ensured the formation of abundant Fe,N-
involved highly active sites and their good dispersion on N-
doped carbon sheets. Besides, the iron carbide nanospheres are
interlaminated in the carbon sheet layers, producing one modal
porosity of about 50 nm in the resulting catalysts. The collapse

Scheme 1. Schematic Illustration of Preparation of Fe3C@NC/NCS Nanohybrids

Figure 1. (a) FT-IR spectra for DCI molecule and DCI-Fe MOF. (b) SEM image and (c) TEM image of DCI-Fe-700 catalyst. (d) HRTEM image
of Fe3C@C nanosphere in DCI-Fe-700 catalyst. (Inset) HRTEM image showing lattice fringes of Fe3C core.
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and carbonization of MOF during pyrolysis produce another
modal porosity of about 4 nm. Such a bimodal porosity is
benificial to facilate mass transfer and provide abundant
accessible active sites. As a result, Fe3C@NC/NCS catalyst
exhibited superior electrocatalytic activity and stability for ORR
with a half-wave potential of 17 mV, more positive than
commercial Pt/C. The present strategy could inspire the
development of a wide range of electrocatalysts from lamellar
MOF precursors for various applications.

■ RESULTS AND DISCUSSION
As shown in Scheme 1, Fe3C@NC/NCS nanohybids were
prepared through a simple and green synthetic method (details
given in Experimental Section, Supporting Information). First,
by one-pot solvothermal synthesis from 4,5-dicyanoimidazole
(DCI) and iron acetate, lamellar organometallic complexes,
noted as DCI-Fe, are formed through strong coordinative
interaction between metal ions and N atoms in DCI. The DCI-
Fe metal organic framework (MOF) was obtained through
washing and centrifugation and then was subjected to thermal
treatment at a high temperature. Fe3C nanocrystals encased in
N-doped carbon shells were well-dispersed on N-doped carbon
nanosheets during the pyrolysis process. The core−shell
Fe3C@NC supported on N-doped carbon nanosheets exhibited
extraordinary catalytic activity for ORR. The lamellar MOF
precursor was designed to provide bimodal porosity: larger
nanopores of tens of nanometers for rapid mass transfer and
small nanopores of a couple of nanometers for exposing more
active sites. The graphitized nitrogen-doped carbon layers on
the surface of Fe3C nanocrystals can increase the conductivity
of the matrix and the chemical stability, thus increasing the
durability of catalysts.
The crystalline structure of synthesized DCI-Fe was first

examined by X-ray diffraction (XRD). As shown in Figure S1a,
DCI-Fe exhibited clear and sharp diffraction peaks, indicating
good crystallinity. Due to the strong coordination ability of the
imidazole ring of DCI with metal elements, it is expected that
MOF is easily formed, which is similar to the formation of
widely reported zeolitic imidazole frameworks (ZIFs) from
metal and 2-methylimidazole.17,28 Then the morphology was
characterized by transmission electron microscopy (TEM). As
shown in Figure S1b, DCI-Fe MOF exhibited a lateral size of
hundreds of nanometers, but the low contrast along the
direction of the electron beam suggests its small thickness.
Fourier transform infrared (FT-IR) spectroscopy were carried
out to verify the conversion from pure DCI to DCI-Fe MOF
during the solvothermal process. As shown in Figure 1a, several
bands at 1350−1500 and 900−1350 cm−1 for both samples
could be ascribed to the stretching and plane vibrations of the
imidazole ring, respectively, while the bands below 800 cm−1

could be attributed to out-of-plane vibration of the imidazole
ring, among which is the strong band at 636 cm−1 assigned to
the CN stretch mode.30 These results suggest that the linker
of imidazole subunits remained unchanged after the formation
of DCI-Fe MOF. Notably, strong absorption peaks of the cyano
group stretching vibration at 2260 cm−1 and amino stretching
vibration at 3110 cm−1 disappeared in the spectrum for DCI-Fe
(black curve). However, the new bands at lower wavelength
(1590−1700 cm−1) for DCI-Fe are mainly due to formation of
N−Fe bonds during the solvothermal procedure, which
represent the formation of MOF.31 In addition, the appearance
of strong absorption bands of DCI-Fe (black curve) at 1500
and 1152 cm−1 may be related to the formation of triazine

rings, indicating that some cyano groups on DCI are trimerized
in acidic medium (Fe3+ is a classical Lewis acid).32 The new
bands of DCI-Fe at 3350 and 3200 cm−1 are assigned to OH
and NH2 groups, respectively, because some cyano groups of
DCI are hydrolyzed in the presence of small amounts of
water.33 After heat treatment at 600, 700, and 800 °C, the
obtained samples were noted as DCI-Fe-600, -700, and -800,
respectively. The morphology of DCI-Fe-700 was examined by
scanning electron microscopy (SEM). In Figure 1b, lamellar
structures are clearly observed, which are derived from lamellar
MOF precursor. Nanoparticles are seen in the interlamination
between the layers. The TEM image in Figure 1c illustrates that
core−shell structures were supported on lamellar structure. The
EDX elemental mapping images of DCI-Fe-700 (Figure S2)
clearly show the uniform distribution of Fe, O, and C elements
in DCI-Fe-700. The absence of N element was probably due to
its low content and the insensitivity of the EDX detector to
light elements. The inner nanocrystal cores clearly show the
lattice fringes with distance of 0.200 nm in high-resolution
transmission electron microscopy (HRTEM, Figure 1d), which
was ascribed to the spacing of (031) planes in Fe3C (JCPDS
35-0772). The clear lattice fringes in the shell part at a distance
of 0.332 nm can be well indexed to the spacing of (002) planes
in graphitic carbon. However, when the pyrolysis temperature
was decreased to 600 °C, no Fe3C nanocrystals were formed
(Figure S3a), which is probably attributed to thermodynamic
stabilization of DCI-Fe MOF at 600 °C. The Fe atoms still
uniformly dispersed in DCI-Fe-600 through strong coordina-
tion bonds in MOF-Fe at this relatively low temperature. When
the pyrolysis temperature was increased to 800 °C, the sample
(DCI-Fe-800) showed similar core−shell morphology to that
for DCI-Fe-700 (Figure S3b) but with a slightly increased
diameter of Fe3C nanocrystals, resulting from the aggregation
of nanocrystals under higher pyrolysis temperature.34 The
presence of Fe3C nanocrystals in DCI-Fe-700 and -800 was
further confirmed by well-defined diffraction peaks of Fe3C in
their XRD patterns (Figure S4a).35 In addition, DCI-Fe-600
showed no significant peaks, indicating its amorphous nature,
further supporting the SEM results. The amorphous nature of
DCI-Fe-600 was further supported by the lack of continuous
lattice in its HRTEM image and the diffuse rings in the
corresponding fast Fourier transform (FFT) image (Figure S5).
Raman spectroscopic characterizations of DCI-Fe-600, -700,
and -800 samples were carried out to determine the degree of
structural defects. The D band stands for a series of structural
defects, whereas the G band represents the graphitic structure
due to first-order scattering of the E2g mode. In Figure S4b, the
intensity ratios of D to G band (ID/IG) were determined to be
1.03, 1.02, and 0.91 for DCI-Fe-600, -700, and -800,
respectively. The highest ID/IG value of DCI-Fe-600 was
caused by the lowest degree of graphitization at the lowest
temperature. When the temperature was increased to 700 °C,
DCI-Fe MOF started to decompose, forming Fe3C nanocryst-
als (indicated by XRD patterns). These nanocrystals could
catalyze the growth of highly graphitized carbon on their
surface, which is the reason for the decrease in ID/IG value with
increasing pyrolysis temperature.
X-ray photoelectron spectroscopy (XPS) measurements were

conducted to elucidate the doping levels and bonding
configurations of various samples. Pyrolysis temperature is
vital for the structure and composition of resulting materials
and thus greatly affects electrocatalytic performance. The
nitrogen contents of DCI-Fe-600, -700, and -800 catalysts are
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9.98, 7.67, and 3.43 at. %, respectively (Figure 2a and Table
S1), indicating nitrogen content decreases with increasing

pyrolysis temperature. This is due to possible decomposition of
the bonds between nitrogen and carbon under high temper-
ature, according to previous reports.36 The bonding states of
nitrogen could greatly influence the catalytic activity for ORR.
Their N 1s spectra were deconvoluted into the components
corresponding to pyridinic, pyrrolic, and quaternary nitrogen
(Figure 2b).22 The binding energy for each type of nitrogen is
summarized in Table S1 and corresponding content is given in
Figure 2c. For DCI-600 catalyst, pyridinic N dominates the
nitrogen configuration, while for the other two catalysts, the
content of pyrrolic N is the highest. This is due to the
instability of pyridinic N at higher temperatures. The influence

of pyrolysis temperature on the content of pyridinic N is
consistent with a previous report.36 The contents of Fe in DCI-
Fe-600, -700, and -800 catalysts were determined to be 49.6,
61.5, and 59.1 wt %, respectively, according to thermogravi-
metric analysis (TGA) results (Figure S6). The increased
content of Fe from DCI-Fe-600 to DCI-Fe-700 is attributed to
the greater loss of carbonaceous components during pyrolysis
at 700 °C. The slight difference of Fe contents in DCI-700 and
DCI-800 means that Fe content remains almost unchanged
when the pyrolysis temperature is higher than 700 °C.
Specific surface areas and pore-size distributions of three

samples were determined by N2 adsorption/desorption
analysis. The isotherms for DCI-Fe-600, -700, and -800
catalysts exhibited type IV isotherm characteristics (Figure
3a−c), indicative of the presence of mesopores. The Brunauer−
Emmett−Teller (BET) surface areas were 85 m2·g−1 for DCI-
Fe-600, 249 m2·g−1 for DCI-Fe-700, and 357 m2·g−1 for DCI-
Fe-800. The increasing surface area of samples obtained with
increasing pyrolysis temperature may be attributed to the
decomposition of small organic molecules and to pore
evolution, similar to the reported results.36 Nevertheless,
DCI-Fe-700 possesses the best configuration and highest
content of N element from XPS results, which suggests that
the best electrocatalytic performance may be seen on DCI-Fe-
700. Pore-size distribution curves for DCI-Fe-600, -700, and
-800 catalysts (Figure 3d−f) obviously showed similar
mesoporous structure with pore size about 50 nm. Another
modal porosity for three catalysts could be observed with pore
size about 4 nm, which is attributed to the collapse and
carbonization of MOF during pyrolysis. Moreover, the density
of this modal porosity increases with increasing pyrolysis
temperature, further confirming that formation of the second
modal porosity is related to the pyrolysis process. Mesopores
with larger size (about 50 nm) could facilitate efficient mass
transfer, while nanopores with smaller size (about 4 nm) could
provide abundant accessible active sites. Such a bimodal
porosity is significantly beneficial for enhancing the electro-
catalytic ORR performance of catalysts.

Figure 2. (a) Content of N, (b) high-resolution N 1s peaks in XPS
spectra, and (c) content of pyridinic N, pyrrolic N, and quaternary N
in DCI-Fe-600, -700, and -800 catalysts.

Figure 3. (a−c) N2 adsorption/desorption isotherms and (d−f) pore-size distribution curves of (a, d) DCI-Fe-600, (b, e) DCI-Fe-700, and (c, f)
DCI-Fe-800.
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The ORR electrocatalytic activity of DCI-Fe-700 was
evaluated by cyclic voltammetry (CV) in 0.1 M KOH solution.
As shown in Figure 4a, no obvious redox peaks could be

identified from CV in N2-saturated electrolyte. In contrast, a
well-defined oxygen reduction peak centered at −0.18 V was
present in O2-saturated electrolyte, suggesting excellent ORR
electrocatalytic activity. This is further confirmed by the onset
potential and diffusion-limited current density on linear sweep
voltammetry (LSV) of DCI-Fe-700, comparable to commercial
Johnson Matthey Pt/C (Figure 4b). However, DCI-Fe-700
exhibited a half-wave potential (E1/2) at −0.152 V, 17 mV more
positive than −0.169 V for commercial Pt/C, which suggests
more active performance for DCI-Fe-700 than Pt/C. However,
DCI-Fe-600 showed a much more negative onset potential,
indicating less active properties for ORR. In addition, the
catalytic ORR activity of DCI-Fe MOF was also evaluated. As
shown in Figure S7, the lamellar MOF itself showed good
catalytic ORR activity with a positive onset potential at about
−0.18 V, which even is more positive than that for DCI-Fe-600.
The catalytic ORR activity of DCI-Fe could come from the
inherent Fe−N coordination, further confirming the formation
for Fe−N coordination in DCI-Fe MOF. The low limited
current density of 3.56 mA·cm−2 at −0.8 V was probably due to
its low conductivity. Although DCI-Fe-600 has the highest
nitrogen content (9.98 at. %), it showed the lowest catalytic
activity, which is ascribed to the lowest BET surface area (85
m2·g−1). When the pyrolysis temperature was increased to 800
°C, the onset potential was improved for DCI-Fe-800 but still
lower than that for DCI-Fe-700. This is due to the great loss of
nitrogen under high temperature, even though DCI-Fe-800 has
higher BET surface area than DCI-Fe-700 (357 vs 249 m2·g−1).
Therefore, it is concluded that pyrolysis temperature has a large
influence on the ORR activity of MOF-derived catalysts. The
proper temperature, that is, 700 °C, guarantees the high
content of active nitrogen configuration and iron along with

large surface area with bimodal porosity that provides more
accessible active sites and facilitates efficient mass transfer.
Moreover, the graphitic carbon shells activated by Fe3C
nanoparticles were believed to be the active site, which gave
rise to the catalytic activity.37−39 In comparison, two catalysts
were prepared via the same method for synthesizing DCI-Fe-
700 but without addition of iron acetate (DCN-700) and
merely mixing DCI and iron acetate in mortar without
formation of MOF precursor (DCI-Fe-mix-700). Their ORR
activities were also examined (Figure 4c). The worst perform-
ance was observed on DCN-700, indicating the importance of
iron during the formation of active sites. The DCI-Fe-mix-700
also showed much lower onset potential and smaller current
density than DCI-Fe-700, suggesting the formation of Fe−N
bonds in DCI-Fe MOF during the solvothermal process is vital
for high catalytic performance. Designing the precursors at
molecular level to prepare Fe−N−C electrocatalysts would be
an effective way to achieve uniformly distributed active sites and
thus superior electrocatalytic performance. To gain further
insights into the reaction kinetics on MOF-derived catalysts
and control samples, electron transfer number (n) was
calculated on the basis of the rotating disk electrode (RDE)
measurements with different rotating speeds ranging from 400
to 2000 rpm (Figures S8 and S9). The corresponding
Koutecky−Levich (K−L) plots at various potentials showed
fairly good linearity, indicating first-order reaction kinetics. The
electron transfer numbers at −0.7 V for DCI-600, -700, and
-800 are determined to be 3.22, 3.67, and 3.86, suggesting a
four-electron-dominated ORR process on the three MOF-
derived catalysts and the higher pyrolysis temperature is
favorable to the higher electron transfer number (Figure 4d).
Otherwise, the control samples showed much lower electron
transfer numbers of 1.56 for DCN-700 and 2.14 for DCI-Fe-
mix-700, indicating two-electron-dominated ORR process on
these two control samples (Figure S10). This result implies that
the DCI-Fe MOF precursor could produce electrocatalysts with
larger surface area and bimodal porosity due to the uniform
distribution of iron element in MOF,40 which largely enhancing
the electrocatalytic ORR performance.
Fuel crossover is an important issue in fuel cell. Therefore, in

addition to high catalytic activity, an ideal ORR catalyst should
exhibit satisfactory tolerance to fuel such as methanol. The
chronoamperometric curves (Figure 5a) showed that the
current density of Pt/C exhibited a sharp reduction after the
addition of methanol, while the current density of DCI-Fe-700
remained very steady, suggesting DCI-Fe-700 possesses an
excellent tolerance to methanol poisoning effects. Finally, the

Figure 4. (a) CVs of DCI-Fe-700 in N2- and O2-saturated 0.1 M KOH
solution at a scan rate of 50 mV·s−1. (b) LSV curves of DCI-Fe-600,
-700, and -800 and Pt/C at a rotation rate of 1600 rpm. (c) LSV curves
for DCN-700, DCI-Fe-mix-700, and DCI-Fe-700 at a rotation rate of
1600 rpm. (d) Electron transfer numbers of DCI-Fe-600, -700, and
-800 catalysts and DCN and DCI-Fe-mix-700 control samples at −0.7
V. The loading of all catalysts, including obtained non-noble materials
and commercial Pt/C, is 100 μg·cm−2.

Figure 5. (a) Chronoamperometric response of DCI-Fe-700 and Pt/C
catalysts to addition of methanol. The arrow indicates the addition of
methanol. (b) Chronoamperometric responses of DCI-Fe-700 and Pt/
C catalysts in O2-saturated 0.1 M KOH.
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stability of DCI-Fe-700 was evaluated by chronoamperometric
measurement. As shown in Figure 5b, current density after 10 h
test remains 70% for DCI-Fe-700, whereas the value is 51% for
commercial Pt/C, indicating the former delivered much better
durability. The better durability is ascribed to the protection of
Fe3C nanocrystals by graphitized nitrogen carbide shells.
On the basis of the above structural and compositional

characterizations, DCI-Fe-700 presents outstanding electro-
chemical properties, which can be attributed to the following
factors. First, the strong coordination between Fe and DCI and
the molecularly uniform distribution of N, C, and Fe in DCI-Fe
precursor leads to uniformly distributed N-doped carbon and
the carbon nitride-coated Fe3C core as active sites. The high
percentage of pyridinic and pyrrolic N (7.67%) in graphitized
shell and nanosheet can promote O2 adsorption due to
increased charge density of the C atoms and also enhance
hydrophilicity, strengthening the electrolyte−electrode inter-
action. Second, the lamellar MOF precursor favors the
formation of bimodal porous electrocatalysts with high surface
area. The bimodal porosity can simultaneously facilitate mass
transfer and provide abundant accessible active sites. Third, the
encapsulated metal nanoparticles could lead to a unique host−
guest electronic interaction and change the local work function
of the carbon nitride shell, making the outer surface of the N-
doped carbon layer more active for ORR.41,42

■ CONCLUSION

In summary, this work reported a facial synthesis of a lamellar
metal organic framework (MOF) from solvothermal reaction
between iron acetate and dicyanoimidazole, which could be
applied to produce an efficient Fe−N−C-based ORR electro-
catalyst in the form of carbon shell-encased iron carbides
supported on N-doped carbon shell. Such MOF provided
molecularly uniform distribution of active elements to form
well-dispersed catalytically active sites. The high nitrogen
fraction in MOF precursor ensured high nitrogen doping and
thus abundant active sites in the catalyst. The bimodal porosity
endowed by the special lamellar MOF precursor not only
facilitated the mass-transfer process through the mesopores but
also guaranteed the high surface area to expose abundant
accessible active sites through the nanopores. Benefiting from
these features, the resulting catalyst exhibited electrocatalytic
performance superior to that of commercial Pt/C for ORR in
terms of better activity and stability in alkaline conditions.
These results demonstrated the great potential of lamellar
MOFs as effective precursors to produce electrocatalysts with
desirable structure, which might pave the way to further
development of efficient nanomaterials for various applications
such as other heterocatalytic reactions, metal−air batteries, and
so forth.
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