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Herein, the study reports a facile and scale-up able strategy to synthesize metal organic frameworks
(MOFs) Fe-7,7,8,8-Tetracyanoquinodimethane (Fe-TCNQ) as precursors to develop non-precious metal
bifunctional electrocatalysts through a one-step hydrothermal route. Then, Fe3C/carbon nitride
(Fe3C@CNx) core-shell structure composites are readily available through pyrolyzing Fe-TCNQ at reason-
able temperature, during which hierarchical porous structures with multimodal porosity formed.
Nitrogen doped porosity carbon layers can facilitate mass access to active sites and accelerate reaction.
Consequently, the optimized catalyst exhibits superior oxygen reduction reaction (ORR) electrocatalytic
activity and better catalytic activity for oxygen evolution reaction (OER) in alkaline medium than that of
Pt/C, which can be attributed to the synergistic effect of strong coupling between Fe3C and nitrogen
doped carbon shells, active sites Fe-NX, optimal level of nitrogen doping, and appropriate multimodal
porosity.

� 2018 Published by Elsevier B.V.
1. Introduction

Owning to increase of energy consumption and environmental
degradation, the energy conversion and storage devices with high
energy density, environmental benignity and low cost have gained
increasing attentions [1–3]. Among these energy devices, fuel cell
and metal�air batteries are considered as most competent
candidates because of their high energy density, possessing great
prospective in commanding electric vehicles (EVs) with long-
range competence and flexible electronic devices. However, the
sluggish oxygen reduction reaction (ORR) during the discharge
process and oxygen evolution reaction (OER) during the charge
process are impediment the widespread of regenerative fuel cells
and rechargeable metal�air batteries, which intensively depend
upon exploration of active and durable novel electrocatalysts. Cur-
rently, noble metals platinum is classical ORR catalyst for the
desired four-electron transfer ORR process but poor for OER [4,5].
Meanwhile, high cost, scarcity, vulnerable to methanol poisoning,
and instability of noble metal hamper it’s wide application in the
fuel cells and metal-air battery [6].

Recently, tremendous efforts have been devoted to exploring
nonprecious metal catalysts substitute for noble metal. Including
transition metal oxides [7], metallic sulphide [8], metal-N4 macro-
cycles [9] and some transition metal cations [10]. Among them,
Fe-N-C catalysts have been intensively studied due to their supe-
rior catalytic performance and stability as electrode material in
place of commercial Pt/C [11], some of which possess core-shell
structure with Fe/Fe3C encapsulated in nitrogen doped carbon that
exhibit highly catalytic activity [12,13]. Li et al. synthesized Fe3C
nanoparticles encapsulated in graphitic shells as ORR catalysts,
interestingly, the catalyst activity of ORR showed obvious reces-
sion after removing the Fe3C nanoparticles [12]. Besides, Li’s
research demonstrates that Fe/Fe3C also has excellent OER catalytic
activity [14]. It is believed that the encased Fe/Fe3C core could
active the outside surface of the graphitic shells due to a unique
host–guest electronic interaction changes the local work function
of the carbon layers, which facilitates improve the catalytic activity
[15].

So far, Fe-N-C catalysts that derived from metal–organic frame-
works (MOFs) have attracted some attentions due to diverse com-
position, ultrahigh surface area, ordered and controllable porous
structure. The well dispersion of metal atoms in MOFs and easily
modification of ligands render MOFs as idea procures to develop
advanced electrocatalysts, which could maintain porosity and
more catalytic active site after pyrolysis. For example, iron carbide
nanoparticles-embedded carbon nanotubes derived from Fe-based
MIL-88B nanorods that embedded in Zn-based ZIF-8 polyhedron
have been developed as the high performance ORR catalysts. On
account of thin graphitic carbon layer and porous structure
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facilitate the charge and mass transport within Fe3C particles, car-
bon matrix might grant high robustness and provide extra protec-
tion to Fe3C crystallites [16]. Lan’s group reported that Fe/
Fe3C@graphitic layer/carbon nanotube hybrid derived from MIL-
101 (Fe) exhibited good bifunctional electrocatalytic activity for
ORR and OER [17]. However, some synthetic methods of catalysts
in previous reports are somewhat complicated or catalytic perfor-
mance of some catalysts are not desirable.

Herein, a facile and scale-up able strategy to synthesize a MOFs
Fe-7,7,8,8-Tetracyanoquinodimethane (Fe-TCNQ) as precursors has
been developed through a one-step hydrothermal route. Then,
well-defined Fe3C nanoparticles that encapsulated in graphitic car-
bon nitride shells formed after pyrolysis. Not only the method
could achieved high yield by a simple synthetic method, but also
lead to the stable and uniform product. Not only the method could
achieved high yield by a simple synthetic method, but also lead to
the stable and uniform product [15]. As illustrated in Scheme 1, a
hierarchical porous structure with multimodal porosity formed
during pyrolysis process, in which abundant mesoporosity can
facilitate access to active sites and enhance mass transport. Conse-
quently, the optimized catalyst exhibited superior ORR electrocat-
alytic activity comparable to Pt/C in an alkaline medium and it
showed good catalytic activity for OER as well, which can be attrib-
uted to the synergistic effect strong coupling between Fe3C and
nitrogen doped carbon shells [15], optimal level of nitrogen doping
and appropriate multimodal porosity.

2. Experimental section

2.1. Synthesis of Fe-TCNQ -800, Fe-TCNQ-900, Fe-TCNQ-1000

The precursors were synthesized through one-pot hydrother-
mal method. During a synthesis process, 20 mmol 7,7,8,8-Tetracya
noquinodimethane (TCNQ) and 20 mmol iron acetate were dis-
solved in 60 mL N, N-dimethylformamide (DMF) and sonicated
for 1 h to form a homogenous suspension. Then, the suspension
was quickly transferred into 80 mL Teflon-lined stainless-steel
autoclave and maintained at 150 �C for 10 h. The dark green pre-
cursor was collected by centrifuging, washing and drying at 60 �C
overnight. About 3 g of Fe-TCNQ precursor was readily obtained
through one-step synthesis. Subsequently, the precursor was
heated to a pyrolysis temperature in the range of 800–1000 �C with
5 �C min�1 and maintained at the pyrolysis temperatures for 2 h
under a flow of N2. The catalysts were defined as Fe-TCNQ-800,
Fe-TCNQ-900, and Fe-TCNQ-1000 based on the pyrolysis tempera-
ture, respectively.

2.2. Synthesis of TCNQ-900 and Fe-TCNQ-mix-900

For comparison, the TCNQ-900 sample was prepared under the
same conditions for synthesizing Fe-TCNQ-900 without addition of
iron acetate. Procures of Fe-TCNQ-mix-900 was made by merely
mixing TCNQ and iron acetate through grinding in a mortar. More-
Scheme 1. Illustration of the prepar
over, pyrolysis processes are executive same as that of Fe-TCNQ-
900.

2.3. Characterization

The morphology and nanostructure of catalysts were character-
ized by Transmission electron microscopy (TEM, JEM-2010UHR,
Japan) and high-resolution transmission electron microscopy
(HRTEM). The crystal outline and structure of the catalysts were
characterized by X-ray diffraction (XRD, Bruker D8-Advance
diffractometer with Cu Ka). The elemental valences of the samples
were conducted using X-ray photoelectron spectroscopy (XPS,
Thermo Scientific ESCALab250Xi). The Raman spectra were carried
out on a Renishaw DXR Raman spectroscopy system. Specific sur-
face areas were investigated by Brunauer-Emmett-Teller (BET)
nitrogen adsorption-desorption (Micromeritics, ASAP 2050,
America).

2.4. Electrochemical measurements

Electrochemical measurements were performed with a 760E
Bipotentiostat (CH Instruments) and rotator (RDE Research Instru-
mentation) at room temperature using a three-electrode electro-
chemical cell. A Pt column and Ag/AgCl were used as the counter
and reference electrode, respectively. The working electrode was
a rotating disk electrode with a glassy carbon disk (GCE, 4 mm in
diameter). The catalyst ink was prepared by adding 2 mg of pow-
der into a solution containing 800 lL ethanol and 5 lL Nafion
(5%) to form a homogeneous suspension at the catalyst concentra-
tion of 2.5 mg ml�1. 10 lL of the inks was pipetted onto the clean
GCE surface (mass loading is 200 ug cm�2).

ORR measurement: Linear sweep voltammograms (LSV) were
acquired in an O2-saturated 0.1 M KOH aqueous solution at various
rotation rates (400–2500 rpm). Cyclic voltammograms (CV) were
acquired at range of �1 V to 0.2 V (vs. Ag/AgCl) with scan rate of
50 mV s�1. The transfer electron number (n) was calculated by
the Koutechy–Levich (K–L) equation:

J�1 ¼ J�1
L þ J�1

K ¼ ðBx1=2Þ�1 þ J�1
K ð1Þ

B ¼ 0:62nFC0ðD0Þ2=3v�1=6 ð2Þ
where J, JK and JL are the measured current density, the kinetic and
diffusion limiting current densities, respectively, x is the rotation
rate, m is the kinetic viscosity of the electrolyte (0.01 cm2 s�1 for
0.1 M KOH solution), F is the Faraday constant (F = 96,485 C mol�1),
C0 is the concentration of O2 (1.2 � 10�3 mol L�1 for 0.1 M KOH
solution), D0 is the diffusion coefficient of O2 (1.93 � 10�5 cm2 s�1

for 0.1 M KOH solution).
OER measurement: With the same scan rate to ORR LSV

measurements, but were acquired in an N2-saturated 0.1 M KOH
aqueous solution. and the OER LSV measurements were conducted
at the potential from 0.2 to 1.1 V (vs. Ag/AgCl).
ation process of the Fe3C@CNx.



Fig. 1. FT-IR spectra for TCNQ molecule and Fe-TCNQ.
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3. Results and discussion

Fourier transform infrared (FT-IR) spectra were firstly carried
out to verify the formation of Fe-7,7,8,8-Tetracyanoquinodime
thane (Fe-TCNQ) during solvothermal process (Fig. 1). The FT-IR
spectrum of 7,7,8,8-Tetracyanoquinodimethane (TCNQ) displays
the peaks at 2225 cm�1, 1542 cm�1, 1353 cm�1, and 861 cm�1

characteristics of C„N, C@C, CAC stretching vibration and CAH
bending vibration adsorption peaks [18]. While C„N stretching
vibration at 2081 cm�1 in the Fe-TCNQ generates bathochromic
shift compared with that of TCNQ (2225 cm�1). Which was mainly
due to the Iron coordinated with cyanide during the solvothermal
procedure. And stretching vibration band of C@C (1611 cm�1) and
CAC (1401 cm�1) generates blue shift, that may be attributed to
TCNQ as a receptor to get electrons from Fe2+ after forming metal
Fig. 2. (a) TEM image of Fe-TCNQ precursors. (b) TEM image ofFe-TCNQ-900 catalyst. (c
image showing the lattice fringes of Fe3C core. (d) XRD patterns ofFe-TCNQ-800, -900, -
coordination compounds [18]. Importantly, the newly peaks
emerged at 594 cm�1 and 496 cm�1 suggest the formation of Fe-
N [19], which represented the formation of MOFs.

The crystalline structure was also examined by XRD. As shown
in Fig. S1a, Fe-TCNQ exhibited clear and sharp diffraction peaks,
which indicated good crystallinity. While, the XRD data of some
other metal-TCNQ compounds also shown strong and sharp
diffraction peaks, which could be ascribe to the formation of
well-ordered MOF structure [20]. And the nanostructures of Fe-
TCNQ was characterized by TEM (Fig. 2a) and SEM (Fig. S1b), pre-
cursors lamellar Fe-TCNQ subunits cross-linked with each other to
form porous network structures [20]. After pyrolysis, Fe-TCNQ -
900 was consisted with spherical core-shell nanoparticle with 5
nm thick shell and 20–60 nm diameter in total. The detailed char-
acteristics of Fe-TCNQ-900 were displayed in Fig. 2b and c, which
showed that most Fe3C nanoparticles were encapsulated by gra-
phitic layers. HRTEM image in Fig. 2c revealed that the core section
was also crystallized with a lattice distance of 0.200 nm, which was
consistent with planes of (031) in the Fe3C phase. During heat
treatment, Fe was formed by the decompose of coordinate bonds
in Fe-TCNQ, which could catalyze the growth of carbon coating
at higher temperature. Meanwhile, parts of carbon dissolved in
Fe formed Fe3C crystalline in core section. And the morphology
of Fe-TCNQ-800, Fe-TCNQ -1000, and Fe-TCNQ-mix-900 were also
observed by TEM (Fig. S2), Fe-TCNQ-800 was mainly composed of
spherical nanoparticles with a diameter from 20–50 nm. As the
pyrolysis temperature increased, the diameter of Fe-TCNQ-900
nanoparticles increased to 100–200 nm due to aggregations of
iron. While in Fe-TCNQ-mix-900, the diameter of nanoparticles
increased to 300–400 nm due to the poor dispersion of Fe in pre-
cursor. XRD patterns of the as-prepared Fe-TCNQ-800, -900, -
1000 are shown in Fig. 2d. The diffraction peak at 44.7� and 65�
) HRTEM image of Fe3C@C nanosphere in Fe-TCNQ-900 catalyst, inset is the HRTEM
1000.



Fig. 3. (a) XPS survey of Fe-TCNQ-800, -900, -1000, respectively. High-resolution N 1s XPS spectra of (b) Fe-TCNQ-800. (c) Fe-TCNQ-900. (d) Fe-TCNQ-1000. (e) The content of
pyridinic N, pyrrolic N, and graphitic N of Fe-TCNQ-800, -900, -1000, respectively. (f) High-resolution Fe 2p of Fe-TCNQ-900.
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were indexed to (110) and (200) planes of Fe (JCPDS, No. 06-
0696), and a certain amount of FeN0.0324 (JCPDS, No. 75-2127)
related to 43.6� and 51.8�were found in the three samples. Besides,
the rest peaks were consistent with the crystalline planes of Fe3C
(JCPDS, No. 35-0772). Compared with Fe-TCNQ-800, the contents
of Fe crystal in Fe-TCNQ-900 and Fe-TCNQ-1000 were decreased
and the diffraction peak of Fe3C increased, which suggested that
part of Fe was reacted with carbon and transformed into Fe3C crys-
talline at higher temperature.

To identify the chemical bonding configurations on the surface
of nanohybrids, XPS spectrums ofFe-TCNQ-800, Fe-TCNQ-900, and
Fe-TCNQ-1000 were tested. In Fig. 3a, the C, N, O and Fe signals
could be detected in all the catalysts. The concentrations of all
the elements in the three samples were shown in the Table 1,
which showed that concentrations of Fe element in the Fe-TCNQ
-900 is the highest among all the samples, High levels of iron
was inclined to form more active catalytic species like Fe3C and
Fe-NX to enhance electrocatalytic performance. The high-
resolution N1s spectrum of the Fe-TCNQ-800, Fe-TCNQ-900, and
Fe-TCNQ-1000 could be deconvoluted into three peaks corre-
sponding to pyridinic N (398.5 eV), pyrrolic N (399.7 eV) and gra-
phitic N (401.1 eV), respectively(Fig. 3b–d) [21,22], which
supports the successful doping of N into the carbon matrix [23–
25]. Previous report have proved that pyridinic and pyrrolic N
could be coordinated with Fe to form Fe-NX bonds [26,27]. And
pyridinic and graphitic N are considered as efficient active sites
for ORR [26,28]. Furthermore, according to the integral area of cor-
responding peaks, the concentrations of the different types of
nitrogen were shown in Fig. 3e and Table S1. The content of total
N dropped off and pyridinic N and pyrrolic N were also gradually
decreased to zero with the temperatures increasing. While, the
concentration of graphitic N in Fe-TCNQ-900 (1.45 at.%) was the



Table 1
The ratio analysis of the peaks in XPS spectra of the catalysts.

Catalysts C (at.%) O (at.%) N (at.%) Fe (at.%)

Fe-TCNQ-800 82.48 13.13 2.54 1.85
Fe-TCNQ-900 82.36 11.12 2.17 4.35
Fe-TCNQ-1000 84.85 10.25 1.13 3.77
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highest among all samples, which revealed higher thermostability
than other types N [29]. The doping of graphitic N into carbon
matrix leads to non-uniform electron distribution and make the
CAN bonds much shorter, which significantly enhance catalytic
activity of carbon [30,31]. Furthermore, The high-resolution scan
of Fe 2p electrons of Fe-TCNQ-900 was shown in the Fig. 3f, By
deconvolution, the high resolution Fe 2p3/2 could be assigned to
metallic Fe (707.2 eV) and Fe-NX (710.92 eV) [32,33].

The degree of graphitization of carbon was analyzed by Raman
measurements where the graphitic D and G bands were located at
1350 and 1593 cm�1, respectively (Fig. 4a); [34,35]. The integral
intensity ratio of ID/IG of the samples varied slightly under different
pyrolysis temperature (0.97 of Fe-TCNQ-800, 0.93 of Fe-TCNQ-900,
0.92 of Fe-TCNQ-1000). More graphitic carbon with fewer defects
would be formed at higher temperature, which would improve
the conductivity and thus promote charge transfer. When the car-
bonization temperatures rose over 900 �C, the ID/IG ratio were sim-
ilar, which would be due to the aggregation of Fe3C slow down the
growth of graphitic layer on surface. The BET specific surface area
and pore size distributions were investigated by N2 adsorption/
desorption measurements (Fig. 4b, c). BET surface areas were
157 m2 g�1 of Fe-TCNQ-800, 114 m2 g�1 of Fe-TCNQ-900 and
104 m2 g�1 of Fe-TCNQ-1000, respectively. The specific surface
area decreased with the pyrolysis temperature increasing, proba-
bly because of partial shrinkage of the carbon skeleton at higher
Fig. 4. (a) Raman spectra (b) N2 adsorption–desorption isotherms and (c) the
temperatures. Utilizing the BJH model, the pore size distribution
derived from the corresponding adsorption isotherm revealed pore
diameters of all samples range from 2 to 100 nm, indicating that
the mesoporous and macroporous structures. It is believed that
the mesopores and macropores facilitate the mass transfer of the
related species such as O2, H2O and OH�, thus enhancing the elec-
trocatalytic activity [34,36].

The ORR electrocatalytic activities ofFe-TCNQ-900 were evalu-
ated by CV in N2 and O2 saturated 0.1 M KOH (Fig. 5a). Compare
with N2-saturated electrolyte, a well-defined oxygen reduction
peak located at �0.16 V in O2. To further investigated the effect
of pyrolysis temperature on catalytic activity, LSV curves were
obtained. As displayed in the Fig. 5b, Fe-TCNQ-900 exhibited best
ORR activity with onset potential �0.029 V, which was comparable
to commercial Pt/C. Moreover, the diffusion-limiting current was
slightly higher than that of Pt/C, which can be ascribe to core-
shell structure of Fe3C@CNx, optimal degree of graphitization and
appropriate number of nitrogen active sites. Both onset potential
and half-wave potential of Fe-TCNQ-800 were more negative than
those ofFe-TCNQ-900 and Fe-TCNQ-1000, due to the lower content
of graphitic nitrogen and graphitization degree [37], which indi-
cated that the graphitic carbon structure can not only better pro-
tect the Fe3C cores, but also enhance charge and mass transfer
during ORR. When the pyrolysis temperature rose up to 1000 �C,
catalytic activity also decreased owning to low content of N and
aggregation of ferric nanoparticles.

Furthermore, to study the influence of uniformly dispersed Fe
atom in MOFs on final catalytic activity, two control samples were
synthesized and evaluated by LSV measurement (Fig. 5c). As one
control sample, TCNQ-900 (without addition of iron acetate) exhib-
ited the worst ORR activity (most negative E1/2 and lowest limiting
diffusion current), which would be due to the absent of more active
Fe-Nx and Fe3C [38]. Another control catalyst Fe-TCNQ-mix-900
pore size distribution curves of Fe-TCNQ-800, -900, -1000, respectively.



Fig. 5. (a) CV of Fe-TCNQ-900 in N2 and O2-saturated 0.1 M KOH; scan rate 50 mV s�1. (b) ORR polarization curves of Fe-TCNQ-800, -900, -1000 and Pt/C. (c) ORR polarization
curves of TCN-900, Fe-TCNQ-mix-900, and Fe-TCNQ-900 in an O2-saturated 0.1 M KOH solution at a rotation speed of 1600 rpm. (d) OER polarization curves of Fe-TCNQ-800,
-900, -1000 in N2-saturated 0.1 M KOH at 1600 rpm.
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also showed inferior ORR activity due to the larger Fe3C spheres.
So, initially uniform distribution of Fe atoms in MOFs through
coordinate bonds seems essential to fabricate more active catalyst,
such as avoiding aggregation of Fe3C nanoparticles, in favor of
facile charge and mass transfer and uniformly graphitic nitrogen
coating [6].

The kinetics of ORR was investigated by LSV from 400 to 2500
rpm and electron transfer number (n) was calculated based on K-L
plots. As shown in Figs. S3 and S4, the limiting diffusion current of
catalysts was increased at higher rotation speed. Corresponding K-
L plots at various potentials exhibited good linearity with a consis-
tent slope, which suggested first-order reaction kinetics. The num-
ber of transferred electrons were calculated to be 3.35 (Fe-TCNQ-
800), 3.78 (Fe-TCNQ-900), 3.49 (Fe-TCNQ-1000), 3.20 (Fe-TCNQ-
mix-900), 2.73 (TCNQ-900), which revealed that a four-electron
pathway dominated the ORR process of Fe-TCNQ-900 [39]. More
interestingly, the Fe3C@CNx also exhibited a good OER catalytic
activity, as shown in the Fig. 5d. The OER activity of catalysts were
investigated by using LSV in 0.1 M KOH electrolyte (N2-saturated)
with a scan rate of 10 mV s�1 and rotation speed at 1600 rpm. The
Fe-TCNQ-900 exhibited the highest OER activity among the all the
catalysts of different pyrolysis temperature. not only the onset
potential of Fe-TCNQ-900 negatively shifted to 0.67 V, the current
density at the potential of 1.0 V also increased to 22.07 mA cm�2,
which is far superior to the commercial Pt/C catalysts (onset poten-
tial is 0.70 V and 7.61 mA cm�2 at 1.0 V vs. Ag/AgCl). And the Fe-
TCNQ-900 was further compared with ideal noble metal OER cata-
lysts RuO2 in the Fig. S5a. The current density of Fe-TCNQ-900
reached 10 mA cm�2 at the potential values of 0.84 V vs. Ag/AgCl,
which are close to that (0.75 V vs. Ag/AgCl) of commercial RuO2

catalyst.
The Tafel plots for the ORR and OER on different catalysts
were obtained to further investigate the electrode kinetics. The
Tafel plots of the as-prepared catalysts were obtained by plotting
the logarithm of the kinetic current density from the ORR and
OER polarization part in Fig. 5. Fe-TCNQ-900 has the smallest
Tafel slope of about 79.93 mV dec�1 for ORR and 70.10 mV dec�1

for OER among all the as-prepared catalysts, which suggests that
Fe-TCNQ-900 undergoes a more favorable kinetics process in
alkaline medium (Fig. S5b–d) [40]. Furthermore, the amount of
active sites on as prepared catalysts were evaluated by CVs,
and electrochemical surface area was estimated from the elec-
trochemical double-layer capacitance (Cdll) [41]. The Cdll value
of Fe-TCNQ-900 was calculated to be 3.45 mF m�2, which is
higher than these of Fe-TCNQ-800 (2.87 mF m�2) and Fe-TCNQ-
1000 (1.39 mF m�2). The largest Cdll means that Fe-TCNQ-900
can expose more activate reaction sites. The great ORR and
OER catalytic activities of Fe-TCNQ-900 indicated a promising
bi-functional electrocatalysts for regenerative fuel cells and
rechargeable metal�air batteries.

The stability of Fe-TCNQ-900 for ORR was assessed by
chronoamperometric measurements in Fig. 6a. 73% current
remained of Fe-TCNQ-900 after 20,000 s continuous tests while
Pt/C just maintained 57% of its original current. Additionally,
methanol tolerance during ORR is crucial for the potential applica-
tion in direct methanol fuel cells where methanol may pass across
the membrane to deteriorate catalysts. As shown in the Fig. 6b,
when 1 M methanol injected into the electrolyte solution at 300
s, Fe-TCNQ-900 exhibited no obvious change in the cathodic cur-
rent, while Pt/C showed a sharply reduction due to oxidation of
methanol, which demonstrated better methanol tolerance of Fe-
TCNQ-900.



Fig. 6. (a) Chronoamperometric responses of Fe-TCNQ-900 and Pt/C catalysts in O2-saturated 0.1 M KOH. (b) Chronoamperometric response of Fe-TCNQ-900 and Pt/C
catalysts with the addition of methanol. The arrow indicates the addition of methanol. (c) The stability of Fe-TCNQ-900 before and after the 1000 cycles in 0.1 M KOH solution.
(d) Ring current of Fe-TCNQ-900 modified RRDE at 1600 rpm in N2-saturated 0.1 m KOH solution (at 0.40 V). Inset in (d) is a mechanism illustration of the method used to
calculate Faradaic efficiency.
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Furthermore, the stability of Fe-TCNQ-900 for OER was also dis-
played in Fig. 6c, after cycling 1000 cycles, the current density of
Fe-TCNQ-900 was decreased about 27 mV at 10 mA cm�2, which
demonstrated that the Fe-TCNQ-900 structures are stable and
practical electrocatalysts for OER. And the Faradaic efficiency was
calculated to be 87.5% for the Fe-TCNQ-900 electrode, which
denoted a highly selective oxidation of water into O2. Generally,
the difference between EORR at I = �3 mA cm�2 and EOER at I =
�10 mA cm�2 was employed to assess the overall oxygen electrode
catalytic activity, and the smaller difference indicates the poten-
tially practice application. Obviously, the DE value of Fe-TCNQ-
900 (0.99 V) is less than these of Fe-TCNQ-800 (1.06 V) and Fe-
TCNQ-1000 (1.08 V), which is comparable to those of the recently
reported electrocatalysts (Table S2).

The progressed ORR and OER electrocatalytic activity of Fe-
TCNQ-900 would be due to the following reasons: 1. the Fe-
TCNQ precursor guarantee the uniformly distributions of Fe ele-
ments, which effectively convert to a core-shell structure with
graphitized carbon nitride coating on Fe3C nanoparticles after
pyrolysis. 2. The core-shell structure enhance electrocatalytic
activities by synergistic effect of strong coupling between Fe3C
and nitrogen doped carbon shells. 3. The improved porosity in cat-
alysts through balance bimodal porous can simultaneously facili-
tate the mass transfer and provide abundant accessible active sites.
4. Conclusion

In conclusion, core-shell structured Fe3C@CNx catalysts have
been synthesized through facile and enlargeable process from a
readily available MOFs (Fe-TCNQ). Experiment data revealed that
the coordinate bonds in MOFs guarantee the uniform distributions
of Fe, which could convert to high active Fe after thermal cracking.
Through optimize synthetic procedure, Fe-TCNQ-900 exhibited the
best catalytic activity for both ORR and OER, which was superior to
commercial Pt/C. Additionally, and showed better resistance to the
methanol crossover effect and durability during ORR compare to
Pt/C catalyst in 0.10 M KOH solution. The improvement of catalytic
activity could attribute to the synergistic effect of strong coupling
between Fe3C and nitrogen doped carbon shells, active sites Fe-NX,
optimal level of nitrogen doping, and appropriate multimodal
porosity. This report provides a new potential way to synthesize
core-shell Fe3C@CNx catalysts from MOFs precursors with highly
efficient, low cost, facile scale-up able for the commercialization
of regenerative fuel cells and rechargeable metal-air batteries.
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