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ABSTRACT: It is highly crucial and challenging to develop bifunctional oxygen electrocatalysts for oxygen reduction reactions
(ORRs) and oxygen evolution reactions (OERs) in rechargeable metal-air batteries and unitized regenerative fuel cells (URFCs).
Herein, a facile and cost-effective strategy is developed to prepare mesoporous Fe—N-doped graphene-like carbon architectures
with uniform Fe;C nanoparticles encapsulated in graphitic layers (Fe;C@NG) via a one-step solid-state thermal reaction. The
optimized Fe;C@NG800-0.2 catalyst shows comparable ORR activity with the state-of-the-art Pt/C catalyst and OER activity
with the benchmarking RuO, catalyst. The oxygen electrode activity parameter AE (the criteria for judging the overall catalytic
activity of bifunctional electrocatalysts) value for Fe;C@NG800-0.2 is 0.780 V, which surpasses those of Pt/C and RuO, catalysts
as well as those of most nonprecious metal catalysts. Significantly, excellent long-term catalytic durability holds great promise in

fields of rechargeable metal-air batteries and URFCs.
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1. INTRODUCTION

With the transition from traditional fossil fuels to clean and
sustainable energy, alternative energy storage and conversion
devices have gained global attention. One of the most available
pathways for energy usage is the electrochemical consumption
and generation of fuels," which is not limited by the Carnot
cycle. Rechargeable metal-air batteries™ and unitized regener-
ative fuel cells (URFCs)*™" are the two typical energy
conversions via electrochemical reactions. In URFCs, through
electrochemical water splitting, energy can be stored in H, and
O,, and then the energy can be released by their subsequent
recombination. Similarly, in rechargeable metal-air batteries, the
energy carrier is metals, such as lithium (or Zn, Mg, Al, etc.). In
this case, instead the formation and reduction of water, the
energy storage and conversion processes can be achieved by the
formation and reduction of metal oxide.*” The heart of these
technologies is the oxygen reduction reaction and the oxygen
evolution reaction (ORR and OER)."™"* However, the
sluggish oxygen electrode kinetics blocks their development
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and commercialization, which contributes a 15% power loss."*
To address this issue, the development of highly efficient and
cost-effective catalysts for ORR and OER are key prior-
ities.">~'® Presently, Pt-based materials have been regarded as
state-of-the-art catalysts for ORR;"’ the greatest OER catalysts
consist of FeNi, Ru, and Ir oxides.””*" Nevertheless, Ru and Ir
oxides are poor for the ORR;* Pt exhibits inferior activity for
the OER’”*>** These catalysts have only single excellent
catalytic activity, which are not favorable as bifunctional oxygen
electrocatalysts in rechargeable metal-air batteries and URFCs.
In addition, the prohibitive cost and poor stability are
hampering their further large-scale applications. Therefore,
extensive efforts have been devoted to nonprecious metal
bifunctional catalysts for reversible oxygen catalysis with high
activity, low-cost, and superior stability.”>~’
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Recently, one type of alternative to precious metal catalysts
for both ORR and OER, transition-metal and nitrogen-doped
carbon materials (M-N/C with M = Fe, Co, Ni, etc.) have
attracted tremendous interest.”*>’ Among these M-N/C, Fe-
or Fe;C-based materials has shown outstanding advantages due
to prominent electrocatalytic performance. Xing and co-
workers reported that the Fe;C encapsulated in hierarchically
porous nitrogen-doped carbon materials exhibited excellent
activity and stability toward the ORR in both alkaline and acidic
media.”* The Chen research group reported an advanced
multifunctonal electrocatalyst with appealing ORR and OER
activity in which Fe nanoparticles were encapsulated in the
inside of carbon nanotubes.”® As reported by Bao and co-
workers in a series of studies,***° the encapsulated metal NPs
can tune redox properties of the surrounding carbon layer
owing to a unique host—guest electronic interaction,” leading
to the formation of catalytic functionalities. Meanwhile, the
catalytic activity can be further improved by nitrogen-doping,
which is attributable to the formation of nitrogen-containing
active sites (C—N,, and Fe—N,). One sample is nitrogen-doped
hollow carbon spheres with Fe;C encased in graphitic layers,*’
which showed apparently higher ORR activity compared to that
of the control sample without Fe;C or nitrogen doping.
Conversely, from the angle of subject—object texture relation-
ship, how the metal phase distributes on te carbon matrix
significantly affects the catalytic activity. Graphene or graphene-
like two-dimensional nanosheet materials are excellent
electrode materials for electrochemical reactions due to their
high mechanical strength, large surface area, and excellent
electrical conductivity.”’—>* As a result, porous structures with
transition metal loading on the two-dimensional materials
enlarge the density of the active sites and facilitate mass
transport. From the above-mentioned discussion, it still remains
a great challenge to develop a facile and scalable strategy for
producing the Fe- or Fe;C-based efficient bifunctional oxygen
electrocatalysts with a two-dimensional layered structure.

In this study, we present a facile approach for the fabrication
of porous Fe—N-doped graphene-like carbon hybrids with
Fe;C encapsulated in graphitic layers (Fe;C@NG) via a one-
step solid-state thermal reaction. Moreover, these precursors
(glucose, urea, and Fe(NO,);-6H,0) are suitable for large-scale
fabrication due to being environmentally friendly and easily
obtained. These resulting Fe;C nanoparticles encapsulated in
graphitic layers are well dispersed on the nitrogen-doped
graphene-like carbon sheets. The Fe;C nanoparticles are
chemically stable owing to the protection of graphitic layers.
The optimized samples showed efficient and robust electro-
catalytic performance toward both the ORR and OER under
alkaline conditions. The activation effect of Fe;C on the
surrounding graphitic layers and nitrogen-containing active
sites (C—N,) probably plays a synergetic role in the remarkable
electrocatalytic capability of Fe;C@NG.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Nafion (5 wt %) and RuO, were
obtained from Sigma-Aldrich. Pt/C (20 wt %) was obtained from
Johnson-Matthey. All other chemicals were purchased from Shanghai
Lingfeng Chemical Reagent Co. Ltd., were of analytical grade, and
were used as received without further purification. Notably, all cation
and anion content of all sensitive impurities (Cl~, SO,*7, PO,>”, Fe,
Nij, etc.) in KOH are below 0.005 wt %. Ultrapure water (18 MQ2 cm)
was used for all experiments.

2.2. Synthesis and Preparation. In a typical procedure, urea (10
g), glucose (0.5 g), the desired amount (0.1, 0.2, and 0.3 g) of

iron(III) nitrate hexahydrate (Fe(NO;);-6H,0), and ultrapure water
(100 mL) were stirred at 80 °C to remove water. The dried Fe,C@
NG precursor was placed into a crucible and then heated to an
appointed temperature (700, 800, and 900 °C) with a rate of 3 °C
min~" for 2 h in Ar atmosphere. The products were referred to as
Fe;C@NGT-X with T being the annealing temperature and X being
the amount of Fe(NO;);:6H,0. For comparison, preparation of the
N-doped graphene-like carbon materials (denoted as NG800) and
FeyC-based carbon materials (Fe;C@C) were the same as Fe;C@
NG800-X, except the raw materials were without the addition of
Fe(NO;);-6H,0 and urea, respectively. To remove ORR unstable
phases, the annealing products were leached in 0.5 M H,SO, solution
at 80 °C for 8 h, followed by centrifugation collection and were
thoroughly washed with deionized water.

2.3. Instruments. The morphology of the samples was
characterized using transmission electron microscopy (JEOL JEM-
2100) and scanning electron microscopy (FE-SEM: S-4800). The
powder X-ray diffraction (PXRD) data were carried out on a D/
Max2550 VB/PC diffractometer (40 kV, 200 mA) using Cu Ka as the
radiation. The Fe content was measured by thermogravimetric
analysis. The nitrogen adsorption/desorption measurements were
used to investigate the specific surface area, pore volume, and pore size
of samples. Raman spectra were recorded with a Bruker RFS 100/S
spectrometer. X-ray photoelectron spectroscopy (XPS) obtained with
VG ESCA 2000 with a magnesium anode was used to demonstrate the
content and the doping types of carbon, nitrogen, and Fe. All data
were corrected using the C s peak at 284.8 eV as an internal standard.

2.4. Electrochemical Measurements. Electrochemical experi-
ments were carried out in a three electrode cell connected to an
electrochemical analyzer (CHI 760D). Ag/AgCl with saturated KCl
and Pt wire were used as reference and counter electrode, respectively.
Four milligrams of as-prepared samples or Pt/C (RuO,) was
ultrasonically dispersed in 1 mL of mixed solvent (3:1 water/2-
propanol (v/v)) with S0 uL of Nafion solution. Ten microliters of
catalyst suspensions was transferred onto the glassy carbon electrode
(RDE, 0.196 cm?, Pine Research Instrumentation, USA) surface and
allowed to dry at room temperature for 30 min (catalyst loading:
~0.20 mg cm™?). According to Epyy = Epg/agci + 0989V (Figure S1 in
the Supporting Information), the potential measured against an Ag/
AgCl electrode was converted to the potential versus the reversible
hydrogen electrode (RHE). After correction for the capacitive current,
all the currents presented in the figures are Faradaic currents. All data
were obtained after repetitive cycling between ORR and OER 20
times.

ORR Measurements. The working electrode was cycled at least 10
times before data were recorded at a scan rate of 10 mV s™'. The
rotating disk electrode (RDE) and rotating ring-disk electrode
(RRDE) voltammograms were recorded in the O,-saturated 0.1 M
KOH solution with a scan rate of 10 mV s™. In the RRDE system, the
potential of the Pt ring electrode was set to 1.50 V (vs RHE). The
H,0, yield (%H,0,) and electron transfer number (n) were calculated
by the followed equations**"’

. B I/N
%6H,0, = 200 X ———
Ip + /N (1)
I
—4x_D>
Iy + /N 2)

where I and Iy are the disk and ring currents, and N is the ring
current collection efficiency (37%).

OER Measurements. OER RDE tests were performed in O,-
saturated 0.1 M KOH solution with the potential range from 1.0 to 1.9
V (vs RHE). All data were corrected for the iR contribution within the
cell, where R is the ionic resistance from the solution. To detect H,O,
oxidation and O, reduction during the OER process, RRDE
measurements were also conducted on the Fe;C@NG800-0.2 catalyst,
and the potential of the Pt ring electrode was set to 1.50 and 0.45 V
(vs RHE), respectively. For probing O, reduction during the OER
process, the KOH solution was saturated with N,. The stability was
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evaluated by chronoamperometry tests at 1.59 V (vs RHE) with a
rotation rate of 1600 rpm.
3. RESULTS AND DISCUSSION

As illustrated in Figure la, the Fe;C@NGT-X was prepared by
simple annealing treatment of a homogeneous mixture of urea,

__________________________
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Figure 1. (a) Schematic diagram of the fabrication of Fe;C@NG. (b)
SEM images, (c, d) TEM images, and (e¢) HRTEM images of Fe;C@
NG800-0.2. The inset of (d) is the corresponding particle size
distribution histogram.

glucose, and metal salts (Fe(NO;);6H,0) at a desired
temperature (700, 800, and 900 °C) in Ar atmosphere (for
details see the Experimental Section). The structure and
morphology of the prepared Fe;C@NG800-0.2 were inves-
tigated by SEM and TEM measurements. As revealed in Figure
1b, the resulting hybrids show typical graphene-like sheet
morphology in which no obvious nanoparticles can be seen,
probably due to the very small size of Fe;C. TEM images
(Figure 1c) show that the formed Fe;C NPs are uniformly
loaded on thin carbon sheets (Figure 1d). The size distribution
histogram (inset of Figure 1d) demonstrates that these Fe,C
NPs have an average size of 11.1 nm with a narrow distribution.
Figure le demonstrates the well-defined crystalline lattice
spacing of 0.21 and 0.36 nm, which matches well with the
(211) planes of the Fe,C phase (JCPDS, No. 65-2411) and the
(002) planes of the graphite phase, respectively.”> Notably,
these Fe;C NPs are surrounded by a few graphitic carbon layers
despite acid washing, implying good electrochemical activity
and stability for catalytic reactions. X-ray diffraction (XRD)
patterns were further used to characterize the Fe;C@NG800-
0.2 (Figure S2). The diffraction peak at 26.1° suggests the
formation of graphitic carbon during the pyrolysis. The rest of
the diffraction peaks are characteristic of the crystalline planes
of the FeyC phase (JCPDS, No. 65-2411). The non-Fe,C

samples (NG800) without the addition of Fe(NO,);:6H,0
also exhibited graphene-like sheet morphology, except for the
absence of Fe;C NPs (Figure S3). The XPS spectrum indicates
the absence of any metal in NG800. Compared with Fe- or
Fe;C-based carbon nanotube catalysts recently reported that
were achieved by similar methods,®*® no carbon nanotubes
could be found in Fe;C@NG800-0.2. It is believed that the
formation of layered g-C;N, (Figure S4) from urea plays a key
role on such a structure of the graphene-like sheet. Chen and
co-workers reported that layered graphitic carbon nitride (g-
C3N,) could be formed when urea is thermally treated at 600
°C.* Similarly, as reported by the Sun research group,*
crumpled BCN nanosheets have been successfully synthesized
by annealing urea, boric acid, and polyethylene glycol (PEG).
In our work, the Fe species and carbon intermediates can enter
into the interlayer space of layered C;N,, which is from the
polymerization of urea. Such a confinement effect obviously
depressed the growth of carbon nanotubes and favored the
simultaneous formation of small units. When the C;N,
template undergoes complete thermolysis at >700 °C, the
graphene-like sheets are liberated.”>** Meanwhile, Fe species
were reduced to Fe;C NPs under inert gas (Ar flow), and then,
the resulting Fe;C@NG hybrids were obtained.

The bulk elemental composition of the Fe;C@NG800-0.2
hybrids was analyzed by thermogravimetric analysis (TGA) and
an energy dispersive X-ray analyzer (EDX). After treatment in
O, atmosphere during TGA, the Fe;C@NG800-0.2-derived
product was identified as Fe,O; (Figure SS). As shown in
Figure 2a, on the basis of the mass of Fe,O; (40.2 wt %) left
after 800 °C, the Fe content was estimated to be 29.6 wt % in
the original Fe;C@NG800-0.2 hybrids. Moreover, the EDS
result (Figure 2b) shows that the C peak at 0.20 keV
accompanies an N tail peak and three Fe peaks at
approximately 0.71, 6.39, and 7.05 keV, corresponding with
FeL,;, FeLy,, and FeL,,, respectively. As-synthesized Fe;C@
NG800-0.2 was comprised of 29.4 wt % Fe, 56.3 wt % C, 9.7 wt
% O, and 4.6 wt % N, which is in good agreement with the
TGA result. Raman measurements were conducted to
demonstrate the structure defects. As shown in Figure 2c, the
D- and G-bands at approximately 1357 and 1577 cm™" clearly
demonstrate the existence of disorder and graphitic carbon.*>*
In addition, the intensity ratio of the D- and G-bands (I,/I;)
slightly decreased with increasing annealing temperature at 1.06
for Fe,C@NG?700-0.2, 1.01 for Fe;C@NG800-0.2, and 0.99 for
Fe;C@NG900-0.2, indicating that the graphitization can be
enhanced at higher temperature.”” The specific surface area and
pore size of the hybrids were investigated by measuring the N,
adsorption/desorption isotherm. Figure 2d shows that Fe;C@
NG900-0.2 has a specific surface area of ~755.6 m* g”" and that
the mesoporous structure entered at 3.85 nm, which is
demonstrated by the pore size distributions (the inset of
Figure 2d). Notably, the annealing temperature highly
influenced the surface area of the hybrids. The other two
samples have BET surface areas of 576.4 (Fe;C@NG900-0.2)
and 4012 m* g”' (Fe;C@NG700-0.2) (Figure S6). Similar
porous structures of the three samples are probably attributed
to a large amount of gas from decomposition of the carbon
nitride.™** That is, 800 °C is the optimized temperature at
which the maximum surface area is obtained.

For the doped element and bonding configurations to be
further elucidated, XPS measurements were conducted on
Fe;C@NGT-0.2. As revealed, the survey spectrum of Fe,C@
NG800-0.2 demonstrates the presence of C (89.53 at%), N
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dispersive X-ray spectroscopy (EDS) of Fe;C@NG800-0.2. Aluminum foil was used as the substrate material. The acceleration voltage was 15 eV.
(c) Raman spectra of Fe;C@NG800-0.2. (d) N, adsorption/desorption isotherm of Fe;C@NG800-0.2 and the corresponding pore size distribution
(inset).
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Figure 3. (a) Wide XPS survey of the Fe;C@NG800-0.2. High resolution (b) C 1s, (c) N 1s, and (d) Fe 2p spectra of the Fe;C@NG800-0.2.

(3.09 at%), O (6.72 at%), and Fe (0.66 at%) elements without
any other element (Figure 3a). The content of Fe obtained
from XPS is much lower than that calculated from the TGA,
which is because XPS analysis can hardly measure the Fe;C
NPs incorporated in carbon layers due to its detecting depth
(~5 nm).*** The C 1s peaks were centered at 284.8 eV along

21514

with a tail at higher binding energies.so’51 Furthermore, the
high-resolution spectrum of C 1s (Figure 3b) can be
deconvoluted to several single peaks corresponding to O—
C=0, C-N and C=0, C=N and C-0O, and C=(C,
indicating the existence of heteroatoms in hybrids.> As
shown in Figure 3¢, the N 1s spectra can be deconvoluted to
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(d) Tafel plots of the Fe;C@NG800-0.2, NG800, and Pt/C catalysts. (e) LSV curves of the Fe;C@NG800-0.2 catalyst with different rotation rates.
(f) LSV curves of the Fe;C@NG800-0.2 catalyst for ORR in O,-saturated 0.10 M KOH before and after 3000 cycles.

three peaks at 398.3, 400.1, and 401.2 eV, which are consistent
with pyridinic-N, pyrrolic-N, and graphitic-N (Figure S7),
respectively, suggesting that nitrogen was successfully doped
into the carbon framework.>® In addition, the concentrations of
the different nitrogen dopants were quantified based on the
integrated peak areas (inset of Figure 3c), and it can be
concluded that pyridinic-N and graphitic-N were the dominant
species, which are generally considered as efficient ORR active
sites.””* The content of N decreases upon increasing the
annealing temperature, which is attributed to instability of N
dopant elevated temperature (Table S1). Furthermore, Figure
3d shows the high-resolution spectra of Fe 2p, which can be
deconvoluted to two pairs of peaks for Fe** (713.1 and 725.0
eV) and Fe** (711.4 and 723.1 eV) with a satellite peak at 717.8
eV.>? Notably, the signal of Fe® at 707 eV is not observed,
further demonstrating that Fe;C NPs are encapsulated by
carbon layers. According to a previous report, the peak at 711.4
eV in the Fe 2p;,, XPS spectrum demonstrates the existence of
Fe—N, bonding.>

The annealing temperature highly influences the electro-
catalytic activities of these M-N/C, which is demonstrated by a
large number of studies.”®” Therefore, both the ORR and
OER activity of the Fe;C@NGT-0.2 catalysts prepared at
different temperature are first researched through RRDE and
RDE measurements performed in O,-saturated 0.1 M KOH
solutions, respectively. Linear sweep voltammetry (LSV) curves
indicate that the Fe;C@NG800-0.2 catalyst has the most
positive onset potential (+ 0.98 V) and largest diffusion-limited
current density among the three Fe;C@NGT-0.2 catalysts
(Figure S8). The H,0, yield and electron transfer number (1)
directly demonstrated excellent ORR activity of the Fe,C@
NG800-0.2 catalyst. As shown in Figure S8b, for the Fe;C@
NG800-0.2 catalyst, the H,0, yield was below 5% at all
potentials, which is lowest among the other two catalysts.
Accordingly, the average electron transfer number (n) was 3.94,
which is obviously highest among the Fe; C@NGT-0.2 catalysts
(Figure S8c). In addition, the Fe;C@NG800-0.2 catalyst also

21515

shows the best OER activity in terms of overpotentials (77),
obtaining a current density of 10 mA cm™> These results are
probably attributable to a balance of porosity, electrical
conductivity, and type and density of active sites at the
optimized temperature (800 °C).’*>® The Fe;C@NG700-0.2
sample prepared at low temperature has low electrical
conductivity, which blocks the charge transfer. The Fe;C@
NG900-0.2 sample prepared at high temperature is a lack of
catalytically active sites. In addition, the Fe;C@NG800-0.2,
which has the largest specific surface area, is favorable for active
site exposure and rapid ORR (or OER) relevant species
transport. Therefore, the Fe;C@NG800-0.2 catalyst shows
optimized ORR and OER activity.

The ORR performance of Fe;C@NGB800-0.2 was further
evaluated by conducting other electrochemical measurements
and compared to other catalysts (NG800 and Pt/C). The cyclic
voltammetry (CV) measurements were first performed on the
Fe;C@NG800-0.2 catalyst. As shown in Figure 4a, a well-
defined cathodic peak centered at +0.811 V appears when the
electrolyte solution is saturated with O,, suggesting an
outstanding ORR catalytic activity for Fe;C@NG800-0.2 in
alkaline media. As shown in Figure 4b, the LSV curves indicate
that Fe;C@NG800-0.2 catalyst has comparable ORR activities
with Pt/C catalyst, as revealed by comparable onset potential
and diffusion-limited current density in which the onset
potential was identified as +0.99 V for Pt/C. Therein, the
NGB800 catalyst exhibited obviously worse electrocatalytic
activity than Fe;C@NG800-0.2 and Pt/C, indicating that the
existence of Fe-related species (Fe;C or Fe—N,) significantly
enhanced the ORR activities. In addition, the H,0, yield
(Figure S9) and corresponding electron transfer number (n)
(Figure 4c) of NG800 and Pt/C catalysts further indicate that
the Fe;C@NGB800-0.2 catalyst has a similar four-electron ORR
process as that of the Pt/C catalyst. Tafel slope of the Fe;C@
NG800-0.2 catalyst also indicates a similar reaction mechanism
with the Pt/C catalyst (Figure 4d). LSV curves of the Fe;C@
NG800-0.2 catalyst were also recorded through the rotating
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Figure S. (a) Polarization curves of all catalysts. The ionic resistance (~4$ ) from the solution was determined via an iR compensation test. (b)
Tafel plots of all catalysts from the polarization curves. (c) Oxygen electrode activities within the ORR and OER potential window of various
catalysts dispersed on the glass carbon electrode in O,-saturated 0.1 M KOH. (d) Time dependence of cathodic current density for Fe;C@NG800-

0.2 over 20 h at fixed overpotentials of 361 mV.

disk electrode (RDE) measurements at different rotating
speeds from 400 to 2025 rpm (Figure 4e). Typically, the
limiting current density of the three sample electrodes
increased with increasing rotation speed (from 400 to 202S
rpm), which is in accordance with other studies.’”*® The
stability of the Fe;C@NG800-0.2 catalyst was also evaluated by
LSV measurements in O,-saturated 0.10 M KOH before and
after 3000 cycles. The ORR polarization curve shows almost no
change after 3000 cycles (Figure 4f). In contrast, the half-wave
potentials and limiting current density of thePt/C catalyst show
obvious diminishment (Figure S11). These results clearly
indicate that the catalytically active sites on the Fe;C@NG800-
0.2 catalyst are much more stable than those on the commercial
Pt/C electrode.

The OER activities of Fe;C@NGT-X and other catalysts
were evaluated by linear sweep voltammograms (LSVs) with
potentials from 1.0 to 1.9 V (see Experimental Section for
details). As revealed by the polarization curves plotted in Figure
Sa, Fe;C@NG800-0.2 exhibits much earlier onset potential and
greater current density than that of Pt/C or NG800, which is
comparable to that of the state-of-the-art RuO, catalyst (Sigma-
Aldrich). Moreover, comparing the overpotential (1) of
achieving a current density of 10 mA cm ™ is very meanin(%ful,
which is a metric relevant to compare the OER activities.” In
our case, Fe;C@NG800-0.2 can obtain such a current density
at a small 7 of ~0.361 V, approaching the 1 requirement for the
RuO, catalyst, and it is much smaller than that of non-Fe;C
NG800 and commercial Pt/C catalyst. The OER kinetics of the
above catalysts are further probed by the Tafel slope. As shown
in Figure 5b, the resulting Tafel slopes are approximately 62,
69, 65, and 168 mV dec™! for Fe;C@NG800-0.2, commercial
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RuO,, NG800, and commercial Pt/C, respectively. Notably, the
Fe;C@NGB800-0.2 exhibits the smallest Tafel slope and is
therefore the most efficient OER catalyst among all the catalysts
in this study, suggesting superior intrinsic OER kinetics of this
kind of Fe;C-based material even compared with that of the
RuO, catalyst. Meanwhile, the better catalytic activity of Fe;C@
NG800-0.2 compared to the NG800 catalyst demonstrated that
the Fe-related species plays an important role on excellent OER
activity, which is further elaborated in the following discussion.
To better compare the bifunctional catalytic activities, it is a
common method to calculate the oxygen electrode activity
parameter AE (AE = Ejgopr — Ej3ore). Obviously, the
Fe;C@NG800-0.2 exhibited the smallest AE (0.78 V) (Table
S2), implying best bifunctional catalytic activity and the most
potential for practical applications. In addition, compared to
some reported bifunctional electrocatalysts (Table S3), Fe;C@
NG800-0.2 also remains competitive, showing great promise
for use in URFCs and rechargeable metal-air batteries. To
further probe intermediates and gain insight into the reaction
mechanism of OER, RRDE measurements were also conducted
on the Fe;C@NG800-0.2 catalyst with sweeping potentials
from 1.0 to 1.8 V (Figure S12). When the Pt ring potential was
set to 1.50 V, no obvious ring current was observed, thus
implying negligible formation of H,O,. Interestingly, when the
RRDE measurement was performed on N,-saturated 0.1 M
KOH solution with a Pt ring potential of 0.45 V, an obvious
ring current appeared from around 1.5 V, which is close to the
onset potential of the Fe;C@NG800-0.2 catalyst in the OER
process. In addition, the ring current increases relevantly with
the increasing disk current. In N,-saturated 0.1 M KOH
solution, the ring current with a Pt ring potential of 0.45 V was
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attributed to the reduction of O,, further suggesting that disk
oxidation current is related to the OER. The two RRDE
measurements described above and related results demon-
strated that water oxidation on the Fe;C@NG800-0.2 catalyst
proceeded through a four-electron route with O, evolution,
which is also similar to some previous studies on the oxygen
evolution reaction on carbon-based materials.***>*® Further-
more, the catalytic durability of Fe;C@NG800-0.2 toward OER
is also evaluated by the time dependence of the current density
at fixed overpotentials of 361 mV (Figure Sd). The negligible
loss of current density after 20 h demonstrates the superior
durability of the Fe;C@NG800-0.2 catalyst.

To further explore the influence of Fe-related species (Fe;C
or Fe—N,) on the electrocatalytic activity, we prepared Fe;C@
NG800-X with various Fe content. RDE measurements of these
hybrids suggested that the Fe;C@NGB800-0.2 catalyst was
optimized, as revealed by the most positive onset potential and
largest current density at the same overpotential (Figure S13).
For the Fe;C@NGS800-0.1 catalyst, insufficient Fe(NO,);
6H,0 precursor meant the formation of fewer Fe-related active
sites (Fe;C or Fe—N,), which probably leads to worse ORR
activity compared to that of the Fe;C@NG800-0.2 catalyst.
When increasing the quantity of Fe(NO;);-6H,0, the catalytic
activity of Fe;C@NG800-0.3 catalyst is also inferior to that of
the Fe;C@NG800-0.2 catalyst (Figure S13). The performance
degradation when overloading Fe;C may contribute to the
much larger Fe;C nanoparticles (up to ~100 nm, Figure S14)
on nanosheets that can block the pores, which is demonstrated
by the obviously smallest BET surface area of Fe;C@NG800-
0.3 (354.5 m* g/, Figure S15).

It is a consensus that pyridinic-N and graphitic-N dopants are
active for both ORR and OER.**** A typical work, reported by
Xia and co-workers, elaborately studied the ORR and OER
catalytic mechanism of N-doped carbon materials.”® Density
functional theory (DFT) calculations indicated that over-
potentials of both ORR and OER can be obviously decreased
on pyridinic-N- and graphitic-N-doped structures, and the
lower overpotential means better catalytic activities. For ORR,
electron transfer from adjacent C to N dopants will occur due
to stronger electronegativity of N such that the strong
electrostatic force between C and O facilitates O, adsorption
and dissociation on adjacent C atoms.’” Similarly for OER, the
positive carbon atoms also can facilitate adsorption of OH™
ions and promote electron transfer to intermediates (O*, OH*,
and OOH*).”> Conversely, it is of interest that both the ORR
and OER catalytic activities of N-doped carbon can be
markedly improved by the introduction of a transition metal
(Fe, Co, Ni, etc.),”® the inherent reason for which is highly
controversial in current studies. Herein, the role of transition
metals on ORR is discussed first. Some researchers proposed
that metal-N coordination (mainly Fe—N,) is catalytically
active for ORR.* Contrarily, some researchers claimed that the
transition metals only serve as catalysts for the formation of
active sites, as originally proposed by Wiesener.”’ Despite the
inherent contribution of transition metals to ORR, extensive
experimental studies have demonstrated that a trace amount of
transition metal residues can effectively improve ORR activities
of N-doped carbon catalysts.””>* Notably, for Fe;C-based ORR
catalysts, the outstanding ORR performance is attributable to
other reasons in addition to the factors of the N dopants and
Fe—N, species described above. Bao and co-workers indicated
that iron carbide (Feny) can tune the redox properties of the
surrounding carbon layer via the effect of confinement.” In

subsequent studies reported by Xing et al,, the role of the Fe;C
phase was further revealed by systematic experimental
studies.”*° Excitingly, through ex situ spectroscopic methods
(Mbssbauer spectroscopy and synchrotron XAS), Strickland et
al. demonstrated that Fe/Fe,C could assist the stabilization of
the peroxide intermediate on the surrounding N-doped carbon
layers and promote a 4~ ORR process,68 which is similar to
Bao’s study on iron encapsulated within podlike carbon
nanotubes.”* On the basis of the above discussion and
compositional characterizations of the Fe;C@NG800-0.2
catalyst, its superior ORR performance is attributable to a
large specific surface area (755.6 m® g™'), high percentage of
pyridinic-N (42.1%) and graphitic-N (29.6%) dopants, a trace
amount of Fe—N, species, and the existence of an Fe;C phase.
Unlike the ORR, for intrinsic OER active sites of Fe—N/C,-
based electrocatalysts, none of these recent studies can give an
accurate and quantitative explanation of how Fe-related species
affect OER performance. To further explore how coexistence of
Fe-related species (Fe;C and Fe—N,) and N dopants
influenced the OER catalytic activity, we also prepared Fe;C-
based carbon materials (Fe;C@C) by the same method as that
of Fe; C@NGB800-X except using the raw materials without the
addition of urea. The Fe;C@C shows the interconnected
nanoparticle morphology (Figure S16a), further indicating the
role of urea on the formation of graphene-like sheets of Fe;C@
NG800-X and NG800. For OER, the Fe;C@C catalyst shows
better catalytic activity than Pt/C in terms of overpotential (77),
achieving a current density of 10 mA cm ™, which is slightly
worse than NG800 (Figure S16b). The better OER activity of
the Fe;C@NG800-0.2 catalyst than that of Fe;C@C and
NGB800 catalysts indicates that the Fe-related species has a
positive effect on the OER process of N-doped materials.
Nevertheless, a question is which Fe-related component
actually enhances the OER catalytic activity: Fe;C or Fe—N,.
Hashimoto et al.®’ prepared efficient bifunctional Fe/C/N
electrocatalysts for bifunctional oxygen electrocatalysts, imply-
ing that Fe—N, and C—N, are probably active site. Lan et al.
has also prepared N-doped Fe/Fe;C-based excellent bifunc-
tional electrocatalysts from MOFs.”” These experimental
studies suggested that Fe-related species (Fe;C and Fe—N,)
and N dopants simultaneously enhance the ORR and OER
catalytic activity. However, what roles the Fe-related species
play needs to be further elaborated, which is under progress.

4. CONCLUSIONS

In summary, a facile and cost-effective strategy is developed to
prepare iron carbide nanoparticles encapsulated in mesoporous
Fe—N-doped graphene-like carbon hybrids via one-step solid-
state reaction of glucose, urea, and Fe(NO;);-6H,0. The
optimized Fe;C@NG800-0.2 catalyst exhibited excellent
bifunctional catalytic activity toward both ORR and OER
with high catalytic efficiency and long-term durability, which is
even comparable with the state-of-the-art Pt/C and RuO,
catalyst. More importantly, our presented strategy could be
extended to prepare other heteroatom-doped composites for
various applications, such as supercapacitors, lithium-ion
batteries, and solar cells.
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