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Abstract: Although Fe-N/C catalysts have received
increasing attention in recent years for oxygen reduction
reaction (ORR), it is still challenging to precisely control
the active sites during the preparation. Herein, we report
Fe,N@RGO catalysts with the size of 2-6 nm derived
from the pyrolysis of graphene oxide and 1,1’-diacetyl-
ferrocene as C and Fe precursors under the NHs/Ar
atmosphere as N source. The 1,1’-diacetylferrocene
transforms to Fe;0, at 600°C and transforms to FesN
and Fe,N at 700°C and 800°C, respectively. The as-
prepared Fe,N@RGO catalysts exhibited superior elec-
trocatalytic activities in acidic and alkaline media
compared with the commercial 10% Pt/C, in terms of
electrochemical surface area, onset potential, half-wave
potential, number of electrons transferred, kinetic
current density, and exchange current density. In
addition, the stability of FGN-8 also outperformed
commercial 10% Pt/C after 10000 cycles, which demon-
strates the as-prepared Fe, N@RGO as durable and active
ORR catalysts in acidic media.
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1 Introduction

Nowadays, it is of great importance to develop cleaner
energy in replacement of traditional fossil energy due to
the severe environmental pollution and energy crisis
[1-3]. Fuel cells and metal-air batteries are regarded as
promising energy conversion devices with high efficiency
and little pollution [4-6]. The oxygen reduction reaction
(ORR) that occurred at the cathode is usually the
bottleneck due to its slow kinetics [7,8]. Currently, the
most widely used ORR catalysts based on noble metals,
such as Pt, Pd, etc., are still hindered by the high cost and
poor cycling stability [9-11]. Therefore, the development
of non-noble metal (transition metal, carbon-based)
electrocatalytic materials suitable for acidic and alkaline
hydrolytic materials with high activity and stability as the
negative electrode of fuel and metal-air batteries has
become a potential strategy [11-13].

There are many strategies for the preparation of
transition metal electrocatalysts explored [14-16] since
Jasinski [17] reported for the first time in 1964 that cobalt
phthalocyanine exhibited oxygen reduction activity. In
the realm of heterogeneous -catalysis, nano-carbon
materials (porous carbon, graphene, carbon nanotubes,
carbon fibers) and non-metallic (N, P, S) doped nano-
carbon materials are widely used as catalysts and catalyst
carriers [18-20]. As the carrier of an Fe-based electro-
catalyst, carbon material plays a prominent role in further
inhibiting the agglomeration of nanoparticles [21],
providing more catalytic active sites, and facilitating the
0, activation [22,23]. Recently, transition metal Fe-based
nanocrystals have received more and more attention as
catalysts for electrocatalytic oxygen reduction [24,25].
Various iron-based compounds have been proved to be
effective electrocatalysts for ORR [25], such as Fe [26],
Fes0, [27], FesC [28], FesN [29], Fe-N-C [30], and their
mixture due to the synergistic effect [27]. Some studies
have shown that iron can promote the graphitization of
sp? carbon and adjust the electronic state of the sp?
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carbon [31,32]. The graphitization of carbon is also
conducive to the electron transfer of the catalyst and
solidifies the nano-catalyst to reduce the agglomeration
of the catalyst [25,33], and all these advantages make it
have an excellent ORR activity. It has also been found that
the catalytic activity of Fe-based compounds is directly
related to the size of the materials [34,35]. Reducing the
size of Fe-based compounds becomes a feasible solution
to enhance the ORR performance [36]. Guo et al. [37]
prepared a bamboo-like CNT/Fe;C NP ORR catalyst with
abundant M—N/C-active sites by the one-pot method. The
catalyst exhibited a more positive half-wave potential in
alkaline medium and almost the same half-wave poten-
tial in acidic electrolyte, when compared with the
commercial Pt/C catalyst. Park et al. [38] wrapped
graphite on nanotubes and improved the performance
of the catalyst by the introduction of heteroatoms, which
exhibit high catalytic activity and good stability in both
acidic and alkaline media. Besides, Zhong et al. [39]
introduced MOF (MIL-88B-NHs) nanocrystals into the
poly(acrylonitrile) fibers by electrospinning and created
rich hierarchical pores and well-dispersed Fe;C NPs in the
catalyst, which improved its ORR catalytic performance
and cycling stability in acidic electrolyte. Utilization of
the electron interaction between iron and carbon
carrier and adopting a reasonable design strategy, Fe,N
particles with uniform distribution and nanometer size
can be prepared for broad applications in ORR
electrocatalysis.

In recent years, Fe-N/C-based electrocatalysts have
gradually become one of the most promising candidates
for ORR. Herein, we reported an Fe-N/C -catalyst
(Fe,N@rGO) prepared by a simple pyrolysis method.
The large number of Fe, N nanoparticles dispersed on the
rGO support leads to rich active sites and a large surface
area. According to the characterization results, the as-
prepared catalysts showed premium ORR catalytic
activity in both acidic and alkaline media when
compared with the commercial Pt/C catalyst and rank
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among the top Fe,N-based electrocatalysts, as shown in
the Supporting Information (Table S1). In addition, the
electrochemical surface area (ECSA) ratio of FGN-8
versus Pt/C increased from 4.33 to 7.66 after 10,000
cycles, which indicates its excellent cycling stability in
an acidic electrolyte.

2 Experimental
2.1 Preparation of Fc@RGO composites

The synthesis process of Fe,N@rGO composites is
illustrated in Figure 1. Reduced graphene oxide (RGO)
supported Fe,N nanoparticles were prepared by pyro-
lysis of the mixed precursors. Typically, 200 mg of GO
powder and 40mg of 1,1’-diacetylferrocene (Fc@GO)
were ground together and mixed thoroughly. Subse-
quently, the mixture was heated to 400°C for 1h
decomposition in a mix of NH; and Ar atmosphere
(NH5/Ar) at a heating rate of 10°C min™' and then
subjected to thermal annealing at 600, 700, and 800°C
for 1 h, which leads to the RGO-supported Fe,N and Fe,O
nanoparticles. Finally, the product was immersed in HCl
solution (1 mol L™") at 60°C for 12 h and named as FGN-6,
FGN-7, and FGN-8, respectively. The pyrolytic product of
GO without Fe precursors (GN) was also prepared in
NH;/Ar at 700°C for comparison.

2.2 Electrochemical properties

The electrochemical properties of all catalysts were
tested on a CHI760E electrochemical workstation with
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Figure 1: The schematic diagram of the synthesis process of the Fe,N@RGO.
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a typical three-electrode system. All the experimental
data have been reproduced three times by using the
glass carbon (5 mm) rotating disk electrode (RDE) as the
working electrode carrier, Pt sheet as a counter
electrode, and Hg/HgO or Hg/HgSO, as reference
electrodes. The working electrode was prepared as
follows: 5mg of Fe, N@RGO or 10% of commercial Pt/C
catalyst was dispersed in 400 pL of deionized (DI) water,
180 pL of isopropanol, 400 pL of ethanol, and 20 pL of
5wt% Nafion. The mixture solution was sonicated for
30 min before measurements. Then, 10 pL of uniform ink
was loaded on a polished glassy carbon electrode and
dried naturally. The electrolyte was O,-saturated 0.1 M
KOH and 0.5M H,SO,, and the potential has been
converted to reversible hydrogen electrode (RHE),
according to the calibration curve in the Supporting
Information. The cyclic voltammetry (CV) was recorded
between 0 and 1.0 V (vs RHE) at a scan rate of 50 mV s},
and the linear sweep voltammetry (LSV) was carried out
using RDE at 5mVs™.

2.3 Calculation of electron transfer number
of catalysis

The electron transfer number of catalysis was calculated
by the Koutecky-Levich equation at the electrode
potentials of 0.2, 0.3, 0.4, and 0.5V (vs RHE).
According to the Koutecky-Levich equation, the slope
of linear fitting was used to calculate the number of
transferred electrons (n) [40,41], given by

1 1 1 1 1

= — + _—= + —
J L Kk B
B = 0.62nFCy(Dy)*/3v1/6 (2
Ji = nFxCy 3)

)

where J is the measured current density, J; and Ji are the
kinetic limiting current densities and diffusion limiting
current densities, and B is a parameter related to the
density of the diffused current. w is the angular velocity
of the disk (w = 2nN, N is the linear rotation speed), n is
the number of transferred electrons of ORR, F is the
Faraday constant, C, is the saturation concentration of
0O, at room temperature environment, v is the kinematic
viscosity of the electrolyte, and « is the electron-transfer
rate constant. In 0.1 M KOH solution, the values can be
determined as: Co = 1.2 x 10> mol™, v = 0.1m?s ™, F =
96,485 Cmol !, and Dy = 1.9 x 10 cm s ™.
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3 Results and discussion

This study demonstrates a simple strategy to capture
Fe,O particles decomposed from 1,1’-diacetylferrocene in
a high-temperature environment by a variety of oxygen-
containing functional groups on the GO/RGO surface,
and then to in situ prepare Fe,N nanoparticles by
reaction with NHs/Ar at high temperature. The electron
micromorphology of the catalysts is shown in Figure 1.
Generally, RGO presents a folded, thin-layered, porous
stacking structure (as shown in Figure 2a), where the
microscopic interconnected porous structure can provide
a good supporting matrix for nano-Fe-based compounds.
GO and 1,1’-diacetylferrocene mixtures were heat-treated
in NH;5/Ar at 600, 700, and 800°C (FGN-6, FGN-7, and
FGN-8). As shown in Figure 2b, FGN-6 catalyst shows
nanoparticles with a size of 10-30 nm anchored on the
RGO matrix. It is highly possible for the Fe-containing
species on the surface to be removed thoroughly during
the acid leaching. Interestingly, the FGN-7 catalyst after
acid leaching shows much smaller 2—-6 nm nanoparticles
evenly distributed on the RGO surface, as shown in
Figure 2c. When the annealing temperature reaches
800°C (FGN-8), the nanoparticles grow slightly to
3-7nm (Figure 2d).

The XRD pattern of the pyrolysis products of Fc@GO
annealed in NH;/Ar is shown in Figure 3a, in comparison
with FGN-6, FGN-7, and FGN-8. All the pyrolysis
products show a broad peak at around 27°, corre-
sponding to the (002) reflections of RGO [42]. As for
FGN-6, the diffraction peaks displayed at 30.1°, 35.6°,
57.3°, and 62.9° could be assigned to (220), (311), (422),
and (440) planes of the cubic spinel crystal of FesO,4
(JPCDS No. 19-0629) [27,43]. After raising the annealing
temperature and acid leaching, FGN-7 shows only two
peaks at around 41.1° and 43.2°, corresponding to the
(002) and (111) reflections of FesN (JPCDS No. 72-2125)
[44], respectively. For the FGN-8 catalyst, several
characteristic peaks at 20 = 37.9°, 41.4°, 43.2°, and
57.1° can be observed in the XRD pattern, which
corresponds to the Fe,N (JPCD No. 89-3939), indicating
that Fe,N nanoparticles are formed during the NH;/Ar
heat-treatment [45]. Figures 3b and ¢ show the HRTEM
image of nanoparticles in FGN-6 and FGN-8, where the
lattice distances of the nanoparticles are measured to be
0.44 and 0.21nm, corresponding to the (311) facet of
Fe;0, [45] and the (101) facet of Fe,N [46], consistent
with the XRD pattern. These results demonstrate that the
Fe,N nanoparticles were successfully prepared in the as-
prepared catalysts.
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Figure 2: SEM images of (a) RGO, (b) FGN-6, (c) FGN-7, and (d) FGN-8.

Figure 3d shows the chemical composition and the
corresponding bonding configurations of FGN-6, FGN-7,
and FGN-8. All the electrocatalysts possess the char-
acteristic spectra of C 1s (284.6 eV), O 1s (532.4eV), N 1s
(398-404eV), Fe 2ps, (710-713eV), and Fe 2pyp
(723-726 eV), demonstrating the successful doping of N
and Fe into RGO. The amounts of Fe, N content are
tested to be 0.49%, 0.35%, 0.2% and 3.99%, 5.87%,
4.51% for FGN-6, FGN-7, and FGN-8, respectively. As
shown in Figure 3e, the high-resolution Fe 2p XPS
spectrum can be deconvoluted into five peaks: the peaks
at 710.5 and 713.5 eV correspond to Fe’* and Fe’* 2ps),,
the peaks at 710.5 eV can be assigned to the coordination
of Fe-N species, and the peaks at 723.5 and 726.1eV
correspond to Fe’* and Fe®* 2p, ,, respectively. The high-
resolution N 1s XPS spectrum can also be deconvoluted
into five peaks, pyridinic-N (398.1eV), pyrrolic-N
(400.2eV), graphitic-N (401.1eV), oxidized-N
(403.5eV), and Fe-N (399.1eV), as shown in Figure 3f.
FGN-7 has the most notable Fe-N peak and FGN-8 has
the most notable graphitic-N peak, which corresponds to

the previous results that the increasing annealing
temperature promotes the formation of Fe-N from
600°C to 700°C, and then the transformation of FesN to
Fe,N from 700°C to 800°C. Actually, pyridinic-N and
pyrrolic-N contribute to the formation of metal-nitrogen
sites, and graphitic-N could facilitate the ORR perfor-
mance [47], which forms the synergistic effect and
improves the catalytic activity.

The texture properties of Fc@GO, FGN-6, FGN-7, and
FGN-8 were characterized by nitrogen adsorption—de-
sorption isotherms, as shown in Figures 4a and h.
According to the IUPAC classification, all the catalysts
exhibit a typical type-IV curve with a type-H4 hysteresis
[48], which also indicates the existence of micropores
and mesopores. The Fc@GO precursor exhibits a lower
Brunauer-Emmett-Teller (BET) surface area of
3.29m?g"'. After heat-treatment in NHs/Ar, the BET
surface areas of FGN-6, FGN-7, and FGN-8 catalysts
increased to 177.08, 266.21, and 369.98 m?g~}, and the
pore volumes calculated by the Barrett—Joyner-Halenda
method are 1.31, 1.41, and 2.27 cm® g/, respectively. The
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Figure 3: (a) XRD spectra of GN, FGN-6, FGN-7, and FGN-8; TEM and HRTEM of (b) FGN-6; (c) FGN-8; (d) the XPS survey spectrum, (e) Fe 2p;
(f) N 1s XPS spectra of FGN-6, FGN-7, and FGN-8.

increase in surface area and pore volume can be newly formed Fe,N nanoparticles effectively prevent
attributed to the three-dimensional network structure RGO nanosheets from stacking and agglomeration.
formed by RGO under high temperature, and that the Meanwhile, the higher specific surface area and larger
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Figure 4: (a) N, adsorption—desorption isotherms and (b) the corresponding pore size distributions of Fc@GO, FGN-6, FGN-7 and FGN-8.
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mesoporous structure can help in exposing more active
sites and contributing to the diffusion of ORR-related
species, hence improving the ORR activity [49].

The ORR activities of Fe, N@RGO catalysts are first
assessed by RDE in O,-saturated 0.1 M KOH solution and
compared with the commercial Pt/C (10 wt%) catalyst.
The catalyst loading is 50 pg cm 2 and the LSV curves at
different rotation speeds were measured at a potential
scan rate of 5mVs™'. As shown in Figure 5a, the
commercial Pt/C catalyst displays an onset (E;) and
half-wave (E;/,) potential of 0.939 and 0.818 V (vs RHE).
As shown in Figures 5b-d, the E, and Ej;, of FGN-6,
FGN-7, and FGN-8 are 0.844, 0.955, 0.962 and 0.729,
0.841, 0.846 V (vs RHE), respectively, which presents an
excellent ORR catalytic activity. The excellent ORR
activity of Fe,N@RGO can be ascribed to the following
reasons: (1) The interconnected porous structure of RGO
is conducive to the loading and uniform distribution of
Fe,N nanoparticles. (2) The charge transfer between Fe, N
nanoparticles and RGO will enhance the oxygen adsorp-
tion and boost the catalytic activity of ORR [50]. (3) The
evenly distributed Fe,N nanoparticles prevent the
stacking of RGO, which guarantee the high specific
surface area and pore volume, strengthen the exchange
interaction between oxygen and catalytic active site, and
provide large electrode—-electrolyte interfaces for im-
proving the catalytic activity [51,52]. (4) Although
FGN-8 has the lowest Fe content from the above XPS
analysis, the successful transformation from Fe;O, and
Fe,N to FesN guarantees the high electrocatalytic
performance.
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In order to gain insights into the ORR reactive
mechanism and kinetics of Fe, N@RGO, the K-L equation
was used to analyze the dynamic parameters. As shown
in Figure 5a-d, the limiting current density (Ji) of
catalysts increases with increasing rotation speed, that is
mainly because of the increased surface flux of oxygen
molecules on the catalyst and the fast electron-transfer
rate at high-speed rotation [53]. Based on Figure 5a—d,
the transferred electron number (n) of ORR is calculated
by the K-L equation, from 0.2 to 0.5V (vs RHE), as
shown in Figure 5e-h. It can be clearly seen that the n of
commercial Pt/C and FGN-8 is very close to 4.0,
indicating that FGN-8 favors a four-electron ORR
pathway in 0.1M KOH. However, the n of FNG-6 is in
the scope of 2.5-3.3, reflecting that the ORR of Fe;0,
nanoparticles is dominated by the two-electron pathway.
Thus, it is not surprising to find that the n for the FGN-7
catalyst stays between 3.2 and 3.4, which indicates a
mixed two-electron and four-electron pathway. Com-
bined with the above XRD and XPS analysis, the FesN
nanoparticles are beneficial to increase the n of ORR.

In addition to the performance in alkaline media, the
performance in acidic media is another major challenge
for industrial application. In this study, the electrocata-
lytic activities of commercial Pt/C and FGN-8 are
evaluated by LSV on RDE in O,-saturated 0.5M H,SO,
solution, with a scan rate of 5mV/s at various rotating
speeds under room temperature. As shown in Figures 6a
and d, the E, and Ej;, of Pt/C (0.825 and 0.656V [vs
RHE]) are much lower than those of FGN-8 (0.914 and
0.796 V [vs RHE]). Besides, the n of FGN-8 stays in the
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and (h) FGN-8 from 0.2 to 0.5V (vs RHE). All the LSV curves were tested in 0,-saturated 0.1 M KOH solution with a scan rate of 5mV s,
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scope of 3.96-4.01, in the potential range from 0.2 to
0.5V (vs RHE), indicating a four-electron ORR pathway
in acidic media.

ECSA is another important index to evaluate the
stability of catalytic activity [52,54,55]. The CV after long
circulation can be used to evaluate the durability of
commercial Pt/C and FGN-8 catalysts, with a scan rate of
50mV s~ in O,-saturated 0.5M H,SO, at room tempera-
ture. In the first loop, the ECSA of FGN-8 is 4.33 times
more than that of commercial Pt/C (Figure 6d). After
10,000 cycles, the ECSA ratio between FGN-8 and
commercial Pt/C increased to 7.66 (Figure 6e). As shown
in Figure 6c, the kinetic current densities (Ji) of the
FGN-8 catalyst are 0.098 and 0.093mAcm 2 at 0.9V (vs
RHE) after 5,000th and 10,000th cycles, which are almost
6.7 times that of commercial Pt/C (0.014 mA cm™2). These
results clearly indicate that the FGN-8 catalyst possesses a
good long-term stability in acidic media.

Exchange current density (i) is another common
parameter to evaluate the catalytic activity [53,56]. In the
high potential region of 0.7-0.8 V (vs RHE), the electrode
current density (ig) is barely affected by the electrode’s
rotation speed, which should be the pure dynamic
current density, which can be expressed as:

ig = nFkec(0,)esp{-an F(E — E®)/(RT)}
Conversion into Tafel form:
E = E° + 2.303RT log i°/ (an,F) — 2.303RT log iy/(an,F)

where E is the potential, E° is the thermodynamic
potential (E° = 1.23V vs RHE), F is the Faraday constant
(96,487 Cmol™), ¢(0,) is the bulk concentration of O,
(1.2 x 10 mol LY, T is the temperature (298.15K), and
n, and a are the electron transfer number and transfer
coefficient of the controlled velocity step in ORR,
respectively. i® is the exchange current density, iq is
the measured current density. E was plotted against the
logiy to obtain the Tafel curve, as shown in Figure 6f.
The i° is calculated according to the slope (2.303RT/
(an,F)) and the intercept (E° + 2.303RT/log i®/(an,F)) of
the Tafel curve. Thus, the i® of commercial Pt/C and
FGN-8 are 3.62 x 107" and 6.21 x 10" mA/cm? in the first
cycle, and 2.17 x 1077 and 6.14 x 107" mA/cm’ after
10,000 cycles, respectively, which proves that FGN-8
shows a better stable performance than the commercial
Pt/C. Therefore, all the results manifest that FGN-8
catalyst is a suitable ORR catalyst for both acidic and
alkaline media.
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4 Conclusions

In summary, an excellent active Fe,N@RGO ORR
electrocatalyst both in acidic and alkaline electrolytes
was developed by pyrolyzing the mixture of 1,1-
diacetylferrocene and GO in NHs/Ar. Using the as-
prepared catalyst with an average particle size of around
4nm, and a high specific surface area with a big pore
volume, the catalyst crystalline phase may derive into
FesN, F>N, and N-doped RGO. Therefore, these catalysts
show an excellent ORR performance in alkaline and
acidic solutions. Among the above catalysts, FGN-8
shows an impressive electrocatalytic performance for
ORR in 0.5 M H,SO,: the initial ECSA is 433% higher, the
onset potential E, shifted 23 mV more positively, and the
exchange current density i® is about 2 times higher. After
10,000 cycles, the ECSA is 766% higher and the J, at
0.9V (vs RHE) is 6.7 times higher than that of the
commercial 10% Pt/C of the same loading (g cm™2). This
study sheds light on developing Fe,N-based electrocata-
lysts for a four-electron ORR pathway in acidic and
alkaline solutions, which also provide a novel strategy
for the rational design of ORR catalysts with premium
performance.
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