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Via a solvothermal carbonization process, an enriched graphitic N-doped
carbon-supported Fe;O4 nanoparticles composite was prepared. The hybrid composite
exhibits similar high catalytic activity but superior stability to Pt/C for ORR. The
unusual high catalytic activity arises from the combination of the high surface area
and the synergetic coupling effect between the enriched graphitic N-doped carbon and
Fe;04 nanoparticles.
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Graphitic N is proposed to be one of the most likely active sites for oxygen reduction reaction (ORR) in
N-doped carbon materials. However, the recent hybrid composites consisting of N-doped carbons and
transition metal oxides for ORR are predominantly pyridinic N- and pyrrolic N-doped carbons-supported
cobalt or manganese oxides. Here, an enriched graphitic N-doped carbon-supported Fe;04 nanoparticles
composite was prepared via a solvothermal carbonization process. The hybrid composite exhibits similar
high catalytic activity with 4e” reaction pathway but superior stability to Pt/C for ORR in alkaline media.
Furthermore, the composite also shows better ORR performance than previously reported transition metal
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oxides based N-doped carbon hybrid composites. The unusual high catalytic activity arises from the

combination of the high surface area and the synergetic coupling effect between the enriched graphitic N-

doped carbon and Fe;O4 nanoparticles.

Introduction

Catalysts for oxygen reduction reaction (ORR) are at the heart of
renewable-energy applications such as fuel cells and metal-air
batteries.! Pt and its alloys have long been regarded as the most
efficient catalysts for ORR, however, high cost, limited supply
and poor stability severely prevent them from being a sustainable
solution to ORR. Therefore, Pt-free catalysts with high ORR
activity, low cost and superior stability have been actively
pursued.>?

Currently, N-doped carbon materials are considered to be a
potential substitute for Pt to reduce the cost and enhance the
stability of ORR catalysts.*® The incorporation of N element into
carbon materials endows them unique electronic properties due to
the conjugation between the N lone-pair electrons and the
graphene 7 system, and thus significantly enhance the number of
active sites for ORR.” ® It is proposed that the inherent active
sites for ORR in N-doped carbon materials might include
pyridinic, pyrrolic, and graphitic N species. Among them,
graphitic N is regarded as one of the most likely ORR active sites
because the graphitic N atoms in the carbon lattice facilitate
electron transfer from the carbon electronic bands to the anti-
bonding orbitals of O,.”'" Although great efforts have been done
to synthesize various N-doped carbon materials, their ORR
activities are still on a less competitive level compared to Pt-
based catalysts. Hence, it is still important to develop new
strategy to further improve the ORR activities of N-doped carbon
materials.

In the past decades, transition metal oxides (Co304, MnO,,
etc.) have also been widely studied as alternative ORR catalysts
in alkaline solution because of their low cost, abundance and
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environmental compatibility.'>'* Nevertheless, pristine transition
metal oxides usually exhibit limited ORR activities probably due
to their low electrical conductivity. Loading of transition metal
oxides on conducting carbon supports can overcome this
limitation and improve the ORR activity."”!7 In this way,
considering that both N-doped carbon materials and transition
metal oxides have considerable ORR activities, it will be
attractive to study the ORR performances of their hybrid
composites. Just recently, some hybrid catalysts based on N-
doped carbon materials and transition metal oxides have been
reported to exhibit enhanced ORR activity and superior
stability.lg'20 However, in those studies, as far as we know, due to
the higher formation energy of graphitic N dopant and the
relatively mild synthesis methods, the doped N species in the N-
doped carbon materials are predominantly pyridinic and pyrrolic
N, which could be less active owing to the lack of graphitic N.>*
2! Furthermore, most of those studies are devoted to cobalt and
manganese oxides based N-doped carbon materials, and few has
been carried out in regard to Fe;O, based N-doped carbon
materials, presumably due to the low ORR activity of pristine
Fe;0,4 nanoparticles or mixture with N-doped carbons. Therefore,
it is encouraging and interesting to investigate the ORR
performance of hybrid composite consisting of graphitic N-doped
carbon and Fe;O,4 nanoparticles.

Experimental

Instrumentation and Chemicals.

Electrochemical experiments were conducted on a CHI660C
electrochemical workstation (CH Instrument Co., China). A
conventional three-electrode system included a glassy carbon

This journal is © The Royal Society of Chemistry [year]
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rotating disk electrode (RDE) (5 mm in diameter, Pine Research
Instrumentation) coated with catalysts, a Pt wire counter
electrode and an Ag/AgCl (KCl, 3.5 M) reference electrode.
Transmission electron microscopy (TEM) studies were performed
on a JEM-2100 high-resolution transmission electron microscope
equipped with an energy dispersive X-ray analyzer (EDX). The
samples were placed on a carbon-coated copper grid and dried at
room temperature overnight. X-ray diffraction (XRD) patterns
were collected on a powder X-ray diffractometer (RIGAK,
D/MAX 2550 VB/PC, Japan) Scanning electron microscopy
(SEM) images were recorded on the S-4800 field emission
scanning electron microscope at high vacuum with an
accelerating voltage of 10 kV. Raman spectra were collected on a
Bruker RFS 100/S spectrometer with 514 nm laser excitation and
Fourier transform infrared (FTIR) spectra were performed with
the transmission module of Thermo Nicolet 5700 FTIR
spectrometer. Thermogravimetric analysis (TGA) of sample was
performed on a SDT-Q600 TGA/DSC
thermogravimetric analyzer (TA Instruments), and the sample
was heated under air atmosphere from room temperature to 800
°C at 10 °C min"'. X-ray photoelectron spectroscopy (XPS) was
conducted using a VG ESCA 2000 with an Mg Ka as the source
and using the C Is peak at 284.6 eV as an internal standard.
Brunauer-Emmett-Teller (BET) and Barrett-Joyner—Halenda
(BJH) models were used to determine the specic surface areas,
pore volume, and pore sizes of the samples, respectively. All
chemicals were of analytical grade and used without further
purification. Ultrapure water (> 18MQ cm’) was used
throughout.

simultaneous

Materials Synthesis.

Synthesis of Fe;04/N-C composites: Ferric chloride (0.811 g, 3.0
mmol) was first dissolved in anhydrous ethanol (30 mL), and
then mixed with the anhydrous ethanol (30 mL) solution of
pyrrole (0.201 g, 3.0 mmol) under continuous stirring for about
30 min. The resulting solution was sealed in a 100 mL Teflon-
lined autoclave and solvothermally treated at 180 °C for 12 h,
followed by natural cooling to room temperature. The precipitates
were collected by centrifugation, washed with ultrapure water
and anhydrous ethanol for three times, and finally dried at 60 °C
overnight. After that, the as-prepared samples were pyrolyzed at
800-1100 °C for 4 h under flowing argon gas.

Synthesis of N-doped carbon: Ammonium persulfate (0.684 g,
3.0 mmol) was first dissolved in ultrapure water (30 mL), and
then mixed with the anhydrous ethanol (30 mL) solution of
pyrrole (0.201 g, 3.0 mmol) under continuous stirring for about
30 min. The resulting solution was sealed in a 100 mL Teflon-
lined autoclave and solvothermally treated at 180 °C for 12 h,
followed by natural cooling to room temperature. The precipitates
were collected by centrifugation, washed with ultrapure water
and anhydrous ethanol, and finally dried at 60 °C overnight. After
that, the as-prepared samples were pyrolyzed at 900 °C for 4 h
under flowing argon gas.

Synthesis of Fe;04 nanoparticles: Pristine Fe;O4 nanoparticles
were synthesized following a reported methodology.” Briefly,
Ferric chloride (0.811 g, 3.0 mmol), Sodium acetate (2.04 g, 15.0
mmol), and sodium dodecyl sulfate (1.090 g, 4.0 mmol) and
polyethylene glycol (0.4 g, ~7 mmol) were added to ethylene
glycol (24.0 ml) to form colloid mixture under vigorous stirring
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at room temperature. Then, the mixture was sealed in a teflon-

o lined stainless-steel autoclave of 50 ml capacity. Finally, the

autoclave was heated and maintained at 180 °C for 72 h, and
allowed to cool down to room temperature naturally. The black
products were washed several times with absolute ethanol and
dried at 60 °C for 6 h.

Electrode preparation and Electrochemical Tests.

The RDEs were polished with 1 and 0.05 pm alumina slurry
sequentially and then washed ultrasonically in ultrapure water
and ethanol, respectively. The catalysts (3 mg) were
ultrasonically dispersed in the mixed solution of Nafion (5§ wt%,
100 pL) and ethanol (900uL), resulting in a catalyst
concentration of 3 mg mL™'. Then the catalyst dispersion (10 pL)
was dropped onto the RDE, which yielded a loading of catalyst
0.15 mg cm™ The resulting electrode was dried under ambient
conditions. All electrochemical tests, including cyclic
voltammograms (CVs), linear sweep voltammetrys (LSVs) and
chronoamperometry, were performed at room temperature in 0.1
M KOH solutions, which were purged with N, or O, for at least
30 min prior to each measurement. Tests for CVs and LSVs were
scanned between -1.0 and +0.2 V at 10 mV s™', and LSVs were
recorded at various rotating speeds from 400 to 1600 rpm.
Chronoamperometry tests were conducted in O,-saturated 0.1 M
KOH at -0.4 V with a rotation rate of 900 rpm. The exact kinetic
parameters, including electron transfer number (n) and kinetic
current density (Ji) involved in the typical ORR process were
analyzed based on the Koutecky-Levich (K-L) equation:">*
1 1 1 1 1

J J, J. Bao" J,

( 1 )
B=02nFC,(D,)" v
( 2 )

In the Koutecky-Levich equation, J, J;, J, are the measured
current density, the diffusion current density, and the kinetic
current density, respectively; o is the rotation speed in rpm, F is
the Faraday constant (96485 C mol"'), Dy is the diffusion
coefficient of oxygen in 0.1 M KOH (1.9 x 10° cm® s7), v is the
kinetic viscosity (0.01 cm? s), and Cy is the bulk concentration
of oxygen (1.2 x 10 mol cm™). The constant 0.2 is adopted
when the rotating speed is expressed in rpm.

Results and discussion

In this work, we describe a solvothermal carbonization method to
in situ prepare enriched graphitic N-doped carbon supported
Fe;0,4 nanoparticles (Fe;04/N-C). The as-prepared Fe;O4/N-C-
900 composite shows greatly enhanced catalytic activity and
excellent stability towards ORR in alkaline solution. The
fabrication process of Fe;O4/N-C using pyrrole and FeCl; as
precursors is illustrated in Scheme 1 together with the predicted
microstructure of the N-doped carbon in Fe;O4/N-C, further
details of synthesis can be found in the Experimental Section.
Here, FeCl; is used not only as an oxidant for pyrrole
polymerization, but also as reactant for the formation of Fe-

1o containing intermediates. Meanwhile, owing to the good

solubility of pyrrole and FeCl; in ethanol solvent, Fe
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intermediates could be uniformly formed and well embedded into
polypyrrole during the solvothermal treatment. Moreover, in the
pyrolysis step, the as-prepared Fe-containing intermediates-doped
polypyrrole (Fe-PPy) is employed as the only pyrolytic precursor
providing nitrogen, carbon and iron, which substantially reduces
the precursor number and simplifies the procedure.

To study the effect of the pyrolysis temperature on the
catalytic activity of Fe;O,/N-C, linear-sweep voltammograms at
1600 rpm were collected in O,-saturated 0.1 M KOH for
10 Fe304/N-C samples carbonized under different temperatures

(Supporting Information, Figure S1). The activity increased with

increasing treatment temperature from 800 °C to 900 °C, but

decreased when the temperature increased to 1100 °C. We
selected 900 °C as optimal treatment temperature, and thus chose
15 the Fe;04/N-C-900 catalyst for more detailed studies.
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Scheme 1. Illustration of the fabrication process for Fe;O4/N-C, and the
possible microstructures of the N-doped carbon in Fe;04/N-C.

X-ray diffraction (XRD) was used to obtain structural

20 information about Fe;O4/N-C-900. Fig. la shows X-ray
diffraction patterns of Fe;04/N-C-900. The well-defined peaks at
around 30°, 35.5°, 43°, 53.5°, 57°, 63° are in good agreement with
the Joint Committee on Powder Diffraction Standards (JCPDS)
card 39-1346, which confirms the formation of Fe;O4. The

»s relatively sharp diffraction peaks at around 20=25° and 43°,
corresponding to C (002) and (101) diffractions, indicating the
partially graphitized structure of the N-doped carbon in Fe;0,/N-
C-900. Notably, in the XRD patterns of Fe-PPy, only a broad C
(002) diffraction peak can be obviously identified and observed,

30 which suggests that the Fe-containing intermediates might be
amorphous phase (Supporting Information, Figure S2). This
speculation could further be supported by the step scanning XRD
measurement of Fe-PPy at a very slow scan rate of 1 °C/min from
20 to 40 degree, as presented in Figure S3.

35 Scanning electron microscopy (SEM) image reveals a
granular-like morphology of Fe;O4/N-C-900 (Fig. 1b), which
demonstrates a similar but shrunken sized morphology of Fe-PPy
owing to the carbonization process (Supporting Information,
Figure S4). Transmission electron microscopy (TEM) images in

20 Fig. lc and Figure S5a suggest that the Fe;O, nanoparticles
incorporated in the carbon layers mainly exhitbit a size range of
30-150 nm, while from the corresponding dark-field TEM image
(Figure S5b), a lot of small sized bright dots could also be
identified and observed, which suggests that a large number of

s small sized Fe;O, nanoparticles (<20 nm) are existed in the
carbon layers. The inset in Fig. lc shows the selected area

electron diffraction (SAED) pattern, implying a polycrystalline
crystal structure of Fe;04 nanoparticles. The SAED pattern is less
clear because the content of Fe;O, in the Fe;04/N-C-900
composite is too low, which results in a weak diffraction intensity.
Short-range ordered, graphitized carbons can be observed from
the high-resolution TEM (HRTEM) image (Fig. 1d), and the inset
shows a small sized Fe;O, aggregates surrounded by the
graphitized carbons. It has been reported previously that the
interactions between transition metal oxides and N-doped carbon
materials can lead to improved ORR activity." > '® 2° Then it is
predictable that a similar mechanism may also work in our
Fe;0,4/N-C hybrid system due to the interaction between the
small sized Fe;O4 nanoparticles and the N-doped graphitized
¢ carbon. Through TEM and the energy dispersive X-ray (EDX)
spectroscopy characterizations of Fe-PPy, the existence of Fe-
containing intermediates could also be proved (Supporting
Information, Figure S6 and Figure S7). It is notable that some ClI
atoms existed in the Fe-containing intermediates-doped
polypyrrole (Fe-PPy) which we have washed sufficiently. We
think that this might be caused by two reasons: (i) During the
solvothermal treatment process, Cl ions may be incorporated into
the polypyrrole matrix and generate Cl anions-doped polypyrrole
due to the abundant FeCly reactant;’** (ii) Owing to the
70 uncertainty of Fe-containing intermediates, it may contain Cl

atoms in the Fe-containing intermediates, which causes the

presence of Cl in the resulting Fe-PPy.
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Fig. 1 (a) XRD patterns of Fe;04/N-C-900; (b) SEM and (c) TEM images

75 of Fe;04/N-C-900, inset of (c) shows the corresponding SAED pattern; (d)
HRTEM images of Fe;04/N-C-900, inset shows the small sized Fe;O4
aggregates surrounded by graphitized carbon.

The carbon structure of Fe;04/N-C-900 was analyzed by
Raman spectra (Fig. 2a). The D-band at 1346 cm’™' arises from the
so disorder in sp? hybridized carbon, and the G-band at 1575 cm’!
corresponds to graphitic structures. The broad bands centered at
2680 cm™ and 2900 cm™ are ascribed to the 2D and D+G bands.
The high Ig/Ip ratio (1.06) indicates the partial graphitization of
carbons in Fe;04/N-C-900, which agrees with the XRD and
ss HRTEM results.”” Moreover, a weak Raman signal at about 660
cm’! was observed, which could be attributed to the A, mode of
Fe;0,.%% The porous nature of Fe;0,/N-C-900 was accessed with
nitrogen adsorption-desorption isotherms (Fig. 2b). The isotherm
of Fe304/N-C-900 can be classified as a type-IV isotherm with a

This journal is © The Royal Society of Chemistry [year]
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high BET surface area of 210.6 m* g'. The distinct hysteresis
loop in the large range of ca. 0.2-0.8 P/P indicates the presence
of mesoporous structure.” 2 ** The pore size distribution
calculated from desorption data using the BJH model, suggests an
average value of 3.87 nm. It is obvious that the high specific
surface area is mainly attributed to the mesoporous structure. The
high surface area of Fe;04/N-C-900 could provide higher surface
density of catalytic active sites exposed to oxygen molecules and
the mesoporous structure could also provide the possibility of
efficient mass transport, which lead to enhanced catalytic

s s 30,31
activity.
b 120
a
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g 10095 o
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Fig. 2 (a) Raman spectra and (b) Nitrogen absorbtion and desorption
isotherm of Fe;04/N-C-900, inset of (b) shows the BJH pore distribution.

X-ray photoelectron spectroscopy (XPS) was used to
characterize the elemental composition of Fe;0,/N-C-900. As
shown in Fig. 3a, four predominant peaks, corresponding to the
Cls, Ols, N1s and Fe2p, are visible at about 284.6 eV, 532 eV,
401 eV and 711 eV, respectively. The deconvolution of Cls
spectrum showed that there was 68.6% C=C, 14.3% C=N & C-O,
10.1% C-N & C=0, and 7.0% O-C=0, indicating the existence of
carbon atoms connected to N and O heteroatoms (Fig. 3b). The
high-resolution N1s could be deconvoluted into four types of N
species and the graphitic N dominates the majority: 14.2%
pyridinic N, 3.5% pyrrolic N, 78.0% graphitic N, and 4.3%
oxidized N (Fig. 3c). These results clearly demonstrate the
successful incorporation of nitrogen atoms into the carbon
framework. A schematic structure of N-doped carbon showing
the bonding configurations of N atoms is given in the supporting
information (Supporting Information, Scheme S1). It has been
demonstrated that graphitic N could greatly increase the limiting
current density, and pyridinic N could improve the onset
potential, while other N species such as pyrrolic N or oxidized N
had little effect on the electrochemical performance of carbon
3s materials.” Furthermore, some previous work have reported that a
larger amount of graphitic N than pyridinic N is considered to be
favourable for ORR.** ** Thus, the enriched graphitic N-doped
carbon in this work might have a positive effect on the ORR
activity of Fe;0,/N-C-900. The Fe2p spectrum shows typical
peaks of Fe2p 1/2 and Fe2p 3/2 of oxidized Fe species, which can
be deconvoluted into five peaks at 710.9, 713.6, 718.7, 723.0 and
725.2 eV (Fig. 3d). These are consistent with the previous report
and further verify the existence of Fe;0,.>*3¢ The photoelectron
peaks at 725.2 eV is attributed to the binding energies of 2p 1/2
of Fe(Ill) and Fe(II) ions, the peaks at 722.9 eV can be assigned
to the binding energies of 2p 1/2 of Fe(1l) ion.>”*® The peak at
713.6 and 710.7 eV can be assigned to the 2p 3/2 of Fe(Ill) ion
and Fe(1I) ion, respectively.” The peak at 718.7 eV is a satellite
peak for the above four peaks, indicating the co-existing of
so Fe(IIl) and Fe(Il) in the catalyst. Moreover, the high-resolution

S

Ols spectrum could be fitted into four peaks at 533.1, 532.0,
530.7 and 530.2 eV, which corresponds to hydroxyls, carboxyls,
physically adsorbed oxygen/carbonates and the oxygen related to
Fe;0,, respectively (Fig. 3e).*" Interestingly, thermogravimetric

ss (TG) analysis reveals that the mass fraction of Fe;0,4 in Fe;04/N-

C-900 is about 14 wt% (Fig. 3f), which is much higher than that
calculated from XPS (ca. 5 wt% converted from the 0.8 at% of Fe
(Supporting Information, Table S1)). This is because XPS
analysis is more sensitive to the surface chemical composition

6 (ca. 5 nm), which could hardly detect the Fe;O4 nanoparticles

incorporated in carbon nanosheets (Fig. 1c).*!
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Fig. 3 (a) XPS spectra of Fe;04/N-C-900; high-resolution (b) C 1s, (c) N
Is, (d) Fe 2p and (e) O 1s spectra; (f) TG analysis of Fe;04/N-C-900.
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Fig. 4 CVs in N,- and O,-saturated 0.1 M KOH, in an O,-saturated 0.1 M
KOH upon the addition of CH;0H (3 M) for (a) Fe;04/N-C-900 and (b)
Pt/C.

The ORR catalytic activity of Fe;O4/N-C-900 was initially
investigated using cyclic voltammogram (CV) measurements in
0.1 M KOH at a scan rate of 10 mV s”'. Featureless voltammetric
currents within the potential range between -1.0 and +0.2 V are
observed for Fe;04/N-C-900 in N,-saturated solution, while the
reduction current appears as a well-defined cathodic peak at -0.15

75 V in Op-saturated 0.1 M KOH solution, suggesting pronounced
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electrocatalytic activity of Fe;O4/N-C-900 for ORR (Fig. 4a).
Furthermore, we measured the catalytic selectivity of Fe;O4/N-C-
900 and Pt/C against the electrooxidation of methanol in O,-
saturated 0.1 M KOH in the presence of methanol (3.0 M). The
Pt/C shows a distinct response corresponding to methanol
oxidation, whereas the cathodic peak for ORR disappears (Fig.
4b). In contrast, no noticeable change was observed for Fe;O,/N-
C-900 under the same condition, indicating excellent selectivity
of Fe;0,/N-C-900 compared to Pt/C (Fig. 4a). Notably, this result
could also be verified by the time-current responses of Fe;O,/N-
C-900 and Pt/C in O,-saturated 0.1 M KOH with the adding of
methanol (Fig. 6a).

To better compare and understand the ORR performance of
Fe;04/N-C-900 composite, N-doped carbon (N-C) and pristine
Fe;0,4 nanoparticles (Fe;04 NPs) were also prepared and used as
control  catalysts. Linear sweep voltammetry (LSV)
measurements for Fe;O0,/N-C-900, N-C, Fe;O0, NPs, physical
mixture of N-C and Fe;04 NPs (Mix), and commercial Pt/C (20
wt% Pt) were performed on a rotating-disk electrode (RDE) in
O,-saturated 0.1 M KOH at a rotation rate of 1600 rpm. As
shown in Fig. 5a, the Fe;04/N-C-900 presents a positive onset
potential of -0.055 V and a current density of 5.12 mA cm™ at -
0.6 V, very close to those of Pt/C (-0.024 V and 5.14 mA cm™),
and much higher than those of Fe;04 NPs (-0.356 V and 0.78 mA
em?), N-C (-0.266 V and 2.49 mA cm™) and Mix (-0.272 V and
2.52 mA cm?). The more positive onset potential and larger
current density of Fe;04/N-C-900 than those of Fe;0, NPs, N-C
and Mix should also suggest the existence of synergetic effect
between Fe;04 and N-C in the composite. Furthermore, the as-
prepared Fe;O4/N-C-900 here exhibits better ORR performance
than previously reported transition metal oxides based N-doped
carbon hybrid materials, indicating a highly efficient ORR
catalyst of Fe;0,/N-C-900 in alkaline solution (Table 1). We
speculate that the high ORR activity of Fe;04/N-C-900 could be
attributed to the combination of the high surface area of Fe;0,/N-
C-900 and the synergetic effect between the enriched graphitic N-
doped carbons and Fe;O4 nanoparticles.
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Fig. 5 (a) LSVs for Fe;04/N-C-900, N-C, Fe;04 NPs, Mix and Pt/C; (b)

40 LSVs at different rotating speeds and (c) K-L plots for Fe;04/N-C-900,

inset of (d) shows the electron transfer number at different potentials; (d)
K-L plots at -0.6 V for Fe;04/N-C-900, N-C, Fe;04 NPs, Mix and Pt/C,

=

a

inset show the corresponding Ji values; (f) I-t plots of Fe;04/N-C-900 and
Pt/Cat-0.4 V.

Typical LSVs of Fe;0,/N-C-900 at various rotating speeds
were recorded in Fig. 5b. The voltammetric profiles in O,-
saturated 0.1 M KOH electrolyte show that the current density
was enhanced with increasing rotation rates (from 400 to 1600
rpm). Fig. 5c shows the Koutecky-Levich plots (J7' vs W) at
different potentials for Fe3O0,/N-C-900, the linearity of the
Koutecky-Levich plots and near parallelism of the fitting lines
suggests first-order reaction kinetics toward the concentration of
dissolved oxygen and similar electron transfer number for ORR
at different potentials.">*° The inset of Fig. 5¢ demonstrates that
the electron transfer number of Fe;04/N-C-900 remains
approximately constant at 3.92 over the potential range from -
0.40 to -0.70 V, emphasizing the ORR proceeds via a four-
electron mechanism. Fig. 5d showed the Koutecky-Levich plots
for Fe;04/N-C-900, N-C, Fe;04 NPs, Mix and Pt/C at -0.60 V,
the corresponding kinetic current density (Jy) calculated based on
the Koutecky-Levich equation were also depicted in the inset of
Fig. 5d. The higher electron transfer number and J, of Fe;O,/N-
C-900 than those of Fe;O0, NPs, N-C and Mix further manifest
that a synergetic promotion of ORR performance arises from the
enriched graphitic N-doped carbon supported Fe;O4 nanoparticles
composite.

Table 1. A benchmark of our Fe;04/N-C-900 with values obtained from

some other independent literatures. All in alkaline condition with KOH
0.1 M.

=]

S

Materials Technique  Loading Activity  (V Refs.
(mg/cm?)  vs.
Ag/AgCD¥
Fe;04/N-C-900 CV, LSV 0.15 E,=-0.15 In this
Eonser=-0.055 work™
E1 /2:-0. 184
Co304/N- LSv 0.17 E;»=-0.199 1
graphene
MnO/m-N-C CV, LSV 0.10 E=-0.21 2
E 1/2:-0.2 19
CoO/N-CNT CV, LSV 0.10 Eonse=-0.099 18
E,=-0.169
Fe;04/N-GAs LSv 0.14 Eonse=-0.19 19
Mn;04/N- CV, LSV 0.20 E=-0.3 20
graphene Eonse=-0.09

2] All the potential values from references were converted to vs. Ag/AgCl
for comparison.

® In order to minimize the effect of residual currents on the potential
value, the onset potential in this research has been defined as a potential
required for generating an ORR current density of 0.1 mA cm? in the
LSV experiment.

S

The methanol crossover effect was evaluated using
chronoamperometric measurements at -0.4 V in O,-saturated 0.1
M KOH with a rotation rate of 900 rpm with the addition of 3.0
M methanol (Fig. 6a). A significant drop in current appeared at
the Pt/C electrode upon the addition of 3.0 M methanol. In
contrast, no noticeable change was observed in the ORR current
at the Fe;04/N-C-900 electrode. This suggests that the Fe;O,/N-
C-900 electrode has a higher ORR selectivity and greater
tolerance to methanol crossover than the commercial Pt/C

ss catalyst, which agrees with the CV results in Figure 4.

Additionally, chronoamperometric durability tests for the ORR

This journal is © The Royal Society of Chemistry [year]
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were also performed (Fig. 6b).> *'*** The Pt/C catalyst shows a
16.4% decrease in activity after 10000 s at -04 V. As a
comparison, Fe;O0,/N-C-900 retains a high relative current of
90.4% after 10000 s, indicating a superior stability of active
reaction sites on Fe;04/N-C-900 than that on commercial Pt/C in
alkaline environment.

o

Fe,0,/N-C-900

Methanoll 90.4%

=]
8

Fe,0,/N-C-500 PHC

83.9%

Relative current /%
Relative current /%
~
a

a
3

4000 6000 8000 10000

Time /s

Fig. 6 I-t plots of Fe;04/N-C-900 and Pt/C at -0.4 V in O,-saturated 0.1 M
KOH (a) with and (b) without the adding of methanol (1.0 M).

500 750 ZObO

Time /s

250 1000

Conclusions

In summary, via a solvothermal carbonization approach, a novel
non-precious ORR catalyst of enriched graphitic N-doped carbon
supported Fe;04 nanoparticles has been reported. Because of the
high surface area and synergistic effect between the enriched
graphitic N-doped carbon and Fe;O,4 nanoparticles, the resulting
Fe;04/N-C composite shows comparable high catalytic activity
and superior stability to the commercial Pt/C catalyst for ORR. It
is anticipated that the Fe;04/N-C used as an ORR catalyst in
alkaline fuel cell would offer a competitive advantage over state-
of-the-art Pt/C catalysts.
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