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Abstract. A high-efﬁciency carbon-based metal catalyst was prepared using inexpensive raw materials and
a simple synthetic method to replace the commercial platinum-based catalyst in oxygen reduction reaction
(ORR). In this article, clay was used as the template, and residual organic matter after oil adsorption was used
as the carbon source and the nitrogen source, respectively. Through ion adsorption, nitrogen-doped porous
carbon catalyst (Fe3C/NC) modiﬁed by iron carbide was synthesized by high-temperature pyrolysis and
etching of clay mineral template. Fe3C/NC was characterized by Fourier-transform infrared spectroscopy
(FT-IR), High-resolution transmission electron microscopy (TEM) and X-ray diffractometer. Further
experiment showed that this catalyst had good electrochemical activity for ORR.
Keywords. Fe3C/NC; non-precious catalyst; oxygen reduction reaction; porous carbon.

1. Introduction
Today, the continuous consumption of traditional
energy and the consequent pollution has been received
much attention. Meanwhile, the continuous consumption of traditional energy and the shortage of resources
are also big problems that cannot be ignored.1 The top
priority is to develop renewable, green and environmentally friendly energy sources.2–4 Therefore, oxygen reduction reaction (ORR) has become a hot
research project in the development of renewable
energy equipment such as fuel cells and metal-air
batteries.5 However, due to the retardation of ORR, the
catalysts used are mostly based on platinum materials.
The high price and poor stability of platinum-based
catalysts severely limit their practical applications.6,7
Therefore, the key to solving the above problems is to
develop low cost, high activity catalysts without metal
or non-precious meta.8 Recently, more and more
researchers are focusing on such catalysts based on
excessive metal oxides and transition metal-doped
carbon catalysts.9–11
Among the transition metal-based catalysts, Febased catalysts are widely regarded as promising
*For correspondence

candidates to replace Pt-based catalysts since their
catalytic activity and stability in alkaline media can be
close to or even better than that of commercial Pt/
Carbon catalysts.12,13 Jiang et al., pyrolyzed an inorganic iron salt, glucose and melamine to obtain Fe-NC catalyst, and it was found that Fe3C nanocrystals
could enhance the ORR activity of adjacent Fe-Nx and
activate the surrounding graphite carbon.14,15 The site
between Fe3C and carbon promoted the reduction of
the intermediate peroxide.16,17 Lu et al., used a mixture of Mg5(OH)2(CO3)4 and NaCl as a double-template, melamine and acorn shells as nitrogen and
carbon sources, hemin chloride as natural iron and
nitrogen sources, to prepare nanoparticles coated with
3D Fe-N co-doped porous carbon (FeOx/Fe-Fe-N-C)
by simple high-temperature carbonization.18 In any
case, it is generally believed that there is a synergistic
effect between Fe3C and Fe-Nx, and between Fe3C
and carbon, which is beneﬁcial to the catalytic
activity.19,20
Activated clay is prepared by activation modiﬁcation of clay minerals. Its main components are clay
minerals with good adsorption properties such as
montmorillonite and bentonite. After removing impurities, harmful pigments, colloids, asphaltenes and
other harmful substances in edible oil, parafﬁn oil and
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lubricating oil, activated clay becomes waste white
soil. The composition of waste white soil is mainly
clay and contains about 30% oil.
Herein, we use clay as the template, and the residual
organic matter after oil adsorption can be used as
carbon source and nitrogen source Through ion
adsorption, nitrogen-doped porous carbon catalyst
materials modiﬁed by iron carbide were synthesized
by high-temperature pyrolysis and etching of clay
mineral template. Compared with the traditional way
of treating waste clay, the preparation of catalyst
materials based on the structure and characteristics of
waste clay provides a new idea for the reuse of waste
resources. At the same time, it also provides a new
idea for the preparation of carbon-based catalysts.
2. Materials and methods
2.1 Materials
Potassium hydroxide (KOH), ferric chloride hexahydrate (FeCl36H2O), ethanol (C2H5OH), hydroﬂuoric
acid (HF), hydrochloric acid (HCl), and Naﬁon (5%)
solution were all of the analytical grade. All these
reagents are purchased from Shanghai Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). Waste
white soil was purchased from Jiangsu Taizhou
Petrochemical Co., Ltd. (Taizhou, China). All solutions were prepared with deionized water.

2.2 Preparation of clay/activated carbon
composites
Clean, dry, crush and screen waste white soil (SBE).
Then the waste clay with a mass of 5 g was weighed
and dried in an oven at 80 °C for 24 h. Dry waste white
clay was placed in a mufﬂe furnace for pyrolysis at
500 oC (10 °C min-1) for 4 h under the protection of
an O2 ﬂow. The ﬁnal product was named clay/carbon
(BE/C).
Dispersed 1 g anhydrous potassium hydroxide in
30 mL of deionized water for an ultrasound. Then 1 g
of BE/C powder was added to KOH solution. After
immersion at room temperature for 24 h, place the
sample in an oven at 100 °C for 24 h to remove
moisture. The sample was placed in a tube furnace for
carbonization at 750 °C (10 °C min-1) for 4 h under
the protection of an N2 ﬂow. To remove the residual
organic matter and other impurities, the product was
washed with 2 mol/L HCl solution and then washed
with deionized water until the pH value reached 7.
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Finally, the product was dried at 80 oC for 24 h. The
sample was marked as BE/AC.
2.3 Preparation of Fe3C-NC composites
The prepared BE/AC (1 g) was dispersed in 125 mL of
deionized water, and then 2.7 g FeCl36H2O was
added into it. The samples were magnetically stirred at
room temperature for 8 h. In order to remove water,
the samples were put into an oven at 100 °C for 24 h.
Then, calcination was carried out for 2 h in a tube
furnace with a nitrogen atmosphere at a heating rate of
5 °C min-1. The calcination temperatures are 800 °C
and 900 °C respectively. After cooling to room temperature, etch it with HF quickly, then wash it with
deionized water until neutral. Finally, the product was
dried at 80 °C for 24 h. After drying, the resulting
product is labelled Fe3C-NC-x. Where x is the amount
of ferric chloride (x=0.25, 0.5, 1).

2.4 Determination of oxygen reduction properties
of Fe3C/NC composites
The electrochemical performance of the materials was
evaluated by the electrochemical workstation of
CHI660D with a standard three-electrode system.
Electrochemical tests were performed using a standard
three-electrode system. The saturated calomel electrode (SCE) is the reference electrode, the platinum
plate electrode is the counter electrode, 0.1 mol/L
KOH aqueous solution is the electrolyte, glassy carbon
electrode (GC) substrates coated with different catalysts are working electrodes.21 The activity of the
catalyst was tested by limiting it to a rotating ring disk
electrode (RRDE, disk diameter 3 mm).
Preparation of working electrode: The 5.00 mg
catalyst was ultrasonically dispersed in 1 mL Naﬁon
and ethanol mixture to form a uniform ink. The
working electrode can be prepared by transferring a
6 lL aqueous solution to the surface of the glassy
carbon electrode with a pipette gun and then drying
naturally at room temperature to form a thin catalyst
layer. All samples (including commercial Pt/C
(20 wt%, Johnson Matthey)) produced a loading of
0.25 mg cm-2. The test environment was controlled by
a thermostatic water bath at a constant temperature of
25 oC. Before the test, purge with AR or O2 (air product, purity 99.995%) for at least 30 min, and maintain
continuous purging of Ar or O2 during the test. Cyclic
voltammetry (CV) of 0.2 to 1.2 V SCE was recorded at
a scanning rate of 20 mV/s in a stationary electrolyte.
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Linear sweep voltammetry (LSV) of RDE was recorded in O2 saturated electrolyte at a scanning rate of
5 mV/s. The rotation speed is 400, 625, 900, 1225,
1600 and 2025 RPM, respectively. All potentials are
reported with reference to the reversible hydrogen
electrode (RHE) potential scale. In 0.1 mol/L KOH
solution, SCE is calibrated to ?0.990 V relative to
RHE.
The electron transfer number (n), current density
and peroxide content of the composites prepared in
this chapter can be calculated by K-L equation method
and ring disk current method (RDE). The K-L equation is determined by four sets of current density
values and the speed of RRDE. The speciﬁc formula is
as follows:
1
 w1=2
j1 ¼ j1
k þb

ð1Þ

B ¼ 0:2nFðDO2 Þ2=3 v1=6 C O2

ð2Þ

Where j is the current density, jk is the reaction
kinetic current density, x is the electrode rotation
speed, F is the Faraday constant, CO2 is the volume
concentration of O2, DO2 is the diffusion coefﬁcient of
O2 in 0.1 mol/L KOH electrolyte, and v is the kinematic viscosity of the electrolyte.22
The ring-disk current method can not only calculate
the electron transfer number n of the reaction but also
can calculate the intermediate product yperoxide
hydrogen peroxide produced by the ORR catalyst on
the disk electrode, the speciﬁc formula is as follows:23
yperoxide ¼ 200
n¼4

ir =N
id þ ir =N

id
id þ ir =N

ð3Þ
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Powder X-ray diffraction (XRD) patterns were performed using an X-ray diffractometer with a Cu-Ka
(1.54056 Å) radiation at a scan rate of 6°/min, running
at 40 kV and 30 mA (D/MAX2500V, Rigaku, Japan).
X-ray photoelectron spectroscopy (XPS) data were
recorded on a Thermo ESCALAB 250 using a nonmonochromatized Al Ka X-ray (1486.6 eV) as the
excitation source. Brunauer–Emmett–Teller (BET)
analysis was performed by using an adsorption device
(TriStar 3020, Micromeritics, USA), used to determine
the speciﬁc surface area, total pore volume, pore size
distribution and adsorption-desorption isotherm of
Fe3C/NC composites. The composition distribution of
Fe3C/NC was detected by Raman spectrometer (Horiba LabRAM HR Evolution, Japan), and the defects
and graphitization degree of Fe3C/NC were analyzed.
3. Results and Discussion
3.1 XRD analysis
Figure 1 shows the XRD patterns of BE/AC, BE/AC/
Fe3O4-800, BE/AC/Fe3C-900 and Fe3C/NC composites. As can be seen from the ﬁgure, the characteristic
diffraction peaks of 2h= 19.8° (004) corresponding to
montmorillonite (JCPDS 12-0219) and 2h= 20.9°
(100) and 26.6° (101) corresponding to quartz (JCPDS
46-1045); The characteristic diffraction peaks of
2h=30° (220), 35.4°(311), 43°(400), 56.9°(333) and
62.5°(440) corresponding to Fe3O4(JCPDS 89-0950)
can be seen in the XRD patterns of BE/AC/Fe3O4-800;
Comparing the XRD patterns of BE/AC/Fe3C-900 and
Fe3C/NC composites, some changes can be found,
which may be related to the removal of other

ð4Þ

Where id is the disk current, ir is the ring current,
and N is the current collection efﬁciency of RRDE,
which is determined to be 0.37 in this experiment.
2.5 Characterization
The microstructure and lattice spacing of Fe3C/NC
composites were analyzed by High-resolution transmission electron microscopy (TEM, JEOL-2100,
Japan). The structure and phase composition of the
prepared Fe3C/NC composites were analyzed by
Fourier transform infrared spectroscopy (Nicolet iS50,
Thermo Fisher, USA). The functional group structure
of the composite was determined by KBr pellets
method with a scanning range of 4000-400 cm-1.

Figure 1. XRD patterns of BE/AC, BE/AC/Fe3O4-800,
BE/AC/Fe3C-900 and Fe3C/NC.
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impurities by rapid etching with HF acid.24,25 The
characteristic diffraction peaks of 2h= 37.7° (210),
39.8° (002), 40.6° (201), 42.9° (211) and 45.3° (031)
corresponding to Fe3C (JCPDS 85-1317) can be seen
in the XRD patterns of Fe3C/NC composites.22 Among
them, the characteristic peak of montmorillonite was
found and a peak was found at 26°, which may be the
crystal face at graphite carbon 002, possibly because
of the effect of ferric chloride, which enhanced
graphitization. These results are consistent with TEM
analysis and Raman Analysis.26
3.2 TEM analysis
Figure 2 (a) is the TEM diagram of Fe3C/NC-0.25. It
can be seen from the ﬁgure that only some Fe3C grains
are on the carbon sheet, which may be due to the small
amount of FeCl3, so no more Fe3C grains are generated. Figure 2 (b) is the TEM diagram of Fe3C/NC-1.
It can be seen from the diagram that if the amount of
FeCl3 is more, a sheet like a graphene will appear, but
not many Fe3C grains will be generated. Figure 2
(c) shows the TEM spectrum of Fe3C/NC-0.5. It can
be seen from the ﬁgure that there are a lot of Fe3C
grains on the lamellae, and some large Fe3C particles
can be found in a few graphite regions. Figure 2 (d) is
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a high-resolution electron microscope (HRTEM) of
Fe3C/NC-0.5. Two kinds of lattice lines can be seen in
the ﬁgure. The 0.201 nm and 0.337 nm lattice spacing
calculated by the electron microscopy analysis software corresponds to the (031) crystal plane of Fe3C
and the (002) crystal plane of graphite carbon,
respectively.
3.3 FT-IR analysis
Figure 3 shows the FTIR spectra of BE/AC and Fe3C/
NC. As can be seen from the ﬁgure, the two samples
show an obvious characteristic peak at 3448 cm-1,
which corresponds to the tensile vibration of -OH
group.27 For the BE/AC spectrum, the characteristic
bands located at 1637 cm-1 correspond to C=C or
C=O stretching vibrations.28,29 The characteristic
peaks at 1033 and 794 cm-1 are attributed to the
asymmetric and symmetric Tensile vibration of Si-OSi, while the characteristic peaks at 467 cm-1 correspond to the bending vibration of Si-O.30 Compared
with BE/AC, the intensity of the characteristic peaks
in the low-frequency region of Fe3C/NC is signiﬁcantly decreased and disappeared, which indicates that
the template of clay minerals is basically removed, and
the removal of the template is conducive to the

Figure 2. TEM images of (a) Fe3C/NC-0.25, (b) Fe3C/NC-1, (c) Fe3C/NC-0.5 and (d) HRTEM of Fe3C/NC-0.5.
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Figure 3. FTIR spectra of BE/AC and Fe3C/NC.

catalytic activity of oxygen reduction. A new peak
appears in the Fe3C/NC spectrum at 632 cm-1 due to
Fe-O absorption vibration. This also shows that iron
has successfully entered the composites.
3.4 Raman spectroscopy and XPS analysis
In order to understand the graphitization degree of the
prepared material, a Raman test was carried out on the
prepared material. Figure 4 (a) shows the Raman
spectrum of Fe3C/NC composites. It can be seen from
the ﬁgure that the prepared material has two obvious
peaks at 1350 cm-1 and 1574 cm-1, which correspond
to the D-band and the G-band of carbon materials
respectively. The D-band represents the graphitized
structural defect or disordered structure of carbon, while
the G-band represents the graphitized carbon atoms.
Therefore, the intensity ratio of the D band and G band
(ID/IG) is often used to characterize the electrical conductivity of carbon materials.31 The Raman spectra of
Fe3C/NC composites prepared in different proportions
all show the disorder of carbon materials. This shows
that the iron atoms have successfully introduced more
defects into the carbon matrix. According to the ratio of
ID/IG, we found that the value of Fe3C/NC-0.5 is the
smallest, which represents the highest graphitization
degree. This also indicates that Fe3C/NC-0.5 has good
electrical conductivity, which is conducive to the catalytic oxygen reduction performance of the catalyst.
The elemental composition and the chemical states of
each atom of Fe3C/NC composites were analyzed by
XPS. Figure 4 (b) shows the full XPS spectrum of Fe3C/
NC composites. It can be seen that, except for the key C,
N, O and Fe elements, this indicates that Fe and N
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elements are successfully incorporated into the carbon
surface. In addition, characteristic spectral lines of high
strength F and Mg elements were also observed, which
was due to the introduction of a large number of ﬂuoride
ions and some clay-like mineral residues in the process of
removing the template with HF acid. Figure 4 (c) is the
data analysis results of N and Fe content of Fe3C/NC
composites. The results show that the content of Fe
detected in Fe3C/NC composites is not very high. The
highest content of Fe in Fe3C/NC-1 is 1.72%, while the
highest content of N in Fe3C/NC-0.5 is 3.61%.32 Figure 4
(d) shows the high-resolution XPS spectra of N 1s of
Fe3C/NC composites prepared in different proportions.
From the spectra, it can be seen that the peaks at 398, 400
and 401 eV are corresponding to pyridine nitrogen, pyrrole nitrogen and graphite nitrogen, respectively. It is
reported that the content of pyridine nitrogen is of great
signiﬁcance for ORR.33,34 Generally, the higher the
pyridine nitrogen content, the better the redox performance.35–37 Figure 4 (e) is the analysis results of the
nitrogen content of different species of Fe3C/NC composites prepared in different proportions. It can be seen
from the ﬁgure that Fe3C/NC-0.5 has the highest content
of pyridine nitrogen. This indicates that Fe3C/NC-0.5 has
a good role in ORR. Figure 4 (f) is a high-resolution XPS
spectrum of Fe 2P. It can be seen from the ﬁgure that the
Fe 2p3/2 binding energy ranges from 710 eV to 716 eV, in
which the peaks at 710 eV and 715 eV obtained by
convolution ﬁtting are allocated to Fe2?, while the peaks
at 708 eV can be allocated to Fe-N.

3.5 Speciﬁc surface area analysis
Figure 5 shows the nitrogen adsorption and desorption
isotherm and pore size distribution of Fe3C/NC composites prepared under different conditions. As shown
in the ﬁgure, the nitrogen adsorption-desorption curves
of all Fe3C/NC composites belong to H3 hysteresis
loop and type IV adsorption-desorption isotherm,
which is related to the fact that our template is clay,
and also indicates that Fe3C/NC composites belong to
mesoporous materials. The speciﬁc surface areas of
Fe3C/NC-0.25, Fe3C/NC-0.5 and Fe3C/NC-1 are
340.2, 357.7 and 315.4 m2/g, respectively, and
according to the calculation of BJH method, the corresponding average pore sizes are 6.66, 6.54 and
5.13 nm, respectively. This is consistent with the
analysis of the nitrogen adsorption-desorption curve.
This indicates that Fe3C/NC composites can provide
abundant active sites for ORR due to their large
speciﬁc surface area, which can provide abundant
active sites for ORR.38,39
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Figure 4. (a) Raman spectra of Fe3C/NC prepared under different conditions, (b) XPS full spectra, (c) Fe and N content
column comparison graphs, (d) N 1s high-resolution XPS spectra, (e) histogram of different types of N, (f) Fe 2p highresolution XPS spectrum.
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Figure 5. (a) Nitrogen adsorption-desorption curve of Fe3C/NC prepared under different conditions, (b) BJH pore size
distribution diagram.

3.6 Analysis of oxygen reduction performance
of Fe3C/NC composite
In order to analyze the kinetics of the ORR of Fe3C/
NC composites, the linear sweep voltammetry (LSV)
curves of Fe3C/NC composites at different rotating
speeds were measured by RRDE. Figure 6 shows the
LSV performance test of Fe3C/NC-0.25, Fe3C/NC0.5 and Fe3C/NC-1 at 400-2025 RPM. It can be seen
from the ﬁgure that with the increase of rotating
speed, the starting potential of the current polarization curve of the same catalyst is unchanged, the
half-wave potential gradually moves to the negative
direction, but the limit current density gradually
increases. This shows that the electrode rotation
speed plays an important role in the redox reaction of
the catalyst.40,41
The electrocatalytic activity of ORR catalysts is
usually evaluated by cyclic voltammetry. Figure 7
(a) shows the cyclic voltammetry curves of Fe3C/NC
composites in a KOH electrolyte solution saturated
with N2 and O2 at 0.1 M. It can be seen from the
ﬁgure that no signiﬁcant redox peak was observed in
the N2-saturated 0.1 M KOH electrolyte solution of
Fe3C/NC composites, while an obvious redox peak
appeared in the O2-saturated 0.1M KOH electrolyte
solution, indicating the effective electrocatalytic ORR
performance of Fe3C/NC composites. The reduction
potential of Fe3C/NC composites is between 0.6-0.8 V,
and the reduction potential of Fe3C/NC-0.25,
Fe3C/NC-0.5 and Fe3C/NC-1 is 0.65, 0.74 and 0.7 V,
respectively.42 This indicates that Fe3C/NC-0.5 has
the best oxygen reduction performance and the catalytic redox reaction is most likely to occur. Figure 7
(b) shows the linear sweep voltammetry curves of
Fe3C/NC composites prepared under different

conditions at 1600 RPM in 0.1 M O2-saturated KOH
electrolyte solution. It can be seen from the ﬁgure that Fe3C/NC-0.5 has the highest initial potential
of 0.88 V. Figure 7 (c) shows the half-wave potentials of different catalysts and their error bar of the
obtained data, the calculated average half-wave
potential of Fe3C/NC-0.5 is 0.72 V. The half-wave
potential is higher than that of Fe3C/NC-0.25 (0.7 V)
and Fe3C/NC-1 (0.68 V), which indicates that Fe3C/
NC-0.5 has better redox catalytic activity. Although
its half-wave potential is still lower than that of Pt/C20% (0.769 V, sigma), Fe3C/NC composite has good
redox catalytic activity compared with other carbonbased materials. Figure 7 (d) is the K-L diagram
obtained by the LSV experiment through K-L equation calculation and analysis. It can be seen from the
ﬁgure that the linear slope of K-L diagram equation
obtained by the same catalyst at different rotating
speeds is basically the same, which indicates that the
electron transfer number of Fe3C/NC composites at
different potentials is the same. At the same time, the
maximum Jk value of Fe3C/NC-0.5 reaction kinetic
current density was calculated, which indicated that
Fe3C/NC-0.5 had the best redox activity.
Figure 7 (e) shows the Tafel curve of Fe3C/NC
composites in the range of 0.5 V-0.9 V. It can be
seen from the ﬁgure that Fe3C/NC-0.5 has the
smallest Tafel slope, which indicates that Fe3C/NC0.5 can obtain a high current at lower potential and is
more prone to ORR. Figure 7 (f) shows the electron
transfer number and the percentage of peroxides of
Fe3C/NC composites at different potentials. As
shown in the ﬁgure, the Fe3C/NC-0.5 catalyst has the
lowest HO2- yield in the redox reaction process,
which may be due to its high pyridine nitrogen
content, which promotes the four-electron transfer
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Figure 6. (a) Fe3C/NC-0.25, (b) Fe3C/NC-0.5 and (c) Fe3C/NC-1 polarization curves at different speeds.

pathway of the reaction. The electron transfer number
(n) of Fe3C/NC-0.5 is 3.8, which is close to the fourelectron reaction process. The performance comparison with other ORR catalysts of the same type is
carried out in Table 1.15,43–46
Stability is an important parameter of catalyst in
practical application.47–49 Figure 7 (g) shows the
LSV curve of Fe3C/NC-0.5 and 20 wt% Pt/C in
0.1 M KOH electrolyte solution saturated with O2 at
20 mV/s for 1000 cycles at 1600 RPM. It can be
clearly seen from the ﬁgure that the half-wave
potential of Fe3C/NC-0.5 catalyst shows a negative

shift of 40 mV, while that of Pt/C catalyst shows a
negative shift of 18 Mv. This indicates that the stability of Fe3C/NC-0.5 is still far behind that of
commercial Pt/C catalysts. This may be because
Fe3C/NC composites are lamellar materials, which
are not conducive to long-term electron transfer and
exhibit higher performance attenuation after multiple
cycles. The ORR performance of catalysts was
evaluated by an RRDE in an O2 saturated electrolyte
(0.1 M KOH) at 1600 rpm. The electrochemical
performance of Fe3C/NC-0.25, Fe3C/NC-0.5 and
Fe3C/NC-1 was shown in Figure 7 (h) and Figure 7
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Figure 7. (a) CV proﬁles (scanning rate of 20 mVs-1) of all the samples in O2-saturated 0.1 molL-1 KOH solutions,
(b) LSV curves of all the samples recorded at 1600 rpm in O2-saturated 0.1 molL-1 KOH solution, (c) Half-wave potential
of different catalysts, (d) K-L plots of different catalysts at 0.4 V, (e) The Tafel curves of N-carbon nanotubes, (f) The
electron transfer number (solid line) and Peroxide yield (dotted line) of Fe3C/NC at different potentials, (g) Stability test of
20% Pt/C and Fe3C/NC-0.5, (h) The transfer number of electron, (i) Calculated H2O2 selectivity on different materials
based on the RRDE measurements.
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Figure 7. continued

Table 1. ORR performance of Fe3C/NC-0.5 compared
with reported results.
Catalyst

Electrolyte

Fe3C/NC-0.5
Fe@Mn13
Fe-Fe3C@C
Fe-Fe3C@C/CNT
Fe/N/C
Fe-Pp-C

0.1
0.1
0.1
0.1
0.1
0.1

M
M
M
M
M
M

KOH
KOH
KOH
KOH
KOH
KOH

E1/2
(V vs RHE)
0.72
0.70
0.66
0.68
0.71
0.71

Reference
This work
45

Table 2. CNO of catalysts.
Catalyst
Fe3C/NC-0.25
Fe3C/NC-0.5
Fe3C/NC-1

C (wt%)

N (wt%)

O (wt%)

36.74
50.71
50.68

3.25
3.61
3.58

8.44
7.59
7.77

15
46
43
44

(i). Through comparison, it can be seen that Fe3C/
NC-0.5 has the best performance.
4. Conclusions
In this work, we use the organic matter in the waste
clay as the carbon source and nitrogen source and use
the characteristics of clay in the waste clay to introduce iron ions into the reaction. After high-temperature calcination, we get Fe3C/NC composite. Fe-N

co-doping can expose more graphite defects and more
active sites, which can also improve the electrocatalytic performance of ORR. By changing the
impregnation ratio and calcination temperature, the
chemical composition and structural properties of the
composites can be adjusted. The best preparation
conditions are the impregnation ratio of ferric chloride
to clay/activated carbon of 1:2, and the calcination
temperature of 900 °C. Under these conditions, the
composites have the best properties. The speciﬁc
surface area of Fe3C/NC-0.5 composite is 340.2 m2/g,
and the pyridine nitrogen content is 41.71%. This
result proved that iron doping improved the active site
of nitrogen-doped carbon nanotubes for catalytic
oxygen reduction, it has good ORR performance and
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long-term stability in alkaline medium. This not only
indicates the excellent ORR performance of Fe-N
co-doped carbon nanomaterials but also provides a
new idea for the reuse of waste resources such as
waste clay.
Acknowledgements
This study was funded by the Jiangsu Higher Institutions
Key Basic Research Projects of Natural Science
(18KJA430003), Independent Research Project of Key
Laboratory of Green Catalytic Materials and Technology
of Jiangsu Province in 2018 (ZZZD201803) and the Natural
Science Research Plan of Huai’an in 2019 (HAB201952).

References
1. Aristondo O and Onaindia E 2018 Counting energy
poverty in Spain between 2004 and 2015 Energy Pol.
113 420
2. Aized T, Shahid M, Bhatti A A, Saleem M and
Anandarajah G 2018 Energy security and renewable
energy policy analysis of Pakistan Renew. Sustain.
Energ. Rev. 84 155
3. Damette O, Delacote P and Lo G D 2018 Households
energy consumption and transition toward cleaner
energy sources Energy Pol. 113 751
4. Li L, Wu Z, Yuan S and Zhang X B 2014 Advances and
challenges for ﬂexible energy storage and conversion
devices and systems Energ. Environ. Sci. 7 2101
5. Nie Y, Li L and Wei Z D 2015 Recent advancements in
Pt and Pt-free catalysts for oxygen reduction reaction
Chem. Soc. Rev. 44 2168
6. Xia W, Mahmood A, Liang Z B, Zou R Q and Guo S J
2016 Earth-abundant nanomaterials for oxygen reduction Angew. Chem. Int. Edit. 55 2650
7. Xiao F, Xu GL, Sun C J, Xu M J, Wen W et al 2019
Nitrogen-coordinated single iron atom catalysts derived
from metal organic frameworks for oxygen reduction
reaction Nano Energy 61 60
8. Xia B Y, Yan Y, Li N, Wu H B, Lou X W and Wang X
2016 A metal–organic framework-derived bifunctional
oxygen electrocatalyst Nat. Energy 11 15006
9. Zhang J T, Zhao Z H, Xia Z H and Dai L M 2015 A
metal-free bifunctional electrocatalyst for oxygen
reduction and oxygen evolution reactions Nat. Nanotechnol. 10 444
10. Liu R, Wu D Q, Feng X L and Mullen K 2010 Nitrogendoped ordered mesoporous graphitic arrays with high
electrocatalytic activity for oxygen reduction Angew.
Chem. Int. Edit. 49 2565
11. Liang H W, Zhuang X D, Bruller S, Feng X L and
Mullen K 2014 Hierarchically porous carbons with
optimized nitrogen doping as highly active electrocatalysts for oxygen reduction Nat. Commun. 5 4973
12. Chen Y J, Ji S F, Wang Y G, Dong J C and Chen W X
2017 Isolated single iron atoms anchored on N-doped
porous carbon as an efﬁcient electrocatalyst for the
oxygen reduction reaction Angew. Chem. Int. Edit. 56
6937

Page 11 of 12

45

13. Wang Y L, Zhang X M, Li A N and Li M G 2015
Intumescent ﬂame retardant-derived P, N co-doped
porous carbon as an efﬁcient electrocatalyst for the
oxygen reduction reaction Chem. Comm. 51 14801
14. Jiang W J, Gu L, Zhang Y, Zhang L J, Wang J Q and Hu
J S 2016 Understanding the high activity of Fe-N-C
electrocatalysts in oxygen reduction: Fe/Fe3C nanoparticles boost the activity of Fe-N(x) J. Chem. Sci. 138
3570
15. Kim J H, Sa Y J, Jeong H Y and Joo S H 2017 Roles of
Fe-Nx and Fe-Fe3C@C species in Fe-N/C electrocatalysts for oxygen reduction reaction ACS Appl. Mater.
Interfac. 9 9567
16. Meng F L, Wang Z L, Zhong H X, Wang J, Yan J M
and Zhang X B 2016 Reactive multifunctional templateinduced preparation of Fe-N-doped mesoporous carbon
microspheres towards highly efﬁcient electrocatalysts
for oxygen reduction Adv. Mater. 28 7948
17. Wang Z L, Xu D, Xu J J and Zhang X B 2014 Oxygen
electrocatalysts in metal–air batteries: from aqueous to
nonaqueous electrolytes Chem. Soc. Rev. 43 7746
18. Lu Z W, Chen J P, Wang W L, Sun M M, Wang Y Y,
Wang X X, et al. 2021 Electrocatalytic, kinetic, and
mechanism insights into the oxygen-reduction catalyzed
based on the biomass-derived FeO x @N-doped porous
carbon composites Nano. Micro. Small 17 2007326
19. Deng Y J, Wang G H, Sun K L, Chi B, Shi X D, Dong Y
Y, et al. 2019 Highly effective and stable doped
carbon catalyst with three-dimensional porous structure
and well-covered Fe3C nanoparticles prepared with
C3N4 and tannic acid as template/precursors J. Power
Sour. 417 117
20. Liu Y C, Huang B B, Zhang X F, Huang X and Xie Z L
2019 In-situ fabrication of nitrogen-doped carbon
nanosheets containing highly dispersed single iron
atoms for oxygen reduction reaction J. Pow. Sou. 412
125
21. Zhang H, Wang Y, Liu S J, Li C L, Li L X, An B G and
Sun C G 2021 Metallo-deuteroporphyrins derived
multi-layered hollow carbon spheres electrocatalysts
for highly efﬁcient oxygen reduction reaction Nanotechnology 32 235401
22. Han J X, Meng X Y, Lu L, Bian J J, Li Z P and Sun C W
2019 Single-atom Fe-Nx-C as an efﬁcient electrocatalyst for zinc-air batteries Adv. Funct. Mater.
29 41
23. Wu G, More L K, John S and Zelenay P 2011 Highperformance electrocatalysts for oxygen reduction
derived from polyaniline, iron, and cobalt Science 332
443
24. Hu Y, Jensen J O, Zhang W, Cleemann L N, Xiang W,
Bjerrum N J and Li Q F 2014 Hollow spheres of iron
carbide nanoparticles encased in graphitic layers as
oxygen reduction catalysts Angew. Chem. Int. Edit. 53
3675
25. Kramm U I, Geppert H, Behrends J, Lips K, Fiechter S
and Bogdanoff P 2016 On an easy way to prepare
metal-nitrogen doped carbon with exclusive presence of
meN4-type sites active for the ORR J. Am. Chem. Soc.
138 635
26. Wu Y J, Wu X H, Tu T X, Zhang P F, Li J T, Huang L
and Sun S G 2020 Controlled synthesis of FeNx-CoNx

45

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 12 of 12

dual active sites interfaced with metallic Co nanoparticles as bifunctional oxygen electrocatalysts for
rechargeable Zn-air batteries Appl. Catal. B- Environ.
926 3373
Wan D J, Wu L R, Chen J, Zhao H L and Xiao S H 2019
Enhanced adsorption of aqueous tetracycline hydrochloride on renewable porous clay-carbon adsorbent derived
from spent bleaching earth via pyrolysis Langmuir 35 3925
Rattanachueskul N, Saning A, Kaowphong S, Chumha
N and Chuenchom L 2017 Magnetic carbon composites
with a hierarchical structure for adsorption of tetracycline, prepared from sugarcane bagasse via hydrothermal carbonization coupled with simple heat treatment
process Bioresour. Technol. 226 164
Ao L G, Xia F, Ren J, Shi D Z, Zhang S, Gu L and He Q
2019 Enhanced nitrate removal by micro-electrolysis
using Fe0 and surfactant modiﬁed activated carbon
Chem. Eng. J. 357 180
Tang J, Mu B, Zheng M S and Wang A Q 2015 Onestep calcination of the spent bleaching earth for the
efﬁcient removal of heavy metal ions ACS Sustain.
Chem. Eng. 3 1125
Cao Z X, Jia J Y, Li H H, Wang Y H, Mao X X, Zhang
Z N, et al. 2020 Fe3C nanoparticles decorated Fe/N
codoped graphene-like hierarchically carbon nanosheets
for effective oxygen electrocatalysis Int. J. Hydrogen.
Energy 45 3930
Xing J H, Li H, Cheng M M, Geyer C and Ng K Y S
2016 Electro-synthesis of 3D porous hierarchical Ni–Fe
phosphate ﬁlm/Ni foam as a high-efﬁciency bifunctional electrocatalyst for overall water splitting J.
Mater. Chrm. A 4 13866
Ma G F, Xie X, Sun K J, Peng H, Cui S Z, Zhou X Z,
et al. 2020 Facile preparation of Fe3C decorate threedimensional N-doped porous carbon for efﬁcient oxygen reduction reaction Int. J. Hydrogen. Energ. 45
13272
Zhai X Y, Lin W G, Liu J K, Chen X, Yong J F and
Yang W S 2020 Fe3C/Fe, N-codoped porous carbon
from petroleum vacuum residual for highly efﬁcient
oxygen reduction J. Electroanal. Chem. 1572 6657
Yasuda S, Furuya A, Uchibori Y, Kim J and Murakoshi
K 2016 Iron-nitrogen-doped vertically aligned carbon
nanotube electrocatalyst for the oxygen reduction
reaction Adv. Funct. Mater. 26 738
Ren H, Wang Y, Yang Y, Tang X, Peng Y Q, Peng H Q,
et al. 2017 Fe/N/C nanotubes with atomic fe sites: a
highly active cathode catalyst for alkaline polymer
electrolyte fuel cells ACS Catal. 7 6485
Lv Q, Si W Y, He J J, Sun L, Zhang C F, Wang N, et al.
2018 Selectively nitrogen-doped carbon materials as
superior metal-free catalysts for oxygen reduction Nat.
Commun. 9 3376

J. Chem. Sci.

(2022) 134:45

38. Li Z T, Sun H D, Wei L Q, Jiang W J, Wu M B and Hu J
S 2017 Lamellar metal organic framework-derived FeN-C non-noble electrocatalysts with bimodal porosity
for efﬁcient oxygen reduction ACS Appl. Mater. Int. 9
5272
39. Jiang W J, Hu J S, Zhang X, Jiang Y, Yu B B, Wei Z D
and Wan L J 2014 In situ nitrogen-doped nanoporous
carbon nanocables as an efﬁcient metal-free catalyst for
oxygen reduction reaction J. Mater. Chem. A
2 26
40. Gao J, Ma N, Zhai J F, Li T Y, Qin W, Zhang T T
and Yin Z 2015 Polymerizable ionic liquid as
nitrogen-doping precursor for Co–N–C catalyst with
enhanced oxygen reduction activity Ind. Eng. Chem.
Res. 54 7984
41. Lin L, Zhu Q and Xu A W 2014 Noble-metal-free Fe-N/
C catalyst for highly efﬁcient oxygen reduction reaction
under both alkaline and acidic conditions J. Am. Chem.
Soc. 136 11027
42. Chung H T, Won J H and Zelenay P 2013 Active and
stable carbon nanotube/nanoparticle composite electrocatalyst for oxygen reduction Nat. Commun. 4 2944
43. Luo G, Wang Y and Li Y F 2017 Two-dimensional
iron-porphyrin sheet as a promising catalyst for oxygen
reduction reaction: a computational study Sci. Bull. 62
1337
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