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archically structured Fe3C/CNTs
composites in a FeNC matrix for use as efficient
ORR electrocatalysts†

Tanlun Wang,a Lincheng Xu,a Chenxiang Sun,a Xiyuan Li,a Yong Yanb and Fan Li *a

Fe–N–C has a high number of FeNx active sites and has thus been regarded as a high-performance oxygen

reduction reaction (ORR) catalyst, and combining Fe3C with Fe–N–C typically boosts ORR activity.

However, the catalytic mechanism remains unknown, limiting further research and development. In this

study, a precipitation-solvothermal process was used in conjunction with pyrolysis to produce a series of

Fe–N–C catalysts derived from a zeolitic imidazolate framework (ZIF) that was composited with Fe3C.

The prepared catalysts had a multiscale structure of ZIF-like carbon particles and rod-like structures, as

well as bamboo-like carbon nanotubes (CNTs) and carbon layers wrapped with Fe3C particles while

a series of studies revealed the origin of the rod-like structures and Fe3C phase. The hierarchical

structure was beneficial to the enhanced electrocatalytic performance of catalysts for ORR. The optimal

sample had the highest half-wave potential of 0.878 V vs. RHE, which was higher than that of

commercial Pt/C (0.861 V vs. RHE). The ECSA of the optimal sample was 1.08 cm2 mg−1, with an electron

transfer number close to 4, and functioning kinetics. The optimal sample exhibited high durability and

methanol tolerance for the ORR. Finally, blocking different Fe active sites with coordination ions

demonstrated that Fe(II) was the main active site, indicating that Fe3C primarily served as a cocatalyst to

optimize the electron structure of Fe–N–C, thereby synergistically improving the ORR activity.
Introduction

The slow kinetics of the oxygen reduction reaction (ORR) in the
cathodes of fuel cells (FCs) limits their applications.1,2 The most
commonly used noble-metal-based catalyst exhibits the disad-
vantages of high cost, restricted storage, and methanol intol-
erance.3 Therefore, novel catalysts of nonprecious metals must
be developed. The MNx site of a transition metal coordinated
with N is considered a suitable active site for ORR catalysis, and
nonprecious metals, which are inexpensive and offer the
advantages of high activity and strong methanol tolerance, are
usually selected as the active centres. Thus, MNx sites doped
into a carbon framework to form a M–N–C structure have been
extensively investigated and exploited as ORR catalysts while
FeNx was regarded as having the most active sites in the
literature.4–6

One of the most common synthesis methods for Fe–N–C-
based catalysts with FeNx sites is the carbonisation of metal
aration, Department of Environment and

of Technology, Beijing 100124, China.

aration, Faculty of Environment and Life,

124, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
organic framework (MOF)-based materials. This method can be
used to not only synthesise M–N–C with abundant MNx sites
originating from the coordinated structures of the metal and N
of MOFs but also to obtain catalysts with high conductivities
and different morphologies.7 And it is generally believed that
inevitable sintering of active sites during pyrolysis can reduce
the number of MNx sites and leads to the formation of metal
particles.8,9 A decrease in the number of active sites has been
reported to deteriorate catalyst performance.10,11 However, some
other research discovered that metal particles, such as Fe
particles, can react with carbon to produce Fe3C structures
wrapped in carbon layers under heating; these particles have
been considered as the ORR active sites and synergetically
improve the activity of FeNx sites.12–14 Some researchers have
employed chemical corrosion to remove and destroy particles
containing Fe3C. A decrease in the half-wave potential was
measured in these studies, indicating that the Fe3C particles
generated through sintering promote the ORR activity of cata-
lysts.15,16 Moreover, sintered transition metal particles can
catalyse the synthesis of carbon nanotubes (CNTs), a conductive
material that can enhance the performance of
electrocatalysts.17–19 Thus, it is worthy to prepare and research
a kind of catalyst by pyrolysis method with hierarchical struc-
ture of carbon, carbon wrapped Fe3C (maybe with CNTs or other
structures).
RSC Adv., 2023, 13, 3835–3842 | 3835
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Scheme 1 Synthesis of the FeNC sample.
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Zeolitic imidazolate frameworks (ZIFs) are MOFs that are
commonly used as pyrolysis precursors because of facile
synthesis, abundant pores, a high nitrogen content, a simple
design, tuneable morphology, and suitable components.20,21

ZIFs have been synthesised with various morphologies, such as
sheets,22 core shells,23 pores,24 and spheres,25 and composited
with other materials,26,27 indicating the potential for synthe-
sizing diverse ZIF-derived catalysts with MNx sites, which is
considered as a promising choice to investigate the above
hierarchical structure. On the other hand, the morphology of
one-dimensional (1D) rod- and bre-like carbon materials
affords a short mass transfer distance and intrinsic conductive
network structures, providing a continuous transfer route for
electrons and reaction precursors during electrocatalysis.28,29

The introduction of 1D structure to the hierarchical catalyst can
reduce the negative effect of sintering and improve the perfor-
mance. A research combined ZIFs on polyacrylonitrile (PAN)
bres by electrostatic spinning to produce a catalyst with 1D
morphology aer pyrolysis.30 However, the catalyst exhibited
low ORR activity. The PAN binder changed the pore structure of
the ZIFs, which may have caused this low activity, indicating
electrostatic spinning synthesize 1D carbon materials had
negative effect to the hierarchical structure and innovative
synthesis methods should be considered. Therefore, a multi-
level structure based on 1D materials and ZIF derivatives with
an optimal composition can be synthesized that combines the
advantages of the individual components, resulting in
enhanced ORR activity.

In this study, a precipitation-solvothermal method was
combined with pyrolysis to synthesise ZIF-derived Fe–N–C-
based catalysts with hierarchical structure, and the synthesis
conditions were subsequently screened and optimised to
prepare high-performing catalysts. An analysis of the catalysts
morphology indicated the presence of an Fe3C phase, and a 1D
rod-like structure was synthesised using ZIFs. A comparative
analysis of the phases and morphologies of the catalysts was
performed to elucidate the formation mechanism for the phase
and morphology of the optimised samples. The optimised
samples exhibited high durability, methanol tolerance, fast
kinetics and a higher half-wave potential than commercial Pt/C.
An inhibition method was designed to identify the active Fe
species. Fe(CN)6

3− and SCN− were added to block Fe(II) and
Fe(III) sites, respectively. The decrease in the half-wave potential
upon addition of the blocking ions demonstrated that Fe(II) was
the main active site. The excellent performance of catalysts
might be attribute to the specic structure and synergetic effect
of Fe3C combined with Fe(II).

Experimental section
Chemicals

Fe(acac)3 (98%, Shanghai Aladdin), Zn(NO3)2$6H2O (99%, YiLi
Fine Chemicals), Zn(Ac)2$2H2O (99%, YiLi Fine Chemicals), 2-
methylimidazole (98%, Shanghai Aladdin), methanol (>99.5%,
Tianjin DaMao), N,N-dimethylformamide (>99.5%, Tianjin
DaMao), KOH (95%, Macklin), KSCN (98%, Heowns), K3Fe(CN)6
(>99.5%, Sinopharm Chemical Regents), Naon (5%, Sigma).
3836 | RSC Adv., 2023, 13, 3835–3842
All the chemicals were of AR grade and used as received
without further purication. And commercial 20 wt% Pt/C
electrocatalyst was supplied by Sigma Aldrich.

Synthesis of catalyst

Synthesis of FeNC-2-xFe. Scheme 1 was a synthesis process
consisting of a two-step precipitation-solvothermal method and
pyrolysis. Typically, 24 mmol (1.971 g) of 2-methylimidazole
(HMIM), 4 mmol (0.878 g) of zinc acetate dihydrate and 45 mL
of methanol were added to a ask. The solution was magneti-
cally stirred for 10 min, and then transferred in the ask to
a thermostat water bath and maintained at 35 °C under
vigorous stirring for 12 h. Then, 8 mmol (0.657 g) of HMIM,
2 mmol (0.594 g) of zinc nitrate hexahydrate, and a prescribed
quantity of ferric acetylacetonate (Fe(acac)3) were added to the
ask, and the resulting solution was vigorously stirred for
10 min. The mixed solution was transferred to a Teon-lined
stainless-steel autoclave, and the solvothermal process was
carried out at 120 °C for 4 h. The product was separated by
centrifugation, washed with DMF and methanol several times,
and dried at 80 °C under vacuum overnight. The obtained
sample was labelled FeZIF-2-xFe. “x” indicates different molar
weights of Fe(acac)3: 0.4 mmol (0.141 g), 0.45 mmol (0.159 g),
0.5 mmol (0.176 g) and 0.55 mmol (0.194 g).

FeZIF-2-xFe (200 mg) was annealed by being heated to 900 °C
at a heating rate of 5 °C min−1 and maintained at 900 °C for 3 h
under an argon gas ow. The resulting sample was labelled
FeNC-2-xFe.

Sample screening. A series of samples were synthesized, and
the FeNC sample with the best ORR performance was selected.
First, considering the FeNC-2-0.45Fe sample, the dosages of
Zn(Ac)2 and Zn(NO3)2 and the two-step ratio of HMIM were
transformed to a single variate, and the half-wave potentials and
limiting diffusion current densities were measured. Then, the
Fe(acac)3 dosage was optimized, and the obtained samples were
labelled FeNC-2-xFe.

Synthesis of FeNC-2-NO3 and FeNC-2-Ac. The same synthesis
method was used to prepare FeNC-2-NO3 and FeNC-2-Ac as
FeNC-2-0.45Fe. The only difference in the preparation method
was that only zinc nitrate or zinc acetate was added during the
precipitation and solvothermal steps.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of FeNC-1-Ac. Typically, 16 mmol (1.314 g) HMIM
were dissolved in 15 mL of methanol under stirring in Flask 1. A
total of 0.4 mmol (0.141 g) of Fe(acac)3 and 4 mmol (0.878 g) of
Zn(Ac)2$2H2O were dissolved in 30 mL of methanol under
stirring in Flask 2. The solution in Flask 1 was then poured into
Flask 2, and the resulting solution was vigorously stirred for
15 min. The solution was transferred to a 100 mL Teon-lined
stainless-steel autoclave and maintained at 120 °C for 4 h.
The product was separated by centrifugation, washed with DMF
and methanol several times, and dried at 80 °C under vacuum
overnight. The product was labelled FeZIF-1-Ac. FeZIF-1-Ac was
subjected to the same heat treatment used for FeZIF-2-0.5Fe.
The heat-treated sample was labelled FeNC-1-Ac.

Synthesis of NC-2. NC-2 was synthesized using the same
procedure used to prepare FeNC-2-0.5Fe, except that Fe(acac)3
was not added.

Synthesis of ZIF-8. ZIF-8 was synthesized using the same
procedure used to prepare FeNC-1-Ac, except that Fe(acac)3 was
not added and the 4 mmol (0.878 g) of Zn(Ac)2$2H2O was
replaced to 4 mmol (1.189 g) of Zn(NO3)2$6H2O. The obtained
powder didn't require heat treatment.
Characterization methods

The phase identication of the prepared samples was per-
formed with X-ray diffraction (XRD, SmartLab 3) at the scan rate
of 10° per min from 5° to 80° and confocal laser microscopy
Raman spectroscopy (Raman, Renishaw) from 900 cm−1 to
2000 cm−1. The morphology of samples were investigated by
scanning electron microscopy (SEM, JSM-7900) and trans-
mission electron microscopy (TEM, JEM-2100F). And valence
states were analysed by X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi) with an Al Ka radiation source. The composi-
tion of elements was analysed by an inductively coupled plasma
optical emission spectrometer (ICP-OES, Optima8300).
Fig. 1 SEM images of FeZIF-2-0.5Fe (a, c) and FeNC-2-0.5Fe (b, d) and
(e) EDS-mapping images of FeZIF-2-0.5Fe.
Electrochemical methods

Electrochemical measurements were performed using a three-
electrode system consisting of working, counter, and refer-
ence electrodes. The working electrode was a glassy carbon
rotating disk electrode (RDE, Pine AFMSRCE); the counter
electrode was a graphite carbon rod; the reference electrode was
a Hg/HgO electrode in 0.1 M KOH; and the test system was
immersed in a 0.1 M KOH electrolyte. Cyclic voltammetry (CV),
linear sweep voltammetry (LSV), and chronoamperometry (CA)
experiments were performed.

The slurry was typically prepared by dissolving 6 mg of the
FeNC powder sample (or 2 mg of commercial Pt/C) in 1 mL of
ethanol and 0.5 mL of 0.2% Naon dissolved in ethanol under
ultrasonic dispersion for 10 min. A microsyringe was used to
deposit 20 mL of the slurry on the glassy carbon electrode, and
the slurry was allowed to dry.

A chronoamperometry (CA) test was performed using a 10 ×

10 mm piece of glassy carbon as the working electrode. A
volume of 200 mL of the aforementioned slurry was added
dropwise to both sides of the working electrode.
© 2023 The Author(s). Published by the Royal Society of Chemistry
All data in this work were given without iR-correction and all
potentials were calibrated with reference to reversible hydrogen
electrode (RHE).

Results and discussion
Phase and morphology analysis

Fig. 1 shows SEM images of FeZIF-2-0.5Fe and FeNC-2-0.5Fe.
FeZIF-2-0.5Fe consisted of generally uniform ZIF particles
(Fig. 1(a)). This morphology was almost unchanged upon sub-
jecting the FeNC-2-0.5Fe sample to heat treatment (Fig. 1(b)).
The statistics of the particle size distribution of these samples
are shown in Fig. S1.† The average particle size was 2.04 ± 0.01
mm for FeZIF-2-0.5Fe and 1.44 ± 0.01 mm for FeNC-2-0.5Fe,
which indicated that these samples had a uniform particle
size distribution. The average particle size of FeNC-2-0.5Fe was
slightly smaller than that of FeZIF-2-0.5Fe. This phenomenon
was also observed in our previous study31 and was attributed to
decomposition and oxidation of particles during pyrolysis,
which resulted in a loss of mass and volume. A few rod-like
structures were also observed in the FeZIF-2-0.5Fe sample
(Fig. 1(c)). The EDS-mapping result demonstrated that the main
elements in the rod-like structure were Fe and O, which would
be consistent with the presence of iron oxide (Fig. 1(e)).
However, the XRD pattern of FeZIF-2-0.5Fe exhibited similar
peaks to those of the XRD pattern of ZIF-8, which did not
contain any additional components (Fig. S2†). Thus, the rod-
like structure was suggested to correspond to amorphous iron
oxide. The morphology of the rod-like structure aer pyrolysis
was shown in Fig. 1(d). Pyrolysis resulted in a roughening of the
rod surfaces. Particles were observed on the rod surface, indi-
cating that the heat treatment caused sample sintering. CNTs
were also observed, which may have been synthesized by the
catalysis of sintered particles.18,32

Characterization experiments were performed to investigate
the synthesis process of the FeNC-2-0.5Fe sample. The
morphology of the intermediators of FeZIF/NC-2-NO3, FeZIF/
RSC Adv., 2023, 13, 3835–3842 | 3837
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Fig. 2 TEM images of FeNC-2-0.5Fe (a–c); HR-TEM image of FeNC-
2-0.5Fe, where the lattice distance corresponds to that in PDF#35-
0772; (d) HAADF-STEM and (e) EDS-mapping images of FeNC-2-
0.5Fe.
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NC-2-Ac and FeZIF/NC-1-Ac were characterized by SEM
(Fig. S3†). Fig. S3(a)† shows that a few ZIF-like structures were
observed in the FeZIF-2-NO3 sample (which was prepared using
only Zn(NO3)2), and a similar morphology was observed for
FeNC-2-NO3 (Fig. S3(d)†) with no rod-like structures. FeZIF-2-Ac
consisted of both ZIFs and rods. Unlike FeZIF-2-0.5Fe, large ZIF
particles and a large number of rods were observed for FeNC-2-
Ac (Fig. S3(e)†). By comparison, FeZIF-1-Ac consisted of both
rods and ZIFs (Fig. S3(c)†), and sintering was more noticeable in
the sample (Fig. S3(f)†). Combining the results presented above
shows that the rod-like structure only formed under addition of
zinc acetate, because this structure was not observed in FeZIF/
NC-2-NO3; the ZIF morphology was not discernible in FeZIF/NC-
2-NO3, which may have resulted from unfavourable synthesis
conditions based on using only zinc nitrate as a precursor and
led to the low crystallinity of the obtained samples, indicating
that zinc acetate facilitates the formation of ZIF. Therefore, the
morphology of FeZIF/NC-2-0.5Fe can be tuned by varying the
type of zinc salt added.

Fig. S4† shows the XRD patterns of the samples. Except the
graphitic carbon peaks at the 2theta of 25°, FeNC-2-0.4Fe and
FeNC-2-0.45Fe clearly consisted of Fe and Fe3C phases with
a small quantity of Fe2O3 (Fig. S4(a)†), which indicated that
some Fe3C also formed during the pyrolysis process, along with
the sintering of Fe particles. The Fe2O3 phase may have been
generated during the cooling stage. Eqn (1) shows that Df-
Gq
m decreases as the temperature decreases, showing that this

reaction should occur based on thermodynamics. Thus, the Fe
particles that were not in contact with carbon tended to be
oxidized to Fe2O3 by the O2 formed by the residual O species
from the organic or metal salt precursors.33

2Fe(s) + 3/2O2(g) # Fe2O3(s) DfG
q
m = −815 023 + 251.12T (1)

Although the XRD patterns of FeNC-2-0.5Fe and FeNC-2-
0.55Fe did not exhibit discernible peaks of Fe and Fe3C,
considering the results for the entire series of samples led to the
speculation that Fe and Fe3C phases may have been present in
the samples. The low peak intensity may have resulted from the
low crystallinity or limited Fe3C content of the samples. The
XRD patterns of FeNC-2-NO3, FeNC-2-Ac, and FeNC-1-Ac are
compared in Fig. S4(b).† There was no discernible crystalline
phase for FeNC-2-NO3, which was typical for the FeNC samples
synthesized only with Zn(NO3)2.10,31 This result indicated that it
was not easy to synthesize the mixed phase of Fe, Fe3C and
Fe2O3 using only Zn(NO3)2 as the zinc-containing precursor. Fe
and Fe3C peaks were clearly observed in the XRD pattern of
FeNC-2-Ac, indicating a higher content for these phases in
FeNC-2-Ac than FeNC-2-xFe. However, the main phases in
FeNC-1-Ac were Fe and Fe2O3, with a small quantity of Fe3C,
which indicated that an FeNC catalyst containing a Fe3C phase
could not be synthesised by the direct solvothermal-pyrolysis
method. Some studies have shown that a considerably higher
temperature is required to synthesize Fe3C by solid-phase
reactions than by gas-phase reactions typically occurring on
the surface of materials,34–37 which suggests that the two-step
synthesis method was more effective for surface enrichment
3838 | RSC Adv., 2023, 13, 3835–3842
of the Fe species than the direct solvothermal-pyrolysis method,
which resulted in the Fe species being randomly distributed
between the bulk and surface. The surface Fe species promoted
the formation of the Fe3C phase in the gas-phase reaction along
with the generation of CO or CO2 at high temperatures, which
was the main reason why the Fe3C phase formed in FeNC-2-xFe
and FeNC-2-Ac and not in FeNC-1-Ac. Thus, a two-step synthesis
method was necessary to synthesize the highly active Fe3C
species for ORR electrocatalysis.

Fig. S5† shows the Raman spectra of FeNC-2-0.45Fe, 0.5Fe,
0.55Fe, and NC-2. The two broad peaks at approximately
1340 cm−1 and 1580 cm−1 were assigned to the D- and G-bands
of the C component, which were attributed to disordered
carbon with many defects and ordered sp2 graphitic carbon,
respectively. The intensity ratios of the D- and G-bands were
used to characterise the defects in these materials. The ID/IG
ratio was 1.15 in NC-2, 1.12 in FeNC-2-0.45Fe, 1.16 in FeNC-2-
0.5Fe and 1.18 in FeNC-2-0.55Fe. The ID/IG ratio ratios were
higher for FeNC-2-0.5Fe and FeNC-2-0.55Fe than NC-2, indi-
cating that Fe doping might increase the number of defects that
formed in the sample, whereas N dopants changed the local
structure of the carbon skeleton, which enhanced the ORR
activity.38,39 By contrast, the low ID/IG ratio for FeNC-2-0.45Fe
may have been caused by the heterogeneity of the pyrolyzed
FeNC samples.

The microstructure of FeNC-2-0.5Fe was further investigated
by TEM. Fig. 2(a) shows FeNC-2-0.5Fe had a rod-like structure.
Many CNTs grew on the rods, some particles formed inside the
rods, and some broken CNTs were observed in the red area
shown in the gure. The presence of CNTs may have enhanced
the conductivity of these samples. An enlarged image of a CNT
is shown in Fig. 2(b). The CNTs were multiwalled with a wall
thickness was 2–5 nm, where each wall was made of sections.
This phenomenon has also been reported for bamboo-like
carbon nanotubes (b-CNTs)40 prepared by the catalysis of Fe
© 2023 The Author(s). Published by the Royal Society of Chemistry
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particles during heating treatment. The interplanar spacing for
the particles wrapped in multiple layers of graphitic carbon
(Fig. 2(c) and (d)) matched the Fe3C lattice distance of the (2 2 1)
plane, indicating the presence of the Fe3C component. The EDS-
mapping results (Fig. 2(e)) show that the main elements in the
rod-like structure were C and Fe with small quantities of N, O
and Zn. The C distribution was homogeneous, whereas that of
Fe was concentrated in spherical regions, in agreement with the
presence of particles inside the rod-like structures and indi-
cating that Fe was the main element in the sintered particles.
Combined with SEM results, the morphology of the catalyst was
a hierarchical structure of carbon particles, rod-like carbon, b-
CNTs and carbon layers wrapped with Fe3C particles.

The XPS results for FeNC-2-0.45Fe, 0.5Fe and 0.55Fe are
shown in Fig. 3. The XPS spectrum for Fe 2p in Fig. 3(a–c) can be
divided into Fe3C 2p3/2 (∼708.4 eV), Fe2+ 2p3/2 (∼710.4 eV), Fe3+

2p3/2 (∼713.0 eV), Fe3C 2p1/2 (∼721.3 eV), Fe2+ 2p1/2 (∼723.4 eV),
and Fe3+ 2p1/2 (∼726.0 eV). The Fe3C peaks were split, except for
Fe in the +2 and +3 valence states. Peaks corresponding to the
Fe–C bond were also observed in the C 1s spectrum (Fig. 3(g–i))
at ∼283.9 eV, which further conrmed the presence of Fe3C in
the catalysts. Peaks corresponding to the M–N bond (M = Fe
and Zn) were also observed in the N 1s spectrum at ∼398.5 eV
(Fig. 3(d–f)), indicating covalent bonds between metal (Fe, Zn)
and N atoms. Peaks for C–N bonds appeared in the spectrum of
Fig. 3 XPS patterns for FeNC-2-0.45Fe, 0.5Fe, 0.55Fe: (a–c) Fe 2p; (d–

© 2023 The Author(s). Published by the Royal Society of Chemistry
C 1s shown in Fig. 3(g–i), which suggested that the Fe–N–C
structure derived from Fe ZIFs may have persisted in the cata-
lyst. Graphitic N peaks were also observed in the N 1s spectrum
(Fig. 3(d–f)), indicating that N atoms had been doped into the
carbon skeleton, whichmay have promoted the ORR activity.41,42

Thus, the XRD results indicated the presence of metallic Fe,
which however was not detected in the XPS spectrum. It was
proposed that Fe was formed in the bulk of the catalyst instead
of on the surface. The Fe atomic ratios measured by XPS and
ICP-OES are shown in Table S1.† A lower Fe atomic ratio was
measured by XPS than by ICP-OES, which proved that most of
the Fe particles were located in the bulk. As mentioned above,
the formation temperature of Fe3C was lower in the gas-phase
reaction than in the solid-phase reaction. The Fe that formed
on the surface of the catalyst at high temperatures reacted more
easily with carbon oxide to form Fe3C in the gas phase than in
the solid phase, leading to a low content of the Fe phase on the
surface. Combining this result with the XPS results suggests
that the main Fe species was Fe3C on the surface but elemental
Fe in the bulk.
Electrochemical properties and analysis

The screening result is shown in Fig. S6.† The overall optimal
dosage considering both the half-wave potential and limiting
f) N 1s; and (g–i) C 1s.

RSC Adv., 2023, 13, 3835–3842 | 3839
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current density was 4mmol of Zn(Ac)2, 2 mmol of Zn(NO3)2, and
24 mmol/8 mmol of HMIM ratio (Fig. S6(a–c)†). FeNC-2-0.5Fe
was selected as the optimal catalyst because the half-wave
potential did not change upon increasing the Fe dosage from
0.45 mmol to 0.55 mmol, between which the 0.5 mmol dosage
of Fe was an intermediate value (Fig. S6(d)†). The LSV curves of
the different FeNC/NC samples and commercial Pt/C are shown
in Fig. 4(a). FeNC-2-0.5Fe had the highest half-wave potential of
0.878 V vs. RHE, which was higher than that of Pt/C (0.861 V vs.
RHE). By comparison, the half-wave potentials of FeNC-1-Ac,
FeNC-2-NO3 and FeNC-2-Ac were lower, demonstrating limited
activity for samples produced using a single zinc salt, due to the
disadvantages of carbon particles with average sizes that were
excessively large and small and the absence of the Fe3C phase.

The tted ECSA for FeNC-2-0.5Fe is shown in Fig. 4(b) and
S7.† The calculated ECSA of 1.08 cm2 mg−1 indicated the
synthesized catalyst had a large area. The RRDE results of FeNC-
2-0.5Fe and Pt/C are shown in Fig. 4(c). The yield of H2O2 was
lower than that of Pt/C and less than 10%, whereas the electron
transfer number was close to 4. Fig. 4(d and e) shows that tting
the FeNC-2-0.5Fe data using the K–L equation for resulted in
a calculated average electron transfer number of 3.87, which
proved that the electrocatalysis process mainly proceeded with
4 electrons. Tafel plots of FeNC-2-0.45Fe, 0.5Fe, 0.55Fe, NC-2
and Pt/C are shown in Fig. S8.† Unlike the results for NC-2,
the Tafel slope of FeNC-2-0.55Fe was higher than that of Pt/C
because the addition of Fe caused the Tafel slope to increase.
The Tafel slope for FeNC-2-0.5Fe was 132.1 mV dec−1, which
was slightly lower than that of Pt/C, indicating faster ORR
kinetics. The increase in the Tafel slope with the Fe dosage
indicated that the presence of excess Fe slowed the kinetics
down, although the half-wave potential was not noticeably
changed.
Fig. 4 (a) LSV curves of different catalysts in a 0.1 M O2-saturated KO
Productivity of H2O2 and electron transfer numbers of FeNC-2-0.5Fe an
FeNC-2-0.5Fe data fit with the K–L equation. (f) The histogram of the c

3840 | RSC Adv., 2023, 13, 3835–3842
The CA curves of FeNC-2-0.5Fe and Pt/C are shown in
Fig. S9(a),† and the histograms of the current attenuation rates
at 10 000 s, 30 000 s, and 50 000 s are shown in Fig. 4(f). The
current density ratios for FeNc-2-0.5Fe were 95.8%, 90.9%, and
91.7% for 10 000 s, 30 000 s and 50 000 s, respectively. The
current at 50 000 s was slightly higher than that at 30 000 s, and
the histogram of selected 100 points within ±3000 s (Fig. S9(b–
d)†) also support this result, indicating some reconstruction
ability for FeNc-2-0.5Fe, which helped preserve the activity. The
current density ratio for Pt/C at 50 000 s was 82.0%, which was
considerably lower than that of FeNC-2-0.5Fe, indicating FeNC-
2-0.5Fe was more durable than Pt/C. Fig. S10† shows TEM
images of FeNC-2-0.5Fe obtained aer the CA test. There was no
noticeable change in the morphology of the rod-like structures
and carbon particles (Fig. S10(a and b)†), which proved that the
basic structures of the catalyst were not affected by the long-
term CA test. The EDS map of the rod-like structures of FeNC-
2-0.5Fe is shown in Fig. S11.† Compared with the correspond-
ing EDS map before the CA test (Fig. 2(e)), the distribution of O
was more concentrated, indicating partial oxidation of the
catalyst aer the long-term ORR test. The distribution of Fe was
more concentrated, and the particles were larger, indicating
Ostwald ripening occurred during the CA test. Although there
were no noticeable structural differences before and aer the
test, there were changes in the elemental distributions.

The tolerance of the catalysts to typical reagents was inves-
tigated. The effect of methanol on the ORR activity of FeNC-2-
0.5Fe is shown in Fig. 5(a). The half-wave potential decreased
to 30 mV upon addition of 3 Mmethanol (Fig. 5(d)). Whereas Pt/
C was completely poisoned (Fig. S12†), there was a negligible
decrease in the half-wave potential for FeNC-2-0.5Fe, indicating
a high methanol tolerance.
H solution at 1600 rpm. (b) The fitted ECSA for FeNC-2-0.5Fe. (c)
d Pt/C. (d) LSV curves of FeNC-2-0.5Fe at different rotating speeds. (e)
urrent attenuation rate for FeNC-2-0.5Fe and Pt/C during the CA test.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LSV curves for FeNC-24 in a 0.1 M O2-saturated KOH solution
at 1600 rpm with (a) 3 M methanol, (b) 1 mM SCN−, and (c) 1 mM
Fe(CN)6

3−; (d) histogram of the change in the half-wave potential.
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In a previous study, we added coordination ions as inhibit-
ing reagents to identify the active Fe species of the FeNC catalyst
for the ORR.31 The typical coordination ion SCN− was used to
block Fe(III) species, and Fe(CN)6

3− was selected to block Fe(II).
The XPS spectrum for Fe in FeNC-2-0.5Fe demonstrated the
presence of Fe(II) and Fe(III); thus, the XPS and HR-TEM results
proved that Fe3C was the catalyst component that was necessary
for ORR activity. Thus, this inhibition method was employed in
this study to identify the active Fe species. The results are shown
in Fig. 5(b and c), and the change in half-wave potential is
shown in Fig. 5(d). The decrease in the half-wave potential was
almost zero upon addition of SCN− and 36 mV upon addition of
Fe(CN)6

3−. The disparity proved that Fe(II) was the active Fe
species. In addition, the Fe3C particles wrapped in carbon layers
enhanced the electronic structure and activity of the active site,
which promoted the activity at the Fe(II) sites and resulted in
a high ORR activity.15,43–45
Conclusions

In this study, a two-step precipitation-solvothermal method was
designed to synthesize FeZIF precursors, which were then
pyrolysed to synthesize FeNC catalysts. The morphology of the
synthesized FeZIF consisted of carbon particles with rod-like
structures. The FeNC samples retained these morphologies,
and bamboo-like CNTs were generated by the catalysis of sin-
tered Fe particles during heat treatment. A comparative analysis
of SEM images of the prepared samples showed that the
formation of the rod-like structures resulted from the addition
of zinc acetate and ferric acetylacetonate. The presence of Fe3C
was identied from the lattice spacing determined by XRD, XPS
and HR-TEM. Fe3C was generated by the addition of Fe salt
during the solvothermal step. Electrochemical measurements
demonstrated that the FeNC sample FeNC-2-0.5Fe had the
highest half-wave potential of 0.878 V vs. RHE, which was higher
than that of commercial Pt/C (0.861 V vs. RHE). The ECSA was
1.08 cm2 mg−1, and the electron transfer number approached 4.
© 2023 The Author(s). Published by the Royal Society of Chemistry
A CA test demonstrated that FeNC-2-0.5Fe was more durable
than Pt/C, and there were no discernible differences in the basic
morphology before and aer the CA test; FeNC-2-0.5Fe also
exhibited higher tolerance to methanol than Pt/C. An inhibition
test using coordination ions proved that the active species was
Fe(II), indicating that Fe3C acted as a cocatalyst that enhanced
the electron structure of FeNx-doped carbon. Thus, the high
ORR activity resulted from the hierarchical structure and
synergistic action of Fe3C and Fe(II) of catalysts.
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