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The oxygen reduction reaction (ORR) kinetics are slow, limiting the overall reaction rate. It is still challenging
to construct transition metal-based electrocatalysts with high activity and stability. In this study, FeN,/
Fe-based skewer-like N-doped carbon nanotubes (FeN,/Fe-NCNTSs) are successfully prepared by a simple
one-step pyrolysis strategy. The Fe-based nanoparticles are evenly dispersed at the tip of the carbon
nanotubes and the junction of the bamboo segments, indicating that the FeN,/Fe-NCNTs catalyst has
abundant ORR active sites. When applied to the ORR, FeN,/Fe-NCNTs exhibit initial and half-wave potentials
of 0.96 and 0.86 V (vs. RHE) in 0.1 M KOH, comparable to those of commercial 20% Pt/C catalysts.
Moreover, the FeN,/Fe-NCNTs showed a low Tafel slope value of 8.2 mV dec™* and the electron transfer

Received 19th December 2023,
Accepted 11th February 2024

number (n) is between 3.81 and 3.93, indicating a fast four-electron transfer path. The results show that
FeN,/Fe-NCNTs have better electron transfer efficiency and stability, making them an excellent ORR
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Introduction

The demand for clean economic energy as an alternative to
fossil fuels is currently growing in response to environmental
concerns and energy consumption.’” Fuel cells have been
recognized as major alternative devices.”” However, the slug-
gishness of the oxygen reduction reaction (ORR) in fuel cells is
a major challenge. The high cost and lack of resources of highly
active platinum (Pt)-based catalysts in the ORR have prevented
their large-scale commercial application.®'® Transition metal
and carbon-based materials have become the subject of lively
discussion among researchers.’***

As for carbon materials, how to improve the activity has also
become a major focus of research. In recent years, nitrogen-
doped carbon materials have shown excellent catalytic proper-
ties. The disparity in electronegativity between nitrogen and
carbon atoms results in an imbalance in their electron spin
density, and charge polarisation is an important reason for
improving the catalytic performance of N-doped carbon mate-
rials. Additionally, the encapsulation of abundant transition
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metals (eg. Cu, Ni, Co, Fe) in N-doped carbon materials has
positive implications for enhancing the electrocatalytic perfor-
mance, because the abundant 3d electrons in transition metal
elements are easily lost or captured, allowing for the controlled
synthesis of multi-component, multi-structures as catalysts
with multiple catalytic active centers, especially for Fe-based
N-doped carbon materials.’®"® However, developing transition
metal oxygen reduction catalysts with high activity and excel-
lent stability is still a problem in industry, since nanoparticles
based on transition metals loaded on the outer surface of
carbon materials are susceptible to Ostwald curing during the
catalytic process, resulting in poor long-term stability.>*">*

Prussian blue, a type of transition metal-based material, is
widely utilized in synthesizing catalysts for electro-chemical
power devices. Its widespread application results from its low
cost, stable 3D framework, non-toxic and non-hazardous prop-
erties, and abundant natural resources.>>*° Prussian blue can
be used as a sacrificial template for conversion to inorganic
nanoparticles and carbon composites can be created through a
simple carbonization process, resulting in the uniform disper-
sion of metal or metal-based nanoparticles within the carbon
matrix.””

In this regard, we explored a simple preparation method of
Fe-based carbon nanotube materials for highly active ORR
electrocatalysts with Fe-based nanoparticles as the main active
site of the catalyst. NaFe(CN)s and FeCl,-4H,0 were homo-
geneously mixed, and a certain amount of HCl was added to
prepare a Prussian blue precursor material, which was aged in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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air for 24 h. An appropriate amount of melamine was added
and then homogeneously sintered in a tube furnace at 800 °C to
form FeN,/Fe-based N-doped carbon materials. The material
(FeN,/Fe-NCNTSs) exhibits high ORR electrocatalytic activity in
alkaline media, where the half-wave potential reaches 0.86 V
and the onset potential is as high as 0.96 V (vs. RHE). The FeN,/
Fe-NCNTs show higher ORR activity with a peroxide yield of less
than 8%, an electron transfer number close to 4, and improved
stability compared to commercial 20% Pt/C.

Experimental
Preparation of Prussian blue

Synthesis of the Prussian blue (Fe,[Fe(CN)g];) precursor: 5 ml
of an aqueous solution containing 300 mM FeCl,-4H,0 and
600 mM Na,Fe(CN)s was prepared, then 45 ml of concentrated
hydrochloric acid (37%) was added, and the resultant solution
was placed in a fume cupboard and aged for 24 h in air. The
solution was centrifuged at 9000 rpm to obtain a precipitate
and then it was washed three times with deionized water and
ethanol. The samples were dried for 24 h at 70 °C.

Preparation of FeN,/Fe-NCNTs

0.2 g of Prussian blue (Fe,[Fe(CN)s];) synthesized above was
ground with 3 g of melamine and mixed well in a mortar and
pestle, and then the ground sample was transferred to a
porcelain boat. The porcelain boat was placed into a two-zone
temperature-controlled tube furnace, and the sample was
heated up to 800 °C under a N, atmosphere at a ramping rate
of 3 °C min~". The FeN,/Fe-NCNTs were obtained by holding at
800 °C for 2 h.

Results and discussion

As depicted in Fig. 1, FeN,/Fe-NCNTs were prepared by adding
hydrochloric acid to control the synthesis of synthetic Prussian
blue precursors. The composition and structure of the FeN,/
Fe-NCNT catalyst were investigated by X-ray diffractometry
(XRD). The XRD patterns (Fig. 2a) show crystal diffraction peaks
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Fig. 1 Schematic diagram of the synthesis of FeN,/Fe-NCNTs.
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of Prussian blue at 17.374° (100), 24.710° (110), 35.164° (200),
39.491° (210), 43.692° (211), 50.673° (220), 53.886° (300), 57.166°
(310), 60.457° (311), 63.202° (222), 66.227° (320), 68.997° (321),
74.677° (400) and 76.807° (410). The diffraction peaks above
correspond well with those of Prussian blue, which also proves
the successful preparation of Prussian blue precursor. The XRD
pattern of the FeN,/Fe-NCNTs (Fig. 2b) shows that there are
crystallization diffraction peaks at 26.381°, 43.915°, 44.673° and
65.021°. The diffraction peaks at 44.673° and 65.021° correspond to
the (110) and (200) crystal planes of Fe. The 43.915° diffraction peak
corresponds to the (111) crystal plane of FeN, and the 26.381°
diffraction peak corresponds to the (002) crystal plane of C. Fig. 2c
shows the N, adsorption—-desorption curve of the FeN,/Fe-NCNTs
catalyst, which shows a typical Type IV isotherm indicating that the
material has a large number of mesopores and has a clear
hysteresis line. The FeN,/Fe-NCNTs have a high surface area of
153.379 m” g~ ', Fig. 2d displays the pore size distribution of the
material, which is predominantly distributed within the 2-6 nm
range. The high quantity of pores facilitates electron transfer, which
improves the catalytic efficiency of the catalysts.*®

Fig. 2e-h show the X-ray photoelectron spectroscopy (XPS)
images of the samples to further analyze the material composi-
tion of the FeN,/Fe-NCNTs. Fig. 2e shows the survey spectrum
of the FeN,/Fe-NCNTs. The survey spectrum indicates the
presence of C, N, O and Fe. In the high-resolution XPS spectra
of C 1s in Fig. 2f, the characteristic peaks at 284.8, 286.1 and
289.1 eV can be observed, belonging to C-C, C-N and O—C-O
bonds, respectively.”® Fig. 2g shows the high-resolution XPS
spectrum of N 1s with peaks at 398.4 eV attributed to pyridine
nitrogen, 399.3 eV to Fe-N, 401.0 eV to graphitic nitrogen, and
403.9 eV to nitrogen oxide.**> The material’'s ORR activity
benefits from the presence of pyridine nitrogen and graphitic
nitrogen.*' The high-resolution XPS spectrum of Fe 2p is shown
in Fig. 2h. The peak at 706.7 eV belongs to zero-valent Fe 2p3,,
the peak at 709.9 eV belongs to Fe*" 2p;,,, and the peak at
712.4 €V is Fe** 2p;/,.>>*" In summary, the iron present in FeN,/
Fe-NCNTs is distributed throughout the N doped carbon matrix
in the form of Fe, FeN, and Fe-N,.*?

Fig. 3a and b shows images obtained by field emission
scanning electron microscopy (FESEM) of Prussian blue. The
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Fig. 2 XRD patterns of (a) Prussian blue and (b) FeN,/Fe-NCNTs; (c) N, adsorption—desorption isotherm curve of the FeN,/Fe-NCNTs; (d) pore size
distribution curve of the FeN,/Fe-NCNTs; XPS spectra of (e) survey, (f) C 1s, (g) N 1s, and (h) Fe 2p of FeN,/Fe-NCNTs.

Fig. 3

images show that the size of the prepared cubes ranged from
20 to 100 nm. The results indicate the successful preparation of
the cubes.”® The transmission electron microscopy (TEM)
images of Prussian blue in Fig. 3c and d further demonstrate
the cubic structured Prussian blue material. The morphology
and structure of the samples containing FeN,/Fe-NCNTs were
further characterized through the use of FESEM and TEM. As
shown in the FESEM images of Fig. 4a and b, the FeN,/Fe-NCNT
samples have narrow and dense carbon nanotube structures,
which have an average diameter of about 500 nm, with uniform
thickness and length. The TEM images of Fig. 4c and d show
the presence of Fe-based nanoparticles, especially at the tips and
bamboo-like junctions of the FeN,/Fe-NCNTs. These nano-
particles significantly increase the material’s surface area, number
of defects, and electrical conductivity while simultaneously sup-
porting an increase in active sites. The overall effect is an

650 | Energy Adv, 2024, 3, 648-653

(a) and (b) FESEM diagrams of Prussian blue; (c) and (d) TEM diagrams of Prussian blue.

improvement in the ORR performance of the material.>*
Fig. 4e-h displays the energy dispersive X-ray spectral (EDS)
mapping of the material, revealing that the Fe-based nano-
particles are predominantly concentrated at the carbon nanotube
tips while also existing within the interior and on the surface of
the carbon nanotubes. Nitrogen is found to be uniformly dis-
tributed throughout the structure, indicating that pyrolysis can
uniformly dope a large amount of N heteroatoms into the carbon
material.>> EDS further confirms that the iron within FeN,/Fe-
NCNTs is distributed throughout the N-doped carbon matrix as
Fe, FeN, and Fe-N,.

The electrochemical ORR properties of FeN,/Fe-NCNTs are
next investigated, and the electrocatalytic activity of the FeN,/
Fe-NCNTs is tested by cyclic voltammetry (CV). As shown in
Fig. 5a, there is a clear redox peak in the O,-saturated 0.1 M
KOH solution compared to the N,-saturated 0.1 M KOH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4
FeN,/Fe-NCNTs: (f) Fe; (g) C; (h) N.

solution, and there is a peak at about 0.61 V. Furthermore, a
peak at approximately 0.61 V indicates the exceptional ORR
activity of the catalyst. Linear scanning voltammetry (LSV)
curves measured at different velocities further show that
FeN,/Fe-NCNTs have a high ORR activity (Fig. 5b) with an onset
potential of 0.96 V and a half-wave potential (E;,,) of 0.86 V (vs.
RHE), which are almost comparable to that of the commercial
20% Pt/C (0.87 V), or even have a better onset potential
(Fig. 5d). The K-L curve, as computed from the LSV (Fig. 5c),
yields 3.81-3.93 for the electron transfer number (n) within the
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Fig. 5 Electrochemical ORR experiments of FeN,/Fe-NCNTs and Pt/C: (a) CV curves (the black and red lines recorded at a sweeping speed of 50 mV s

(a) and (b) FESEM images of FeN,/Fe-NCNTs; (c) and (d) TEM images of FeN,/Fe-NCNTs; (e) EDS surface scan composition distribution of

potential range of 0.3 to 0.7 V. This indicates that the material’s
ORR in the limit current region involves nearly 4 transferred
electrons. The ORR activity of the FeN,/Fe-NCNTs and other
reported transition metal-based carbon electrocatalysts were
compared (Table S1, ESIf). The FeN,/Fe-NCNTs exhibit excel-
lent ORR activity. The ORR activity of the FeN,/Fe-NCNTs
is improved by the synergistic enhancement effect of the
N-doped carbon nanotubes and FeN,/Fe-based nanoparticles,
which facilitates mass and electron transport and improves the
activity of the active sites.
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in a 0.1 M KOH solution saturated with N, and O,, correspondingly); (b) LSV curves of FeN,/Fe-NCNTs at different sweep rates; (c) K-L plots of FeN,/
Fe-NCNTs (w is the rotational speed); (d) LSV curves of Pt/C and FeN,/Fe-NCNTs (1600 rpm).
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Fig. 6 (a) LSV curves of FeN,/Fe-NCNTs in the presence or absence of hydrochloric acid (1600 rpm); (b) Tafel slopes of FeN,/Fe-NCNTs and Pt/C

catalysts; (c) chronoamperometry of FeN,/Fe-NCNTs and Pt/C at 0.6 V (vs. RHE).

From Fig. 6a, it can be seen that the FeN,/Fe-NCNTs catalyst with
45 ml of concentrated hydrochloric acid has a better ORR activity
with an onset potential of 0.96 V and a half-wave potential (Ey,) of
0.86 V (vs. RHE). The sample without hydrochloric acid treatment
has a worse ORR activity with an onset potential of only 0.85 V and a
halfwave potential of only 0.67 V (vs. RHE). Concentrated hydro-
chloric acid plays a vital role in enhancing the catalyst activity under
similar pyrolysis conditions. This effect may relate to the synthesis of
the Prussian blue precursor. In the preparation of this experiment,
45 ml of concentrated hydrochloric acid (37% HCI) was added as an
inhibitor for the synthesis of Prussian blue. The initial Gibbs free
energy difference (AG) between the reactants and products of the
synthesized Prussian blue is less than zero and the reaction
reacts spontaneously. Protons can react with [Fe(CN)o]'~ to form
H,[Fe(CN)g], which makes the Gibbs free energy of the synthesis of
Prussian blue reaction decrease and the trend and rate of the
reaction decrease. Volatile hydrochloric acid was used as a source
of protons, and with the volatilization of the hydrochloric acid, the
concentration of protons in the reaction system decreased, and the
synthetic Prussian blue reaction proceeded gradually and sponta-
neously to form small-sized Prussian blue. The reaction system
cannot be hermetically sealed. If it is hermetically sealed, then the
internal inhibitor concentration will become so great that the
reaction to synthesize Prussian blue will not be able to continue
spontaneously.®® The Tafel slope curve of our prepared FeN,/
Fe-NCNTs is shown in Fig. 6b above, from which it can be seen
that the Tafel slope value of FeN,/Fe-NCNTSs is 81.2 mV dec™ ', which
is close to that of the commercial 20% Pt/C catalyst (72.3 mV dec ).
The results show that the FeN,/Fe-NCNTs catalysts have superior
electron transfer efficiency and chemical reaction kinetics. Fig. 6¢
shows the chronoamperometry of FeN,/Fe-NCNTs at 0.6 V (vs. RHE).
It maintains 66.7% performance after 25000 s of chronoampero-
metry, while commercial 20% Pt/C has higher current loss and only
maintains about 53.6% performance, indicating that our synthesized
FeN,/Fe-NCNTs have better long-term stability, which makes them
an excellent electrochemical catalyst for the ORR.

Conclusion

In summary, a bamboo nanotube-like structural material
with uniform diameter was successfully prepared by a simple

652 | Energy Adv, 2024, 3, 648-653

one-step pyrolysis strategy, and Fe-based nanoparticles were
homogeneously dispersed at the tips of the carbon nanotubes
and the junctions of the bamboo joints. The FeN,/Fe-NCNTs
catalysts are rich in active sites. The ORR test of the FeN,/Fe-
NCNTs material shows that the onset potential and half-wave
potential in 0.1 M KOH are 0.96 and 0.86 V (vs. RHE), respec-
tively, which are almost comparable to the commercial 20%
Pt/C catalysts with even more excellent onset potential. This
indicates that our prepared materials have excellent ORR
electrocatalytic activity. In addition, FeN,/Fe-NCNTs have better
stability, which makes them an excellent ORR electrochemical
catalyst. The FeN,/Fe-NCNTs were prepared in a simple method
with convenient operation steps and possessed excellent ORR
electrocatalytic activity.
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