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Free-standing nitrogen-doped carbon nanofiber (NCNF) films based
on polyacrylonitrile (PAN) were prepared simply by the combination
of electrospinning and thermal treatment. We reused the nitrogen-
rich gas generated as the byproduct of PAN at elevated temperature,
mainly NHs, for surface etching and nitrogen doping. The as-
obtained NCNFs exhibited a rougher surface and smaller diameter
than pristine carbon nanofibers. Despite the decreased total N
content, a significant increase in the content of pyrrolic-N was
observed for the NCNFs. In application to electrochemistry, the free-
standing NCNF films showed comparable catalytic activity with a
close four-electron pathway to a commercial Pt/C catalyst in alkaline
medium toward oxygen reduction reaction (ORR), which can be
attributed to the nitrogen doping and high hydrophilicity. More
importantly, the ORR current density on the NCNFs only dropped
6.6% after 10000 s of continuous operation, suggesting an
enhanced long-time durability. In addition, the NCNFs also showed
better electrocatalytic selectivity than Pt/C. Our work reveals a facile
but efficient approach for the synthesis of free-standing NCNF films
as a promising alternative to Pt-based electrocatalysts in fuel cells.

Introduction

The development of catalytic materials for oxygen reduction
reaction (ORR) is one of the major issues in the practical
applications of fuel cells." In spite of the outstanding perfor-
mance of Pt-based ORR electrocatalysts, the commercialization
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is hampered by the high cost of noble metals and relatively poor
durability.* Recently, the investigation of substitutes for the Pt-
based catalysts, including nonprecious metals*® and metal-free
catalysts,”"® has attracted great interest. In particular, the state-
of-the-art metal-free nitrogen-doped carbon nanomaterials,
such as nitrogen-doped carbons,'>*> graphene'*** and carbon
nanotubes,” exhibited excellent electrocatalytic activity and
enhanced durability toward the ORR. Their high electro-
chemical performance could be attributed to the improvement
of the interaction between carbon and guest molecules result-
ing from the enhancement of the electron-donor property of the
carbon host.*® Although significant progress in nitrogen-doped
carbon nanomaterials has been made as catalysts for the ORR,
there have been few reports on the facile synthesis of nitrogen-
doped carbon nanofibers (NCNFs)."”** Generally, there are two
main approaches for the introduction of nitrogen into the
carbon nanofibers (CNFs): one is by introducing the nitrogen
into CNFs during the preparation process;”"*® the other is by the
post-treatment of CNFs in the nitrogen-containing gas.”
Moreover, an insulating binder was required for the powdery
materials to stick the samples onto the support materials which
results in an unwanted inner resistance, while electrospun
NCNFs could be produced with a unique free-standing structure
which is expected to retain its high catalytic activity.>® Hence, it
is desirable to develop a simple approach for the efficient
production of free-standing NCNF films with high oxygen-
reduction activity.

Herein, we report a novel approach for the synthesis of free-
standing NCNF films based on electrospun polyacrylonitrile
(PAN) nanofibers. For the first time, NH;-containing gas, which
was the byproduct of PAN during the thermal treatment and
always discharged as a tail gas, was reused for nitrogen doping
and surface etching, leading to the rough surface and small
diameter of NCNFs. The electrochemical measurements
demonstrated that the as-made NCNF films had high catalytic
activity, enhanced long-time stability and high electrocatalytic
selectivity for ORR.
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Results and discussion

The free-standing NCNF films were synthesized by thermal
treatment of electrospun PAN nanofibers in a high temperature
furnace, and the thermal process was carried out in a capsule-
shaped device composed of two combustion boats to fully
utilize the tail gas for surface treatment (Scheme 1). Briefly, the
electrospun PAN nanofibers were handled completely in
nitrogen as follows: (1) stabilized at 300 °C for 60 min and (2)
further carbonized at 900 °C for 60 min and then cooled to room
temperature. For comparison, CNFs-A and CNFs-B were
prepared in one combustion boat via the same process except
for the first step for CNFs-A which were stabilized in air
(Table S1%).

As observed from images of TEM and SEM (Fig. la-c and
Sila-ct), the NCNFs (204 £+ 26 nm) have not only a smaller
diameter than CNFs-A (289 + 12 nm) and CNFs-B (404 £ 35
nm), but also a rougher surface. Several nitrogen-containing
gaseous compounds, such as NH; and HCN, were formed as
byproducts in thermal treatment of PAN.** Then, the radicals
that originated from the decomposition of NH; at high
temperature, such as NH and NH,, would etch the surface of
carbon nanomaterials leading to the decrease of the diameter
and the increase of the surface area.”

The Raman spectra of all samples displayed the D band
(around 1340 cm™ ') and G band (around 1600 cm ) as shown
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Scheme 1 The preparation of NCNFs in a capsule-shaped device composed of
two combustion boats.

Fig. 1 TEM images of (a) CNFs-A, (b) CNFs-B and (c) NCNFs. (d) Photograph of
free-standing NCNF films and disk-shaped NCNF films for the electrode
modification.
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in Fig. 2a. The intensity ratio of D band and G band (Ip/Ig) for
NCNFs was calculated to be 1.93, which was higher than that of
CNFs-A (1.85) and CNFs-B (1.87). Accordingly, the as-obtained
results demonstrated that the graphitization degree of CNFs
was higher than that of NCNFs. This may be attributed to the
more structural defects and edge plane generated by the
incorporation of nitrogen into the carbon matrix."”** As a result,
the NCNF films revealed significant hydrophilic behavior
(Fig. S1e and f¥).>*

The X-ray photoelectron N1s spectra of CNFs-A, CNFs-B and
NCNFs (Fig. 2b-d) demonstrated that the pyrrolic-N content
(at.%) was 31.6, 35.2 and 44.1%, respectively. The NCNFs con-
tained the highest content of pyrrolic structures, as a result of
the reaction between the carbon host and H atoms or other H
containing radicals generated by the decomposition of NH;
during the carbonization.'” It has already been reported that
carbons with pyrrolic-N at the edges of graphene layers would
exhibit higher charge mobility and better donor-acceptor
properties than other kinds of nitrogen species, such as pyr-
idinic-N and graphitic-N.>

The free-standing NCNF films exhibited many attractive
properties, including rough surface, high content of pyrrolic-N
and good hydrophilicity, which were expected to enhance its
catalytic performance. In our work, the electrocatalytic activity
of NCNFs was evaluated by ORR in the 0.1 M KOH solution, and
further compared with other catalysts (Fig. 3). The NCNF films
can be directly and stably adhered to the surface of a glassy
carbon electrode by 0.5 wt% nafion solution (Fig. 1d). The ORR
onset potential and peak potential at NCNFs were —0.034 V and
—0.182 V, significantly more positive than those at CNFs-A
(—0.120 V and —0.278 V) and CNFs-B (—0.154 V and —0.413 V),
indicating much faster electron transfer kinetics and higher
catalytic activity for ORR.

To gain further insight into the electrocatalytic properties of
NCNFs and CNFs, rotating disk electrode (RDE) measurements
were carried out. The RDE linear sweeping voltammograms
with a rotation rate of 1600 rpm are displayed in Fig. 3b, and
similar trends of the onset potential in ORR were obtained. The
onset potential of NCNFs was about 45 mV more negative than
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Fig.2 (a) Raman spectra of CNFs-A, CNFs-B and NCNFs. X-ray photoelectron N1s
spectra of (b) CNFs-A, (c) CNFs-B and (d) NCNFs.
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Fig. 3 (a) Cyclic voltammograms (CVs) of CNFs-A, CNFs-B and NCNFs in O,- and
N-saturated 0.1 M solution of KOH at a scan rate of 50 mV s~ . (b) Rotating disk
electrode voltammograms of CNFs-A, CNFs-B, NCNFs and Pt/Cin O,-saturated 0.1
M solution of KOH at a scan rate of 10 mV s~" at 1600 rpm. (c) Rotating disk
electrode voltammograms recorded for NCNFs in O,-saturated 0.1 M solution of
KOH at different rotation rates with a sweep rate of 10 mV s~". (d) Koutecky-
Levich plot of /= versus w~'/? at different electrode potentials. The experimental
data were obtained from (c).
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Fig. 4 Chronoamperometric response of NCNFs and Pt/C at —0.26 V in Oy-
saturated 0.1 M KOH at a RDE rotation rate of 1600 rpm.

that of the Pt/C catalyst, suggesting high catalytic activity of
NCNF films toward ORR. The electrochemical reduction of
oxygen in basic solution includes two main possible pathways,
involving the two-electron reduction pathway with OOH™ as an
intermediate product and the four-electron pathway to produce
OH" .>*”” The latter pathway is more desirable for the purpose of
achieving the maximum energy capacity. To investigate the
kinetic reaction mechanism of the electron process, the Kou-
tecky-Levich equations were employed to calculate the number
of electrons transferred (n) per oxygen molecule in the ORR.*®

The n value calculated in the ORR for NCNFs was about 3.6—
4.0 in the potential range from —0.35 V to —0.5 V (Fig. 3c and d),
revealing that the electrocatalytic process of ORR at NCNFs is a
close four-electron pathway leading to the direct formation of
OH . In contrast, the n value was obtained to be 3.2-3.6 and
2.7-2.9 for CNFs-A and CNFs-B, respectively (Fig. S2+).

In order to investigate the percentage of peroxide species
formed (yperoxiae) in the O,-reduction procedure, we also per-
formed the rotating disk-ring electrode (RRDE) measurements.
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The n value was calculated to be 3.52 for NCNFs at —0.5 V, and
the value of yperoxide Was measured to be 24% (Fig. S31)."*

n = 4lp/(Ip + (Ir/N)) 1)
Yperoxide = 100(4 - n)/z (2)

where N is the collection efficiency with a value of 0.37 and I,
and Iy are the faradic-disk and -ring currents. The n value from
RRDE results was in agreement with that obtained from RDE
measurements, demonstrating that the ORR at the NCNFs was
mainly via the four-electron pathway.

The above observed excellent electrocatalytic activity of
NCNFs toward ORR can be explained by the nitrogen-induced
charge delocalization and high hydrophilicity.'>* The unique
electronic properties of NCNFs derived from nitrogen inclusion
may benefit the oxygen reduction.” In addition, the high
hydrophilicity is expected for the efficient oxygen absorption
and reduction.”

Because the stability of electrocatalysts is one of the major
issues limiting the current fuel cell technology for practical
applications, the durability of NCNFs was further measured at
—0.26 V for 10 000 s in O,-saturated 0.1 M KOH solution at a
rotation rate of 1600 rpm (Fig. 4). Compared with the
commercial Pt/C, the corresponding chronoamperometric
response of NCNFs showed slow attenuation. The ORR current
density of NCNFs exhibited a slight drop of 6.6% after a
continuous operation of 10 000 s, while it dropped over 16.3%
for commercial Pt/C, revealing an enhanced long-time stability
of NCNFs for ORR. In addition to the durability, the electro-
catalytic selectivity of the catalyst was another key issue to be
investigated in ORR. To test the possible crossover, the ORR
activity of NCNFs was explored in the presence of 3 M methanol.
It showed that the electrocatalytic activity of NCNFs in ORR
remained unchanged after the addition of methanol (Fig. S4at),
while a pair of peaks for methanol oxidation, located at —0.13
and —0.22 V, were observed in the CV curve of Pt/C, leading to
the vanishing of the cathodic peak for ORR (Fig. S4b¥). It has
been reported that the high selectivity and remarkably good
tolerance to the crossover effect can be attributed to the much
lower ORR potential than that required for the oxidation of
methanol.”

Conclusions

For the first time, free-standing NCNF films were prepared
using the tail gas generated in the thermal treatment procedure
for nitrogen doping and surface etching. The resultant NCNF
films exhibited high catalytic activity, enhanced durability and
high electrocatalytic selectivity toward ORR. Our work presents
a potential approach for the large-scale production of NCNFs as
an alternative to the Pt-based catalysts in the practical appli-
cation of fuel cells.
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