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High-performance electrocatalysts with excellent catalytic activity and long durability competitive to Pt
are urgently necessary for fuel cell development. Here, a novel self-standing membrane of nitrogen-
doped carbon nanofibers (NCNF) has been developed, acting as a three-dimensionally networked and
conductive template for immobilization of electrochemically active Co304 particles. Thus,
nanocubic-Co304 coated NCNF (NCNF@Cos0,4) composite fiber membrane with hierarchical structures is
obtained, which subtly combines the synergistic effects between the electroactive nanocubic-Co30,,
efficient surface nitrogen doping and highly conductive NCNF network. Therefore, the NCNF@Co30,4
composite exhibits excellent catalytic activity toward oxygen reduction reactions with positive Epeak
potential, high current density and superior durability over the commercial Pt/C catalyst, being a pro-
mising noble metal-free catalyst for practical fuel cell applications.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing demand for clean and sustainable energy has
inspired extensive exploration of advanced energy conversion and
storage systems with high efficiency, low cost and environmental
benignity, such as supercapacitors, lithium-ion batteries, fuel cells,
and metal-air batteries [1,2]. Nevertheless, the sluggish kinetics of
oxygen reduction reaction (ORR) on the cathode side definitely
limits the successful commercialization of high efficiency fuel cells
and metal-air batteries. Pt-based materials have been considered
as the most active noble metal ORR electrocatalysts, but largely
constrained in practical applications due to their scarcity, poor
durability and severe crossover effects [3,4]. Therefore, non-pre-
cious metal-based and even metal-free electrocatalysts, such as
transition metal oxides (TMOs), metal chalcogenides and carbon-
based materials are newly emerging as promising candidates for
high-performance fuel cell and metal-air battery applications [5—
7].

C0304, as a typical kind of TMOs, has attracted increasing at-
tention as a relatively active ORR catalyst with natural abundance,
low cost, and environmental compatibility [8-10]. Nevertheless,
poorly conductive Co304 nanoparticles always suffer from
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inevitable dissolution and agglomeration during the reaction
processes, thus leading to compromised kinetics and reduced ORR
activity. Directly growing or immobilizing Co304 nanocrystals on
various carbon-based supporting materials, like graphene, carbon
nanotubes (CNTs) or porous carbon, is proved to be an effective
strategy to construct hybrid materials with largely increased sur-
face active sites, optimized electrical and chemical coupling be-
tween Cos04 and the supporting substrates [11-13]. For example,
N-doped graphene/Co304, composites [11], N-doped graphene/
carbon nanotube/Co30,4 composites [14], and Coz04 nanocrystals/
0-/N-doped carbon nanowebs [15] have been demonstrated to
show high activity and long-term stability as ORR catalysts.
However, carbon-based nanoparticles like CNTs and graphene
easily tend to restack or aggregate due to the strong van der Waals
interactions between individual particles, which ultimately results
in decreased surface area and electrochemical active sites to take
part in efficient catalytic processes. For this reason, it is urgently
needed to explore novel conductive carbon-based frameworks
with synergistically enhanced mechanical stability and electro-
chemical performance.

Electrospinning is considered as a simple and versatile tech-
nique to produce self-standing carbon nanofiber membranes with
unique three-dimensional (3D) fiber network, good structural
stability and high flexibility [16-18]. The interconnected 3D mac-
roporous architecture can act as a highly conductive core for fast
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electron transport, as well as provide sufficient surface active sites
for further immobilization of electrochemically active nano-
particles [19,20]. Herein, nitrogen-doped carbon nanofibers
(NCNFs) have been facilely obtained through the combination of
electrospinning, in-situ polymerization and high-temperature
carbonization. Subsequently, the free-standing membrane of
nanocubic-Co30,4 coated NCNF (NCNF@Co50,4) composite is fabri-
cated via a simple hydrothermal reaction (Fig. S1), which com-
bines the superior electroactivity of nanocubic-Cos0,, the efficient
doping effect of nitrogen, and the good conductivity of NCNF
network. Hence, the NCNF@Co304 composite membrane exhibits
excellent catalytic performance toward oxygen reduction reac-
tions, being a promising noble metal-free ORR catalyst in fuel cell
applications.

2. Results and discussion

As shown in Fig. 1a, electrospun poly(amide acid)-derived
carbon nanofibers (CNFs) show uniform diameter with an average
size of about 140 nm. In order to introduce nitrogen into CNFs, in-
situ polymerization of aniline was carried out in the presence of
poly(amide acid) fiber template, followed by a high-temperature
carbonization treatment. Under an initial aniline concentration of
0.02 M, nitrogen-doped CNFs (denoted as NCNF-0.02) are ob-
tained, which exhibit an increased fiber diameter of about 215 nm
with uniformly distributed needle-like nanoparticles on the fiber
surface (Fig. 1b). Satisfyingly, the homogeneous bump structure of
NCNF-0.02 can provide more catalytic active sites and be beneficial
to faster ion diffusion compared with the smooth surface of CNFs.

Subsequent deposition of Cos04 nanoparticles was achieved by the
hydrothermal reaction of cobalt acetate (Co(OAc),-4H,0) in the
presence of NCNF-0.02 template. As expected, nanocubic-Co304
particles with a mean size of 20-30 nm are uniformly distributed
on the surface of NCNF-0.02 at a proper concentration of Co(OAc),
-4H,0, forming NCNF-0.02@Co0504-0.2 composite fibers with an
obvious coaxial structure (Fig. 1c), which can effectively prevent
the severe agglomeration of Co30, powder as obtained in the
absence of NCNF-0.02 template (Fig. 1d). Furthermore, the
NCNF-0.02@C03504-0.2 composite fiber membrane exhibits distinct
free-standing feature (as shown in the inset of Fig. 1c), coin-
cidentally omitting the usage of insulating binders required for
powdery materials and thus effectively avoiding unwanted inner
resistance for oxygen reduction reactions.

The structure of CNF, NCNF-0.02, NCNF-0.02@Co0304-0.2 fiber
membranes, and Co30,4 powder was further investigated by X-ray
diffraction (XRD) patterns. As shown in Fig. 2a, both of pure CNF
and NCNF-0.02 fiber membranes exhibit amorphous structure
while sharp peaks at 260=19.5°, 31.6° and 37.2° are observed for
NCNF-0.02@C0304-0.2 fiber membrane and Co30,4 powder, which
correspond to the (111), (220) and (311) crystal facets of cubic
Co304 with good crystalline structure.

X-ray photoelectron spectroscopy (XPS) characterization was
carried out to further analyze the elemental composition of NCNF-
0.02 and NCNF-0.02@Co0304-0.2 fiber membranes. As shown in
Fig. 2b, the survey spectrum of NCNF-0.02 indicates the existence of
C, O and N elements, confirming the successful incorporation of ni-
trogen into the carbon nanofibers through the in-situ polymerization
of aniline and carbonization process. The high-resolution XPS spec-
trum of N 1s (Fig. 2c) reveals that nitrogen atoms exist in three

Fig. 1. FESEM images of electrospun CNF (a), NCNF-0.02 (b), NCNF-0.02@Co0504-0.2 (c) fiber membranes, and Co304 powder (d). Scale bar: 100 nm. The inset of (c) shows the

distinct free-standing feature of NCNF-0.02@C030,4-0.2 fiber membrane.
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Fig. 2. (a) XRD patterns of electrospun CNF, NCNF-0.02, NCNF-0.02@C0504-0.2 fiber membranes, and Co3;04 powder; XPS spectra of NCNF-0.02 and NCNF-0.02@Co304-0.2

fiber membranes: (b) the survey scan, (c) N 1, and (d) Co 2p.

states, including pyridinic-N (N-6, 398.5eV), pyrrolic-N (N-5,
400.5 eV) and graphitic-N (N-Q, 401.7 eV). Interestingly, pyridinic-N
and graphitic-N are dominated in the XPS spectrum of N 1 s, which
are reported to be beneficial to decreasing the onset potentials and
improving the limited current density respectively [21,22]. Therefore,
the NCNF-0.02 fiber membrane is proved to be a promising catalytic
supporting material for oxygen reduction reactions. In addition, the
survey spectrum of NCNF-0.02@Co30,4-0.2 fiber membrane indicates
the existence of Co elements. As shown in the high-resolution Co 2p
spectrum of Fig. 2d, two main peaks are observed at binding energies
of 793.5eV and 778.5 eV, which are assigned to Co 2p;;; and Co
2psp, respectively, further demonstrating the successful acquisition
of Co304 nanostructures on NCNF-0.02 fiber surface via the facile
hydrothermal reaction. Moreover, Co 2ps;, can be deconvoluted into
two peaks at binding energies of 779.6 eV and 778.4 eV as shown in
the inset of Fig. 2d, corresponding to the Co-N, and Co-O bonds,
respectively [23]. Especially, the coordination between Co and N in-
dicated by the dominated Co-Ny bond is reported to be favorable for
the improvement in electrocatalytic activity of NCNF-0.02@C0304-0.2
composite membrane [10].

The electrocatalytic ORR activity was first evaluated by cyclic
voltammetry (CV) in O,-saturated (solid line) and N,-saturated
(dash line) 0.1 M KOH aqueous solution at a scan rate of 5 mV s ™!
(Fig. 3a). Well-defined cathodic reduction peaks can only be ob-
served in the presence of O, for all samples. Unexpectedly, pure
Co304 powder exhibits rather poor current response toward ORR

with the E,e, potential at —0.37 V, which may be affected by the
severe aggregation and poor conductivity of Cosz04 particles. In
contrast, CNF fiber membrane with intertwined conductive net-
work structure exhibits higher current response with an obvious
Epeax potential at —0.35 V. Moreover, introducing nitrogen doping
in NCNF-0.02 fiber membrane results in more positive Epeax po-
tential (—0.24 V) with largely increased current density, further
indicating that nitrogen doping can greatly enhance the catalytic
activity of CNF. When Cos304 is incorporated under a low initial
molar weight (0.05 mmol) of Co(OAc),, nanocubic-Co30,4 particles
with a mean size of 100 nm are sparsely scattered on NCNF-0.02
fiber membrane (Fig. S2a), resulting in slight positive shift of the
Epeax potential (—0.21 V). With the molar weight further increased
to 0.2 mmol, Co304 nanoparticles with smaller size of about 20-
30 nm are uniformly distributed on NCNF-0.02 fiber surface (Fig.
S2b), thus leading to more positive Epeak potential (—0.18 V) with
higher current density, which outperforms most of the previously
reported Co/carbon based catalysts as shown in Table S1. The
outstanding catalytic performance can be attributed to the largely
increased surface active sites of Co304 to take part in catalytic
reactions, as well as the highly catalytic active environment con-
structed by the efficient chemical bonding (i.e., Co-O-C and Co-N-
C) between C, O, N and Co atoms [11,24]. More interestingly, fur-
ther increasing the molar weight of Co(OAc), precursor leads to
the formation of Cos304 nanodisks accumulated by nanocubic
particles of about 20-30 nm, which are all perpendicularly grown
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Fig. 3. (a) CV curves of electrospun CNF, NCNF-0.02, NCNF-0.02@Co0304-0.2 fiber membranes, and Co304 powder electrodes in O,-saturated (solid line) and Nj-saturated
(dash line) 0.1 M KOH solution with a sweep rate of 5mV s~ '; (b) Rotating-disk voltammograms, and the corresponding Koutecky-Levich (K-L) plots (J~! vs. »~'/2) of
NCNF-0.02@C0304-0.2 composite fiber membrane electrode at different rotation rates in O,-saturated 0.1 M KOH solution; (c) LSV curves of CNF, NCNF-0.02,
NCNF-0.02@C0304-0.2 fiber membranes, Co30, powder and the commercial Pt/C electrode at the rotation rate of 1600 rpm in O,-saturated 0.1 M KOH solution;
(d) Chronoamperometric response of NCNF-0.02@Co304-0.2 composite fiber membrane and Pt/C electrode in O,-saturated 0.1 M KOH solution.

on the surface of NCNF-0.02 fibers (Fig. S2c). Therefore, the
NCNF-0.02@C0304-0.2 fiber membrane still keeps a positive Epeax
potential (—0.19 V) with high current density.

To further investigate the electrocatalytic activity and reveal the
kinetics of the NCNF-0.02@Co0304-0.2 fiber membrane, linear sweep
voltammetry (LSV) measurements were performed at various ro-
tation speeds in O,-saturated 0.1 M KOH solution. As shown in
Fig. 3b, the current density of NCNF-0.02@C0504-0.2 fiber mem-
brane modified rotating disk electrode (RDE) increases with in-
creasing rotation rate from 400 to 2025 rpm, suggesting the shor-
tened diffusion distance at high rotation speeds. According to pre-
vious reports [25], the electrochemical reduction of oxygen in basic
solution mainly happens through two possible pathways, including
the two-electron reduction pathway with OOH™ as an intermediate
product and the four-electron pathway to produce OH~ which is
considered as a more efficient approach to achieve maximum en-
ergy capacity. To better investigate the kinetic electron reaction
mechanism, Koutecky-Levich (K-L) plots (J=' vs. w~'?) of
NCNF-0.02@C0304-0.2 composite electrode are obtained at various
potentials (see SI for detailed calculation process), all of which ex-
hibit good linearity and almost parallel with each other (the inset of
Fig. 3b), suggesting that the ORR process follows the first-order
reaction kinetics with respect to the concentration of dissolved
oxygen. Correspondingly, the electron transfer number (n) is cal-
culated to be 3.99 for NCNF-0.02@Co0504-0.2 composite catalyst,

indicating a preferred 4e~ oxygen reduction process. LSV curves for
different catalysts including CNF, NCNF-0.02, NCNF-0.02@C03504-0.2
fiber membranes, Cos04 powder and Pt/C were also obtained as
shown in Fig. 3c. Compared with Co304 powder, CNF and NCNF-0.02
membranes exhibit lower onset potential and larger current den-
sity, which can be attributed to the good conductivity of the carbon
nanofiber backbone, as well as the nitrogen-induced charge delo-
calization and high hydrophilicity for efficient oxygen absorption.
Moreover, the novel construction of NCNF-0.02@C03504-0.2 com-
posite with coaxial structures ultimately leads to the efficient cou-
pling between nanocubic-Co304 and the NCNF-0.02 template, thus
resulting in a more desirable four-electron pathway and largely
improved electrocatalytic activity whose onset potential is much
closer to that of the commercial Pt/C.

Long-term stability of the ORR catalyst is another important
criterion for practical fuel cell applications. Hence, chron-
oamperometric measurement of NCNF-0.02@Co0504-0.2 composite
electrode was conducted at —0.4V (vs Ag/AgCl) in O, saturated
0.1 M KOH at the rotation speed of 1600 rpm. As shown in Fig. 3d,
the relative current of commercial Pt/C has a sharp drop of about
45% after 20,000 s, while the NCNF-0.02@Co0304-0.2 composite still
keeps a high retention of over 75%. The good long-term stability of
NCNF-0.02@C0504-0.2 composite is attributed to the highly con-
ductive NCNF nanofiber network, which can effectively suppress
the structural collapse and active site dissolution of Co304.
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3. Conclusions

In summary, a novel free-standing membrane consisting of
nanocubic-Co30,4 coated NCNF composite fibers has been devel-
oped through the facile combination of electrospinning, in-situ
polymerization and hydrothermal reaction. Notably, the NCNF
template effectively provides a three-dimensional macroporous
architecture, which not only acts as a highly conductive core for
fast electron transfer, but also affords large surface area for further
immobilization of electrochemically active nanocubic-Co304 par-
ticles. The obtained NCNF@Cos0, composite exhibits excellent
ORR catalytic activity with positive E,e,c potential, high current
density and superior durability over the commercial Pt/C catalyst.
Therefore, this work presents a promising protocol for the large-
scale production of noble metal-free ORR catalyst in practical fuel
cell applications.
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