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Vanadium nitride encapsulated carbon ﬁbre
networks with furrowed porous surfaces for
ultrafast asymmetric supercapacitors with robust
cycle life†
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Transition metal nitrides have received signiﬁcant attention in view of their application as pseudocapacitive
electrodes in high performance supercapacitors owing to their high capacitance, excellent electrical
conductivity, high electrochemical selectivity, and low environmental impact. Nevertheless, the
utilization of transition metal nitrides still encounters serious challenges due to the chemical instability of
these materials during cycling in the presence of oxygen and/or water containing electrolytes, which
leads to rapid capacitance fading. Here, we propose a novel structure comprising vanadium nitride
encapsulated carbon ﬁbre networks with furrowed porous surfaces prepared by electrospinning followed
by an optimal stabilization and carbonization treatments. The resultant electrode shows a high energy
density of 53.1–36.0 W h kg1 at high power densities in the range from 2700–54 000 W kg1. This
performance is superior to previously reported results on other asymmetric supercapacitors. Moreover,
an excellent cycling stability of 92.9% at a current density of 80 A g1 after 10 000 cycles, and a superb
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electrode ﬂexibility have been recorded. Our original synthesis strategy provides a useful methodology
to increase the chemical stability of vanadium nitride by carbon encapsulation, which also leads to

DOI: 10.1039/c7ta06345h

shorter diﬀusion pathways due to the furrowed porous surfaces and the advanced network structure
consisting of 1-dimensional ﬁbres.
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1. Introduction
The depletion of fossil fuels and increasing environmental
pollution have greatly stimulated the search for renewable and
clean energy sources such as wind power, solar energy, and
geothermal energy. However, the intermittent nature of energy
conversion in renewable energy sources means that these
cannot be directly used in electrical power grids, which demand
a high power transient energy input. In this regard, due to their
high power density, long cycle life, fast charging and discharging ability, wide range of operating temperatures, and safe
operation, supercapacitors can function as eﬃcient energy
storage devices to provide transient energy while using renewable energy sources.1,2 Supercapacitors can be typically categorized into electrical double-layer capacitors (EDLCs) and
pseudocapacitors.3,4 In view of their high power densities,
simple components, and easy energy storage mechanism,
a
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EDLCs have been widely used in commercial super capacitor
applications. However, a crucial limitation of EDLCs is in their
lower energy densities, which are of the order of 5–15 W h kg1,
principally due to the capacitive (non-faradaic) processes taking
place on the carbon-based electrode material.5 In contrast,
pseudocapacitors can acquire higher energy densities than
EDLCs by using faradaic processes occurring at the pseudocapacitive electrode, leading to higher charge storage.5 Thus,
pseudocapacitors (called supercapacitors in this study) consisting of an anode, cathode, electrolyte, and separator, are expected to ll in as next-generation high power energy storage
devices. However, the relatively low capacitance of the anode
material, which is typically made from activated carbon, is the
main limitation to its wider use in diﬀerent applications.
In recent times, much eﬀort has been dedicated to
improving the electrochemical performance of the anode by
using pseudocapacitors based on metal oxides such as iron
oxide, molybdenum trioxide, and bismuth oxide.6 Nonetheless,
the low electrical conductivity of these oxides leads to poor rate
performance and lower power densities, when compared to
EDLCs. In this context, transition metal nitrides such as vanadium nitride (VN), titanium nitride, and tungsten nitride have
been investigated as alternative anode materials to overcome
the limitation of metal oxides.7–9 Among the potential transition
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metal nitrides, VN is among the most suitable candidates due to
its high specic capacitance and excellent electrical conductivity (1.6  106 U1 m1), in addition to having an appropriate
negative potential working window.10–14 Despite these advantages, the VN electrode still exhibited a low electrochemical
performance and showed low specic capacitance and rate
performance arising from its chemical instability during cycling
in oxygen and/or water containing electrolytes, which led to
rapid electrochemical performance fading.15–17
Herein, we propose a novel VN encapsulated carbon bre
networks (VN/CF) structure, where the carbon bre has a furrowed porous surface. The carbon-encapsulated VN structure,
which could impede the direct contact between the VN nanoparticles and oxygen and/or water containing electrolytes,
prevents the oxidation of VN during cycling, thereby leading to
a robust cycle life with high specic capacitance. In addition,
the focus of this work is to obtain high energy densities at high
power densities, which is key to extending the application of
supercapacitors to electric vehicles and electric underground
locomotives. Currently, commercial supercapacitors have relatively low power densities (10 000 W kg1)2,3 and hence, the
challenging problem of developing ultrafast supercapacitors
with high power densities (>50 000 W kg1) is an important
research topic. A powerful solution to enabling high power
densities is the reduction of the ion diﬀusion pathway between
the electrode and electrolyte by using porous electrode materials.18–20 With this aim, we have designed furrowed porous
surfaces on carbon bres to provide alternative shorter ion
diﬀusion pathways during the cycling. Thus, the novel architecture of VN/CF has two major advantages in combining
a carbon-encapsulated VN structure for high specic capacitance with excellent cycling stability, with a furrowed porous
surface on the carbon bre to enable ultrafast performance.

2.

electrochemically active sites at high current densities, the
VO(acac)2–PAN bre was stabilized by annealing at 180  C for
12 h in air (referred to as “stabilized bre”), due to contraction
resulting from dehydrogenation (Fig. 1b). Finally, the VN/CF
(Fig. 1c) with furrowed porous surfaces was synthesized by
carbonization at 800  C for 2 h in nitrogen atmosphere.
The morphologies of the composite bres were determined
from scanning electron microscopy (SEM) analysis. Fig. 2
presents low-magnication (a–c) and high-magnication (d–f)
SEM images of as-spun bres, stabilized bre, and VN/CF,
respectively. All the samples show 1D networks; earlier studies
have shown that such networks signicantly increase Li-ion
diﬀusion rate and lead to eﬀective electron transfer, which are
important targets for high performance ECs.21–23 In addition, an
electrode with a network structure can be ideally used in exible
and wearable energy storage devices. The as-spun bres (Fig. 2a
and d) display even surfaces, whereas stabilized bres (Fig. 2b
and e) show furrowed surfaces due to the dehydrogenation of
both VO(acac)2 and PAN, leading to shrinking of the bre. In
other words, the bres contract aer the stabilization treatment, leading to furrowed surfaces. Lastly, VN/CF (Fig. 2c and f)
shows a furrowed porous surface, resembling a porous walnut.
The observed morphology change in the VN/CF can be
explained to be due to Ostwald ripening process with coarsening and recrystallization of VN nanoparticles of during
carbonization, leading to grain growth of encapsulated VN
nanoparticles in the carbon bre.24 Therefore, VN/CF was
prepared using a controlled stabilization and carbonization
procedure under specic conditions, as described in Fig. 2g.
To examine the structural features of VN/CF in greater detail,
transmission electron microscopy (TEM) analysis was carried

Results and discussion

To prepare the novel VN/CF structure, we used electrospinning
followed by specic stabilization and carbonization procedures,
as illustrated in Fig. 1. First, the as-spun bre (Fig. 1a)
composed of VO(acac)2 and PAN was prepared using electrospinning. To obtain a furrowed surface with a high number of

(a–c) Low-magniﬁcation and (d–f) high-magniﬁcation SEM
images of as-spun ﬁbres, stabilized ﬁbres, and VN/CF. (g) Synthesis
procedures for VN/CF.

Fig. 2

Schematic illustration of the synthesis procedures for (a) asspun ﬁbre, (b) stabilized ﬁbre, and (c) VN/CF.

Fig. 1
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out. In the low magnication TEM image shown in Fig. 3a, dark
lines are seen on the VN/CF sample, indicating a furrowed
porous surface. In addition, VN nanoparticles (35–41 nm in
size) are totally encapsulated in the carbon bre, as shown in
Fig. 3b. The continuous carbon layer of thickness 5.3 nm on
the VN nanoparticle was investigated using high magnication
TEM (Fig. 3c). A lattice spacing of 0.23 nm corresponding to the
(111) plane of VN was measured from Fig. 3d.25 To conrm the
distribution of vanadium, nitrogen, and carbon contents in
VN/CF, TEM energy dispersive X-ray (EDX) analysis was performed, as displayed in Fig. 3e. The EDX data demonstrate that
the diﬀerent elements are well dispersed, proving that VN
nanoparticles are all encapsulated in the carbon bre; thus, the
carbon bre eﬃciently encapsulated VN nanoparticles. The
carbon-encapsulated VN nanoparticles are expected to strongly
resist oxidation during the cycling, leading to high capacitance
with robust cycle life. In addition, the furrowed porous surfaces
on the thin carbon coating can reduce the diﬀusion length
between VN and the electrolyte, leading to higher electrochemically active sites at high current densities.
Fig. 4a displays the X-ray diﬀraction (XRD) patterns of the asspun bre, stabilized bre, and VN/CF. The as-spun bre shows
a diﬀraction peak at 13.1 , corresponding to the (002) plane of
V(C5H7O2)3 with an orthorhombic structure. The stabilized bre
shows a diﬀraction peak at 16.8 , corresponding to the (210)
plane of V(CO)6 with orthorhombic structure, and a broad peak
around 25 , corresponding to the (002) plane of graphite.26
Thus, V(C5H7O2)3 was transformed to V(CO)6 during the stabilization process through the reaction 4V(C5H7O2)3 + 39O2 ¼
4V(CO)6 + 42H2O + 36CO. This reaction generated the furrowed
surfaces, resulting from the dehydrogenation of V(C5H7O2)3.
VN/CF also shows a broad peak around 25 , corresponding to
the (002) plane of graphite, and diﬀraction peaks at 37.6 and
43.7 , corresponding to the (111) and (200) planes of VN with
a face centred structure. These results support the conclusion
that the VN phase was successfully obtained along with
a carbon phase during the carbonisation process according to

Fig. 3 (a) Low-magniﬁcation and (b–d) high-magniﬁcation TEM
images of VN/CF. (e) TEM-EDX spectrum of VN/CF.
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(a) XRD patterns of as-spun ﬁbres, stabilized ﬁbres, and VN/CF.
(b) XPS full scan spectrum of VN/CF. XPS spectra of (c) V 2p, (d) N 1s, (e)
O 1s, and (f) C 1s of VN/CF.

Fig. 4

the reaction V(CO)6 + N ¼ VN + 6CO. The N atoms of VN were
originated from PAN during a carbonization process, as shown
in the Fig. S1.† In addition, the content of VN nanoparticles in
VN/CF was investigated by thermal gravimetric analysis (TGA)
measurement from 50 to 800  C at a heating rate of 10  C min1
in air, as presented in Fig. S2.† VN/CF indicated weight losses of
42%, implying the existence of VN nanoparticles in CFs. Also,
the specic surface area of VN/CF indicates 271 m2 g1, as
shown in Fig. S3.† Fig. 4b shows the X-ray photoelectron spectroscopy (XPS) full scan spectrum of VN/CF consisting of O 1s, V
2p, N 1s and C 1s peaks, conrming the presence of O, V, N, and
C elements with no other impurity phase. It is well known that
the surface of VN is easily oxidized to V2O5, with a higher
oxidation state, as shown in Fig. S4.† Nevertheless, V 2p spectrum of VN/CF (Fig. 4c) presents a typical signal at 513.7 eV,
corresponding to the VN phase, implying successful carbonencapsulation of VN.13,14,27 Other low intensity signals at
515.2 eV and 517.0 eV correspond to the diﬀerent valence
states (V3+ and V5+) of V2O3, and V2O5.28 The N 1s XPS spectrum
of VN/CF (Fig. 4d) showed two signals at 397.3 eV and
399.9 eV, corresponding to the VN and N–O groups, respectively. The V/N atomic ratio is determined to be 1.03, which is
close to the stoichiometric value for VN having the face centred
cubic structure.29 Fig. 4e displays the O 1s spectrum VN/CF. The
signals obtained at 530.2 eV, 531.8 eV, and 532.3 eV,
correspond, respectively, to oxygen in vanadium oxide, –OH
groups, and O–C]O groups.13,14,27,30 In addition, the C 1s
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spectral peaks of VN/CF (Fig. 4f) can be de-convoluted into to
four signals peaking at 284.5, 286.1, 287.5, and 288.7 eV, corresponding to C–C groups, C–O groups, C]O groups, and
O–C]O groups, respectively.28 These results reveal successful
carbon-encapsulation of VN, which is in accordance with the
high magnication TEM results.
To elucidate the formation mechanism of VN/CF, the asspun bre was stabilized at 150, 180, and 200  C in air for
12 h and then carbonized in an equivalent condition, as illustrated in Fig. 5a. The stabilized bre at 150  C (Fig. S5a and c†)
shows an even surface without the porous structure due to the
fact that the treatment temperature was too low to cause bre
contraction. When stabilised at 180  C, VN/CF with a furrowed
porous surface was selectively obtained. However, at 200  C, the
morphology of as-spun bre is visibly changed to form a nanorod like structure (Fig. S5b and d†) owing to greater grain
growth at higher temperatures. In addition, XRD analysis of this
sample shows the crystal structure to be that of V2O3 (Fig. S6†).
Thus, to clarify the phase-change behaviour, the vanadium
precursor VO(acac)2 was studied using diﬀerential scanning
calorimetry (DSC) analysis in the temperature range 50–550  C
under air, as displayed in Fig. 5b. An exothermic peak starts at
200  C, corresponding to an oxidative process, which indicates
that VO(acac)2 is oxidized to V2O3 at 200  C during the stabilization process, as illustrated in Fig. 5c. Also, the V2O3 phase is
maintained aer carbonization because of its highly stable
oxidation state. Thus, an optimized stabilization temperature is
required to form novel VN phases as well obtain morphology
control to form furrowed porous surfaces.
Fig. 6a and b illustrate the electrochemical reactions VNxOy +
OH 4 VNxOy//OH + VNxOy–OH using commercial VN and

Fig. 5 (a) Schematic illustration of the formation mechanism during
stabilization at 150, 180, 200  C. (b) DSC analysis of VO(acac)2 in the
temperature range 50–550  C under air. (c) Phase transitions from
V(CO)6 to VN or V2O3 during the stabilization process.

This journal is © The Royal Society of Chemistry 2017
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VN/CF. The real specic capacitance of commercial VN is very
low, which means that VN can be easily oxidized in oxygen and/
or water, blocking further electrochemical reactions of VN, as
indicated in Fig. 6a. To resolve this problem, it is necessary to
passivate the surface of VN using a protecting layer. Hence, we
introduced a carbon bre coating to prevent the oxidation of
VN, as illustrated in Fig. 6b. Moreover, the furrowed porous
surfaces prepared using the specic stabilization treatment
improved electrochemical performance due to the higher
number of electrochemically active sites and a shorter diﬀusion
length between VN and electrolyte at high current densities. To
understand the dependence of the electrochemical behaviour
on capacitive energy storage, the galvanostatic charge–
discharge curves and cyclic voltammetry (CV) were carried out
in 6.0 M KOH aqueous solution in the potential range 1.2 to
0.0 V. For comparison, bres stabilized at 150  C and 200  C
were also tested (referred to as S-150 and S-200, respectively).
Fig. 6c presents the galvanostatic charge–discharge curves for
commercial VN, VN/CF, S-150, and S-200 at 4 A g1. It is clear
that commercial VN shows the shortest charge–discharge time
compared to the other samples due to the formation of an oxide
layer on the surface, as shown in Fig. S4b.† In contrast, VN/CF
shows the longest charge–discharge time compared to the
other samples, signifying a larger charge storage. The
symmetric triangle shape and linear slopes of VN/CF imply
a predominantly capacitive behaviour. In addition, there is no
marked voltage drop, which also reveals the excellent capacitive
characteristic of VN/CF. Fig. 6d shows the specic capacitances
at the current density of 4–80 A g1 for the diﬀerent samples.
The specic capacitances of commercial VN, VN/CF, S-150, and
S-200 at the current density of 4 A g1 are 43, 800, 530, and
14 F g1, respectively. Remarkably, VN/CF exhibits the highest
specic capacitance as compared to the other samples at all
current densities. S-150 has a low capacitance due to a smooth
surface with smaller number of electroactive sites on the
surface. S-200 also shows a low specic capacitance, which
means that the V2O3 phase has no electrochemical reactions in
the potential range 1.2 to 0.0 V. When the current density is
increased, the related specic capacitance decreases slightly
because of the rapid ion diﬀusion during the charging and
discharging process. Nevertheless, VN/CF displays excellent
capacitance retention of 73%, whereas, S-150 shows a low
capacitance retention of 37% due to its even surface with
a longer ion diﬀusion pathway. Therefore, the impressive
specic capacitance and high capacitance retention of VN/CF is
mainly ascribed to two reasons. First, VN with a unique structure was completely acquired with a few oxidation layers on the
surface, leading to the high specic capacitance. Secondly, the
furrowed porous surfaces with thin carbon skin could eﬃciently
provide a shorter ion diﬀusion pathway, leading to excellent
capacitance retention. Fig. 6e shows the CV curves of VN/CF at
scan rates from 10 to 200 mV s1 in the potential range of 1.2
to 0.0 V, illustrating the typical behaviour of VN.13,14 The redox
reactions were monitored at potentials ranging from 0.8 to
0.5 V and 0.7 to 0.9 V, to elucidate the capacitive mechanism in VN/CF consisting of faradaic reactions. In addition, it
can be clearly seen that the curves maintained their original
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Fig. 6 Illustration of electrochemical reactions VNxOy + OH 4 VNxOy//OH + VNxOy–OH for (a) a commercial VN and (b) VN/CF. (c) Galvanostatic charge–discharge curves and (d) calculated speciﬁc capacitance of commercial VN, VN/CF, S-150, and S-200 at current densities in
the range 4–80 A g1 in the potential range 1.2 to 0.0 V. (e) CV curves of commercial VN, VN/CF, S-150, and S-200 at scan rates varying from 10
to 200 mV s1 in the potential range 1.2 to 0.0 V.

shapes even at increased current densities implying an ideal
faradaic reaction.
To further investigate VN/CF for practical application in
energy storage devices, an asymmetric supercapacitor was
constructed using VN/CF as the anode, Ni(OH)2 as the cathode,
and 6 M KOH as the electrolyte, as illustrated in Fig. 7a. CV
curves (Fig. 7b) with the couple of redox reactions in the
potential range 0.0 to 1.6 V show similar capacitive responses
when scanned at diﬀerent rates from 10 to 200 mV s1, implying
pseudo-capacitive behaviour between the VN/CF and Ni(OH)2
electrodes in the electrolyte. The galvanostatic charge–
discharge curves at diﬀerent current densities from 4–80 A g1
are displayed in Fig. 7c. The galvanostatic charge–discharge
curves at all the current densities show nearly symmetric
behaviour, signifying excellent reversibility. In addition, the
specic capacitance is calculated to be 188 g1 from the galvanostatic charge–discharge curves at a current density of 4 A g1,
which is much higher than previously reported results for VN
electrodes in supercapacitor applications.13,14,31 The energy and
power densities are important parameters used in practical
evaluation of supercapacitors for application in energy storage.
From the specic capacitance values, the energy density and
power density are obtained as described in the Ragone plot
(Fig. 7d). An energy density of 53.1 W h kg1 is acquired at
a power density of 2700 W kg1. Moreover, the energy density of
36.0 W h kg1 is still obtained at a high power density of
54 000 W kg1. Thus it is clear that our supercapacitor shows
much higher energy and power densities when compared to
previously reported results from asymmetric supercapacitors,
which are summarized in Table S1.†13,14,30–39 Thus, the

19718 | J. Mater. Chem. A, 2017, 5, 19714–19720

application VN/CF-based supercapacitor can potentially expand
to areas of energy storage at high power densities (referred to as
ultrafast supercapacitor). Moreover, the cycling stability at high
energy densities is key to using this capacitor in practical
applications. Fig. 7e displays the cycling stability of the
prepared supercapacitor at varying current densities of 4, 40,
and 80 A g1 (2700, 27 000, and 54 000 W kg1) over 10 000
cycles. Remarkably, our supercapacitor shows an excellent
cycling stability with a superb capacitance retention of 96.4,
95.3, and 92.9% at current densities of 4, 40, and 80 A g1,
respectively, even aer 10 000 cycles. These results are attributed to the excellent electrochemical stability of VN/CF, which
means that carbon-encapsulated VN could strongly resist
oxidation and structural breakdown. Aer 10 000 cycles at
a current density of 80 A g1, VN shows no chemical and
structural changes, as described in Fig. S7 and S8.†
Pliable electrode materials to fabricate exible supercapacitors have recently attracted much attention due to their
potential use as energy and power sources in wearable electronics such as smart clothing, fashion electronics, and
distributed sensors. Thus, the electrochemical performances of
the highly exible VN/CF electrode were tested using a straight
electrode (Fig. 8a) and a bent electrode (Fig. 8b) in KOH electrolyte. The galvanostatic charge–discharge curves were
measured at a current density of 4 A g1, and the results are
shown in Fig. 8c. Similar curves are obtained with identical
charge–discharge time and redox behaviour even when the
electrode was bent by 180 , indicating that the network
structure-based VN/CF electrode retains excellent mechanical
stability and shows high exibility. In addition, the cycling
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Fig. 7 (a) Illustration of an asymmetric supercapacitor assembled using VN/CF as the negative electrode, Ni(OH)2 as the positive electrode, and
6 M KOH electrolyte. (b) CV curves at diﬀerent scan rates ranging from 10 to 200 mV s1 in the potential range of 0.0 to 1.6 V. (c) Galvanostatic
charge–discharge curves at current densities from 4–80 A g1 in the potential range of 0.0 to 1.6 V. (d) Ragone plots related to energy and power
densities for a comparison with previously reported results on supercapacitors. (e) Cycling stability at diﬀerent current densities of 4, 40, and
80 A g1 (2700, 27 000, and 54 000 W kg1) over 10 000 cycles.

extended network structure. Furthermore, VN/CF electrode with
the gel-type electrolyte consisting of polyvinyl alcohol and KOH
for solid-state supercapacitor showed outstanding exibility, as
shown in Fig. S9.†
Thus, we have achieved remarkable electrochemical performance for a supercapacitor by designing a novel structure. This
increased performance can be explained to be due to several
eﬀects. First, the unique VN phase with high capacitance and
excellent electrical conductivity provides signicantly higher
energy densities. Secondly, the furrowed porous surface of
VN/CF enables a shorter ion diﬀusion pathway, leading to
ultrafast performance at high power densities. Thirdly, the
carbon-encapsulation can eﬀectively prevent oxidation of VN
during cycling, leading to a robust cycle life. Lastly, the
advanced network structure-based VN/CF oﬀers a good
mechanical stability, leading to excellent exibility.
Fig. 8 Preparation of the VN/CF electrode for bending test using (a)

straight and (b) bent electrodes. (c) Galvanostatic charge–discharge
curves at the current density of 4 A g1 in the potential range of 0.0 to
1.6 V using straight and bent electrodes. (d) Cycling stability at the
current density of 80 A g1 (54 000 W kg1) over 10 000 cycles using
straight and electrodes.

stability of the exible supercapacitor is important for practical
applications. Thus, cycling tests were carried out at a high
current density of 80 A g1 over 10 000 cycles; the results are
shown in Fig. 8d. Remarkably, the bent electrode shows excellent capacitance retention of 89.7% aer 10 000 cycles,
demonstrating the superb exibility resulting from the
This journal is © The Royal Society of Chemistry 2017

3.

Conclusions

VN/CF was successfully synthesized using electrospinning followed by a specic stabilization and a carbonization procedure.
By optimizing the stabilization conditions, we obtained a novel
morphology for carbon-encapsulated VN nanoparticles in
carbon bre with furrowed porous surfaces as well as the
formation of an extended 1D network. Thus, VN/CF electrode,
when incorporated in a full cell, showed a remarkable electrochemical performance, with a high energy density of 53.1–
36.0 W h kg1 at the high power densities in the range 2700–
54 000 W kg1. These values are superior to previously reported
results on other asymmetric supercapacitors. An excellent
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cycling stability of 92.9% at a current density of 80 A g1 aer
10 000 cycles in addition to superb exibility, was observed for
our samples. The remarkable electrochemical characteristics
are attributed to four main factors: (i) the high energy density is
due to the unique VN phase; (ii) a high power density is achieved due to the furrowed porous surfaces; (iii) the impressive
ultrafast cycling stability is intimately related to carbonencapsulated VN nanoparticles; and (iv) the outstanding exibility is attributed to the advanced network structure. Therefore,
this work demonstrates that VN/CF has great potential as an
electrode in supercapacitors and also provides new insights into
the ultrafast electrochemical performance of transition-metal
nitrides.
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