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’ INTRODUCTION

Supercapacitors,1�5 which are promising power sources for
portable devices and automotive applications,6,7 have many
advantages compared to secondary batteries such as simple
principle of construction, environmental safety, high rate cap-
ability, and long cycle life.8�11 Among numerous probable
materials for supercapacitors, nanostructured materials play an
important role because of their excellent characteristics.12,13

Particular attention is given to fibers with mesoporous structures,
as their unique dimensional structure and higher surface-area-to-
volume ratio are favorable for enhancing electrode�electrolyte
interface and thus providing highly electroactive regions with
decreased diffusion lengths.14,15 Furthermore, mesoporous com-
posite fibers fabricated by coaxial electrospinning16�20 could
combine the characteristic properties of outer and inner materi-
als, which are potential materials for supercapacitors.21�26

On the other hand, the transition metal nitrides with low cost,
high molar density and superior chemical resistance are desirable
candidates for supercapacitors.27 Among the nitrides, titanium
nitride (TiN) exhibits a better electronic conductivity but with
low capacity, whereas vanadium nitride (VN) possesses a higher
capacity in despite of poor electronic conductivity.28�30 Accord-
ingly, incorporating VN and TiN into an efficiently fast mixed
(electron and ion) transportation nanocomposites can be ex-
pected to deliver the ingredients for efficient charge transportion
and electrochemical energy storage. To the best of our knowl-
edge, no report exists concerning the exploitation of coaxial TiN

and VN core�shell structured mesoporous fibers as electrode
materials for supercapacitors.

In this paper, we report the synthesis of coaxial electrospinning
TiN and VN core�shell structured mesoporous fibers with the
spinneret of two coaxial capillaries for supercapacitors. It is
demonstrated that the TiN-VN core�shell structured fibers can
be proposed as a promising electrodematerial for supercapacitors.

’EXPERIMENTAL SECTION

Materials. Polyvinylpyrrolidone (PVP) (Mw ≈ 1 300 000, Aldrich),
tetrabutyl titanate[Ti(OBu)4] (A.R., Tianjin Kermel Chemical Reagent
Co., Ltd., China), isopropyl alcohol (A.R., Tianjin Fuyu Fine Chemical
Co., Ltd., China), ethylene glycol (A.R., Tianjin Fuyu Fine Chemical Co.,
Ltd., China), absolute ethanol (Tianjin Fuyu Fine Chemical Co., Ltd.,
China), and vanadium(III) acetylacetonate (97%, Aldrich) were used.
Preparation of Electrospinning Solutions. For the prepara-

tion of titanium dioxide precursor sol, 0.6 g of PVP powder was dissolved
in a mixture of 7 mL of isopropyl alcohol and 1 mL of Ti(OBu)4, and the
mixture was stirred for about 12 h at room temperature to form a
homogeneous sol. To prepare vanadium pentoxide precursor sol,
we dissolved 0.8 g of PVP powder in a mixture of 2 mL of ethylene
glycol and 6 mL of absolute ethanol, which was allowed to stir for
overnight at room temperature. Subsequently, about 0.3 g of vanadium-
(III) acetylacetonate was added to the solution; the resultant mixture
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was stirred at 80 �C for 20 min and cooled to room temperature
naturally.
Fabrication of Core�Shell Structured Fibers. The experi-

mental setup for TiN-VN core�shell structured fibers was illustrated in
Figure 1. The core�shell fibers were electrospun by a spinneret which
was assembled by two coaxial stainless steel capillaries.31,32 Typically, the
outer and inner diameters of the outer and inner steel capillaries were
1.27 and 0.90 mm, 0.64 and 0.34 mm, respectively. And the inner
capillary was 0.5 mm shorter than the outer capillary. The spinneret was
connected to the anode of the high-voltage generator, and a piece of
aluminum foil was grounded as a collector. The vanadium(III) acet-
ylacetonate sol and Ti(OBu)4 sol were loaded into plastic syringes
separately, which were connected to the outer and inner capillaries
through polyethylene (PE) tubes and then were pumped out with an
individual syringe pump at flow rates of 2.0 and 1.5 mL h�1, respectively.
The electrical potential of 23 kV was applied between the capillaries and
the ground over a distance of 21.05 cm. For a fair comparison, each kind
of fluids was electrospun respectively. The obtained fibers were kept in
an oven at 50 �C for 2�4 h to remove the solvents.
Preparation ofMesoporous Core�Shell TiN-VN Fibers. In a

typical process, the fibers were heated to 800 �C under ammonia for 1 h
with a progressive, slow heating ramp (room temperature to 300 �C,
5 �C min�1; 300 to 700 �C, 2 �C min�1; 700 to 800 �C, 1 �C min�1).
After being cooled to room temperature, mesoporous core�shell (TiN-
VN) structured fibers were finally obtained as the resultant black
powders. For a fair comparison, mesoporous TiN fibers and VN fibers
were obtained by the same procedure, respectively.
Characterization. Morphological information was attained from

field emission scanning electron microscopy (FESEM, HITACHI
S-4800). Selected area electron diffraction (SAED) was performed using
a JEOL 4000EX transmission electron microscopy (JEOL, Tokyo,
Japan) operated at 400 keV. Elemental analysis was performed using a
Flash EA 1112 CHNS/O elemental analyzer from Thermo Scientific.
X-ray diffraction (XRD) patterns were recorded with a Bruker-AXS
Microdiffractometer (D8 ADVANCE) using Cu Ka radiation (λ =
1.5406 Å) from 30� to 80� at a scanning speed of 0.33� min�1. N2

adsorption�desorption measurements were carried out at 77 K using a
Quantachrome Autosorb gas-sorption system. Brunauer�Emmett�
Teller (BET) and Barrett�Joyner�Halenda (BJH) models were used
to determine the specific surface areas and the pore sizes of the samples,

respectively. Before the measurements, the samples were degassed at
200 �C under vacuum for at least one night.

Three-electrode system was employed to study the electrochemical
performance of the mesoporous TiN-VN fibers. Pt electrode was used as
a counter electrode and staturated calomel electrode (SCE) as a ref-
erence electrode. The working electrode was prepared by mixing the
active nitride materials with 5% conductive carbon blacks (super P) and
10 wt % polytetrafluoroethylene (PTFE) binders. The samples were
then cut into plates of 0.5 cm � 0.5 cm and pasted on a stainless steel
current-collector (with the thickness of 150 μm) under a pressure of
15MPa. The electrochemical properties of the electrodes were evaluated
by cyclic voltammetry (CV) using a CHI 440A instrument (CHI
Instrument Inc.) in 1 M KOH aqueous electrolyte. And electrochemical
impedance spectroscopy (EIS) was tested by a ZAHNER ZENNIUM
electrochemical workstation (Germany). X-ray photoelectron spectros-
copy (XPS) data was obtained with an ESCALab220i-XL electron
spectrometer from VG Scientific using Al Ka radiation.

’RESULTS AND DISCUSSION

Elemental analysis and inductively coupled plasma (ICP)
analysis were applied to investigate elemental composition of
the fibers (Table 1). According to elemental analysis, 12.3%
carbon can be detected, which showed that the fibers were
composited with amorphous carbon.30,33 XRD patterns of the
resultant fibers were displayed in Figure 2, which can be indexed
to the typical patterns of crystalline metal nitrides TiN, VN, TiN-
VN. No peaks corresponding to titanium oxide or vanadium
oxide could be detected in the XRD patterns. Therefore, the
presence of large amount of titanium oxide/vanadium oxide can
be excluded. The peaks of VNwere broadened, indicating a small
size of individual crystallites. Compared to pristine TiN and VN
fibers, all observed peaks of the nanocomposite did not fit to the
positions of VN and TiN. This was indicative of homogeneous
TiN-VN structure. In addition, the grain size of TiN-VN fibers
was estimated to be approximately 10 nm as calculated from the
Scherer equation applied to the (111), (200) and (220) peaks of
the TiN-VN. And the lattice parameter calculated from the as-
mentioned three peaks was about 4.18 Å. This result was between
the TiN typical pattern (JCPDS 38�1420, 4.24 Å) and VN
typical pattern (JCPDS 35�0768, 4.14 Å), which also indicated
the formation of a solid solution of TiN and VN.30,34

Figure 3a depicted that the average outer diameters of the as-
prepared fibers amounted about 1020 nm. Subsequently the
fibers were subjected to calcination under ammonia, and turned
into short fibers with average diameters of 650 ( 20 nm

Figure 1. Schematic illustration for the preparation of coaxial TiN-VN
core�shell structured mesoporous fibers.31.

Table 1. Elemental Composition of the TiN Fibers, VN
Fibers, and TiN-VN Fibers

materials Ti% V% C% N%

TiN 69.5( 0.2 13.2( 0.2 17.3( 0.2

VN 68.6( 0.2 12.5( 0.2 18.8( 0.2

TiN-VN 45.8( 0.2 24.3( 0.2 12.3( 0.2 17.6( 0.2

Figure 2. XRD patterns of TiN fibers, VN fibers, and TiN-VN core�
shell structured fibers.
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(Figure 3b) by the removal of the solvents and the carbonization
of PVP. The core�shell structure (inset) was clearly observed in
the SEM image at high magnification, where inner diameter in
the fiber was approximately 300 nm, and the outer diameter of
fibers was nearly 660 nm. Figure 3c and 3d exhibited the
core�shell structure of TiN-VN with TEM. The fibers were
composed of nanoparticles with highly porous structure, which
may be accessible to electrolyte and result in a better capacitance
characteristic. SAED result (Figure 3d inset) indicated the TiN-
VN fibers were polycrystalline.

The porosity of the TiN-VN fibers was determined by
nitrogen sorptionmeasurement (Figure 4). The N2 adsorption�
desorption isotherms of all materials were identified as Type IV
isotherm indicating characteristics of mesoporous materials. The
surface area of TiN-VN fibers was tested to be 169 m2 g�1, and
the average pore size of Barrett�Joyner�Halenda (BJH) was
observed to be 3( 0.2 nm. All these data strongly confirmed the
observation of TEM that the fibers possessed a mesoporous
structure. These mesoporous structure might be caused by the
pyrolysis and carbonization of PVP, which were beneficial to
enhancing specific capacitance.

Cyclic voltammograms (CVs) tests were performed to eval-
uate its capacitance property. The specific capacitance of super-
capacitor (C) was calculated according to the equation35

C ¼

Z
ðIdjÞ

2mvΔV
ð1Þ

where m was the mass of the electrode, and I, v, ΔV, j are the
average current of charge and discharge, scan rate, potential
difference and potential range, respectively. Figure 5a showed
the CV curves of TiN, VN, and TiN-VN at the scan rate of

20 mV s�1. The capacitance of the TiN-VN fibers was calculated
to be 185 F g�1, which was obviously higher than that of TiN
fibers (109 F g�1) and VN fibers (157 F g�1). This phenomenon
was mainly related to the special structures of TiN-VN fibers. To
further quantify their rate performance, we conductedCV studies
at different scanning rates. Figure 5b demonstrates the CV curves
of the TiN-VN fiber electrode at scan rates of 2, 5, 10, 20, 30, 40,
and 50 mV s�1, and the corresponding capacitances were 247.5,
217.5, 201.4, 185.4, 175.6, 168.0, and 160.8 F g�1, respectively.
The overall specific capacitance of TiN fibers and VN fibers were
also tested for comparison (Figure 5c). The capacitance of TiN
fibers was 145, 127, 118, 109, 104, 100, and 97 F g�1 at the
corresponding scan rates, whereas the capacitance of VN fibers
was 229, 198, 182, 157, 143, 134, and 128 F g�1, correspondingly.
It was obviously to observe that the TiN fibers electrode had the
lowest capacitance but with better capacitance retention at higher
scan rate, VN fibers electrode exhibited larger capacitance but
worse rate capability. The capacitance of VN in this paper was
much lower than the huge value (2 mV s�1, 1340 F g�1) of
Choi et al.,36 but it was in a good agreement with the values
(30 mV s�1, 161 F g�1; 5 mV s�1, 221 F g�1) reported by other
groups.37,38 Interestingly, TiN-VN fibers electrode represented a
synergetic effect that they exhibited much higher capacitance than
TiN fibers electrode, better rate capability thanVN fibers electrode.
Galvanostatic charge�discharge experiments were further carried
out to test the TiN-VN of core�shell structured fibers electrode.
The specific capacitance of the TiN-VN measured from galvano-
static charge�discharge tests can be calculated by the equation39

C ¼ IΔt
mΔV

ð2Þ

The galvanostatic charge�discharge curves of TiN-VN fibers at
different current densities were shown in Figure 5d. And the

Figure 3. (a) SEM image of preprocessing coaxial fibers. (b) SEM image of TiN-VN fibers. (c) TEM image of TiN-VN fibers. (d) TEM image of the
mesoporous TiN-VN fibers.
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capacitance of the TiN-VN fibers was calculated to be 262 F g�1 at
the current density of 2 A g�1, and retained 168 F g�1at 10 A g�1.

This result was a little higher than that value obtained by the CV
tests, which was in agreement with a previous work.40

Correlating the nanostructure and electrochemical performance
of the composite, our results were explained as follows. The
improvement in its performance was mainly due to the core�shell
structure, which integrated together better electrical conductivity of
TiN and higher capacitance of VN. The fibers were full of meso-
porous pores and nanoscale particles that were beneficial for acces-
sible diffusion of electrolyte. The amorphous carbon nanowiring
was also desirable for further improving the rate capability. Conse-
quently, the electrochemical performance of the TiN-VN electrode
was improved as a result from the significant enhancement rooting
in a mixed transportation nanostructured network, which was partly
corroborated by above microscopic characterization.

The electrochemical stability of TiN-VN fiber electrode at
the scan rate of 100 mV s�1 was depicted in Figure 6. It was

Figure 5. (a) CV curve of TiN, VN, TiN-VN fibers cycled between�1.2 V and�0.2 V at a sweep rate of 20 mV s�1. (b) CV curves of TiN-VN fibers at
various potential scanning rates from 2 mV s�1 to 50 mV s�1. (c) Specific capacitances of the electrodes with TiN, VN, TiN-VN fibers respectively at
progressive scan rates from 2mV s�1 to 50 mV s�1. (d) The charge/discharge curves of TiN-VN fibers between voltage limits of�1.2 to�0.2 V at rates
varied from 2 A g�1 to 10 A g�1.

Figure 4. (a) Nitrogen adsorption and desorption isotherms of TiN-
VN core�shell structured fibers and (b) their pore-size distribution
obtained from adsorption branch of the isotherm using the BJHmethod.

Figure 6. Cycling performance of composite core�shell structured
TiN-VN fibers under a scan rate of 100 mV s�1.
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seen that about 88% of original capacitance was retained after
500 cycles, exhibiting acceptable cycle ability for the TiN-VN
fibers.

Furthermore, EIS was used to study the resistance changes
after cycling. Figure 7 represented the variation of electroche-
mical impedance spectra for TiN-VN fibers before and after
500 cycles, applying 5 mV ac voltage in the frequency range
from 0.1 Hz to 100 kHz. Each curve presented a depressed
semicircle in middle and high frequency region. At lower fre-
quencies, the straight line had finite slope about 1.3 before
cycling and near 1 after cycling, which represented the diffusive
behavior changes of electrolyte in the electrode pores. The
semicircle in the high-frequency range was associated with
the surface properties of the TiN-VN electrode and corre-
sponded to the charge-transfer resistance. An equivalent circuit
(inset of Figure 7) was used to analyze the measured impedance
data,41 where Rs was the internal resistance,Q1 andQ2 were the
double-layer capacitance and pseudocapacitance, respectively,

Rct was the charge-transfer resistance, and Zw was the Warburg
impedance. An obvious difference between the two spectra was
that Rct had increased from 1.68 to 2.52 Ω after 500 cycles,
which was probably attributed to the partial oxidation of active
nitride materials.36,37

To further explain the capacitance fade after cycling, XPS was
used to assess the surface of TiN-VN fibers. The binding energies
between 513 and 540 eV corresponded to the presence of O 1s, V
2p1, and V 2p3 peaks. The reported binding energies for V3+, V4+

and V5+ species were three Gaussian distributions centered at
515.6, 516.5, and 517.3 eV, respectively, with the statistical
deviation WBE = 0.25 eV.42 The XPS spectrum of the sur-
face of TiN-VN fibers was exhibited in Figure 8. After cycling,
the peaks of oxygen, titanium and vanadium were obviously
increased. In Figure 8a, the enhanced O 1s line after cycling
indicated that a thin oxide layer exhibited on the surface of
VN and TiN, which was fitted with three peaks. The peaks at
about 531.0 and 529.5 eV were main components typical for
oxygen in vanadium oxide and titanium oxide.37 The other peak
at 532.7 eV belonged to the signal from �OH groups at the
surface of TiN-VN fibers. For the V 2p3 line, it was fitted with
three peaks at 515.6, 516.6, and 517.3 eV, corresponding to
oxidation states of vanadium in surface oxides. It was reported
that the Ti 2p bands yields in each case three major doublets
(2p3 and 2p1) encompassed the set of three 2p3 peaks, namely, at
455.1 eV typical for TiN, at 456.7 eV in the range for TiO or
TiOxNy, and at 458.2 eV for TiO2.

43,44 As displayed in Figure 8b,
after cycling, the strongest Ti 2p3 peak at 458.3 eV was found,
which reasonably ascribed to TiO2. Ti 2p

3 peak at 456.5 eV was
for TiN, and the peak at 457.7 eV was typical for TiO or TiOxNy.
The partial oxidation can make the active nitride material gra-
dually disconnect with current collector, which were corrugated
by EIS data and consistent with the previous reports.36,37 There-
fore, it was confirmed that the capacity fade of active TiN-VNwas
originated from the oxidation of VN and TiN.

Figure 8. XPS spectra and curve fitting of (a) O 1s, V 2p3 and (b) Ti 2p1, Ti 2p3 spectra of TiN-VN fibers before and after 500 cycles.

Figure 7. Nyquist plots for TiN-VN fibers electrode before and after
500 cycles from 0.1 Hz to 100 kHz.



3063 dx.doi.org/10.1021/am200564b |ACS Appl. Mater. Interfaces 2011, 3, 3058–3063

ACS Applied Materials & Interfaces RESEARCH ARTICLE

’CONCLUSION

In summary, we have synthesized the mesoporous TiN-VN
fibers with core�shell structures through coaxial electrospinning
and subsequent ammonia annealing. It was demonstrated that
the nanostructured TiN-VN can combine the advantages of TiN
and VN material, which present not only a higher specific capa-
citance but a better rate capacity than pristine nitride fibers. Our
results indicated that this mesoporous nanostructured fiber was a
good candidate for high-performance supercapacitors. Further-
more, these coaxial materials could have potential in lithium-ion
batteries or electrocatalysts.
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