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a b s t r a c t

Ultrathin 2D transition metal oxide materials have great advantages as electrical energy storage mate-
rials. At present, improving the yield and processing techniques is one of the top priorities to push these
materials for scalable applications. Here, a novel microwave-assisted technique is presented to exfoliate
crystalline a-V2O5 powder into wrinkled nanoribbons. The yield of the V2O5 nanoribbons can reach up to
20% after 40min of microwave treatment. The as-exfoliated V2O5 nanoribbons are further used to form a
strongly bound hybrid material with larger graphene oxide (GO) nanosheets through a simple cation-
mediated self-assembly process, and the 2D GO template is converted into highly conductive reduced
graphene oxide (rGO) nanosheets by thermal annealing treatment. The obtained V2O5/rGO hybrid ma-
terial exhibits typical capacitive behavior with a specific capacitance of 423.6 F g�1 at 1 A g�1, an excellent
high-rate capability and good cycling stability. These results suggest the exciting potential of the
microwave-assisted technique for high-yield exfoliation of V2O5 nanoribbons toward future electrical
energy storage applications.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid consumption of fossil fuels in energy production and
the associated climate issues have led to urgent demands for the
development of sustainable energy supplies throughout the world.
While the quantity of energy generated from renewable sources,
including solar radiation, hydropower and wind, has increased
steadily over the past years, their utilization is limited by the large
fluctuations in electric power generation. Efficient energy storage
systems are thus needed to mitigate this problem and supply the
worldwith the renewable energy on demand [1e3]. Among various
energy storage systems, supercapacitors bridging the gap between
batteries and conventional capacitors have attracted great atten-
tion [4,5]. In addition, supercapacitors exhibit a number of highly
desired features such as high power density, superior cycle life and
high reliability. However, the energy density of supercapacitors is
much lower than that of commercial batteries [6e10]. To overcome
this limitation, considerable efforts have been devoted to the
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creation of new electrode materials for supercapacitors. Compared
with common carbon-based electrodematerials which only use the
electrical double-layers at the electrode/electrolyte interface for
charge storage, transition metal oxides can make use of both the
electrical double-layers and the reversible redox reactions on the
surface or subsurface of electrodes for charge storage, offering
much higher specific capacitances. During the past years, various
transition metal oxides, such as RuO2, MnO2, Fe2O3, NiO and
NiCo2O4, have been extensively investigated as the electrode ma-
terials for supercapacitors [11e15].

Among the numerous transition metal oxides investigated, va-
nadium pentoxide (V2O5) is considered as one of the most prom-
ising pseudocapacitive electrode materials due to its natural
abundance, low cost, unique layered structure and high theoretical
capacitance. To date, plenty of V2O5 materials have been success-
fully synthesized for supercapacitors. In particular, nanostructured
V2O5 materials have attracted much attention because their unique
morphologies and structures were expected to provide both high
surface areas for fast redox reactions and facile paths for electrolyte
diffusion associated with the energy storage processes. However,
the nanostructured materials were usually synthesized by similar
hydrothermal processes, hydrothermal treatment of a [VO2]þ-
contained solution derived from the reaction between V2O5
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powder and a H2O2 solution. As a result, most of the nanostructured
V2O5 exhibited just a nanowire or nanorod morphology with a
bilayer structure [16e18]. Among these nanostructured V2O5, the
V2O5 nanowires anchored on N-doped graphene were reported to
deliver a high specific capacitance, but their clearly battery-like
behavior indicated that the capacitance should be derived from
insertion charge storage [16]. Although V2O5 nanospheres synthe-
sized through hydrothermal treatment of an ammonium meta-
vanadate solution or pyrolysis of a vanadium (V) tri-isopropoxide
oxide mixture have recently been reported to show typical capac-
itive behavior, they were mainly embedded in graphene nano-
sheets or coated on carbon-xerogel microspheres with a low mass
loading (10e30%), and thus the obtained hybridmaterials exhibited
a low specific capacitance [19,20]. Considering that the capacitive
performance of V2O5 is mainly hindered by its electronic and ionic
conductivities, a delicate design of the nanostructured hybrid ma-
terials should be needed to independently tailor the electronic and
ionic transport pathways and thus further improve the perfor-
mance of the electrodes [21,22].

Recently, ultrathin 2D materials have gained great interests as
energy storage materials due to their unique physicochemical
characteristics [23]. In most cases, these atomically thin 2D mate-
rials were derived from exfoliation of bulk materials with layered
structures, such as hexagonal boron nitride (h-BN), transitionmetal
dichalcogenides (TMDs), layered metal oxides, etc. [24e28]. Simi-
larly, V2O5 also has a layered structure comprised of distorted VO6
octahedra [29]. The adjacent layers are just stacked together via
weak van der Waals interactions, suggesting the possibility of
exfoliating the bulk powder into ultrathin nanosheets by liquid
exfoliation. Indeed, Rui et al. [30]. first produced the ultrathin V2O5
nanosheets by liquid exfoliation. In the process of exfoliation, the
V2O5 powder was first soaked in a formamide solution for one night
and then sonicated for 3 days. The exfoliated V2O5 nanosheets were
separated from the dispersion and processed into composite elec-
trodes by a conventional method. Recently, Zhang et al. [31]. re-
ported another procedure for liquid exfoliation of V2O5 into
nanosheets by directly sonicating V2O5 powder dispersed in water
for 5 h. But the results showed that the concentration of nanosheets
in the obtained supernatant was only 0.19mgmL�1 and the total
yield of the nanosheets was just about 3.8%. While the V2O5
nanosheets obtained under both conditions exhibited good elec-
trochemical performance, it is noteworthy that the production
procedures based on liquid exfoliation were time-consuming with
low yield and thus could be less competitive for practical applica-
tions. To the best of our knowledge, the low yield (or productivity)
is still a universal and critical challenge for preparation of ultrathin
V2O5 nanosheets and other 2D materials. In addition, the electrical
conductivity of V2O5 nanosheets is low, limiting the electrode
performance at high charge-discharge rates.

Herein, we demonstrate a novel microwave-assisted technique
to exfoliate V2O5 powder into wrinkled nanoribbons. The yield of
the nanoribbons can reach up to 20% after 40min of exfoliation. To
improve their electrochemical performance at high charge-
discharge rates, the as-prepared V2O5 nanoribbons were used to
form a strongly bound hybrid material with well dispersed gra-
phene oxide (GO) nanosheets through a simple self-assembly
process, and the GO nanosheets were further converted into
highly conductive reduced graphene oxide (rGO) nanosheets by a
thermal annealing process. Such V2O5/rGO hybrid materials exhibit
typical capacitive behavior in the potential range of �0.95e0.1 V
with a specific capacitance of 423.6 F g�1 at 1 A g�1. The symmetric
supercapacitor based on the hybrid material shows a high energy
density of 58.8Wh kg�1 at an average power density of 500Wkg�1,
an excellent high-rate capability and good cycling stability over
2000 cycles. These encouraging results demonstrate the great
potential of the microwave-assisted technique for rapid high-yield
production of V2O5 nanoribbons in energy storage applications.

2. Experimental section

All reagents were analytical grade and were directly used
without further purification.

2.1. Microwave-assisted exfoliation of bulk V2O5

In a typical procedure, bulk V2O5 powder (350mg, Acres
Organic) was first soaked in DI water for 4 h. After the water was
removed by centrifugation, the powder was then transferred into a
10mL glass vessel containing 7mL tetrahydrofuran (THF, Fisher
Chemical) to form a suspension. The suspension was put in a mi-
crowave system (CEM Corporation) and treated for 40min (300W,
150 �C, 15 bar). After the microwave treatment, the THF solvent was
removed by centrifugation and the powder was washed with DI
water to remove the residual THF. Finally, the microwave-treated
powder was dispersed in 14mL DI water and sonicated for 15min.

After the ultrasonic treatment, the exfoliated V2O5 nanoribbons
were isolated from the supernatant via centrifugation. The super-
natant contained 4.9mgmL�1 of V2O5 nanoribbons and
0.8mgmL�1 of dissolved V2O5. The yield of V2O5 nanoribbons was
about 20%, which was determined by the weight percentage of the
dried exfoliated V2O5 nanoribbons relative to the starting bulk V2O5
powder.

2.2. Preparation of V2O5/rGO

The obtained V2O5 nanoribbon supernatant (14mL) was mixed
with graphene oxide (GO, ACS Material) to form a suspension with
a V2O5-to-GO weight ratio of 8:2. The suspensionwas sonicated for
30min to ensure that the GO nanosheets were dispersed andmixed
with the V2O5 nanoribbons homogeneously. Then 1mL of 0.1M
Na2SO4 solution was added into the suspension, which neutralized
the charges and led to self-assembly of V2O5 nanoribbons and GO
nanosheets. The self-assembled V2O5/GO gel was isolated from the
solution by centrifugation and dried at 80 �C in air for 12 h to form a
V2O5/GO composite. The V2O5/rGO hybridmaterial was obtained by
annealing the V2O5/GO composite at 280 �C under nitrogen for 3 h.

2.3. Fabrication of electrodes and symmetric supercapacitors

The electrodes were fabricated by mixing the V2O5/rGO hybrid
material, super P and poly(vinyldifluoride) (PVDF) at a weight ratio
of 70:20:10 in a N-methyl-2-pyrrolidone (NMP) solvent. The
resulting mixture was pasted onto nickel foam slabs and then dried
at 120 �C for 12 h in a vacuum oven to form the electrodes. The areal
density of V2O5/rGO on the obtained electrodes was about
2mg cm�2. The symmetric supercapacitors were assembled using
two V2O5/rGO electrodes sealed in a 2032 coin cells and a 1.0M
Na2SO4 aqueous solution as the electrolyte. A filter paper disc was
sandwiched between them as the separator.

2.4. Electrochemical measurements

The electrochemical properties of the V2O5/rGO electrodes were
evaluated in both a three-electrode electrochemical cell and a
symmetric coin cell (in form of a supercapacitor) with an electro-
chemical workstation (IVIUM) at room temperature. For the three-
electrode system, the V2O5/rGO hybrid electrode was used as the
working electrode. A platinum sheet and an Ag/AgCl electrodewere
used as the counter and reference electrodes, respectively. The
electrolyte was a 1.0M Na2SO4 solution. The cyclic voltammetry
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(CV) measurement was performed in the potential range
from �0.95 to 0.1 V. For the symmetric supercapacitor, the ac-
impedance spectrum was measured with a 5.0mV ac voltage
superimposed on the open circuit potential over the frequency
range from 10�2 to 105 Hz. The CV measurement was performed in
the cell potential range from �1.0 to 1.0 V with a scan rate in the
range of 10e150mV s�1. The galvanostatic charge-discharge
behavior of the symmetric supercapacitor was measured in the
cell potential window from�1.0 to 1.0 V. According to the obtained
charge-discharge curve, the specific capacitance of the V2O5/rGO
hybrid electrode was calculated as

C0 ¼
2It
mDV

(1)

where C0 is the specific capacitance (F g�1) of each electrode, I is the
discharge current (A), t is the discharge time (s), m is the mass of
V2O5/rGO material on each electrode (g), and DV is the width of the
potential window.

The energy and power densities were calculated as

E¼0:5C0DV
2
w

3:6
(2)

Pavg ¼ E
t

(3)

Pmax ¼ ðDVwÞ2
4mDESR

(4)

and

ESR¼DVIR

2I
(5)

where E is the energy density (Wh kg�1), DVw is the working po-
tential range (¼ 1.0 V), Pavg is the average power density (W kg�1), t
is the discharge time (h), Pmax is the maximum power density (W
kg�1) when measured at matched impedance (R¼ ESR), ESR is the
equivalent series resistance (U cm2), and VIR is the IR potential drop
when the polarity of the current I was switched during charge-
discharge.
Fig. 1. Schematic procedure for preparation of V2O5
2.5. Materials characterization

The surface morphology and microstructure of the materials
were examined by a transmission electron microscope (TEM,
Hitachi HT7700 operated at 120 kV). X-ray diffraction (XRD) ana-
lyses were performed using a Bruker D8 Advance spectrometer
with graphite-monochromatized high-intensity Cu Ka radiation.
The oxidation states of vanadium in the materials were determined
by X-ray photoelectron spectra (XPS), which were collected using a
source (PE¼ 1600 eV) on a Kratos Axis Ultra DLD instrument with
monochromatic Al Ka radiation. The Fourier transform infrared
spectra (FTIR) were taken out on an Agilent Technologies Cary 630
FTIR spectrometer. Raman spectrum analyses were carried out on a
DXR Raman spectrometer (Thermo Scientific) using an excitation
laser with a wavelength of 532 nm. The specific surface area (SSA)
was calculated by the Brunauer-Emmett-Teller (BET) method from
the adsorption branches of isotherms measured with a Quantach-
rome Autosorb iQ instrument.

3. Results and discussion

The procedure of the microwave-assisted exfoliation method to
prepare V2O5 nanoribbons from crystalline bulk a-V2O5 powder is
schematically shown in Fig. 1. To ensure most of the microwave
energy was concentrated on the V2O5 particles and the adsorbed
water molecules during the microwave-assisted exfoliation (i.e. so-
called specific heating), THF - an organic solvent with a low
microwave-absorbing capability (represented by tand, the loss
tangent) was chosen as the solvent to prepare the V2O5 powder
suspension. The tand of THF is just 0.042. In contrast, the tand
values for water and a-V2O5 are relatively higher, at 0.123 and ~0.1,
respectively [32]. In the first step, the bulk V2O5 powder was soaked
in water for 4 h to absorb water molecules both on the surface and
in the interlayer space of its layered structure. After filtration, the
collected V2O5 powder was dispersed in THF to form a suspension
and then subjected to microwave treatment. During the treatment,
due to the interaction of the alternating microwave field with the
atoms in the VO5 layers and the intercalated water molecules, the
layered structure were disrupted and exfoliated from the bulk
crystals. Meanwhile, the VO5 layers, which are essentially
composed of zigzag double chains of square VO5 pyramidal units,
were broken into nanoribbons because of the relatively weak
connection between the double chains [33]. After removing the
nanoribbons by microwave-assisted exfoliation.



Fig. 2. TEM images (a,b), HRTEM (c) and FFT (d) of the exfoliated V2O5 nanoribbons.
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THF and washing, the exfoliated powder was dispersed in water
and sonicated for 15min, and then the V2O5 nanoribbons were
collected from the sonicated dispersion by centrifugation.

Transmission electron microscopy (TEM) was performed to
examine the morphology and crystallinity of the exfoliated V2O5
nanoribbons. As shown in Fig. 2(a), large quantities of randomly
oriented V2O5 nanoribbons with a width of 10e50 nm and a length
of thousands of nanometres can be found in the exfoliated sample.
Fig. 2(b) shows that the obtained nanoribbons are not smooth but
present clear wrinkles on the surface. The HRTEM observation
(Fig. 2(c)) and the fast Fourier transform (FFT) diffraction pattern
(Fig. 2(d)) of the representative nanoribbons illustrate the crystal-
line nature of the nanoribbons. The interference fringes with
d spacings of 0.58 and 0.34 nm correspond to the (200) and (110)
planes of the layered a-V2O5 structure, respectively. The lattice
fringes and FFT pattern shown in Fig. 2(c) and (d) indicate that,
while the microwave treatment leads to exfoliation of V2O5 into
wrinkled nanoribbons, the crystalline characteristics of the VO5
layers are well preserved.

The structure of the nanoribbons was further surveyed by X-ray
diffraction (XRD), Raman spectra, Fourier transform infrared
spectra (FTIR) and X-ray photoelectron spectra (XPS) (Fig. 3). For
comparison, the analyses were also conducted on a commercial a-
V2O5 powder, the raw material used for the exfoliation. For the
commercial a-V2O5 powder, as shown in Fig. 3(a), the characteristic
peaks at 15.3�, 20.3�, 21.7�, 26.1�, 31.0�, 32.4�and 34.3� are clearly
detected and can be assigned to (200), (001), (101), (110), (301)
(011) and (310) planes of the a-V2O5 structure (PDF# 41e1426),
respectively. While all V2O5 nanosheets by liquid exfoliation exhibit
a lamellar structure [30,31], it is interesting that no diffraction peak
can be detected from the V2O5 nanoribbons produced by the
microwave-assisted exfoliation although the lattice fringes can be
clearly observed by HRTEM (Fig. 2(c)). This should be attributed to
the wrinkled structure of the nanoribbons. As illustrated in Fig. S1,
the wrinkled layered structure may lead to incoherent X-ray scat-
tering to different directions and thus no diffraction peak can be
detected.

However, the Raman analysis demonstrates that the V2O5
nanoribbons and commercial a-V2O5 powder exhibit almost the
same spectra (Fig. 3(b)). The peaks at Raman shifts of 286.2, 481.0,
525.5, 697.5 and 998.0 cm�1 correspond to the VeO1 bending,
VeO3 bending, VeO2 stretching, VeO3 stretching and VeO1
stretching of the VO5 layers in the a-V2O5 structure (Fig. S2),
respectively [34e36]. These results suggest the arrangement of V
and O atoms in the nanoribbons remains intact after the
microwave-assisted exfoliation process, in agreement with the
observation of HRTEM and FFT pattern. In addition, the nano-
ribbons and commercial powder also show almost the same FTIR
spectra (Fig. 3(c)), while the stronger peaks at about 1623.1 and
3492.7 cm�1 can be attributed to the adsorbed water or hydration
of the V2O5 nanoribbons [37]. The valence state of V in the nano-
ribbons was analyzed by XPS. As shown in Fig. 3(d), two distinct
peaks at 517.3 and 524.8 eV can be detected, corresponding to V
2p3/2 and V 2p1/2, respectively, which are consistent with the
binding energies expected for V2O5 [38]. Compared with the
nanosheets exfoliated in water in the literature [31], the nano-
ribbons in this study exhibit a higher Brunauer-Emmett-Teller
(BET) surface area of 40m2 g�1 (Fig. S3).

The supernatant of V2O5 nanoribbons was used to prepare a
V2O5/rGO hybrid material by a simple self-assembly method based
on the electrical double layer and DLVO theories. As demonstrated
in Fig. S4, GO nanosheets were easily mixed with the V2O5 nano-
ribbons supernatant to form a stable binary suspension due to
electrostatic repulsion by the negative surface charge on the two
components. After addition of 0.1M Na2SO4 solution to the sus-
pension, the diffuse electrical double layers on the V2O5 nano-
ribbons and GO nanosheets were compressed by the high
concentration of Naþ ions. The cations also served as bridges to
directly increase the attraction between the nanoribbons and
nanosheets, and thus the two components assembled to form a
V2O5/GO composite. Finally, the self-assembled V2O5/GO was con-
verted into V2O5/rGO hybrid by thermal annealing in nitrogen at
280 �C, which was sufficient to remove a large amount of oxygen-
containing groups in GO and convert GO into highly conductive
rGO.

The morphology and composition of the as-prepared V2O5/rGO



Fig. 3. XRD patterns (a), Raman spectra (b), FTIR spectra (c) and V 2p XPS spectrum (d) of the V2O5 nanoribbons.
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hybrid were again investigated by TEM, Raman spectra and XPS.
Fig. 4(a) confirms that the rGO nanosheets and V2O5 nanoribbons
are strongly bound together after the assembly and thermal
annealing. Numerous V2O5 nanoribbons cover the surface of larger
rGO nanosheets. The Raman spectra of the as-prepared V2O5/rGO
and the corresponding V2O5/GO (Fig. 4(b)) demonstrate that the
thermal annealing in nitrogen at 280 �C can dramatically reduce
the intensities of the peaks at 286.2 and 998.0 cm�1 and increase
the ratio of D to G band from 66/103 to 56/58, suggesting that the
V2O5 nanoribbons in the V2O5/GO are partially reduced by the
surface functional groups of GO while the GO is converted into rGO
due to the oxidation and dissociation of the functional groups
during the thermal annealing [35,39]. For example, the carboxyl
groups may dissociate into carbon dioxide as follows:

HOOC�R � COOHþ V2O5/R þ 2VO2 þ 2CO2

þ H2O ð6Þ

where R represents the carbon skeleton of GO. These results can be
further confirmed by XPS analyses. As illustrated in Fig. 4(c) and (d)
, the V 2p spectrum of the annealed composite shows that 36.2% of
V5þ is reduced to V4þ (corresponding to signals at 516.4 and
523.5 eV) while the C 1s spectrum exhibits rGO features with a
large peak consisting overlapped CeC and C]C peaks and two
small CeO and C]O peaks [38,40,41].

The electrochemical performance of the as-prepared V2O5/rGO
hybridmaterial was primarily evaluated by cyclic voltammetry (CV)
using a three-electrode system. As shown in Fig. S5, the electrode
shows rectangular CV curves over the potential range
of �0.95e0.1 V (vs. Ag/AgCl), indicating nearly ideal capacitive
behavior over this potential range [42]. Furthermore, as the CV scan
rate increases from10 to 100mV s�1, the response current increases
linearly while the shape of the CV curves remains rectangular,
suggesting that good high-rate performance can be obtained from
the V2O5/rGO hybrid material. Considering the fact that most of the
V2O5 nanowires or nanorods anchored on graphene just exhibit
extrinsic supercapacitor or battery-like behavior [16e18], the
capacitive behavior of the V2O5/rGO hybrid material should be
attributed to its distinctive structure. First, the V2O5 nanoribbons
are derived from the microwave-assisted exfoliation of layered
V2O5, which makes most of the metal centers that contribute to
Faradaic pseudocapacitance to be located on the surface of the
oxide, and thus the surface areas available for non-insertion charge
storage are dramatically enhanced [43]. More importantly, even
though the nanoribbon comprises several VO5 layers, the wrinkled
structure (illustrated in Fig. S1) can provide more facile diffusion
paths for charge-compensating ions and thus the intercalation re-
action can occur faster and more smoothly compared with the
bilayer structures of the V2O5 nanorods or nanowires synthesized
by hydrothermal methods [44]. In addition, it is well known that
the surface chemistry can profoundly influence the capacitive
behavior of a material. As shown in Fig. 4(d), there are still some
oxygen-containing functional groups on the rGO after thermal
annealing. The reactions between the V2O5 nanoribbons and GO
occurred in the thermal annealing process may play a key role in
arranging the functional groups and the ratio of V5þ to V4þ, which
partially contribute to the capacitive behavior of the hybrid mate-
rial [45e47].



Fig. 4. TEM image (a), Raman spectra (b), V 2p (c) and C 1s (d) XPS spectra of the V2O5/rGO hybrid material.
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To further evaluate the electrochemical performance of the
V2O5/rGO hybrid material, CV, galvanostatic charge-discharge and
impedance tests were performed on symmetric two-electrode
supercapacitors using the V2O5/rGO hybrid material as the elec-
trode material and a 1.0M Na2SO4 solution as the electrolyte,
respectively. The nearly rectangular CV curves and linear charge-
discharge profiles (Fig. 5(a) and (b)) indicate again the typical
capacitive behavior of the hybrid material [42,43]. Fig. 5(c) shows
the specific capacitances of the V2O5/rGO hybrid material at
different charge-discharge rates. The specific capacitances are
423.6 and 230 F g�1 at 1.0 and 10 A g�1, respectively, which are
consistent with the CV results measured with the 3-electrode
system (Fig. S5(b)). To further elaborate the energy and power
densities, a Ragone plot is displayed in Fig. 5(d). The V2O5/rGO
hybrid material delivers a high energy density of 58.8Wh kg�1 at
an average power density of 500Wkg�1 (corresponding to the
maximum power density of 21 kWkg�1). At a much higher average
power density of 5 kWkg�1 (corresponding to the maximum po-
wer density of 24 kWkg�1), the energy density can still remain as
high as 32Wh kg�1. This result indicates the outstanding high-
energy and high-rate capability of the V2O5/rGO hybrid material
compared with those reported in the recent literature [18,48e50],
which are attributed to its unique structure. The thin nanoribbon
architecture can shorten the solid-diffusion distance for charge-
compensating ions in the V2O5 component while the rGO nano-
sheets serve as highly conductive paths for electron transport.
Furthermore, although the V2O5 nanoribbons and the rGO nano-
sheets are strongly stacked, the wrinkled structure of the V2O5
nanoribbons can still provide facile diffusion paths for ions and thus
makemore reactive sites available in the electrode. These attractive
features also enable the V2O5/rGO hybrid material to exhibit a
remarkable cycling stability at the current density of 5 A g�1. As
shown in Fig. 5(e), the capacitance only decreases by 20% during
the initialization stage in the first 200 cycles and then remains
almost the same over the subsequent 1800 cycles. The impedance
spectra (Fig. 5(f)) show that the charge-transfer r�esistance only
increases slightly from 2.1 to 5.7U during the cycling process,
consistent with the good cycling stability.
4. Conclusion

A novel processing technique based on specific microwave
heating was successfully developed to exfoliate crystalline a-V2O5
powders into wrinkled V2O5 nanoribbons. The as-prepared V2O5
nanoribbons were further used to form a strongly bound V2O5/rGO
hybrid material through a simple cation-mediated self-assembly
process followed by thermal annealing treatment. The yield of the
nanoribbons can reach up to 20% after 40min of microwave
treatment, and the V2O5/rGO hybrid material exhibits typical
capacitive behavior in the potential range from �0.95 to 0.1 V with
a specific capacitance of 423.6 F g�1 at 1 A g�1. The symmetric
supercapacitor assembled with the hybrid material shows a high
energy density of 58.8Wh kg�1 at an average power density of
500Wkg�1, and an excellent high-rate capability with an energy
density of 32Wh kg�1 at 5 kWkg�1. In addition, the V2O5/rGO
hybrid material exhibits superior cycling stability with the specific
capacitance remaining nearly constant up to 1800 charge-discharge
cycles after the initialization in the first 200 cycles. These properties
are attributed to the highly dispersed wrinkled V2O5 nanoribbons
supported by the highly conductive rGO templates. These results
show the great potential of the microwave-assisted technique for



Fig. 5. CV curves (a), charge-discharge curves (b), specific capacitance vs. current density curve (c), Ragone plot (d), cycling performance at 5 A g�1 (e), and impedance spectra (f) of
the symmetric supercapacitor assembled with the V2O5/rGO electrodes.
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high-yield production of V2O5 nanoribbons toward future scalable
electrical energy storage applications.
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