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Abstract A hydrothermal method assisted with freeze
drying process was adopted to form composite superca-
pacitor materials of metastable vanadium dioxide [VO,(B)]
nanobelts on reduced graphene oxide (RG) layers. The
VO,(B) nanobelts were well dispersed on the graphene layers
as verified by scanning electron microscopy and high-
resolution transmission electron microscope. Cyclic
voltammetry and galvanostatic charge—discharge measure-
ments were adopted to investigate the electrochemical
properties of VO,(B)/RG composites in 1.0 M Na,SOy4
aqueous solution. The VO,(B)/RG composites delivered
better specific capacitance and superior rate capability in
comparison with the pure VO,(B). The initial specific ca-
pacitance of the composites reached 2904 F ¢~' at
0.2 A g and maintained 82.3 % of the initial value after
1000 cyclesat2 A g~',37.9 % higher than the pure VO,(B).
Therefore, our results suggest that graphene greatly enhances
the electrochemical performance of VO,(B) and VO,(B)/RG
composite is a potential material for supercapacitor.

1 Introduction

Supercapacitors, also known as electrochemical capacitors
or ultracapacitors, have drawn tremendous attention as an
energy storage in composite electric vehicles, memory
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back-up devices, large industrial equipment, and renewable
energy power plants [1, 2] due to their unique superiority
such as fast charge—discharge rate, long cycling life, and
good safety [3, 4]. They are usually defined into electro-
chemical double-layer capacitance (EDLC) with carbon
based electrodes and pseudo-capacitance with transition
metal oxides as well as conducting polymers electrodes
[5, 6]. However, the EDLC only delivers the theory
specific capacitance (150 Fg~') and energy density
(3-5 Wh kg™ ") in liquid electrolytes (aqueous an alkali)
due to their limiting factor of low water decomposition
potential of 1.23 V [7]. Recently, transitional metal oxides
have attracted significant attention for pseudo-capacitance
since they could offer higher capacitance than pure carbon
materials as well as longer cycle life than conductive
polymers [8—10].

Among transition metal oxides, vanadium oxides, which
contain metal atoms capable of various valence states, are
one of the most promising electrode materials for com-
mercial supercapacitors due to their relatively high energy
density, ease of synthesis, low cost, and abundant resources
[11, 12]. As an important functional metal oxide, vanadium
dioxide possesses excellent physical and chemical proper-
ties. Nevertheless, the poor electrical conductivity and
structural stability of VO,(B) have hindered its application
for high power and long-term cycling electrochemical ca-
pacitors [11-13]. To improve the capacitive performance,
it is of great importance to enhance the electrical conduc-
tivity and structural stability of VO,(B) and maintain high
electrolyte penetration/diffusion rates. Based on this, many
strategies, such as composite technology, doping, size tai-
loring and so on [14-16], have been proposed. Among
them, the composite technology, which is combining some
materials with good electrical conductivity and structural
stability with redox active vanadium oxides, may be an


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-015-2972-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-015-2972-9&amp;domain=pdf

J Mater Sci: Mater Electron (2015) 26:4226-4233

4227

effective strategy to improve the capacity and cycling
stability. In addition, preparing special structure of vana-
dium dioxide is a generic method. Various VO,(B) nanos-
tructures such as nanowires [17], monodisperse spheres
[18], nanobelts [19] and nanoparticles [20], have been
synthesized and applied in lithium ion battery. However,
VO,(B) nanobelt as the electrode material for superca-
pacitors is seldomly reported so far. A composite of
VO,(B) with ordered mesoporous carbon was once pre-
pared by a solid-state reaction and delivered a capacitance
of about 131 F g71 in 1 M KNOj solution [21]. And
VO,(B)/CNTs composite shows a specific capacitance of
250 F g~ ' in 1 M Na,SO, solution at a current density of
0.5 A g~' [14]. Even though the results of relatively lower
capacitance or lower stability are far from meeting the need
of commercial application. The facile synthesis of VO,(B)
composite for improving the electrochemical property is
eagerly required.

Graphene, a flat monolayer of carbon atoms tightly
packed into a two-dimensional (2D) honeycomb lattice [22,
23], showed many superiorities in mechanical, electronical
(with carrier mobility up to 200,000 cm? V! sfl) [24,
25], and thermal conductivity (4840-5300 W m~' K1)
[26]. Moreover, graphene possess a specific surface area
(~2630 m* g~') [27] for improving interfacial contact.
The graphene wrapping process greatly improves elec-
tronic interparticle connection and prevents agglomeration
during cycling. There are many studies on graphene as
composites such as graphene/MnQO, [28], graphene/Co304
[29], graphene/Ni(OH), [30], graphene/Fe;0,4 [31] for su-
percapacitors, and they show a great breakthrough for en-
hancing electronic performance of bare metal oxides.
Currently, Deng et al. [32] synthesized graphene compos-
ites with starfruit-like VO,(B) particles, of which the ca-
pacitance was 225 F ¢~ in 0.5 M K,SO,4 at 0.25 A g ".
However, the performance is still disappointing and it is
still a big challenge to develop a simple and rapid approach
to synthesize VO,(B)/graphene composites with better
performance.

In this study, VO,(B) nanobelts were homogeneously
embedded into the graphene nanosheets by one step hy-
drothermal process in which the graphite oxide (GO) were
reduced to graphene (RG) without using any toxic organic
solvent. Besides, to obtain the porous and loose mor-
phology, we take special drying. The freeze drying process
is more effective than previously reported in maintaining
the microstructure of the materials. The VO,(B)/RG com-
posite exhibited good electrochemical properties in
1 mol L™ Na,SOy, solution in comparison with previously
reported, which is probably due to the as-fabricated gra-
phene sheets in the composites have lower defects, better
distribution and higher reduction.

2 Experimental methods
2.1 Materials and sample preparation

All chemical reagents used in this experiment were ana-
lytical grade without any further purification. Graphite
oxide (GO) was synthesized from natural graphite flakes by
a modified Hummers method [33]. The suspension of GO
was prepared by ultrasonication of 35 mg GO in 35 ml
distilled water for 30 min. 0.2115 g of V,05 and 0.2909 g
of oxalic acid were dissolved in the GO suspension by
stirring for 15 min. The mixed solution was heated to
60 °C in an oil bath with vigorously stirring for 1 h, then
the dispersion was transferred into a 50 ml Teflon- lined
stainless steel autoclave and was maintained at 180 °C for
24 h. After the solution was naturally cooled to room
temperature, the black product was collected and washed
with distilled water and ethanol for several times, and then
freeze drying for 12 h, and the final product was denoted as
VO,(B)/RG(1.0). In other two experiments, the as-syn-
thesized precipitates with 0.5 mg ml~' GO and 2.0 mg
ml~! GO were designated as VO,(B)/RG(0.5) and VO,(B)/
RG(2.0), respectively. For comparison, reduced graphite
oxide (RG) and pure VO,(B) were prepared with the
similar method.

2.2 Materials characterizations

The phase of as-synthesized samples was checked by a
MXPAHF X-ray diffractometer from 10° to 80° with Cu
Ko radiation (1 = 1.54056 A). Thermogravimetric analy-
sis (TGA) was performed on a thermogravimeter analyzer
(TGA, DTA-50, Shimazu, Japan) from room temperature
to 700 °C at a heating rate of 10 °C min~' in air flux.
Fourier transform infrared (FT-IR) spectra of the samples
were recorded on a VECTOR-22 (Bruker) spectrometer
with KBr pellet and the effective range was from 400 to
4000 cm ™. X-ray photoelectron spectroscopy (XPS) was
done with a Thermo VG Scientific SiRGa Probe spec-
trometer. The morphology was observed by using field-
emission scanning electron microscopy (FE-SEM, FEI
Nova Nano-230) and high-resolution transmission electron
microscope (HR-TEM, JEOL-2010).

2.3 Electrochemical measurements

The electrochemical performances of the synthesized
composite materials and pure VO,(B) nanobelts were
measured by a conventional three-electrode cell. The
working electrodes were fabricated by pressing a mixture
of the active materials, acetylene black, and polyte-
trafluoroethylene (PTFE, 10 wt%) at a weight ratio of
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80:10:10 onto a stainless foil (1 x 1 cm) which served as a
current collector, and dried in a vacuum oven at 70 °C
overnight. The counter electrode and reference electrode
were a platinum sheet and a saturated calomel electrode
(SCE), respectively. 1 M Na,SO, solution was used as the
electrolyte. Cyclic voltammetry (CV) and galvanostatic
charge—discharge tests were investigated in a voltage
window from —0.4 to 0.6 V on a CHI660B electrochemical
workstation (Shanghai, China) at ambient temperature.
Electrochemical impedance spectroscopy (EIS) measure-
ments were performed on a P2273 electrochemical work-
station (Princeton Applied Research, USA) and the
frequency range applied was 0.01 Hz-100 kHz with an AC
amplitude of 5 mV.

3 Results and discussion
3.1 Structure characterization

Figure 1 shows the XRD patterns of GO (a), RG (b), bare
VO,(B) (c), and VO,(B)/RG composite (d). As shown in
Fig. 1a, the precursor GO is dominated by a single broad
peak at 10.3°, which corresponds to an interlayer distance
of 0.83 nm. The larger interlayer distance relative to the
initial graphite (dgop = 0.34 nm) is consistent with the
oxidation of graphite and intercalation of water. After hy-
drothermal treatment, the broad peak (Fig. 1b) between 22°
and 24° could be ascribed to the disordered RG layers,
indicating the graphene sheets formed [34]. The pure
VO,(B) and VO,(B)/RG composite are presented in
Fig. Ic, d in which the main diffraction peaks can be
indexed to the monoclinic VO,(B) with lattice constants
a=12.027 A, b=3.710 A, and ¢ = 6.570 A and § =
108.7 A (JCPDS Card No. 65-7960). The result shows that
no impurity phase exists in the VO,(B). Meanwhile, the
peak (002) at 24° (Fig. 1d) becomes broad and strong in
comparison with the pure VO,(B) (Fig. 1c), suggesting the
presence of largely exfoliated graphene layers [35].

Figure 2 shows the FT-IR spectra of GO, and VO,(B)/
RG. In the FT-IR spectrum of GO (Fig. 2a), stretches of O—
H, C=0, aromatic C=C, carboxyl C-0O, and alkoxy can be
clearly identified at 3400, 1722, 1620, 1410, and
1060 cm ™!, respectively, which is consistent with previous
report [36]. However, all these absorption peaks related to
the oxygen-containing functional groups become very
weak or entirely disappeared (carboxyl groups are con-
siderably decreased) in the FT-IR spectra of the VO,(B)/
RG composite (Fig. 2b) remains, suggesting that the high
purity of graphene can be achieved [37, 38]. In addition,
the appearance of two new absorption peaks at about
540 cm™! and 1000 cm™! in the FT-IR spectrum, which
relates to V-O-V and V=0 vibrations, implies the exis-
tence of vanadium oxide [39]. Thus, the FT-IR results
further confirm the formation of VO,(B) and the reduction
of GO.

XPS method was applied to accurately determine the
composition and valence state of V of the composite. XPS
spectrum of VO,(B)/RG(1.0) is displayed in Fig. 3 and
shows that all elements such as carbon, oxygen, and
vanadium can be indexed on the surface of the sample
(Fig. 3a). The Cls core-level spectrum (Fig. 3b) shows
non-oxygenated carbon, carbon in C—O (sp2-compositeized
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carbon), C=0 (carbonyl groups) and O-C=0 (carboxyl
groups) at 284.6, 285.7, 286.6 and 288.5 eV, respectively.
The relatively smaller intensities of these peaks indicate the
reduction of GO [40]. From this result, it can be concluded
that the hydroxyl functional groups are mostly presented on
VO,(B)/RG(1.0) sample. Also, the XPS spectrum in the
V2p region (Fig. 3c) and the binding energies of V2ps),
and V2p;, are centered at 516.4 and 523.6 eV, respec-
tively, which is consistent with the characteristic binding
energies of V (44) [41, 42], and further suggests that the
VO,(B) nanobelts was formed in RG composites.

To estimate the amount of RG in the VO,(B)/RG
composite, thermogravimetric analysis (TGA) was carried
out in air. As shown in Fig. 4, all the materials show a little
mass loss around 100 °C due to the evaporation of ab-
sorbed water. In addition, the VO,(B)/RG composites and
bare RG show a little mass loss from around 200 to 300 °C
due to the decomposition of oxygen-containing groups that
did not restore completely on the graphene. The main
weight loss at ~420 °C could be attributed to the oxidation
of graphene nanosheets. After 500 °C, the retained mass of
the VO,(B) powder was increased by 4 wt%, which may be
ascribed to the transformation of VO,(B) to V,05 [43].
Meanwhile, the VO,(B)/RG composites show a rapid mass
loss at 420-500 °C as VO,(B) converses to V,0s. The
VO,(B) sample remains stable in the temperature range of
420-700 °C, with no any weight change for the VO,(B)/
RG sample around this temperature range corresponding to
the oxidation of RG. Therefore, the difference in weight

between VO,(B) and VO,(B)/RG after the oxidation could
be directly translated into the amount of RG in the VO,(B)/
RG composites. Therefore, the mass ratio of RG in com-
posites estimated by thermal analysis is 4.1, 9.3 and 18.2
wt% for VO,(B)/RG(0.5), VO»(B)/RG(1.0) and VO,(B)/
RG(2.0), respectively.

3.2 Morphologies characterization

Figure 5 presents the FESEM images of VO,(B) (a), RG
(b) and VO,(B)/RG (c—f) composite materials with dif-
ferent RG amounts. As shown in Fig. 5, all samples exhibit
a nanobelt-like morphology, where the nanobelts have a

110
100

——VOy(B)

Weight / %
3

40} —RG

s0[ —VO2(BIRG(0.5)

20l —VO2(BYRG(1.0)
——VO,(B)YRG(2.0

1ol 2(BYRG(2.0)

0

. L . . .
100 200 300 400 500 600 700
Temperature / °C

Fig. 4 The thermal gravimetric analysis (TGA) spectrum of pure
VO,(B) and RG,VO,(B)/RG(0.5), VO,(B)/RG(1.0), VO(B)/RG(2.0)

Fig. 3 XPS spectra of the
VO,(B)/RG(1.0) composite:
a survey scan, b Cls region,
c V2P

[
8

Intensity / a.u
9
é
r7_<
Intensity / a.u.

Baékg round
| |

o

200 400 600
Binding Energy / eV

1200 280 282 284 286 288 290 292
Binding Energy / eV

800 1000

Vp3r2

Intensity / a.u.

Vp1/2

510 513 516 519

522 525 528

Binding Energy / eV

@ Springer



4230

J Mater Sci: Mater Electron (2015) 26:4226-4233

Fig. 5 FESEM images of VO,(B) (a), RG (b), VO,(B)/RG(0.5) (¢) and VO(B)/RG(2.0) (d); e, f FESEM images of VO,(B)/RG(1.0) at low-

and high-magnifications

smooth surface, a typical length of 500-800 nm, width of
80-100 nm. Sample RG (Fig. 5b) shows a plate-like mor-
phology with randomly dispersed and crumpled sheets and
closely associated with each other. Compared with the
composite materials, the phenomenon of agglomeration is
very serious for the pure VO,(B) (Fig. 5a). In the RG
composites, VO,(B) nanobelts are densely loaded on the
graphene layers and some VO,(B) nanobelts are wrapped
up in crumpled micrometer-size graphene layers, demon-
strating that the VO,(B) nanobelts are interwoven with the
soft graphene. This unique structure offers easy access to
electrolytes as well as facilitating the fast electron transfer,
and increasing capacity storage. In company with the in-
crease of RG amounts in the VO,(B)/RG composites, the
agglomeration of VO,(B) nanobelts are obviously de-
creased and uniformly loaded on the RG nanosheets, sug-
gesting that the existence of RG nanosheets decreases the
agglomeration of VO,(B) nanobelts.

The typical TEM images of RG composites (Fig. 6a, b)
show well-dispersed nanobelts on the graphene layers. The
widths of the nanobelts range from 80 to 100 nm, which
are consistent with the SEM images. From the HRTEM
(Fig. 6¢), the lattice fringes are clearly found with a d-s-
pacing of 0.35 nm, corresponding to the (110) planes of
VO,(B) crystals [18, 44].

@ Springer

3.3 Electrochemical properties of VO,(B)/graphene
composites

The capacitive properties of the graphene composites as a
supercapacitor electrode material are evaluated by CV and
galvanostatic charge—discharge measurements. The CV
curves of pure VO,(B), RG, VO,(B)/RG(0.5), VO,(B)/
RG(1.0) and VO,(B)/RG(2.0) electrodes at 5 mV s~ ! are
shown in Fig. 7a. The CV curves of RG show a similar
rectangular and symmetrical shape indicating a double-
capacitance [45], while the curves of VO,(B)/RG(0.5),
VO,(B)/RG(1.0), VO,(B)/RG(2.0) CV deviate from the
ideal rectangle, indicating a faradic pseudo-capacitive na-
ture of these electrodes, although no distinct redox peaks
were observed on curves [46]. Based on previous studies,
the specific capacitance can be calculated by integrating
the area under the CV curve to obtain the charge (Q) and
divided by the mass of electro-active material (m), the scan
rate (v), and the potential window (AV =V, — V,) ac-
cording to the following Eq. (1) [40]:

0 ! "
C:E:m/% I(V)dV (1)

The values of specific capacitance at 5 mV s~' are

114.5, 222.3, 283.1, 312.4, and 265.6 F g_1 for pure RG,
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Fig. 6 a, b The low and high-magnification TEM images of VO,(B)/RG(1.0), ¢ the corresponding HRTEM image of VO,(B)/RG(1.0)
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VO,(B), VO,(B)/RG(0.5), VO,(B)/RG(1.0) and VO,(B)/
RG(2.0), respectively. The specific capacitance of RG in
1 M Na,SO, solution could be attributed to the nature of
the electrolyte, which provides a double-capacitance [44].
While in RG composites electrode, both graphene and
VO,(B) nanobelts can make electrochemical contributions
to its final specific capacitance. Figure 7b shows the CV
curves of VO,(B)/RG(1.0) electrode under different scan
rates in 1 M Na,SO, electrolyte. The rectangular shape of
the CV curve can be seen even at 50 mV s~ and all of the
CV curves are symmetry, indicating the reversibility in the
Faraday redox reactions and a good cycle efficiency of the
reversibility in the Faraday redox reactions and a good
cycle efficiency of the charge—discharge process [47, 48].
The specific capacitance of VO,(B)/RG(1.0) is 312, 291,
255,202, 141 F g~" at 5, 10, 20, 50, and 100 mV s™', re-
spectively. The higher specific capacitance of VO,(B)/RG
can be attributed to the improvement of conductivity and
better kinetic nature of electrode. Besides, the VO,(B)/

Potential / V vs. SCE

RG(1.0) exhibits the best capacitance performance among
three RG composites. We identified the reasons as follows:
when the composites is low content of graphene, the con-
ductivity of RG composites cannot be improved effec-
tively. While higher RG concentration would result in a
serious agglomeration of active materials, which decreases
the specific surface for electrochemical reaction.

In addition, galvanostatic charge—discharge curves of
pure VO,(B), VO,(B)RG(0.5), VO,(B)/RG(1.0) and
VO,(B)/RG(2.0) at 0.2 A gf1 are shown in Fig. 8a. The
specific capacitance can be calculated from the gal-
vanostatic charging-discharging curves according to the
following Eq. (2) [40]:

I x At
T AV xm 2)

where C is the specific capacitance, [ is the current (A),
At is the discharging time (s), AV is the potential window
(V), and m is the mass of electroactive material (g). The
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Fig. 8 a Galvanostatic discharge curves of pure VO,(B), VO,(B)/
RG(0.5), VO,(B)/RG(1.0), VO,(B)/RG(2.0) electrodes in 1M
Na,SO, solution at 0.2 A g '; b, ¢ galvanostatic charge—discharge

values of specific capacitance at 0.2 A g~' are 209.2,
254.6, 290.4, and 235.1 F g,f1 for pure VO,(B), VO,(B)/
RG(0.5), VO,(B)/RG(1.0) and VO,(B)/RG(2.0), respec-
tively, which are consistent with the results of CV mea-
surement. The specific capacitance of pure VO,(B) is
209.2, 173.9, 142.0, 101.7, and 62.2 F g~ " at 0.2, 0.5, 1, 2,
and 5 A g~ ' (Fig. 8b), respectively. Obvious voltage (IR)
drop is found at 0.5 A g~'. In contrast, the specific ca-
pacitance of VO,(B)/RG(1.0) is 290.4, 278.5, 245.2, 194.1,
and 157 F g~ at 02,05, 1,2 and 5 A g~' (Fig. 8c), re-
spectively. Only a negligible voltage drop is detected even
at 1 A g~' at this time. These results indicate that there is a
synergistic effect between VO,(B) nanobelts and RG lay-
ers, and it plays an important role in improving the ca-
pacitance of the composite. Firstly, the VO,(B) nanobelts
embedded into the RG layers can effectively prevent the
agglomeration and stacking of RG layers. In turn, RG
layers also prevent the agglomeration and stacking of
VO,(B) nanobelts, resulting in an increasing of the ca-
pacitance. Furthermore, this structure is beneficial to the
diffusion of the electrolyte during the charge—discharge
process, and improves the electrochemical utilization of
VO,(B) nanobelts. Secondly, RG layers in the composite
electrode assist in maintaining the mechanical integrality
and high electrical conductivity of the overall electrode due
to its superior mechanical properties, good conductivity,
and excellent electrochemical stability [31].

The electrochemical impendence spectroscopy (EIS)
measurement is also complemented at open circuit poten-
tial in the frequency range from 0.01 Hz to 100 kHz to
investigate the transport characteristics of the charge car-
ries in VO,(B)/RG(1.0) and pure VO,(B) electrodes. As
shown in Fig. 9, both plots shape of a semicircle at the high
frequency region, followed by a relatively linear response
at the low frequencies. The initial non-zero intercept at the
beginning of the semicircle in high frequency region is
similar to the curves which is the result of the electrical
resistance of the electrolyte (Rele), with about 2.04 Q. In
addition, the charge-transfer resistance of pure VO,(B) is
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Fig. 10 Cycling performance of VO,(B)/RG(1.0) and pure VO,(B) at
20A g™!

about 4.86 Q, which is much larger than 1.21 Q of VO,(B)/
RG(1.0), indicating the conductivity of VO,(B)/RG(1.0) is
greatly improved compared to that of pure VO,(B).
Cycling performance was conducted by repeating gal-
vanostatic charge—discharge test at 2 A g~ for 1000 cy-
cles. After 1000 consecutive cycles, the specific
capacitances of VO,(B) and VO,(B)/RG(1.0) electrodes
are 44.5 and 159.7 F g~', corresponding to 44.4 and
82.3 % of their initial value, respectively. The improved
cycling performance of VO,(B)/RG(1.0) electrode is
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probably due to the reduced graphene oxide, which pro-
moted fast Faradic charge and discharge of the VO,(B)
nanobelts. In addition, this unique structure may solve the
aggregation problem of nanoscaled electrode materials
during long-term cycles and improve their structural sta-
bility (Fig. 10).

4 Conclusion

The VO,(B)/RG composite in which VO,(B) nanobelts
anchored on graphene layers was prepared for electro-
chemical capacitors application. Particularly, among the
prepared composites, the VO,(B)/RG(1.0) composite
electrode exhibited the highest capacitance of 290.4 F g™
in 1 M Na,SO, at a current density of 0.2 A g~ ' as well as
good rate capability. Such a good electrochemical perfor-
mance may be ascribed to the unique configuration and a
synergistic effect of the combined conductive graphene
layers and high pseudo-capacitance of VO,(B) nanobelts.
In addition, the graphene matrix prevented agglomeration
of VO,(B) nanobelts leading to an improved cycle life.
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