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Abstract V,05nH,O/graphene composite is synthesized by
self-assembly of V,05-1.6H,O nanobelts on the surface of
graphene via a simple hydrothermal method. The structure
and morphologies of the composites are characterized by
thermogravimetry analyzer, x-ray diffraction, and scanning
electron microscope, respectively. It’s found that the V,0s-
1.6H,O nanobelts are in width of 90 nm and length of
1.5 um. The electrochemical behaviors of the composites in
supercapacitors are tested by cyclic voltammetry and galva-
nostatic charge/discharge in a three-electrode system in KCI
aqueous solution. Three pairs of redox peaks and voltage pla-
teaus are observed correspondingly in the cyclic voltammetry
curves and galvanostatic charge/discharge curves. The hybrid
capacitance of this composite reaches 579 F/g at current den-
sity of 1 A/g and decreases 21 % after 5000 cycles at 4 A/g.
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Introduction

Supercapacitors are considered to be one of the most impor-
tant energy storage systems due to its high power density, long
cycle life, and good stability [1]. Two basic capacitances are
distinguished in supercapacitors: electrical double-layer ca-
pacitance formed along the electrode/electrolyte interface
and pseudocapacitance generated by a fast reversible faradic
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process of the active materials. Unfortunately, the
supercapacitors based on pseudocapacitance often result in
compromises of rate capability and reversibility due to the
insulating active materials. To figure out this disadvantage,
conductive supporters, such as polymer, carbon, carbon nano-
tube, and graphene, are employed to provide good electronic
conductivity for the active materials and excellent electro-
chemical performances are reported [2—5].

V,05nH,0 is considered to be an ideal supercapacitor
material due to its high surface area and high variable valence
state [6, 7]. However, its low electronic conductivity limits the
large-scale application in energy storage. In order to enhance
the electronic conductivity, V,05nH,O was deposited on dif-
ferent conductive supporter, and good energy density and
power density were delivered [8—10]. These results show that
the conductive supporter plays an important role in enhancing
the capacitance of V,051nH,0. Graphene, a two-dimensional
carbon material with high surface area and excellent electronic
conductivity, is a promising electrode material and component
in composites in energy storage. Due to the similar layer struc-
ture with V,05nH,0, graphene is considered to be an ideal
substrate for V,05-nH50.

The combination of the good conductivity of graphene and
the idea capacitance of V,05nH,0O would create a good
supercapacitor material. Recently, Lee [11, 12] reported the
synthesis of V,05 nanobelts on graphene by one-step hydro-
thermal method at 120 °C for 24 h and at room temperature for
8 weeks. The synthesized composites showed excellent cyclic
stability and the capacitance maintained 82 % after 5000 cycles.
However, the synthesis time for the composite is very long due
to the low treatment temperature. Also, the capacitance of the
composite is not very high since the pseudocapacitance of
V,0s5 was observed only at 0.25 A/g. In order to shorten
the synthesis time and improve the capacitance properties,
V,051nH,0/graphene composites are synthesized by self
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assembly in a graphite oxide solution under hydrothermal
condition, and its application in supercapacitors is demonstrat-
ed in this paper.

Experiment
Materials preparation

Graphite oxide (GO) was prepared by Hummers’ method as
reference described [13]. Two grams natural graphite flakes
(200 meshes, Sigma-Aldrich), 1 g sodium nitrate (99.0 %,
Sinopharm Chemical Reagent Co., Ltd.aladin®), and 46 mL
sulfuric acid (=95.0 %, Sinopharm Chemical Reagent Co.,
Ltd.) were mixed and stirred for 15 min with an ice bath. Then,
6 g potassium permanganate (>99.5 %, Sinopharm Chemical
Reagent Co., Ltd.) was slowly added into the above suspen-
sion. After 20 min, the ice bath was removed and the suspen-
sion was stirring at room temperature for 30 min. Ninety-two
milliliters deionized (DI) water was added dropwise to the
suspension, causing a violent effervescence. The temperature
was maintained above 98 °C for 30 min. The suspension was
diluted by 280 mL of water and treated with 10 mL of 30 %
H,0, (30 %, Sinopharm Chemical Reagent Co., Ltd.) to re-
duce the unreacted potassium permanganate. The GO was
washed successively with DI water by centrifugation several
times to remove residual salts and acids. The obtained GO was
sonicated to achieve a stable GO dispersion in DI water.

V,05-1.6H,0O/graphene composite was synthesized by a
simple hydrothermal method. Typically, 0.18 g V,Os powder
(99.6 %, Sigma-Aldrich) was added into 60 mL above the GO
solution with stirring, then 5 mL 30 % H,O, was added into
the solution, continued stirring for 20 min for the dissolution
0f V,0s. The obtained solution was transfer into stainless steel
autoclave reactor and heated at 190 °C for 12 h. Precipitates
were collected and dried at 50 °C for 12 h in the vacuum oven
and the composite was obtained.

As comparison, GO solution was reduced via hydrothermal
treatment in stainless steel autoclave reactor at 190 °C for
12 h. The obtained black precipitates were dried at 50 °C.

Characterizations

The H,0 and graphene content of the composite was charac-
terized by thermogravimetry analyzer (Perkin-Elmer TGA) in
the temperature range from 25 to 550 °C in N, and air atmo-
sphere, respectively. The heating rate is 5 °C/min.

The structure of the synthesized composites was deter-
mined using X-ray diffraction (XRD, Bruker D8 advance
diffractmeter, Cu-Ka radiation, 1.5406 A) with a scanning

@ Springer

speed of 0.02°/s between 26 of 5° and 60°. The X-ray photo-
electron spectroscopy (XPS) was performed with a Phobios
100 electron analyzer (SPECS GmbH) equipped with five
channeltrons, using an unmonochromated Al KR x-ray source
(1486.6 eV). The morphology of the synthesized composite
was characterized by a Quanta-200 (FEI) scanning electron
microscope (SEM) under the accelerating voltage of 5.00 kV.

Electrochemical tests

The electrochemical performance was characterized by cyclic
voltammetry (CV) and galvanostatic charge/discharge on a
Solartron® 1287 electrochemical workstation. All the tests
were carried out in a three-electrode system in 1 M KClI aque-
ous solution with Pt foil as counter electrode, Ag/AgCl (0.1 M
KCl) as reference electrode. To prepare the working electrode,
the active materials (graphene, V,051nH,O xerogel, and the
as-prepared composite), Super P (99+%, Sigma-Aldrich), and
poly (vinylidene fluoride) binder (Sigma-Aldrich) were dis-
persed in N-methylpyrrolidinone (99+%, Sigma-Aldrich) by a
weight ratio of 8:1:1 to form uniform slurry. Then the slurry
was coated on a nickel foam substrate and dried at 50 °C for
6 h under vacuum. The prepared electrode was pressed into
thin sheets. The CV characterization was performed in voltage
range from —0.2 to 0.8 V, while the scan rate is 5, 10, 20, 50,
and 100 mV/s. The charge/discharge test is carried out be-
tween —0.2 and 0.8 V at current density of 1, 2, and 4 A/g.
The long-term cycle was tested at 4 A/g for 5000 cycles.

Results and discussion

Scheme 1 shows a schematic illustration of the self-assembly
of V,05°1.6H,0 nanobelts on graphene. In the synthesis so-
lution, graphite oxide is a negative charged species since a
large number of functional group formed during oxidation
process [13, 14]. The V (V) precursors, formed by dissolution
of V,05 powder in H,0,, are highly charged cations in solu-
tion [4]. Due to the electrostatic attraction, V precursors are
absorbed on the surface of graphite oxide. During the hydro-
thermal process, the absorbed V precursors transform to
xerogel seeds, and then more V species deposit to generate
V,05-1.6H,0 nanobelts. Simultaneously, graphite oxides are
reduced to form graphene under the hydrothermal condition
[7]. Finally, the V,05-1.6H,0/graphene composite is obtain-
ed. It is noted that the synthesis of composite in our work
relies on the electrostatic attraction between V,0s xerogel
and the graphite oxide and self-assembly of V,05-1.6H,O
xerogel. Since the graphite oxide is highly negative charged
while the graphene is neutral, it is considered that the
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Scheme 1 Schematic illustration of the self-assembly of V,0s-nH,O nanobelts on graphene

electrostatic attraction between V,0s xerogel and the graphite
oxide is stronger than that between V,0s5 xerogel and the
reduced graphene in literature [15]. Also, the solution is col-
orless after the hydrothermal synthesis indicating that all the V
species are assembled on the graphene.

Figure 1 shows the thermogravimetric analysis (TGA)
curves for the V,05nH,0/graphene composite in N, and air
atmosphere. In the N, atmosphere, as the temperature in-
creases, the weight loss of the composite is about 5.7 % before
100 °C and 9.6 % until 310 °C. After 310 °C, the weight of the
composite maintains consistent. This weight loss corresponds
to the remove of weakly bound chemical water in the V,05-
nH,O xerogel [15, 16]. In the air atmosphere, the weight loss
profile is different from that in N, atmosphere after approxi-
mate 150 °C because of the oxidation of graphene. After the
complete burn-off of graphene, 65.8 % of its initial weight
which is the content of V,0s is retained after 500 °C. The
difference of the weight loss between the TGA curves in N,
and air atmosphere at 550 °C is due to the burning of the
graphene, thus the weight of graphene in this composite is
approximate 30 %. The inset figure is the TGA curve of

100 —=—N,
—eo— Air

~ 90
R
Y
&
s
=
(5]
5 80+
o s % '
= S 46| L —A—V,0.16H,0 xerogel [
o E Y ' A
k3] g kY

g 9 A
= i

12 s
I  NU—
0 100 200 300 400 500
Temperature ('C)
T T T T T 1
0 100 200 300 400 500 600

Temperature ("C)

Fig. 1 TGA curves of the V,05-1.6H,O/graphene composite in N, and
air atmosphere. The inset figure is the TGA curve of the V,051.6H,0
xerogel in N, atmosphere. The temperature range is from 25 to 550 °C,
and the heating rate is 5 °C/min

V,05-nH,0 xerogel in N,. The TGA curve of V,05-nH,0
xerogel shows a similar profile with that of V,05nH,0/
graphene composite in N,. After 300 °C, the V,05-nH,0
xerogel shows a weight loss of 13.5 % due to the remove of
H,O in the xerogel. This weight loss indicates that the value of
“n” in V,0snH,0 is 1.6.

Figure 2 displays the XRD patterns of the V,0s-1.6H,0/
graphene composite and the pure hydrothermal reduced
graphene and V,05'1.6H,0 xerogel. No sharp diffraction
peak is observed in the XRD pattern of the pure graphene
except a broad peak at 26 of 27°. The broad peak at is due
to the restack of graphene during reduction and drying pro-
cess. In the XRD pattern of the composite, only a few peaks
are distinguished at 260 of 6.3°, 12.4°, 18.7°, and 25.2° which
are similar with those of the V,05nH,0 xerogel identified as
the (00/) reflection peaks of a layer structure [15, 17—19]. The
d-spacing of the (001) reflection which is equivalent to the
interlayer distance is about 14.2 A, confirming the intercala-
tion of H,O molecule into the interlayer of V,0s. The absence
of this broad peak at 27° in the XRD pattern of the composite
suggests that the V,05-1.6H,0 on the surface of graphene is
conducive to prevent the restack of graphene during reduction.
The peak intensity of the (001) reflection is much stronger
than those of other (00/) reflections, indicating that the thick-
ness of the assembled V,05-1.6H,0 is very small, probably
only a few layers [20]. This thin layer structure can greatly
reduce the diffusion resistance and improve the utilization
efficiency of V species in supercapacitors.

Figure 3 shows the C 1 s XPS spectrum of GO and the
V,05-1.6H,0/graphene composite. For GO, two peaks are
observed clearly. The sharp peak at approximate 284.5 eV
is the sp” carbon corresponding to the C=C bond. The
broad peak at 287.2 eV relates to the functional groups
such as hydroxyl, epoxide, and carboxyl. After the hydro-
thermal treatment, the peak for functional groups decreases
largely while the sp” carbon peak changes little. This sug-
gests that most of the functional groups on GO were re-
moved during the hydrothermal synthesis and the GO was
reduced to graphene [21].
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Fig. 2 XRD patterns of the 600 -
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Figure 4 shows the SEM images of the synthesized V,0s:
1.6H,0O/graphene composite and pure V,05°1.6H,0 xerogel.
In Fig. 4a, an overall image of the synthesized composite is
presented. It can be seen that the composite is composed of a
large number of curly sheets which is lead to a porous struc-
ture. In Fig. 4b, more details of the composite are observed. A
large number of grass-like nanobelts cover on the surface of
the sheet. From the sheets which are vertical to the image (at
the top of the Fig. 4b), it can be seen that these nanobelts cover
both sides of the sheet. This kind of structure confirms the
synthesis mechanism described in Scheme 1. Due to the elec-
trostatic attraction, the V precursor is absorbed on the surface
of'the negative charged graphite oxide to generate V,05nH,O

1400 4 sp’ carbon

—GO

1200 A .
— V0,1 .6H_O/graphene composite

1000 +
Hydroxyl,

Carboxyl,

8001 Epoxide

600

Counts (a.u.)

400

200

0
280

T T T 1
286 288 290 292

Binding energy (eV)
Fig.3 a The C 1 s XPS spectrum of GO and the V,05-1.6H,O/graphene
composite
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nanobelts. In Fig. 4c, d, the self-assembled V,051nH,0 is
clearly identified as nanobelts with width of 90 nm and length
of 1.5 um. These assembled nanobelts attach fast on the sur-
face of graphene and stack together to form a porous structure.
Such a structure is conducive to enhance the electronic con-
ductivity of V,05'1.6H,0 and enlarge area of the electrode/
electrolyte interface and thus improve the electrochemical per-
formance in supercapacitors [22]. In Fig.4e, f, the pure V,Os5:
1.6H,0 xerogel presents as an aggregation of a large number
of nanowires. The difference on morphology is due that the
pure V,0s:1.6H,O xerogel is growth by free V species in the
solution, while the V,05-1.6H,O/graphene composite is by
absorbed V species on the surface of GO. This confirms that
GO is conductive on the dispersion of V,05-1.6H,0O xerogel.
It also found that the morphology of the V,051.6H,0/
graphene composite is difference from that in Lee’s work
[11, 12]. In Lee’s work, the growth of V,05:1.6H,0 via a long
time and thus long nanowires was obtained. In this work, the
V species were absorbed on the surface of GO, then trans-
ferred to V,05-1.6H,O nanobelt in a short time. One of the
advantages is that the contact of V,05'1.6H,O xerogel and
graphene is better in the latter one.

CV experiments were carried out to characterize the elec-
trochemical behavior of the V,05'1.6H,O/graphene compos-
ite for supercapacitors. Figure 5 presents the comparison of
CV curves for pure graphene, V,05'1.6H,0 xerogel, and the
V,05-1.6H,0/graphene composite at scan rate of 20 mV/s.
For graphene, only a nearly rectangular CV curve without
any redox peak is observed, suggesting a pure electrical
double-layer capacitance [23, 24]. In the CV curve of V,Os:
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Fig. 4 SEM images of the
V,05:1.6H,0/graphene
composite at different
magnification (a, b, ¢, and d) and
V205'HH20 (e and f)

1.6H,0 xerogel, two pairs of redox peaks with weak intensity
are observed, indicating a small faradic capacitance. This is
due to its weak electronic conductivity of V,05-1.6H,0
xerogel. In the CV curve of V,05-1.6H,0/graphene

500nm

composite, three pairs of redox peaks obviously in the CV
curve. The anodic peaks locate at approximate 0.49, 0.19,
and 0.11 V while the cathodic peaks at 0.36, 0.16, and
0.08 V, corresponding to the redox potential of V37/V*",
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Fig. 5 CV curves of the 0.8 1
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V*/V¥, and V?*/V, respectively. The redox peaks, shown
good symmetry in the CV curves, indicate a reversible faradic
process [25]. As a results, the V,0s'1.6H,O/graphene com-
posite exhibits a hybrid of electric double layer capacitance
pseudocapacitance [26, 27]. It is believed that the presence of
the distinguishable redox peaks is benefited from the physical
structure of the composite. As discussed before, the V,0s:
1.6H,0 xerogel in the morphology of nanobelt assembles on
the surface of graphene to generate the composite. The
graphene provides perfect electron conductivity, while the
V,0s5:1.6H,0 xerogel exhibit good pseudocapacitance. Com-
bining these two advantages, the V,05'1.6H,0O/graphene
composite shows good performance in supercapacitors.

Figure 6 shows the CV curves of the synthesized V,Os:
1.6H,O/graphene composite at different scan rate. As the scan
rate increases, CV curves show the same shape while the
response current increases relatively. The redox peaks in the
CV curves exhibit good mirror images with respect to the
zero-the current line, revealing facile diffusion/transport of
ions and good adsorption behavior [28, 29]. These results
indicate that the composite possesses a good rate performance
for supercapacitors.

In order to evaluate the supercapacitor performance of the
as-prepared composite, galvanostatic charge/discharge tests
are carried out in a three-electrode system. Typical charge/
discharge curves for the V,05'1.6H,O/graphene composite
at current densities of 1, 2, and 4 A/g and its long-term cycle
performance as well as that of V,05-nH,O xerogel are pre-
sented respectively in Fig. 7a, b. In Fig. 7a, voltage plateaus
corresponding to the redox peaks in CV curves are identified
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clearly in the charge/discharge curves, and the IR drops for all
the curves are not obvious. It should be mentioned that these
distinguishable voltage plateaus of V,05-1.6H,0 xerogel for
supercapacitors are rarely reported previously [25, 7]. The
plateaus, indicating the intercalation/deintercalation of K into
the V,05'1.6H,0 lattice, are benefitted from the thin layer
structure and the large interlayer distance of V,05'1.6H,O
xerogel, as well as the good conductivity of the graphene
supporter. As the current density increases, the voltage
plateaus maintain constant, indicating a stable

— 5 mV/s
— 10 mV/s
—)(0 mV/s
w50 mV/s
100 mV/s

Current density (mA/cm2)

-0.2 0.0 0.2 04 0.6 0.8
Potential (V vs. SCE)

Fig. 6 CV curves of the V,05-nH,0/graphene composite at different
scan rate: 5, 10, 20, 50, and 100 mV/s. The CV tests are performed
between —0.2 and 0.8 V with Pt foil as counter electrode, Ag/AgCl
(0.1 M KCl) as reference electrode and 1 M KCI aqueous solution as
electrolyte
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Fig. 7 a The galvanostatic (a)
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reaches 579, 560, and 534 F/g at current density of 1, 2, and
4 A/g, respectively. In Fig. 7b, the capacitance of the V,05-
nH,O/graphene composite decreases 21 % after 5000 cycles
at 4 A/g. As a comparison, the capacitance of V,05'1.6H,0
xerogel reduces about 35 % after 3000 cycles. Since the elec-
trolyte gradually turns into a yellow-green color, the dissolve
of the active V,05'1.6H,O xerogel during charge/discharge
process is considered to be the main reason for the capacitance
loss [30]. It is believed that the loading of V,05'1.6H,0O
xerogel on the conductive supporter is helpful to prevent its
dissolution.

By an easy hydrothermal method, V,051.6H,0 nanobelts in
width of 90 nm and length of 1.5 pm are self-assembled on the
surface of graphene. Combining the faradic capacitance of
V,05-1.6H,O xerogel and good conductivity of graphene,
V,05'1.6H,0/graphene composite shows much better electro-
chemical performance than pure graphene and V,05'1.6H,O
xerogel in supercapacitors. Distinguishable redox peaks in CV
curves and voltage plateaus in charge/discharge curves are
observed in the electrochemical characterization, indicating a
great contribution of pseudocapacitance to the overall
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capacitance. The specific capacitance of the synthesized
V,05-1.6H,0/graphene composite reaches 579 F/g at current
density of 1 A/g and reduces 21 % after 5000 cycles at 4 A/g.

The main reason for the capacitance loss is the dissolution of

the V,05°1.6H,0 xerogel during charge/discharge process.
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