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Abstract
Currently, lithium-ion batteries are widely used in many areas, but they are still limited by the lower cycle stability and energy 
density. The development of low-cost, environmentally friendly, high-performance methods for the synthesis of graphene-
based cathode materials is critical for lithium-ion batteries. Here, V2O5 microspheres are synthesized by hydrothermal 
method. V2O5/graphene composite was constructed by wet ball milling. The nanometer-sized V2O5 microspheres were well 
embedded and evenly dispersed into the flexible graphene sheets. Microsphere structure of V2O5 reduces the ion transport 
distance, while the presence of the graphene component enhances the conduction of electrons in V2O5@G composites by 
partially exposing them to the surface of the composites. This study suggests that metal oxide electrodes in integration with 
graphene can address the poor cycling issues of electrode materials that suffer from low electronic and ionic conductivities. 
In LIBs, the V2O5@G cathode exhibits a discharge capacity of 313.65 mAh g−1 at 150 mA g−1 (1/2 C) with high specific 
capacity, and more than 150 mAh g−1 at 3A g−1 (10 C). After 500 cycles at 150 mA g−1, excellent cycling stability is still 
maintained. A practical strategy for the development of vanadium-based cathode materials with great promising potential 
in the field of lithium-based energy storage is provided by this work.
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Introduction

Today, the growth of energy storage is extremely crucial to 
the development of sustainable energy solutions and electric 
vehicles. Recognized as one of the most promising energy 
storage technologies, lithium-ion batteries have been widely 
used in portable electronic devices and transportation [1]. 
In lithium-ion batteries (LIBs), cathode materials play an 
indispensability role over the energy density and hence 
extensive research efforts have been focused on the cathode 
counterparts to exceed the current limitations [2, 3]. Various 
researchers have established that the rechargeable lithium 
or lithium-ion battery’s storage capacity depends primarily 
on the cathode material [4, 5]. V2O5 is becoming a potential 
cathode material for high-density Li-ion batteries due to its 
stable orthogonal crystal layer structure, high theoretical 
capacity, and multi-electron redox properties [5, 6]. As a 

prototypical intercalation complex with a crystalline lamel-
lar architecture, it can serve as a suitable host for convertible 
insertion and extraction of Li + . It can also reach a large 
theoretical capacity of 294 mAh g−1 in the 2.0–4.0 V range, 
which is comparable to Li/Li+ [7, 8]. They are higher than 
those common cathode materials such as LiCoO2 (274mAh 
g−1), LiMn2O4 (148 mAh g−1), and LiFePO4 (170 mAh 
g−1) [9, 10]. However, its low diffusion coefficient (10−12 to 
10−13cm2/s) and conductivity (10−2 to 10−3S·cm−1) hinder 
its large-scale development [11, 12]. So, the practical appli-
cations of V2O5 electrodes as a cathode in LIBs have been 
limited to critical issues such as low electrical conduction, 
slow lithium-ion diffusion, and irreversible phase transitions 
upon a deep discharge [13]. One of the most effective strate-
gies is to change the structure size of V2O5 and combine it 
with carbon [14–16]. Microspheres effectively improve their 
electrochemical properties because of the enhanced dynam-
ics of lithium-ion diffusion and electron transport [17–20]. 
However, the electrochemical performance (both cycling and 
velocity performance) of V2O5 spherical structure is still 
restricted by its moderate electrical properties, vanadium 
dissolution, and particle concentration [21].
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Graphene is a kind of macromolecular carbon atomic 
sheet with a honeycomb structure. Due to its high con-
ductivity (103–104 S·m−1), large surface area (about 2630 
m2·g−1) [22, 23], unique graphitization plane structure, and 
low manufacturing cost, graphene opens a new window for 
the use of monolayer carbon materials as conductive carriers 
[24–26]. Its high surface area and outstanding mechanical 
properties can greatly improve the performance of electrode 
materials [27, 28]. Over the past few years, a large number 
of studies have explored the preparation of graphene-based 
functional substances, such as Co3O4/graphene [29], TiO2/
grapheme [30], Fe3O4/graphene [31], and Sn/graphene [32]. 
As for the preparation of graphene-based electrode materi-
als for lithium batteries, there are also some reports, such 
as graphene-modified LiFePO4 cathode material, which 
provides 70 mAh g−1 capacity at 60 C discharge rate [33]. 
However, it has a common problem in the preparation of 
V2O5-based electrodes (V2O5 and its corresponding hybrid 
electrodes of V2O5/C, V2O5/CNTs, and V2O5/graphene). It 
is clear that most of the production methods are quite differ-
ent from existing industrial processes and they are difficult 
to mass produce.

In this work, V2O5 microspheres are first synthesized by 
hydrothermal treatment and then compounded with gra-
phene by wet ball-milling method [34]. Here, this composite 
material was abbreviated as V2O5@G [7, 35, 36]. And it pro-
vides a way of industrial mass production. By reviewing the 
literature, mechanical compounding of vanadium pentoxide 
microspheres and graphene has not been explored, as the 
structure of microsphere V2O5 greatly reduces the diffusion 
distance of lithium ions and improves its performance [37]. 
The materials of V2O5 benefit from the high electronic con-
ductivity of graphene and exhibit excellent electrochemical 
performance for lithium-ion. The electrochemical proper-
ties of the composite cathode were investigated by various 
electrochemical testing techniques based on the morphology 
and structure of the V2O5 microspheres/graphene composite.

Experimental

Preparation of V2O5@G

A total of 1.2 g vanadium pentoxide was dissolved in 40 mL 
deionized water, then 2.4 g oxalic acid was added to the pre-
vious solution, stirring the mixture until the solution became 
blue. Then, the prepared solution was transferred to a hydro-
thermal reactor and reacted at 210 °C for 24 h. After cooling, 
the precipitate was collected by centrifugation, washed vig-
orously with ethyl acetate, and dried at 80 °C for 12 h. After 
annealing at 350 °C for 2 h with a heating rate of 1 °C·min−1, 
the products were transformed into V2O5 microspheres. (In 
this paper, V2O5 was produced by heating NH4VO3 (99%) 
in air at 350 °C for 2 h.)

Here, we collect 0.2 g V2O5 microspheres and 0.02 g gra-
phene powder (physical graphene, purchased by YunShan 
Technology). Then, two materials were loaded separately 
inside a stainless steel milling container together with four 
hardened steel balls (diameter of 25.4 mm) along with a 
suitable amount of acetone as solvent. Both mixtures were 
milled in a rolling ball mill at a rotation speed of 120 r/min 
for 25 h at room temperature under an argon atmosphere of 
100 kPa. Finally, the powder was placed in a vacuum drying 
oven at 80 °C for 10 h to obtain V2O5 and graphene com-
posites. The overall preparation process is shown in Fig. 1.

Structural characterization

The crystal structure is determined by X-ray diffraction 
(XRD, RigakuD/max2500XRD, and copper Kα radiation, 
λ = 1.54178 Å). The form and architecture of the compo-
nents were identified through scanning electron microscopy 
(SEM, Hitachi S-3400 N). Thermogravimetric analysis 
(TGA) was performed via a Q50 Thermogravimetric Ana-
lyzer in air to determine the actual amount of carbon in the 
hybrid samples. Transmission electron microscopy (TEM) 
investigations were performed using a JEOL JEM 2100F 
instrument operated at 200 kV. For comparison, the specific 
surface area (determined by Brunauer-EmmettTeller (BET) 
method) and nitrogen adsorption isotherms of V2O5 and 
V2O5@G samples were measured.

Electrochemical determination

The electrochemical properties of V2O5 and graphene com-
posites were studied in a two-electrode coin cell (CR2032). 
The composite material with a weight ratio of 80:10:10, 
mixing acetylene black and polyvinylidene fluoride binder 
together, and then dispersed in N-methyl-2 -pyrrolidone 
(NMP) solution to prepare the slurry. The slurry was coated 
on aluminum foil and dried overnight in a vacuum oven at 
80 °C before the coin battery assembly. In this experiment, 
the slurry thickness on top of the aluminum foil was 60 μm 
and was applied by a squeegee. The semi-battery pack was 
installed in a glove box with ultra-high purity argon. Poly-
propylene films were used as separators and 1.0 M LiPF6 
dissolved in ethylene carbonate/dimethyl carbonate (EC/
DMC) = 1:1 (volume ratio) as cyanide. Lithium metal was 
used as counter electrode and reference electrode. The con-
stant current charge–discharge characteristics of the battery 
were obtained on the terrestrial battery tester (terrestrial CT 
2001 A, Wuhan, China) in the voltage range of 2.0–4.0 V 
(relative to cyclic ambient voltammetry (CV); 2.0–4.0 V, 
0.1 ms−1) and were measured by CHI 660E electrochemi-
cal workstation (at room Li/Li+). The mass load of cathode 
material is about 1.5 mg/cm2, and the specific capacity is 
only according to the mass of inactive ingredients.
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Results and discussion

Morphology and structure

XRD characteristics were measured to identify the composi-
tions of the samples V2O5 and V2O5@G. Figure 2 shows the 
depicted XRD pattern, where the corresponding diffraction 
peaks in the main plane (200), (001), and (301) of the two 
samples are assigned as characteristic diffraction peaks of 
the orthorhombic phase V2O5, conforms to JCPDS Standard 
Card No. 41–1426 and belongs to the space group of Pmmn 
(59) (a = 11.516 Å, b = 3.566 Å, c = 4.373 Å). It indicates 
that the main component of the two samples is V2O5 [33, 
34]. In addition, in Fig. 1, the weak and wide diffraction 
peaks near 24° overlap partially with the (110) plane of 
V2O5 and cannot be clearly identified characteristic diffrac-
tion peaks of graphene. In addition, V2O5@G composites 
showed a similar XRD pattern to pure V2O5, and no peaks 
of carbon species were observed in the composite. It might 
be due to the low mass content and relatively low diffraction 
intensity of graphene [38].

To further insight into the morphology of composites, 
the sample V2O5 was tested by SEM. SEM images of V2O5 
microsphere materials and graphene used in the experiment 
are shown in Fig. 3. Here, V2O5 and oxalic acid are used as 
raw materials. V2O5 microspheres were prepared in one step 
by a hydrothermal method. In this study, VO2 microspheres 
were generated by solvothermal reaction at 210 °C for 4 h in 

the presence of ethylene glycol. The results showed that the 
structure of VO2 microspheres was improved after anneal-
ing at 350 ℃ for 2 h. Two-dimensional graphene exfoliated 
by mechanical method is shown in Fig. 3c, d. XRD pattern 
indicated that VO2 was completely converted to V2O5. The 
XRD peaks of the synthesized products are well indexed 
and assigned to the orthogonal structure of the V2O5 phase 
with the Pmmn (56) space group. Observation by scanning 
electron microscopy shows that the average diameter of the 

Fig. 1   Schematic diagram of material preparation

Fig. 2   XRD pattern of V2O5 and V2O5@G composites
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solid V2O5 microspheres is 1 μm and has a uniform spheri-
cal shape.

In purpose of visualizing the element distribution in the 
composites, the V2O5@G composites were characterized 
by scanning electron microscopy and energy spectrometry, 
as shown in Fig. 4. The composite structure of the sample 
vanadium pentoxide and graphene also presents a spherical 
structure. By comparing the morphology of the uncompos-
ited vanadium pentoxide, it can be found that the composite 
graphene has little effect on the morphology of the sample, 
and it still shows a uniform spherical structure.

As shown in Fig. 4, the images of elemental distribution 
of the compound show that oxygen, vanadium, and carbon 
are uniformly spread in the composite of vanadium pen-
toxide and graphene. Figure 4c illustrates the distribution 
of carbon elements, with conductive adhesive as the test 
substrate, and the sample shows a dark covered area, indi-
cating that the quantity of carbon elements in the V2O5@G 
composite is very small.

To get more insight into the morphological aspects of 
pristine V2O5 and graphene composites, HRTEM was 
employed (Fig. 5). Figure 5a illustrates the HRTEM images 
of V2O5 with lattice fringe d-spacing of 0.33 nm correspond-
ing to (200) plane which further confirms the high crystal-
linity of V2O5. Dense agglomeration of V2O5 nanoparticles 
was observed in the TEM samples. The V2O5 nanoparticles/
aggregates are dispersed on the surface of graphene sheets 
and wrapped by a small amount of graphene. The usually 

wrinkled graphene sheets form a network and cover the 
highly dispersed V2O5 nanoparticles/aggregates, thus sig-
nificantly increasing the electrical conductivity and stabiliz-
ing the cathode structure of the hybrid system.

The amount of graphene present in the V2O5@G com-
posite was estimated by thermogravimetric analysis (Fig. 6). 
The weight loss observed in the temperature range of 
400–500 °C was found to be 8.5%, which can be attributed 
to the decomposition of graphene present in the composite. 
Based on the TG results, the ratio of V2O5 to graphene was 
estimated to be 91.5:8.5 in this composite.

Electrochemical properties of products

In order to study the electrochemical performance of 
V2O5@G as cathode material for lithium-ion battery, the 
cyclic performance and rate performance were tested by 
constant current charge–discharge, the electrode process 
was studied by cyclic voltammetry, and the mechanism was 
studied by AC impedance spectroscopy.

In purpose of investigating the effect of graphene syn-
thesis on the cyclic stability of the composites, we examine 
the detailed electrochemical properties of the LIBs with 
V2O5@G as the cathode active materials. Figure 7a shows 
the specific discharge capacity of the sample V2O5@G at 
a rate of current up to 150 mA g−1. It is observed that the 
specific discharge capacity of the sample is 313.65 mAh g−1 
at a voltage window of 2.0–4.0 V for the second turn. After 

Fig. 3   FESEM (a, b) images of 
the V2O5 microspheres, and (c, 
d) images of the graphene
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the 50th charge/discharge cycle, the composites provided a 
relatively high specific discharge capacity of 300.5 mAh g−1 
and maintained a capacity retention of 96% (compared to the 
specific discharge capacity of the second cycle.) The repre-
sentative specific discharge capacity of the V2O5 powder 
sample was 168.2 mA g−1, while the capacity retention was 
53.7%. Thus, the V2O5@G composite exhibited significantly 

improved cycling stability, 38% higher than the unblended 
sample V2O5. The decrease of V2O5 size in the composite 
sample, on the one hand, generates a larger specific surface 
area, increasing the contact area between the electrolyte and 
the electrode, which is conducive to the achievement of good 
cycling stability. On the other hand, graphene with better 
conductivity is sandwiched between the vanadium pentoxide 

Fig. 4   V2O5@G composites. (a, b) SEM image. The spatial distribution of elements maps for (c) C, (d) O, (e) V, and (f) EDS spectra
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microspheres, which accelerates the effective transfer of 
ions and electrons and thus achieves high volume preserva-
tion. Cycle performance of V2O5@G and V2O5 is revealed 
in Fig. 7b. The V2O5@G electrode could maintain a high 
reversible specific capacity of 313.65 mAh g−1 even after 
200 cycles at a current density of 0.5 C, corresponding to the 
capacity retention of 68% (calculated from the first discharge 
capacity). In contrast, the individual V2O5 only delivered a 
capacity of 89 mAh g−1 (33% capacity retention). Figure 7c 
shows the charge/discharge curves of the V2O5@G compos-
ite for different rates. The working potential is essentially 
constant and the discharge/charge plateau is still observed 
even at higher rates. The voltage gap is much smaller than 
that and the capacity is much larger than that of the V2O5 
powder. The results indicate that the assembled V2O5@G 
composites have a lower polarization, which may be attrib-
uted to the special structure of the V2O5 spheres that greatly 

reduces the inter-ion transport distance. Figure 7d shows 
the rate performance of the V2O5@G composite electrode. 
Reversible capacities of approximately 313, 255, 187, 155, 
and 281 mAh g−1 are provided at high discharge rates of 
0.5 C, 1 C, 5 C,10 C, and 0.5 C, respectively, while the 
bare V2O5 electrodes inspected under the same conditions 
only show 210, 175, 130, 75, and 153 mAh g−1. Everyone 
can see that the specific capacity of V2O5@G is higher than 
V2O5 powder under different current densities. When the 
discharge/charge rate is reset to 0.5 C, the composite mate-
rial can recover to a high discharge capacity of 281 mAh 
g−1. And the coulombic efficiency of the composite material 
is close to 100% throughout the discharge/charge process. 
This result indicates that V2O5@G has better rate perfor-
mance because of the good electrical conductivity of V2O5 
and graphene composites, and the spherical V2O5 increases 
the specific surface area of the active material, which leads 
to excellent performance.

BET measurement was used to estimate the surface 
area and pore structure of V2O5@G microspheres and 
pure V2O5 powders, as shown in Fig. 6. Due to the unique 
sphere structure, the BET surface area of V2O5@G micro-
spheres arrived at 78.48 m2/g, which was almost five times 
higher than that of pure V2O5 (16.32 m2/g). The high sur-
face area of V2O5@G microspheres could provide more 
Li-ions and increase the contact area between electrodes 
and electrolytes. In Fig. 8a, the absorption quantity of N2 
for V2O5@G microspheres increased significantly with 
increased pressure, indicating the existence of many pores. 
Moreover, the distribution of pore size was also meas-
ured using the nitrogen adsorption method (Fig. 8b). The 
pores in V2O5@G microspheres consisted of mesopores 
and macropores, and the pore size was concentrated at 
120 nm, which indicated that many macropores were exist-
ing in the V2O5 microspheres. The large specific surface 
area and high pore volume of electrode materials could 
also improve the contact area between electrodes and 

Fig. 5   Structural analysis of the 
V2O5@G. (a) Low-magnification 
TEM image. (b) High magni-
fication TEM images (overlaid 
scheme; structural model for 
monoclinic V2O5 along the (002) 
plane)

Fig. 6   TG curve of V2O5@G
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electrolytes, and have a great potential in improving the 
storage capacity of LIBs.

To investigate the oxidation–reduction reaction and the 
phase transition of electropolymer of electrode material in 
electrochemical reaction, the cyclic voltammetric curves of 

V2O5@G composite were measured. The voltage range was 
2.0–4.0 V and the scanning rate was 0.1 mV·s−1. For clar- 
ity, only the second and third cycles are shown. In Fig. 9, 
the CV curves for both pristine and composite electrodes 
show three distinct reduction peaks at 3.4, 3.2, and 2.3 V 

Fig. 7   (a) Discharge/charge curves for selected cycles of V2O5@G at a current density of 150 mA g−1. (b) Cycling performances of V2O5@G 
and V2O5. (c) Cycle curves of V2O5@G under different current densities. (d) Charge/discharge capacities of V2O5@G at different current rates

Fig. 8   N2 adsorption under 
different pressures (a) and pore 
structure (b) of V2O5@G and 
pure V2O5 powders
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(vs. Li/Li+). Referring to the oxidation/reduction process 
of V3+/5+, and the corresponding phase change process was 
from α-V2O5 to ε-Li0.5V2O5, then to δ-LiV2O5, and finally 
to γ-Li2VO5. In the anode scan, the peak appears at 2.6, 
3.5, and 3.6 V that indicates a reversible phase transition 
of V2O5. V2O5 receives two Li+ during the discharge pro-
cess and transforms into disordered Li2V2O5. After Li+ is 
removed during the charging process, Li2V2O5 subsequently 
restores its original layered V2O5 structure. The V2O5@G 
composites exhibit a narrower potential gap and higher core 
current density between the major redox peaks, which fully 
explains the faster Li + transport rate between the electrode 

and electrolyte polarization. Three distinct potential plateaus 
can also be observed in the charging curve, again corre-
sponding to the three oxidation peaks during the forward 
scan of the cyclic voltammetric curve, as well as the three 
lithium ion de-embedding reactions of the formula.

The influence of graphene on the charge conversion pro-
cess was studied by AC impedance measurement of samples. 
The results of electrochemical impedance spectra are shown 
in Fig. 10, where a simplification of the EIS fitted with an 
equivalent circuit is inserted. Rct denotes the charge trans-
ferred immunity, which mainly mirrors the electric and ionic 
conductivity, Rs denotes the ohms impedance, Zw denotes 

Fig. 9   Cyclic voltammograms of V2O5@G at a scan rate of 0.1 mV·s−1 Fig. 10   Comparable Nyquist plots before charge–discharge testing 
(inset: a simplified equivalent circuit)

Table 1   Electrochemical 
properties of different 
composites of vanadium 
pentoxide

Electrode material Voltage window 
(V)

Current density Specific 
capacity 
(mAh g−1)

V2O5@WMWCNT [39] 2–4 0.1 C
1 C
5 C

265
180
116

V2O5@G Nanoribbon [40] 2–4 0.1 C
2 C

278
165

V2O5 nanoribbon/graphene [41] 2–4 1 C
10 C

275
225

V2O5 nanoribbon/RGO [42] 2–4 2 C
5 C

125
97

Sandwich-like V2O5 Nanosheets/G [43] 2–4 0.5 C
1 C
2 C

275
250
230

V2O5/Mesoporous carbon [44] 2–4 100 mAh g−1

250 mAh g−1

500 mAh g−1

291
265
247

This work 2–4 0.5 C
1 C
5 C
10 C

313
255
187
155
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the Warburg resistance, which captures the diffusion of 
Li + in the electrode material, and CPE denotes the two-layer 
capacitance. The immunity test of a triple-electrode solution 
contains a one-half circle in the high frequency domain and 
a diagonal in the low spectrum, which are matched to the 
charge shift resistance (Rct) and the ion diffusion impedance, 
respectively. The fitting results of the two samples show that 
the charge transfer resistance of V2O5 and V2O5@G are 73.6Ω 
and 27.9Ω, respectively. Obviously, the V2O5@G composite 
exhibits a small charge transfer resistance, indicating that elec-
trons and ions transfer faster at the interface between the elec-
trode V2O5@G and the electrolyte. This is chiefly attributable 
to the fact that the addition of graphene boosts the electrical 
properties of the composites which facilitates the transport 
of both electrons and ions across a liquid–solid boundary. 
Table 1 lists the performance of the V2O5-based electrodes 
compared with previously reported electrodes.

As shown in Table 1, the ball-milled composite V2O5@G 
has a larger capacity and better rate capability than many 
other V2O5-based electrodes. The excellent velocity and 
outstanding cycling stability can be attributed to the syner-
gistic performance effects between the vanadium pentoxide 
and graphene substrates, including the following two points. 
(1) Graphene ensures good electronic conductivity of the 
electrode material; (2) the spherical structure of V2O5 can 
greatly enlarge the contact area between the electrolyte and 
the polarized electrode material.

Conclusions

In brief, V2O5 microspheres were produced by a straight-
forward hydrothermal method. V2O5@G composites were 
formed by ball milling with graphene powder and V2O5 
under vacuum gas. The results show that after 200 cycles 
of 150 mAh g−1, the capacitance retention of the V2O5@G 
composite is 78.5%, which is 40% more than that of the non-
compounded V2O5 materials. V2O5@G as cathode materi-
als have a stable capacity after 500 cycles. They also offer 
good circulation stability and capacity retention of more 
than 150mAh g−1 at high current densities of 10C. This is 
because the microspherical V2O5 shortens the ion transport 
distance and the high conductivity of graphene effectively 
improves the conductivity and cycling stability of V2O5 at 
high current densities. This simple composite approach pro-
vides feasibility for industrial implementation of vanadium 
oxide cathode materials.
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