
S
i

C
D

a

A
R
R
1
A
A

K
C
E
S
X

1

a
r
m
a
s
c
o
p
l
m
i
t
a
e
o
i
V
s
m

0
d

Journal of Alloys and Compounds 509 (2011) 909–915

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

olution processing of V2O5–WO3 composite films for enhanced Li-ion
ntercalation properties

huan Cai, Dongsheng Guan, Ying Wang ∗

epartment of Mechanical Engineering, Louisiana State University, Baton Rouge, LA 70803, USA

r t i c l e i n f o

rticle history:
eceived 6 July 2010
eceived in revised form
9 September 2010
ccepted 22 September 2010
vailable online 29 September 2010

eywords:

a b s t r a c t

We have employed a simple and novel solution processing method to prepare V2O5–WO3 composite
films which demonstrate enhanced Li-ion intercalation properties for applications in lithium-ion batter-
ies or electrochromic displays. This solution processing method employs precursors that only contain the
elements of V, W, O and H, which avoids impurity elements such as Na that has been commonly used in
other solution methods (e.g. using precursors of sodium metavanadate and sodium tungstate solution).
The V2O5–WO3 composite films show enhanced Li-ion intercalation properties compared to pure V2O5

and WO3 films. For example, at a high current density of 1.33 A/g, V2O5–WO3 film with a V2O5/WO3 molar
omposite materials
nergy storage materials
canning electron microscopy
-ray diffraction

ratio of 10/1 exhibits the highest capacities of 200 mA h/g at the first cycle and 132 mA h/g after 50 cycles,
while pure V2O5 film delivers discharge capacities of 108 mA h/g at the first cycle and 122 mA h/g after 50
cycles. The enhanced Li-ion intercalation properties of the composite films are ascribed to the reduced
crystallinity, the increased porosity and thus the enhanced surface area. Both the cyclic voltammogram
and chronopotentiometric curves of the V2O5–WO3 film with a molar ratio of 10:1 are distinctively dif-
ferent from those of pure oxide films, suggesting a different Li-ion intercalation process in the V O –WO

of 10
film with the molar ratio

. Introduction

Intercalation compounds as a special family of materials have
ttracted tremendous research interests recently. The intercalation
efers to the reversible intercalation of mobile guest species (atoms,
olecules, or ions) into a crystalline host lattice that contains

n interconnected system of an empty lattice site of appropriate
ize, while the structural integrity of the host lattice is formally
onserved. Various host lattices are metal dichalcogenides, metal
xyhalides, metal phosphorus trisulfides, metal oxides, metal
hosphates, hydrogen phosphates, phosphonates, graphite and

ayered clay minerals. Guest materials include metal ions, organic
olecules, and organometallic molecules. In particular, Li-ion

ntercalation compounds have received extensive attention due
o their applications as electrode materials in Li-ion recharge-
ble batteries [1–7], electrochemical supercapacitors [8,9], and
lectrochromic devices [10–12]. Among various transition metal
xides that are capable of intercalating Li ions, vanadium pentox-

de (V2O5) has been studied widely for several decades [13–17].
2O5 can intercalate Li ions or other molecules due to its layered
tructure and has a theoretical capacity of 144 mA h/g for one
ole Li-ion intercalation per mole V2O5 [18,19]. The chemical
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energy is transformed to electric energy during intercalation and
this process can be carried out reversely during deintercalation
[20]. Based on this electrochemical property, V2O5 has become
a promising electrode material for rechargeable Li-ion batteries
[21,22], electrochemical supercapacitors [8,9], and electrochromic
displays [10,23,24]. However, the Li-ion diffusion coefficient
(10−12 cm2/s) and the electronic conductivity (10−2–10−3 S/cm) in
crystalline V2O5 are inherently too low to sustain a large specific
capacity at high charge/discharge rates [25–27]. Many studies
have been conducted to improve Li-ion diffusion and electronic
conduction in V2O5 by synthesizing the oxide with a more open
crystal structure [28–30] or by incorporating highly conductive
materials into V2O5 [31–33]. Recently Pan et al. reported that the
charge transport in V2O5 is improved by forming coherent hydrous
vanadium pentoxide–carbon cryogel nanocomposites and the
carbon network provides good electrical conductivity, hence the
lithium interaction capacity of V2O5 is significantly enhanced [17].

Another approach to improve lithium interaction capacity
of V2O5 is modifying its crystallinity by annealing V2O5 xero-
gel films at 300 ◦C in nitrogen and air [16] or by adding other
electrochemically active species such as titanium dioxide (TiO2)

[34]. In this study, we will incorporate tungsten trioxide (WO3)
into V2O5 via solution processing of V2O5–WO3 composite films.
WO3 shows electrochromic properties due to its capability of
intercalating various cations (H+, Li+, and K+) and can deliver a
capacity of 115 mA h/g theoretically for one mole Li-ion interca-

dx.doi.org/10.1016/j.jallcom.2010.09.129
http://www.sciencedirect.com/science/journal/09258388
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ation per mole WO3. Thus WO3 has found wide applications in
lectrochromic displays and smart windows [11,12,35–38]. For
xample, Wang et al. recently reported the synthesis of uniform
rystalline WO3 nanorods by using a facile hydrothermal process;
he assembly of these nanorods without any surfactants results
n transparent WO3 nanorod film, which demonstrates excellent
lectrochromic properties with high stability over 1000 Li-ion
ntercalation/deintercalation processes [37]. The electrochromic
erformance of WO3 can be further improved by forming
2O5–WO3 composite materials [39]. It has been reported that

he composite film with a V2O5/WO3 molar ratio of 0.035:0.965
hows more neutral color and higher coloration efficiency in
omparison to pure WO3 [39]. The WO3–V2O5 composite also
xhibits improved catalytic activity, which facilitates its appli-
ations for ethanol partial oxidation [40] and NO decomposition
41]. Ranjbar et al. has found that the V2O5–WO3 composite film
ith a V2O5/WO3 molar ratio of 0.09:0.91 shows better response

o hydrogen gas exposure for deeper and faster coloring [42].
V2O5–WO3 composite films have been prepared by pulse laser

eposition [43,42] and sol–gel routes [44,39–41]. The sol–gel pro-
essing methods offer facile control of the stoichiometry and
tructure of the films which will affect the charge/discharge
apacity and reversibility of the V2O5–WO3 composite films
39]. However, several limitations are also found in the sol–gel
outes reported previously. For example, some sol–gel processing
ethods employ precursors such as sodium tungstate dehydrate

Na2WO4), sodium tungstate (NaWO3), sodium metavanadate
NaVO3) [40,44], vanadium oxyisopropoxide, and tungsten hex-
chloride [41]. Impurity elements such as Na+ or Cl− are
ntroduced into the synthetic procedure. Ozer and Lampert have
mployed a sol–gel method using vanadium triisopropoxide oxide
VO(OC3H7)3) and metallic tungsten as the precursors of V2O5 and

O3, respectively. This method avoids those impurity elements;
owever, the mixed sol obtained by Ozer and Lampert can only
emain stable for several days [39]. Most V2O5–WO3 composite
lms reported in literature have been studied for enhanced cat-
lytic activity or electrochromic performances. In such composite
lms, WO3 is usually the major constituent and its catalytic or elec-
rochromic properties are improved by the V2O5 addition. There
re few reports on the electrochemical properties of V2O5–WO3
omposite films for applications in Li-ion batteries.

In this paper, we investigate the Li-ion intercalation properties
f V2O5–WO3 composite films for applications as cathode mate-
ials in Li-ion rechargeable batteries. We have utilized a simple
nd novel solution processing method to prepare the V2O5–WO3
omposite films with different molar ratios of V2O5 and WO3. This
olution processing method employs precursors that only contain
he elements of V, W, O and H, and thus avoids to introduce impurity
lements such as Na into the sol as other sol–gel methods reported
n literature. The resulted solution is stable and remains clear for
everal months. This solution-processing method also offers sim-
le and precise control of V2O5/WO3 compositions. It is found
hat V2O5–WO3 composite films deliver higher Li-ion intercalation
apacities than both pure V2O5 and WO3 films, due to morpho-
ogical and structural changes of one oxide caused by the other.
n this systematic study, V2O5/WO3 molar ratios are optimized to
chieve the highest Li-ion intercalation capacity in the composite
lm. Furthermore, we have examined the effect of chemical com-
osition, crystallinity, and microstructure of V2O5–WO3 films on
heir intercalation properties.
. Experimental

.1. Preparation of samples

Mixed solutions with different molar ratios of V2O5:WO3 (1:0, 10:1, 4:1, 1:1, 1:4
nd 0:1) were synthesized by combining an aqueous vanadium pentoxide sol with
2 Theta (degrees)

Fig. 1. X-ray diffraction patterns of V2O5–WO3 composite films after annealing at
470 ◦C in air for 1 h.

a solution of tungsten oxygen ionic species. The vanadium pentoxide sol was pre-
pared using a method reported by Fontenot et al. [45]. 0.136 g V2O5 powders (99.6%,
Alfa Aesar) was dissolved in 2 ml deionized H2O and 0.603 ml H2O2 (30%, Mallinck-
rodt) solution. The suspension was stirred until the V2O5 powders totally dissolved,
resulting in a clear and dark red solution. The solution was then sonicated to get a
red brown gel which was dispersed into water in a molar concentration of 0.005 M,
and was stirred until it was clear. The tungsten based solution was prepared using
a method reported by Yebka et al. [46]. The peroxopolytungstic acid was prepared
by dissolving 1.247 g H2WO4 (tungstic acid, Alfa Aesar) in 50 ml H2O2 (30 wt% in
water), resulting in a cloudy white dispersion. The dispersion was stirred for 24 h at
60 ◦C until a clear colorless solution was obtained. This solution was further diluted
in water to reach a molar concentration of 0.005 M. Without further adjusting the
pH values (V2O5: 2.67 and WO3: 2.30) of the individual sol and solution, the appro-
priate amounts of vanadium based sol and tungsten based solution were admixed
by stirring for 10 min, giving a yellow solution. A droplet of the sol or solution was
drop cast onto a ITO (tin-doped indium oxide) glass (1 in. × 1 in.) and dried under
ambient conditions. The masses of all the films were kept at 6 × 10−5 g. The films
were then heated at 110 ◦C for 8 h, followed by heating at 200 ◦C for 1 h and at 470 ◦C
for 1 h with the same heating rate of 2 ◦C/min in air. Annealing of the films at 470 ◦C
results in crystalline phases of V2O5 and WO3. Another annealing process was heat-
ing the films at 250 ◦C with a heating rate of 2 ◦C/min. The effect from amorphous
WO3 on the crystallinity of the composite films can be studied at this temperature.

2.2. Sample characterizations

The crystalline phases of the films with various V2O5/WO3 molar ratios were
analyzed by X-ray diffraction (XRD) using a Rigaku MiniFlex diffractometer with
CuK� radiation operated at 30 kV and 15 mA. Scanning electron microscopy (SEM,
Quantum 3D FEG) was used to examine the morphology of the pure V2O5 and WO3

films and their composite films with V2O5:WO3 = 4:1 and 10:1 after heat treatment
at 470 ◦C for 1 h. A three-electrode cell was used to investigate the electrochemi-
cal properties of the composite films with different molar ratios. A platinum mesh
was used as counter electrode and a silver wire in a 0.1 mol/L AgNO3 ethanol
solution serves as reference electrode; the Ag/Ag+ reference electrode has been
used for electrochemical measurements including electrochemical characteriza-
tions of vanadium-oxide-based electrode materials [17,47,48]. The electrolyte was
a 1 mol/L solution of lithium perchlorate (99%, Alfa Aesar) in propylene carbonate
(99%, Aldrich). Cyclic voltammetric (CV) measurements were carried out between
the potential limits of −1.6 and 0.4 V vs. Ag/Ag+ using a potentiostat/galvanostat
(Model 605C, CH Instrument). The CV curves were recorded after two cycles at a
scan rate of 0.05 V/s. The chronopotentiometric measurements were carried out
under various current densities.

3. Results and discussion

Fig. 1 shows the X-ray diffraction spectra of the V2O5, WO3,
and V2O5–WO3 composite films on ITO substrates annealed at
470 ◦C for 1 h. The sol–gel-derived V2O5 film demonstrates a strong

preferential orientation along [0 0 1] direction, which is in good
agreement with the previous report [49]. The film derived from
the tungsten based solution exhibits a monoclinic phase, as evi-
denced by the typical peak (0 2 0) at 2� = 23.67◦. The monoclinic
phase of WO3 is also observed when the V2O5/WO3 molar ratios are
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:1, 1:4 and 1:1, but its corresponding XRD peaks become weaker
s more V2O5 emerges in the composite films. The XRD peaks of
O3 eventually disappear with further increase in V2O5 and the

rthorhombic phase of V2O5 appears when the V2O5/WO3 ratio
eaches 10:1. The decease of intensities of diffraction peaks indi-
ates the deterioration of the crystallinity of oxides. As there are
o new diffraction peaks other than orthorhombic V2O5 and mon-
clinic WO3, it can be concluded that there is no second phase. In
ddition, all the samples are prepared using water-based sol–gel
r solution processing methods, as detailed in Section 2; solvents
H2O and H2O2) evaporate and disappear during drying and sin-
ering, and there is no precursor loss. Thus the deterioration of the
rystallinity of V2O5 and WO3 is ascribed to the presence of the
ther oxide. It should be noted that the diffraction peaks of both
O3 and V2O5 disappear when the V2O5/WO3 molar ratio is 4:1,

ndicating possible amorphization of both oxides.
Fig. 2 shows the XRD patterns of pure oxide and composite

lms treated at 250 ◦C for 5 h. Annealing at such a relatively low
emperature leads to hydrated films which can be amorphous or
anocrystalline showing broad XRD diffraction peaks. In the XRD
atterns of pure tungsten oxide film and composite films with
2O5/WO3 molar ratios of 4:1 and 10:1, no peaks related to WO3
xist, suggesting tungsten oxide is not crystallized yet at 250 ◦C.
n the XRD pattern of pure vanadium pentoxide film, the peak at
� = 7.82◦ corresponds to the (0 0 1) diffraction of V2O5·nH2O and

he peak at 2� = 20.07◦ is ascribed to orthorhombic V2O5, indicat-
ng that the film annealed at 250 ◦C contains a mixture of hydrated
lms and anhydrous orthorhombic phase; both peaks disappear
hen WO3 is added in the composite films with V2O5/WO3 ratios

f 4:1 and 10:1. These results suggest that the crystallization pro-

ig. 3. SEM micrographs showing surface morphologies of (a) pure V2O5 film, composite
O3 film. All the films are obtained via annealing at 470 ◦C for 1 h.
Fig. 2. X-ray diffraction patterns of V2O5·nH2O–WO3·mH2O composite films
obtained via annealing at 250 ◦C in air for 5 h.

cess in the composite films is hindered with the coexistence of
vanadium and tungsten ions, which occurs even at relatively low
temperatures when the oxides are not fully crystallized yet.

Fig. 3 shows the top-view SEM images of V2O5, WO3, and
V2O5–WO3 composite films with V2O5/WO3 molar ratios of 4:1

and 10:1. The V2O5 film is composed of platelet grains and appears
dense, as shown in Fig. 3(a). On the other hand, the WO3 film
shows a porous structure as shown in Fig. 3(d), which is different
from WO3 films consisting of nano-sized platelets or needle-like

V2O5–WO3 films with V2O5:WO3 molar ratios of (b) 10:1 and (c) 4:1 and (d) pure
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Fig. 4. SEM micrographs showing cross-section morphologies of (a) pure V2O5 film,
(b) composite V2O5–WO3 film with a V2O5:WO3 molar ratio of 10:1, and (c) pure

◦
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extured grains prepared by other solution methods reported in lit-
rature [50,51]. Fig. 3(b) and (c) presents the surface morphology
f composite films with V2O5/WO3 ratios of 10:1 and 4:1, respec-
ively. It is clear that grain sizes in these composite films are smaller
han those in pure V2O5 films, indicating the deterioration of crys-
allinity. There is a small quantity of thick (diameter: ∼320 nm)
nd thin (diameter: ∼140 nm) fibers in the composite film with a
2O5/WO3 molar ratio of 4:1. In the case of composite film with
V2O5/WO3 molar ratio of 10:1, many nanofibers with a smaller
iameter of about 70 nm exist in the film, as shown in Fig. 3(b).

The cross-section SEM images of films with V2O5/WO3 molar
atios of 1:0, 0:1, and 10:1 are presented in Fig. 4. The cross section
f pure V2O5 film exhibits a smooth and dense structure, with a
hickness of ∼215 nm. On the other hand, the cross section of WO3
lm (same mass as V2O5 film) shows a rough and porous granular
tructure and the film is much thicker (610 nm) than V2O5 film. Dif-
erent from pure V2O5 film, the cross section of the composite film
ith a V2O5/WO3 molar ratio of 10:1 shows a granular structure,

lthough the particles are smaller than pure WO3 film. The thick-
ess of this composite film is ∼265 nm, thicker than V2O5 film but
hinner than WO3 film. Since the bulk density of WO3 (7.25 g/cm3)
s much larger than that of V2O5 (3.35 g/cm3) and all the films
ave the same mass, the WO3 film with the largest thickness is
he most porous and the V2O5 film with the lowest thickness is the
east porous. The V2O5–WO3 composite film with the intermediate
hickness is more porous than V2O5 film and less porous than WO3
lm. Thus the composite film has larger electrochemical active area
han V2O5 film, which can contribute to the enhanced Li-ion inter-
alation property of the composite film. However, the most porous

O3 film delivers the lowest discharge capacity despite its porous
tructure and large surface area. It should be noted that the capacity
f WO3 is dependent on the potential range used in electrochem-
cal measurements. For example, according to the work of Li and
u [52], WO3 exhibits a capacity of above 800 mA h/g in the poten-
ial range of 4.0–0.0 V vs. Li/Li+, but the WO3 sample exhibits much
ower capacity when the potential range is reduced to 4.0–2.0 V
s. Li/Li+. The potential range we used (0.4 to −1.6 V vs. Ag/Ag+) is
imilar to the latter and thus our pure WO3 film shows low capacity.

Fig. 5 shows typical cyclic voltammograms (CV) of V2O5, WO3
nd V2O5–WO3 composite films heated at 470 ◦C measured at
scan rate of 0.05 V/s. The CV curve of WO3 film shows indis-

inguishable cathodic and anodic peaks, indicating there is not
uch Li-ion intercalation/deintercalation within the given poten-

ial limit. On the other hand, the cyclic voltammogram of V2O5
lm is more complicated. It shows two discernable cathodic
eaks at −0.443 V, −0.735 V and three shoulders around −0.217 V,
1.179 V and −1.388 V; it shows three anodic peaks at −0.028 V,
0.547 V,−0.877 V and one shoulder around −0.240 V. The pres-
nce of cathodic and anodic peaks is attributed to Li+ intercalation
nd extraction processes, respectively. The CV curve of the com-
osite film with a V2O5/WO3 molar ratios of 4:1 shows three
athodic peaks at −0.240 V, −0.438 V and −0.770 V and two shoul-
ers around −1.148 V and −1.382 V; it shows anodic peaks at
0.071 V, −0.275 V, −0.560 V, −0.794 V and one shoulder around
1.201 V. This CV curve is similar to that of the pure V2O5 film. How-
ver, the shoulder around −0.217 V becomes a more discernable
eak in the curve of this composite film with a V2O5/WO3 molar
atio of 4:1, indicating enhanced kinetics for Li-ion intercalation in
he composite film. For the film with a V2O5/WO3 molar ratio of 1:1,
wo cathodic peaks are at −0.217 V and −0.421 V and three shoul-
ers are around −0.706 V, −1.149 V and −1.370 V; three anodic

eaks are at −0.170 V, −0.601 V and −0.794 V and two shoulders are
round −0.304 V and −1.225 V. The positions of the cathodic peaks
nd shoulders are similar to those on the CV curve of pure V2O5, but
he peaks are less discernable, indicating decreased kinetic prop-
rty for Li-ion intercalation compared to the pure V2O5 film, which

WO3 film. All the films are obtained via annealing at 470 C for 1 h.
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of pure V2O5, but the plateaus in the CP curve of the composite film
are less distinct, suggesting the deterioration of crystallinity of V2O5
caused by WO3. Both of these two composite films show enhance-
ment of Li-ion intercalation in the first phase change process.
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ig. 5. Cyclic voltammograms of V2O5 film, WO3 film, and composite V2O5–WO3 fil

an be ascribed to the increase of the amount of WO3. On the other
and, the anodic peak at −0.170 V shifts to a more negative posi-
ion and the peak at −0.794 V shifts to a more positive position
ompared to the peaks in the curve of pure V2O5 film. The curve
btained by the composite film (V2O5:WO3 = 10:1) exhibits a sim-
ler and considerably different profile compared to the CV curve
f pure V2O5 film: both anodic and cathodic peaks shift apprecia-
ly; the cathodic peaks shift to −0.463 V, −0.949 V and −1.307 V,
nd the anodic peaks and shoulders shift to −0.008 V, −0.482 V and
0.642 V. Not only the position of the peaks and shoulders shift
bviously, but also the shape of them change appreciably, which
ndicates that phase transitions during electrochemical intercala-
ion/deintercalation in this composite film are different from those
ccurring in the pure V2O5 film. Similar results have also been
bserved from chronopotentiometric measurements as discussed
elow.

Fig. 6 illustrates the chronopotentiometric (CP) curves of the
lms heated at 470 ◦C with various V2O5/WO3 molar ratios of 1:0,
0:1, 4:1, 1:1, 1:4 and 0:1 under a current density of 1.33 A/g. The CP
urve of V2O5/WO3 = 1:0 (pure V2O5) shows a stepwise shape with

wo plateaus starting at −0.43 V and −1.22 V, which are ascribed to
wo phase changes of LixV2O5 during Li+ intercalation [19,53]. On
he other hand, the CP curve of WO3 film shows a sloping shape
ithout stages. The CP curves of composite films with V2O5/WO3
olar ratios of 4:1 and 10:1 also show two plateaus, similar to those
th V2O5/WO3 = (a) 1:0, (b) 10:1, (c) 4:1, (d) 1:1 and (e) 0:1. The scan rate is 0.05 V/s.
0 50 100 150 200

Discharge Capacity (mAh/g)

Fig. 6. Chronopotentiometric curves of V2O5 film, WO3 film, and composite
V2O5–WO3 films with various V2O5/WO3 molar ratios, at a constant current density
of 1.33 A/g.
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ig. 7. (a) Summary of the discharge capacities of various V2O5–WO3 composite
lms (a) as a function of current density, and (b) as a function of molar fractions of
2O5 (the moles of V2O5 divided by the total moles of V2O5 and WO3).

owever, the composite film with a molar ratio of V2O5/WO3 = 10:1
elivers a higher capacity of 100 mA h/g in the potential range of
1.22 V and −1.4 V, whereas the pure V2O5 film and the composite
lm with a molar ratio of V2O5/WO3 = 4:1 deliver a similar capac-

ty of 65 mA h/g. The CP curves of composite films with V2O5/WO3
olar ratios of 1:1 and 1:4 only have a gradual potential decrease
ithout any distinct stepwise potential drop, similar to that of
ure WO3. Such disappearance of stepwise potential drop with

ncreased WO3 composition in the V2O5–WO3 composite films fur-
her indicates the amorphization of V2O5 caused by addition of

O3. As can be clearly seen from Fig. 6, the composite film with a
2O5/WO3 molar ratio of 10:1 delivers the highest discharge capac-

ty of 200 mA h/g than all other films at the same current density
f 1.33 A/g, for example, almost twice of that delivered by pure
2O5 film (108 mA h/g). The coulombic efficiency of the composite
lm with a V2O5/WO3 molar ratio of 10:1 is 70.5% which is slightly
igher than that of the pure V2O5 film (67.5%).

Fig. 7a summarizes the discharge capacity as a function of cur-
ent density for pure V2O5 and WO3 films, and various composite
2O5–WO3 films. When a relatively small amount of WO3 is added

nto V2O5 as in the case of composite films with V2O5/WO3 molar
atios of 4:1 and 10:1, the discharge capacity can be enhanced com-
ared to pure V2O5 film. However, the Li+ intercalation capacity

s reduced compared to that of pure V O film, when too much
2 5
O3 is added into V2O5 as in the case of composite film with a

2O5/WO3 molar ratio of 1:1. The discharge capacity of the com-
osite film is greatly reduced when WO3 is the major composition
nd plays a dominant role. Fig. 7b shows the change of discharge
Fig. 8. Cycling performances of V2O5 film, WO3 film, and composite V2O5–WO3

films with various V2O5/WO3 molar ratios, at a current density of 1.33 A/g.

capacity as a function of molar fraction of V2O5 (the moles of V2O5
divided by the total moles of V2O5 and WO3) at different cur-
rent densities. The discharge capacity first increases gradually with
the increased amount of V2O5 in the composite films, but reaches
the highest value with the V2O5/WO3 molar ratio of 10:1 show-
ing 356 mA h/g, 200 mA h/g and 190 mA h/g at current densities of
0.666 A/g, 1.333 A/g and 1.667 A/g, respectively. The trend of capac-
ity vs. molar fraction is the same for all the three different current
densities.

Fig. 8 compares the cycling performances of pure V2O5, pure
WO3 and the composite films with different V2O5/WO3 molar ratios
at a current density of 1.33 A/g. It can be seen that the compos-
ite film with a V2O5/WO3 molar ratio of 10:1 delivers the highest
capacity at every cycle compared to other samples. It shows the
highest initial discharge capacity of 200 mA h/g, and maintains a
highest capacity of 132 mA h/g after 50 cycles. The cycling per-
formance of pure V2O5 shows an increasing trend in initial cycles
followed by degradation. The initial discharge capacity of pure V2O5
film is not high, but there is an increase of the discharge capacity
between the 2nd cycle and the 13th cycle. Similar phenomena have
been reported in literature [16]. The increase in initial capacities
of V2O5 film can be attributed to the deterioration of crystallinity
of V2O5 during initial cycling [16]. For the composite film with a
V2O5/WO3 molar ratio of 4:1, the initial capacity is higher than
that of pure V2O5 film but lower than that of the composite film
with a V2O5/WO3 molar ratio of 10:1. However, this composite
film with a molar ratio of 4:1 shows poor cycling performance. The
capacity decreases to 91 mA h/g after 50 cycles, which is even lower
than that of pure V2O5 film (122 mA h/g). When the molar ratio of
WO3 increases gradually, the capacities delivered by the compos-
ite films (V2O5:WO3 = 1:1, 1:4, 0:1) decrease considerably, although
the capacity retention is relatively stable. These results are due to
the poor electrochemical activity of WO3 in this potential range as
discussed earlier.

The enhanced electrochemical properties of composite films can
be attributed to the reduced grain size as shown in the XRD patterns
(Fig. 1) and the increased porosity as shown in the SEM images
(Figs. 3 and 4). Therefore, the composite film with smaller grain
size provides larger electrochemical active surface area and shorter
diffusion length for the Li-ion intercalation process. The composite
films show an amorphous or partially amorphous phase from the
XRD patterns in Fig. 1, which facilitates the intercalation of Li ions
[54].
4. Conclusions

V2O5–WO3 composite films with enhanced intercalation prop-
erties have been prepared by a solution method without
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ntroducing any impurity elements. XRD, SEM and electrochemi-
al measurements have been employed to reveal the structure and
roperties of these films. XRD analysis indicates that the addition
f WO3 greatly reduces the crystallinity of V2O5, which results in
nhanced Li-ion insertion capacities. SEM images show that fibers
ith different diameters are dispersed in porous films in the com-
osite films, leading to higher surface area. Both the CV and CP
urves of the V2O5–WO3 film with the molar ratio of 10:1 are
istinctively different from those of V2O5 film, suggesting a dif-
erent Li-ion intercalation process in the V2O5–WO3 film with the

olar ratio of 10:1. The V2O5–WO3 film with the molar ratio of
0:1 delivers the highest discharge capacities of 200 mA h/g at
he first cycle and 132 mA h/g after 50 cycles at a current den-
ity of 1.33 A/g, compared to pure oxide films and other composite
lms with different molar ratios; for example, the pure V2O5 film
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