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Abstract

Thin films of orthorhombic V2O5 have been prepared by sol electrophoretic deposition (EPD) followed by post-treatment at 500 ◦C. Their elec-
trochemical and optical performances have been investigated for possible applications in electrochemical/electrochromic devices. Li+-intercalation
properties of the films have been explored in two voltage ranges: 0.4 to −1.1 V and 0.4 to −1.6 V versus Ag/Ag+, respectively. High capacities
of over 300 mAh/g are acquired in the wider voltage range at a current density of 50 �A/cm2 and moderate capacities of 140 and 110 mAh/g are
obtained in the narrower voltage range at a current density of 25 and 50 �A/cm2, respectively. Electrochemical measurements have shown that the
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lms demonstrate good cyclability in both voltage ranges. X-ray diffraction, scanning electron microscopy and optical spectra have been used to
xamine the changes in crystallinity, microstructure, morphology and transmittance of the films during cycling. Films cycled to a deeper voltage
f −1.6 V versus Ag/Ag+ deliver higher capacity with appreciable morphological change, while films cycled in the narrower voltage range show
oderate capacity and maintain the morphology, optical responses and crystalline structure. Voltage range can be optimized in between to acquire

oth high capacity and stability in structure, electrochemical and optical properties. High Li+-intercalation capacity and good cyclic stability are
ttributed to the porous structure of V2O5 films prepared by EPD.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Electroactive films can intercalate/deintercalate guest
pecies such as lithium ions and are used for devices such
s batteries, fuel cells, and electrochromic displays [1].
anadium pentoxide (V2O5) is a typical Li+-intercalation
ompound due to its layer structure [2,3]. Hence the thin film
f V2O5 is a promising candidate for cathode in batteries
4,5] and counter electrode (in conjunction with WO3) in
lectrochromic devices [6,7]. The electrochemical property
f V2O5 film is originated from its capability to release/store
he energy during Li+-intercalation/deintercalation processes.
he electrochromic property of V2O5 is characterized by its
bility to evoke reversible and persistent changes of the optical
roperties upon charging/discharging [8]. V2O5 is special
n that Li+-intercalation makes the transmittance decrease in

∗ Corresponding author. Tel.: +1 206 616 9084; fax: +1 206 543 3100.
E-mail address: gzcao@u.washington.edu (G. Cao).

the near infrared and long-wavelength part of the luminous
spectrum, while the transmittance increases in the short-
wavelength and ultraviolet parts of this spectrum. For either
electrochemical or electrochromic application, V2O5 film is
required to have decent specific capacity and extended cycling
stability.

The electrochemical/electrochromic properties of V2O5 have
been studied in detail for films made by versatile deposition
techniques ranging from high-energy, dry deposition methods
to low-energy, wet methods that are more common. The
high-energy techniques include thermal evaporation [9], RF
magnetron sputtering [10–12], dc magnetron sputtering [13] and
pulsed laser deposition [14]. The low-energy techniques, or the
chemical techniques include electrochemical deposition (ECD)
[15], chemical vapor deposition [16] and sol–gel deposition such
as dip-coating and spin-coating [17]. The techniques that have
been used to form the electroactive films usually influence their
morphology, properties, and performance. The present work
concerns the deposition and property study of V2O5 films made
by sol electrophoretic deposition (EPD). The electrophoretic
013-4686/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2006.01.026
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deposition technique has been widely used for the film deposi-
tion of metal oxides because of the low operating temperature
and low cost of the process. Furthermore, the as-deposited
films have better uniformity and homogeneity than those made
from other wet techniques such as spin-coating or dip-coating.
Thickness of films prepared from EPD can also be more easily
and precisely controlled by varying the voltage or deposition
time. In comparison with other electrodeposition techniques
such as electrochemical deposition (ECD), the films made from
EPD have higher porosity which can be tailored by deposition
conditions. Combining with sol–gel processing, our group has
fabricated a variety of oxide nanorod arrays of simple, complex
and doped oxides by template-based EPD [18–20]. Single-
crystalline V2O5 nanorod arrays have been grown by combining
the template-based method with either electrochemical deposi-
tion or electrophoretic deposition [21–23]. It was found that the
lateral shrinkage of nanorods made from EPD (50%) was larger
than that of nanorods made from ECD (0% for anodic oxidation
and 15% for surface condensation induced by local pH change)
[21] Although the nanostructured V2O5 electrode made from
electrophoretic deposition has higher rate capabilities and is
promising for use in compact batteries [21], electrochromic
displays demand a large area of electroactive material and to
date there is no practical way to synthesize a large area of
nanorod arrays. Thus it is still necessary to study the processing
and properties of thin films of V O . On the other hand, V O
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trode. If particles are negatively charged, the deposition of solid
particles will occur at the anode. Otherwise, deposition will be
at the cathode.

This paper studies the Li+-intercalation electrochemi-
cal/electrochromic properties of V2O5 films made from EPD.
The relationships between the microstructure, morphology, elec-
trochemical and optical properties of as-deposited and lithiated
films are discussed.

2. Experimental

A diluted V2O5 sol was prepared using a method reported
by Fontenot et al. [27] with V2O5 powder (Sigma–Aldrich) and
H2O2 (30 wt.% in H2O, Sigma–Aldrich) as precursor. V2O5
powder was dissolved in H2O2 solution with a V2O5 concen-
tration of 0.15 M. The resulting solution has H2O2/V2O5 ratio
of 8:1. After stirring for 1.5 h at room temperature, the excess
H2O2 was decomposed by heated at 70–80 ◦C, and a red–brown
gel was obtained. The resultant gel was then re-dispersed in
DI-water, resulting in the formation of brownish sol, which
contained 0.01 mol/l vanadium with a pH of 2.7. The primary
vanadium species in the colloidal dispersion are nanoparticles
of hydrated vanadium oxide. V2O5 films were prepared by elec-
trophoretic deposition in a Teflon boat with V2O5 sol as the
electrolyte. ITO substrate was used as the deposition electrode
a
e
V
t
t
i
h
r
1
p
t
a
m

w
a
(
P
a
c
0
p
s
i
c
C
o
a
s
o
s

2 5 2 5
lms prepared by physical methods [12] or some chemical
ethods (such as electrochemical deposition [15] and chemical

apor deposition [16]) are rather dense and may have limited
apacities as a result. Hence, we aim to investigate V2O5 films
repared from sol electrophoretic deposition which promise
igher porosity and better Li+-intercalation performance.

Electrophoretic deposition differs from electrochemical
eposition in several aspects [18,24–26]. First, the materials
eposited by electrophoretic deposition need not be electrically
onductive. Therefore, this method is particularly useful for
xide systems. Secondly, nanosized particles in colloidal dis-
ersions are typically stabilized by electrostatic or electrosteric
echanisms. When dispersed in a polar solvent or an electrolyte

olution, the surface of nanoparticles develops an electrical
harge via one or more of the following mechanisms: (1) prefer-
ntial dissolution or (2) deposition of charges or charged species,
3) preferential reduction or (4) oxidation, and (5) adsorption of
harged species such as polymers. Charged surfaces will elec-
rostatically attract oppositely charged species (typically called
ounter-ions) in the solvent or solution. A combination of elec-
rostatic forces, Brownian motion and osmotic forces results in
he formation of the double layer structure. Upon application of
n external field to a colloidal system or a sol, the constituent
harged particles are set in motion in response to the electric
eld. This type of motion is referred to as electrophoresis. When
charged particle is in motion, some of the solvent or solution

urrounding the particle will move with it, since part of the sol-
ent or solution is tightly bound to the particle. Electrophoretic
eposition simply uses such an oriented motion of charged par-
icles to grow films or monoliths by enriching the solid particles
rom a colloidal dispersion or a sol onto the surface of an elec-
nd Pt rod as counter electrode; the distance between these two
lectrodes was kept at ∼3.5 cm. Deposition voltage was 5 V. The
2O5 particles were negatively charged in the as-prepared sol,

herefore ITO substrate was used as positive electrode. The crys-
allization of V2O5 films was performed using thermal annealing
n air. To avoid shrinkage of the films, the samples were first
eated at 110 ◦C for 6 h, followed by raising temperature at a
ate of 1 ◦C/min and the films were annealed at 500 ◦C in air for
h. Then, a slow cooling procedure to room temperature was
erformed in order to obtain a good adherence of the deposi-
ion of films on the substrate. All the samples have a geometric
rea of 1 cm2. All the samples were stored in a desiccator before
easurements.
Scanning electron microscopes (SEM, JEOL JSM-5200)

as used to characterize the morphology of V2O5 films before
nd after electrochemical redox cycles. X-ray diffraction
XRD) patterns of V2O5 films were obtained by using a Philips
W1820 diffractometer. The diffractometer operated at 40 kV
nd 20 mA in the standard θ – 2θ configuration. JCPDS data
ards used for the indexing of the XRD peaks are 09-0387 and
6-0416 for V2O5 and In2O3, respectively. Electrochemical
roperties of V2O5 film electrode were investigated using a
tandard three-electrode cell, with the 1 M-LiClO4 solution
n propylene carbonate as the electrolyte, a Pt mesh as the
ounter electrode and Ag/AgNO3 as the reference electrode.
yclic voltammetric and chronopotentiometric measurements
f these films were carried out by using an electrochemical
nalyzer (CH Instruments, Model 605B). Optical transmittance
pectra of the V2O5 films before and after cycling were carried
ut in the wavelength range of 200–900 nm using fiber optic
pectrometer (Ocean Optics, Inc.).
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Fig. 1. X-ray diffractions patterns of vanadium pentoxide films obtained at 25,
350 and 500 ◦C.

3. Results and discussion

Fig. 1 presents XRD diagrams of three electrophoretically
deposited films of vanadium pentoxides that are dried under
ambient condition for 24 h, heated at 350 ◦C for 5 h, and heated
at 500 ◦C for 1 h, respectively. The diagrams of the unheated
film and the film annealed at 350 ◦C have broad peaks, indicat-
ing a fine-grained, or nanocrystalline nature, similar to those of
V2O5·nH2O xerogels reported in the literature [28]. Therefore,
the films obtained at room temperature and 350 ◦C are composed
of V2O5·nH2O. The most intense peak is (0 0 1) diffraction,
which is related to the ribbon stacking along the c-axis. For the
unheated film, the basal spacing along this direction is 12.79 Å
which corresponds to the inter-ribbon-distance, i.e., the stack-
ing of two V2O5 fibers and one single water layer [28]. For
the V2O5 film annealed at 350 ◦C for 5 h, the intensity of 0 0 1
peak becomes much higher and other weak peaks such as (0 0 3)
(0 0 4), and (0 0 5) become more distinct, suggesting the film
structure becomes less disordered. The interlayer spacing along
the c-axis is calculated to be 11.79 Å. Obviously the interlayer
spacing shrinks because some water intercalated between adja-
cent layers is removed for the film during heating. It is interesting
to note that the interlayer spacing, 12.79 Å for electrophoret-
ically deposited V2O5·nH2O, is larger than 11.74 Å for the
sol–gel deposited V2O5·nH2O [29] and larger than 11.52 Å for
V O ·nH O xeorogels reported in the literature [28]. Similarly,
t
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f
h

to more water intercalated between the layer structure of V2O5
in the electric field during the electrophoretic deposition pro-
cess and these water molecules expand the interlayer spacing
more. The larger water content in V2O5 EPD films also causes
the film to dehydrate and crystallize at higher temperature. After
heating at 500 ◦C for 1 h, the V2O5·nH2O film is entirely con-
verted to a yellow crystalline thin film of orthorhombic phase, as
confirmed by XRD pattern in Fig. 1. The crystallite size values,
L, can be calculated from the broadening of the correspond-
ing (h k l) lines according to the Scherrer’s formula [30,31]. The
crystallite size along the a-axis is 72.6 nm, deduced from (0 0 1)
peak; and the crystallite size along the c-axis is 38.4 nm, deduced
from (2 0 0) peak. The crystallite size along the b-axis is not
deducible since (0 k 0) peak is not observed in the XRD. The cell
parameters deduced from the exploitation of the XRD patterns
in the case of V2O5-deposited films (orthorhombic system) are
a = 11.524 Å, and c = 4.377 Å. Similarly, the lattice parameter b
is not deducible because of missing of (0 k 0) peak in the XRD.
These results are close to those given in the JCPDS card corre-
sponding to orthorhombic V2O5 (a = 11.510 Å and c = 4.371 Å).
The cell parameters are also similar to those reported in the liter-
ature in the case of well-crystallized V2O5. For example, the cell
parameters for V2O5 obtained by the chemical vapor deposition
are a = 11.518 Å and c = 4.403 Å [16]; the parameters for V2O5
prepared by the sol–gel method are a = 11.512 Å and c = 4.371 Å
[32].
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he sol–gel deposited film of vanadium pentoxides crystallize at
30 ◦C [29] while the V2O5 film electrophoretically deposited
rom the same sol does not contain any crystalline phase even by
eating at 350 ◦C as shown in Fig. 1. Such result may be ascribed
All the films grown by EPD have smooth surface morphology
nd are crack free prior to and after heat treatments. Fig. 2(a)
hows SEM image of the orthorhombic V2O5 film obtained at
00 ◦C. Part of the film is broken off to reveal both top and cross-
ectional view. It can be seen that the film is homogeneous and
oherent. Fig. 2(b) presents a closer cross-sectional view when

ig. 2. SEM images of (a) orthorhombic V2O5 film after breakage and (b) cross-
ection view when the V2O5 film in (a) is further tilted up.
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Fig. 3. (a) CV cycles of V2O5 films in the voltage range of 0.4 to −1.1 V. (b)
CV cycles of V2O5 films in the voltage range of 0.4 to −1.6 V. The scan rate is
10 mV/s.

the film in (a) is further tilted up. The film thickness is estimated
to be 0.8 �m.

The lithium intercalation is first investigated by cyclic
voltammetry (CV) with a scan rate of 10 mV/s. V2O5 film made
from EPD presents an electrochemically active region between
0.4 and −1.1 V versus Ag/Ag+. The 1st and 10th CV cycles in
this region are shown in Fig. 3(a). The 1st CV cycle shows two
well-defined cathodic peaks at −0.21 and −0.57 V and a less
distinct peak at −0.82 V, corresponding to Li+-intercalation; it
exhibits two well-defined anodic peaks at 0.03 and −0.18 V and
a less distinct peak at −0.55 V, associated with Li+ deinterca-
lation. In the 10th cycling, the shape of CV curve is similar to
the 1st cycle and there is almost no change in peak positions,
although the area of the 10th CV expands slightly, indicating the
electrochemical stability of the V2O5 film. The voltage range is
further decreased to −1.6 V versus Ag/Ag+. Fig. 3(b) shows the
1st and the 10th CV cycles of V2O5 film in a potential window of
0.4 to −1.6 V versus Ag/Ag+. The shape of CV curve suggests
some irreversible Li ion intercalation. However, for the short-
term cycling, the 10th cycle expands in comparison with the 1st
cycle, but the positions of both cathodic and anodic peaks shift
distinctly. For example, the cathodic peak at −0.82 V in the 1st
cycle shifts to −0.86 V in the 10th cycle. For both cycling in the
1.5-V range (0.4 V to −1.1 V) and the 2-V range (0.4 to −1.6 V),
the shapes of CV curves closely resemble the voltammograms
of V O film obtained by reactive dc magnetron sputtering and
c
r

Fig. 4. Discharge–charge curves (1st cycle) of V2O5 films. Solid line: cycled
between 0.4 and −1.1 V vs. Ag/Ag+ at a current density of 25 �A/cm2; dashed
line: cycled between 0.4 and −1.6 V vs. Ag/Ag+ at a current density of
100 �A/cm2; solid line: cycled between 0.4 and −1.6 V vs. Ag/Ag+ at a current
density of 200 �A/cm2.

prepared by evaporation [33], electrochemical deposition [34],
and spin-coating [35].

The lithium intercalation property of V2O5 films is
then studied by chronopotentiometry (CP). Fig. 4 gives the
discharge–charge profiles of the V2O5 cathodes obtained by
annealing at 500 ◦C. Plateaus are observed from −0.3 to −0.5 V
versus Ag/Ag+. In this voltage discharge interval the LixV2O5
structure undergoes phase changes, �, �, and � each with a dif-
ferent x-value of Li intercalation by comparing these plateaus
to literature [36]. When cycled between 0.4 and −1.6 V versus
Ag/Ag+, the films exhibit high capacities of 250 and 190 mAh/g
at current densities of 100 and 200 �A/cm2, respectively. How-
ever, such a high capacity occurs over a wide voltage range
of 2 V and cycling in this region may inflict some morpho-
logical/structural change as discussed in the CV measurements
above. Accordingly, Fig. 4 also shows the discharge–charge pro-
file of the V2O5 film cycled between 0.4 and −1.1 V at a current
density of 25 �A/cm2 and the V2O5 films delivers a capacity of
140 mAh/g. The discharge–charge curves in the 1.5-V region are
more symmetric than those in the 2.0-V region, suggesting the
film has more stable cyclability in the narrower voltage range.

The long-term cycling performances of the V2O5 films are
further studied by cycling the films 50 times in the two volt-
age ranges, respectively. Fig. 5(a) and (b) show the first 10
discharge–charge cycles and the last 10 cycles, respectively. The
film is cycled between 0.4 and −1.1 V versus Ag/Ag+ at a cur-
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ycled in a 1.5-V region and a 2-V region, respectively [12] The
esults are also in a good agreement with those of V2O5 films
ent density of 100 �A/cm2. The initial open-circuit voltage of
he V2O5 film is about −1.8 V versus Ag/Ag+. After deliver-
ng an intial discharge capacity of 100 mAh/g in the 1st cycle,
he capacity decreases to 60 mAh/g in the 2nd cycle but slightly
ncreases afterwards and the discharge capacity in the 50th cycle
s 70 mAh/g. Similarly, Fig. 5(c) and (d) present the first 10
ischarge–charge cycles and the last 10 cycles for the film cycled
etween 0.4 and −1.6 V at a current density of 100 �A/cm2.
he initial open circuit voltage is about −1.8 V versus Ag/Ag+

s well. After delivering an initial capacity of 250 mAh/g in the
st cycle, the capacity decreases to 180 mAh/g in the 2nd cycle
ut increases again, and the discharge capacity in the 50th cycle
eaches 310 mAh/g which is even higher than the initial capacity.
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Fig. 5. Discharge–charge cycles of V2O5 films at a current density of 100 �A/cm2: (a) the first 10 cycles in the voltage range of 0.4 to −1.1 V, (b) the 41st to the
50th cycles in the voltage range of 0.4 to −1.1 V, (c) the first 10 cycles in the voltage range of 0.4 to −1.6 V and (d) the 41st to the 50th cycles in the voltage range
of 0.4 to −1.6 V. Voltage is vs. Ag/Ag+.

It is interesting to note that cycling in the two different voltage
ranges both exhibits increase in the discharge capacity from the
2nd cycle onwards; furthermore, for the V2O5 film cycled in the
larger voltage range, the increase of capacity is more significant.

Fig. 6(a) summarizes the discharge capacities as a function
of cycle number in the range of 0.4 to −1.1 V at various current
densities such as 50, 100 and 200 �A/cm2. The current densities
we chose are higher or compatible with those commonly used in
literature for V2O5 films with similar thickness to ours [13,16].
At the current density of 50 �A/cm2, the V2O5 film possesses an
initial discharge capacity of 110 mAh/g and reaches a discharge
capacity of 80 mAh/g in the 50th cycle. At all the three current
densities, the discharge capacities of the V2O5 film decrease first
then increase starting from the 2nd cycle until reach a plateau.
Fig. 6(b) gives evolution of discharge capacity in the potential
window of 0.4 to −1.6 V versus Ag/Ag+ at the three differ-
ent current densities. At the relatively low current density of
50 �A/cm2, the V2O5 film has an initial capacity of 300 mAh/g
then decreases in the 2nd cycle and increases again. Within six
cycles, the capacity reaches a maximum value of 380 mAh/g in
the 6th cycle, followed by slight decrease with small fluctuation
in the value until to the end. At the medium current density of
100 �A/cm2, an initial decline of capacity is followed by sub-
stantial increase until a plateau is reached after 15 cycles. At
the relatively large current density of 200 �A/cm2, the capac-
ity again drops initially then increases persistently to the end of
5
c
c

Fig. 6. Discharge capacities as a function of cycle number for V2O5 films cycled
in the voltage ranges of (a) 0.4 to −1.1 V vs. Ag/Ag+ and (b) 0.4 to −1.6 V vs.
Ag/Ag+.
0 cycles. The trend of cycling performances at three different
urrent densities looks similar, and the capacities after 50 redox
ycles are all larger than the initial capacities. However, follow-
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Fig. 7. SEM images of V2O5 films (a) before cycling and (b) after 50 redox cycles in the voltage range of 0.4 to −1.6 V vs. Ag/Ag+ and at a current density of
100 �A/cm2.

ing the initial degradation, the increase in the capacity value is
more substantial and extends to more cycles when the current
density is larger. Accordingly, for these three groups of cyclabil-
ity data, the final capacities after 50 cycles are getting closer in
value, despite the significant difference of initial capacities and
current densities. Further, comparison between Fig. 6(b) and (a)
suggests that the increase in the capacity value following ini-
tial decrease is more substantial when the film is discharged to
a deeper voltage. The capacity increasing in the second cycle
compared with that of the first cycle is likely due to the film
cracking caused by the first cycle. The cracking or defects in the
films after the first cycle allows more freedom for volumetric
change during Li-ion intercalation/deintercalation and, thus, the
capacity increases starting in the second cycle.

SEM has been used to study the surface morphologies and
possible morphological changes of the V2O5 films. Fig. 7(a) and
(b) show the surfaces of V2O5 films before and after 50 redox
cycles in the potential window of 0.4 to −1.6 V versus Ag/Ag+.
It can be seen from Fig. 7(a) that the V2O5 film is platelet-
like and uniform. However, Fig. 7(b) shows the film surface
becomes rougher after cycling and cracks appear. A close look
at the SEM image can find extensive z-shaped cracks along the
grain boundary. These observations indicate the film is over-
cycled if discharged to a deeper voltage of −1.6 V and cracks
occur due to the expansion/contraction of film during the Li
intercalation/deintercalation process. Whereas the cracks allows
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tance spectra for V2O5 films that are before cycling, discharged
to −1.1 V and after 50 redox cycles at a current density of
100 �A/cm2, respectively. The coloration of V2O5 films changes
progressively during the redox cycle. They turn from yellow
to green, then blue upon further intercalation of Li ions. As
shown in Fig. 8, transmittance change for the films between
the intercalation state and deintercalation state is over 40%. In
addition, the film cycled 50 times is back to bright yellow and
has similar transmittance spectra as that of the virgin film. These
results indicate that the electrophoretically deposited V2O5 films
can be used for multi-colored electrochromic devices. Structural
changes of the V2O5 films during redox cycles are further inves-
tigated by XRD. Fig. 9 presents the XRD patterns of the V2O5
films that are in the original state, discharged to −1.1 V, after one
reduction–oxidation cycle and after 50 cycles, respectively. The
films are cycled with the cut-off voltage of −1.1 V at a current
density of 100 �A/cm2. The change in the lattice parameters
a and c during cycling is summarized in Table 1. Upon inter-
calation of Li ions, the interlayer spacing c increases while a
decreases, which is consistent with the observations reported in
the literature [12]. Upon the deintercalation of Li ions, the lat-
tice parameters a increases and c decreases again, but are slightly

F
c
v

ore flexibility in volume changes which leads to the substan-
ial increase of capacity from the 2nd cycle on wards as show in
ig. 7(b). It is interesting to note that the cracks are more evenly
istributed than cracks occurred on the over-cycled V2O5 films
repared by sol–gel deposition [29], which can explain why the
ycling performance of V2O5 film made by EPD is better than
hat of sol–gel deposited film. SEM examination of the V2O5
lm cycled between 0.4 and −1.1 V versus Ag/Ag+ for 50 cycles
hows no cracks and the cycled film looks almost the same as
he virgin film. The comparison between optical responses of the
irgin film and the cycled film further confirms this reversibil-
ty of Li+-intercalation/deintercalation in the potential window
f 0.4 to −1.1 V. Fig. 8 compares the ex situ optical transmit-
ig. 8. Transmittance spectra for the V2O5 films that are before cycling, dis-
harged to −1.1 V vs. Ag/Ag+, and after 50 discharge–charge cycles. Cut-off
oltage is −1.1 V vs. Ag/Ag+. Current density is 100 �A/cm2.
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Table 1
Results deduced from XRD analysis for V2O5 films that are before cycling, discharged to −1.1 V vs. Ag/Ag+, after 1st cycle and after 50 cycles, respectively

Film condition 2θ of 2 0 0 peak (◦) Lattice parameter a (Å) 2θ of 0 0 1 peak (◦) Lattice parameter c (Å)

Before cycling 15.365 11.5240 20.274 4.3766
Discharged to −1.1 V 15.464 11.4508 20.179 4.3970
After 1st cycle 15.449 11.4618 20.215 4.3893
After 50 cycles 15.430 11.4756 19.814 4.4771

Current density for cycling is 100 �A/cm2.

different from the original. Therefore, there is a shift in a and
c for the film cycled 50 times in comparison with the virgin
film, however, the film retains the orthorhombic structure after
50 redox cycles and confirms the good cyclability. It is inter-
esting to note that the intensity of (0 0 1) peak decreases during
cycling, indicating the crystalline structure of the film gets more
disordered during cycling.

Recently Mantoux et al. have synthesized orthorhombic
V2O5 films through chemical vapor deposition (CVD) [16]. The
evaluation of these V2O5 films revealed that the film delivered a
capacity of 250 mAh/g when cycled between 3.8 and 2.2 V ver-
sus Li/Li+ at an extremely low current density of 1.27 �A/cm2.
This current density is nearly twenty times lower than the low-
est one (25 �A/cm2) we used for cycling between 0.4 and
−1.1 V versus Ag/Ag+ and the EPD film delivers a capacity

F
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d

of 140 mAh/g at the current density of 25 �A/cm2. Because of
the difference in experimental conditions and current density, no
precise comparison can be drawn between CVD films and EPD
films, however, it can be roughly estimated that the capacities of
the V2O5 film made from electrophoretic deposition are at least
comparable with those made from CVD, or are even better if we
compare the density of the film. The film made by CVD has a
density close to bulk density [16], while the V2O5 films prepared
by EPD has a density of 2.5 g/cm3 by measuring the weight and
calculating the apparent volume from the thickness revealed by
the cross-section SEM image in Fig. 2(b). The porosity is thus
estimated to be 25%. The pores are likely to occur during packing
of the V2O5 platelets during electrophoretic deposition process
and may shrink during sintering. As discussed earlier, the crys-
tallite sizes along a- and c-axis are a few tens of nanometers in the
film of orthorhombic phase. The pores are likely less than these
crystallite sizes and thus cannot be seen in the low-magnification
top view or cross-sectional view in Fig. 2. A close look at the
surface morphology of V2O5 film reveals the porous structure as
shown, in Fig. 7(a). Such porous structure allow more flexibil-
ity for volume changes during Li+-intercalation/deintercalation
processes, which attributes to the good cycling performance in
both voltage ranges as shown in Fig. 6 and the good optical
properties in the narrower voltage as shown in Fig. 8.

4

t
u
b
t
3
o
A
a
fi
c
t
e

ig. 9. XRD patterns of V2O5 films that are before cycling, discharged to −1.1 V
s. Ag/Ag+, after 1 redox cycle and after 50 redox cycles, respectively. Current
ensity for cycling is 100 �A/cm2.
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. Conclusion

V2O5 thin films with thickness of 0.8 �m have been prepared
hrough electrophoretic deposition from a sol which is made by
sing V2O5 powder and H2O2 as raw materials. Orthorhom-
ic phase is acquired by heating the film at 500 ◦C. The elec-
rophoretically deposited V2O5 films exhibit high capacities of
00 mAh/g at 0.4 to −1.6 V vs. Ag/Ag+ at a current density
f 50 �A/cm. In a narrower voltage range of 0.4 to −1.1 V vs.
g/Ag+, moderate capacities of 140 and 110 mAh/g are achieved

t current densities of 25 and 50 �A/cm2, respectively. The V2O5
lms show good cyclability in both potential windows at various
urrent densities ranging from 50 to 200 �A/cm2. Specifically,
he films cycled in the narrower voltage range of 0.4 to −1.1 V
xhibit good safety characteristics as the films cycled 50 cycles
etain the morphology, structure and transmittance data in com-
arison with the virgin film. Such high Li+-intercalation capacity
nd enhanced cyclic stability are attributed to the porous struc-
ure of the V2O5 films by sol EPD. Not only does the porous
tructure offer easy Li+ diffusion path, but also offer the needed
reedom for dimension change associated with Li+-intercalation
nd deintercalation process. Although films cycled in the deeper
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voltage range deliver higher capacity, cracks occur along the
grain boundary during cycling. For practical applications in elec-
trochemical/electrochromic devices, an optimal voltage can be
found between −1.1 and −1.6 V versus Ag/Ag+ to realize high
capacity and simultaneously retain the stability in structural and
optical properties.
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