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a b s t r a c t

Mixed V2O5–MoO3 thin films were deposited onto the glass and fluorine doped tin oxide (FTO) coated
glass substrates, at 400 ◦C by pulsed spray pyrolysis technique (PSPT). Equimolar vanadium chloride
(VCl3) and ammonium molybdate aqueous solutions were mixed together in volume proportions (5–15%
molybdenum) and used as a precursor solution for the deposition of mixed V2O5–MoO3 thin films. The
eywords:
xides
emiconductors
hin films
ptical properties

structural, morphological, optical and electrochromic properties of the films deposited at different Mo
concentrations were studied. With increase in the percentage of Mo the peaks belonging to tetragonal
phase of V2O5 eventually disappear and the (1 0 1) orthorhombic V2O5 phase is observed. Scanning elec-
tron microscopy (SEM) shows micro thread like reticulated morphology. The optical band gap energy
varied over 2.91–2.85 eV. All the films exhibited cathodic electrochromism in lithium containing elec-
trolyte (0.5 M LiClO4 + propylene carbonate (PC)). The highest coloration efficiency (CE) for the V2O5 film

as fo
with 15% MoO3 mixing w

. Introduction

Electrochromism (EC) is a phenomenon in which materials are
ble to change their optical properties in a reversible and persistent
ay under the action of a voltage pulse [1]. Potential advantages

ffered by electrochromic materials include a long open circuit
emory and low power requirement. EC has attracted a grow-

ng amount of interest because it can be used in electrochromic
evices for several applications: energy efficient glazing, privacy
lass, partitions, skylights, large area displays and automotive glaz-
ng including sunroofs and mirrors. Transition metal oxides such as
ungsten trioxide (WO3) [2], molybdenum oxide (MoO3) [3], irid-
um oxide (lrO2) [4] and vanadium pentaoxide (V2O5) [5] have been

idely used as inorganic electrochromic materials and are based on
reversible change in the optical properties during electrochemical
xidation or reduction processes. The electrochromic behavior can
e explained by a combinational injection and extraction of elec-
rons and ions. During an electrochromic process, at a given voltage,

lectrons are injected (reduction) or extracted (oxidation) and at
he same time, ions are moved into or out of the electrochromic

aterials to balance charge neutrality.

∗ Corresponding author. Tel.: +91 231 2609230; fax: +91 231 26091533.
E-mail address: psp phy@unishivaji.ac.in (P.S. Patil).

254-0584/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2010.12.055
und 35.27 cm2 C−1.
© 2010 Elsevier B.V. All rights reserved.

Among those transition metal oxides, WO3 appears to be best
electrochromic compound [6]. However, for building applications
the bright blue color of WO3 films in the reduced state is not
as favorable as bronze or pile yellow colors for most building
applications. V2O5 shows pile yellow in colored state, hence tech-
nologically interested.

Day and Sullivan reported V2O5 was as a cathode material [7]. It
is an interesting cathode material because (i) it offers high specific
energy density [8], (ii) it undergoes reversible topotactic reaction
with lithium [9] and (iii) it has a higher electrochemical activity
with the highest stability [10]. Also, V2O5 exhibits dual (anodic and
cathodic) electrochromism [1], but it has poor CE. One approach for
improving the CE of V2O5 films is through doping/mixing with other
oxides with high electrochromic performance. As many papers
reported, electrochromic metal oxide thin films ‘doped’ with other
oxides are superior to pure-oxide electrochromes in being more
robust than the constituents oxides alone [11].

MoO3 is one of the most studied electrochromic materials. It
offers higher CE, but have relatively lower electrochemical stability.
The interaction between V2O5 and MoO3 is unique because of the
similarities of ionic radii and the structure in their highest oxidation

state.

However, these applications depend on the techniques used
to grow the films and the performance linked with the crys-
tallinity and morphology of the films [12]. The V2O5 thin films
were prepared by different techniques such as rf-sputtering [13],

dx.doi.org/10.1016/j.matchemphys.2010.12.055
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
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the crystalline character of V2O5 and lead to amorphous nature,
favorable for electrochromic ion intercalation/deintercalation pro-
cesses. The calculated values of crystallite size by using the well
known Debey–Scherrer’s formula are 11, 10 and 9 nm for sample
VM1, VM2 and VM3, respectively.
12 C.E. Patil et al. / Materials Chem

c-magnetron sputtering [14], flash evaporation [15], etc. Sol–gel
echnique [16] and pulsed laser deposition [17]. However, the PSPT
ith relatively low cost and large area have been used for the first

ime to prepare this material.
In this study, we report the deposition of mixed V2O5–MoO3

hin films and their electrochromic properties. The purpose of this
ork was to enhance the coloration efficiency, charge capacity and

educe the cost of V2O5 by doping appropriate ratio of MoO3.

. Experimental

The MoO3 mixed V2O5 thin films were grown on FTO coated glass and soda-lime
lass substrates by using PSPT, patented by us [18]. It is a novel spray pyroly-
is technique that facilitates judicious control over preparative parameters. Films
eposited on glass substrates were used for structural and morphological charac-
erization whereas those deposited onto the FTO-coated glass substrates were used
or electrochromic characterization. The preparative parameters of V2O5 thin films
eposited using the PSPT has been reported by us [19]. In brief, the precursor solution
as sprayed on to the pre-heated glass substrates maintained at a desired substrate

emperature (400 ◦C) with compressed air, at the flow rate of 18 l min−1, was used
s a carrier gas. The nozzle to substrate distance was optimized at 22 cm. 20 ml of
he precursor solution used for the deposition of the films was prepared by adding
ollowing solutions in an appropriate ratio:

1) Solution A: VCl3 powder dissolved in methanol and 0.005 M solution was pre-
pared.

2) Solution B: pure MoO3 powder dissolved in ammonia and diluted with distilled
water at room temperature.

An adequate quantity of the solutions A and B were added and the final solution
20 ml) was pneumatically pulverized on the glass and FTO coated conducting glass
ubstrates heated at 400 ◦C. The 5%, 10% and 15% MoO3-mixed V2O5 samples were
eferred as (VM1), (VM2) and (VM3) respectively. V2O5 without MoO3 mixture is
enoted as (V0).

The thickness of the MoO3 mixed V2O5 thin films V0, VM1, VM2 and VM3

eposited at 400 ◦C was determined using fully computerized AMBIOS Make XP-
surface profiler with 1 Å vertical resolution and is found to be ∼132 nm, 320 nm,

39 nm and 368 nm, respectively.
The powder collected from the deposited film was characterized by infrared

IR) spectroscopy using the Perkin Elmer IR spectrometer model 783 in the spectral
ange 450–4000 cm−1. To record IR patterns, the pellet was prepared by mixing
Br with V2O5 powder, collected from a thin film, in the ratio 300:1 and then
ressing the pellet between two pieces of polished steel. The structural and mor-
hological characterizations were carried out using X-ray diffractometer (Philips
odel PW 3710) with Cu K� radiation (wavelength 1.5432 Å) and scanning elec-

ron microscopy (JEOL Model JSM-6360), respectively. The optical absorption and
ransmittance spectra were recorded using UV–vis spectrophotometer (Systronics

odel 119) in the wavelength range of 350–850 nm.
The electrochemical cell consists of a conventional three-electrode configura-

ion cell, in which the V2O5 thin film deposited on to FTO coated glass substrate
15–20 � cm−1), a graphite plate and a saturated calomel electrode (SCE) served
espectively as working electrode, counter electrode and the reference electrode. A
.5 M LiClO4 + PC was used as an electrolyte solution. The cyclic voltammetry (CV),
hronoamperometry (CA) and chronocoulometry (CC) experiments were carried out
sing a VersaStat-II (EG&G) potentiostat/galvanostat, controlled by M270 software.
ll the potentials were referred with respect to SCE.

. Results and discussion

.1. FT-IR study

The IR transmittance spectrum presents information about
hase composition as well as the way oxygen is bound to the
etal ions (M–O structure). The FT-IR transmittance spectrum of

he powder collected from the film in the range 450–4000 cm−1

s shown in Fig. 1. The spectrum comprises 11 stretching vibra-
ions at different wave numbers such as: (i) 588 cm−1, (ii) 769 cm−1,
iii) 940 cm−1, (iv) 1178 cm−1, (v) 1394 cm−1, (vi) 1461 cm−1, (vii)
633 cm−1, (viii) 1735 cm−1, (ix) 2861 cm−1, (x) 2928 cm−1 and (xi)

565 cm−1. The existence of (iii) and (iv) bands corresponds to the
tretching vibration of unshared V O bonds while bands appear at
i) and (ii) are attributed to the stretching vibration of Mo O bond.
he bands (vi), (vii) and (xi) indicate that a small amount of the
ater content.
Fig. 1. The IR spectrum of the MoO3–V2O5 thin film (VM3) deposited at 400 ◦C.

3.2. X-ray diffraction

The structural identification and changes in crystallinity of V2O5
thin films with the concentration of MoO3 were studied with XRD
technique. The XRD was carried out in the range of diffraction
angle 2� between 20◦ and 80◦. The XRD patterns of V2O5 thin
films doped with 5%, 10% and 15% MoO3 at 400 ◦C temperature
as shown in Fig. 2. It was found that with increase in percentage
of Mo the peaks belonging to tetragonal phase of V2O5 eventually
disappear and the (1 0 1) orthorhombic V2O5 phase is observed.
From the spectra, it is observed that the sample VM3 shows amor-
phous nature with a broad hump centered at 27 ◦C. For all the
samples, no reflections belonging to MoO3 were observed. As
mixing percentage of MoO3 increases the (1 0 1) peak intensity
decreases and finally this peak vanishes for VM3. For VM3 sample,
we observed the amorphous phase formation with no characteristic
peak for V2O5 and MoO3. The addition of MoO3 thus can rupture
Fig. 2. XRD spectra recorded for samples V0, VM1, VM2 and VM3 deposited at 400 ◦C.
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b) VM1, (c) VM2 and (d) VM3 deposited at 400 ◦C.
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Fig. 3. SEM micrograph for samples (a) V0, (

.3. SEM

V2O5 thin films were analyzed by SEM to determine the influ-
nce of the MoO3 concentration on the morphology. Fig. 3(a)–(d)
hows SEM images of V0, VM1, VM2 and VM3 samples. Changes in
he film morphology with the doping percentage were observed.

icro thread like reticulated morphology was observed with aver-
ge thread width from∼2 �m to 0.9 �m. Sample VM1 exhibits onset
f characteristic growth of MoO3 in fibrous reticulated network.
ample VM1 also shows few spherical grains of size varying from 2
o 3 �m on the surface. Sample VM2 shows decrease in the width of
ber. The fibers of width 1–2 �m and length several micrometers
ere observed for sample VM3.

.4. Optical studies

The optical absorption spectra for all samples were recorded in
avelength range of 350–850 nm at room temperature. In order to

onfirm the nature of optical transition in these samples, the optical
ata were analyzed using classical Eq. (1) [20]:

= ˛0(h� − Eg)n

h�
(1)

here Eg is the optical band gap energy, h� is the photon energy and

is the constant. For allowed direct transitions n = 1/2. The plots of

˛h�)2 against h� for all samples are shown in Fig. 4. The nature of
he plot suggests direct interband transition. The extrapolation of
traight-line portions to zero absorption coefficient (˛ = 0) leads to
he estimation of band gap energy values. These values are listed

able 1
arious electrochromic parameters calculated from electrochemical and iono-optical stu

Sample code Tb Tc Qi (mC cm−2) Qdi (mC cm−2) �OD Rever

V0 20 23 24 22 0.14 95.59
VM1 46.39 32.14 19.98 13.69 0.16 68.50
VM2 52.36 30.06 20.21 12.64 0.24 62.54
VM3 48.39 23.50 22.24 13.75 0.31 61.83
Fig. 4. Plot of (˛h�)2 versus (h�) of VM1, VM2 and VM3 samples.

in Table 1. It is noted that, the band gap energy increases from
2.85 eV (VM1 samples) to 2.91 eV with increase in MoO3 content.
The observed increase in the band gap can be attributed to quantum
confinement, in the disordered structure.
3.5. Electrochemical measurements

3.5.1. Cyclic voltammetry (CV)
The potential was cycled from +1.5 to −0.5 V (versus SCE) at

potential sweep rate 100 mV s−1 in 0.5 M (LiClO4 + PC). During the

dies of MoO3-mixed V2O5 thin films.

si bility (%) Coloration efficiency (cm2 C−1) Diffusion constant, D (cm2 s−1)

14.96 1.129 × 10−18

19.96 2.17 × 10−18

29.81 2.098 × 10−18

35.27 1.897 × 10−17
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Fig. 6. Plots of anodic and cathodic peak currents versus square root of scan rates
for V0, VM1, VM2 and VM3 samples.

resulting in coloration due to reduction of V5+ to V4+ and Mo6+ to
Mo5+ states. In the reverse scan, the intercalated charge is removed
from the film, resulting in bleaching due to oxidation of V4+ to V5+

and Mo5+ to Mo6+ states.

Table 2
Thickness, band gap and response time from CA are determined for MoO3-mixed
V2O5 thin films.

Sample ID Thickness, t (nm) Band gap, Eg (eV) Response time
Fig. 5. CV recorded for V0, VM1, VM2 and VM3 samples.

otential sweep the current resulting from ion intercalated and
eintercalated was recorded and the variation is shown in Fig. 5.
t the cathodic potential end (−0.5 V), the film is in the bleached
tate and at the anodic potential end (+1.5 V), it acquires colored
tate. The bleaching and coloration of MoO3–V2O5 thin films is
ssociated with intercalation and deintercalation of Li+ ions and
lectrons in the film. It is observed that, with increase in MoO3
oncentration the cathodic peak current density shifts from −347
o −484 �A cm−2. The increase in the area of voltammograms with
ncrease in MoO3 content suggests that the structure offers an easy

ay to diffusion and charge transfer process of ions. For all the
amples, diffusion constant is calculated using relation (2).

The diffusion of Li+ ions is calculated from Randles–Servcik
quation:

p = 2.72 × 105 × n3/2 × D1/2 × C0 × �1/2 (2)

here D is the diffusion coefficient, C0 is the concentration of active
ons in the solution, � is the scan rate, n is the number of electrons
ssumed to be 1 and ip is the peak current density.

With respect to increase in MoO3 content, the diffusion coeffi-
ient increases of the order of 10−18 cm2 s−1 as compared to pure
2O5 film. The diffusion coefficient depends on the conductivity

�) of diffusing ionic species (Li+), the nature of film (crystallinity,
orosity, hydration) and the electrolyte. The values of diffusion
oefficient calculated for all the samples are mentioned in Table 1.
ig. 6 shows variation of ip with respect to MoO3 content. With
ncrease in MoO3 content both ip increases. Linear variation of ip

ith root scan rate indicates that the cyclic process is diffusion
ontrolled.

.5.2. Chronoamperometry (CA)
Potential step experiments were carried out to determine the

inetics of reduced-oxidation reaction. The speed with which EC
evices can be switched from one state to another state is great

mportance for determining its application capability. Here, CA
ycling was performed on MoO3–V2O5 film between +0.5 V and
0.5 V versus SCE for 60 s and the resultant current–time response

or the sample V0, VM1, VM2 and VM3 is shown in Fig. 7.
From the current versus time transients, it is clearly observed

hat both coloration current (ic) and bleaching current (ib) following
he step was smooth and decreased continuously with time.
This decrease in current with time has been used to measure
he speed of EC response of MoO3–V2O5 oxide thin films. The col-
ration time (tc) and bleaching time (tb) were calculated from the
urrent time transients. From figure, it is observed that as MoO3
ontent increases the coloration-bleaching kinetics becomes eas-
Fig. 7. CA curves obtained for V0, VM1, VM2 and VM3 samples.

ier and faster. The response time for all the samples is calculated
from the CA plots and is reported in Table 2.

3.5.3. Chronocoulometry (CC)
To study Li+ ion intercalation–deintercalation process with

respect to time, chronocoulometry was carried out. Charges
intercalated–deintercalated versus time transients for all films at
±0.5 V (SCE) for a step of 60 s is shown in Fig. 8. In the forward
scan the charges are intercalated into the film by diffusion process,
tc (s) tb (s)

VM1 320 2.91 10.76 9
VM2 339 2.88 9 11
VM3 368 2.85 9 11
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Fig. 8. CC curves obtained for V0, VM1, VM2 and VM3 samples.

From CC curves, the amount of charge intercalated (Qi), amount
f charge deintercalated (Qdi) and hence residual charge (Qi − Qdi)
as been calculated. The electrochromic reversibility of the films
alculated as the ratio of charge deintercalated (Qdi) to charge
ntercalated (Qi). It is remarkably observed that, the reversibility
ecreases with MoO3 content increases.

.5.4. Iono-optical studies
Fig. 9 shows the transmittance spectra for all the samples in their

olored and bleached states were recorded in the wavelength range
f 350–1000 nm, at the room temperature. The optical absorption
y thin layer is described by the dimensionless quantity (˛t), which
s called as optical density (OD). The change in optical density (�OD)
nd CE are calculated using relation (3) and (4) respectively:

OD = ln
(

Tb

Tc

)
(3)

Fig. 9. Transmittance spectra (a) V0, (b) VM1, (c) VM2 and
nd Physics 126 (2011) 711–716 715

where Tb and Tc are the transmittance of the V2O5 films in its col-
ored and bleached states, respectively. The CE is defined as the
change in optical density per unit-inserted charge and it is calcu-
lated using relation (4):

CE = �OD

Qi
= ln[Tb/Tc]�=630 nm

q/A
(4)

where Qi is the amount of charge intercalated in the sample to cause
change in optical density, which was estimated by integrating the
area under the curve of current density versus time.

It has been observed that with increase in MoO3 content trans-
mittance modulation (�T) increases, which improves OD and hence
CE increases from 14.96 to 35.27 cm2 C−1. Various electrochromic
parameters derived from electrochemical characterization of spray
deposited MoO3-mixed V2O5 thin films are given in Table 1.

Hence, it is concluded that VM3 sample exhibits better elec-
trochromic properties by virtue of having greater MoO3 content.
Further experiment on increasing MoO3 content in V2O5 failed
due to the formation of powdery (inferior) quality films. There-
fore, 15% mixing of MoO3 is an optimum amount to yield better
electrochromic properties of V2O5 thin films, deposited by using
PSPT.

4. Conclusions

MoO3 mixing effects in electrochromic V2O5 thin films synthe-
sized using PSPT have been investigated. With increasing MoO3
content, the structure of V2O5 undergoes a phase transforma-
tion from tetragonal to orthorhombic with nano-sized grains. It
is observed that MoO3 mixing concentration induced local strain
effects are dominated in stabilizing structure. It is seen that MoO3-
mixing can lead to significant surface morphology changes in V2O5

films. The fibrous threads like morphology with decreasing width
are observed with increasing MoO3 content. It was found that the CE
increases and for sample VM3 exhibits best electrochromic proper-
ties (CE = 35.27 cm2 C−1). This enhancement in the CE is attributed
to the defects and disorder produced in the films due to MoO3

(d) VM3 samples in its colored and bleached state.
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ixing. Hence, we have successfully demonstrated formation of an
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amples.
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17] S. Beke, S. Giorgio, L. Kőrösi, L. Nánai, W. Marine, Thin Solid Films 516 (2008)

4659.
18] P.S. Patil, S.B. Sadale, An improved spray pyrolysis process for the preparation of
patent No 214163, 2008.
19] C.E. Patil, N.L. Tarwal, P.S. Shinde, H.P. Deshmukh, P.S. Patil, J. Phys. D: Appl.

Phys. 42 (2009) 025404.
20] I.M. Tsidilkovsk, Band Structure of Semiconductors, Pergamam Press, Oxford,

1982.


	Electrochromic performance of mixed V2O5–MoO3 thin films synthesized by pulsed spray pyrolysis technique
	Introduction
	Experimental
	Results and discussion
	FT-IR study
	X-ray diffraction
	SEM
	Optical studies
	Electrochemical measurements
	Cyclic voltammetry (CV)
	Chronoamperometry (CA)
	Chronocoulometry (CC)
	Iono-optical studies


	Conclusions
	Acknowledgements
	References


