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Abstract

Thin films of molybdenum oxide (MoO3) is one of the most interesting layered intercalation materials because of its excellent appli-
cation in solid state batteries, large-area window and display systems. In recent years there has been considerable interest in variable
transmittance electrochromic devices (ECD) based on Li+, H+ and K+ intercalation in transition metal oxide (MoO3) thin films. In
the present investigation, thin films of MoO3 were prepared by electron beam evaporation technique on microscopic glass and fluorine
doped tin oxide (FTO) coated glass substrates for the application in electrochromic device cells. The compositional stoichiometry of the
films was studied by X-ray photoelectron spectroscopy (XPS). The electrochromic nature of the films has been analyzed by inserting H+

ions from the H2SO4 electrolyte solution using the cyclic-voltammetry (CV) technique. We studied the electrochromic device cells (ECD)
incorporating an evaporated MoO3 thin films as electrochromic layers. The devices exhibit good optical properties with low transmit-
tance values in the colored state, which make them suitable for large-area window applications. The maximum coloration efficiency
of the cell was observed at about 70 cm2/C.
� 2005 Published by Elsevier B.V.
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1. Introduction

Electrochromism has been attracting a sustained interest
for the past two decades. Electochromism means to color
by electricity and this property can be found among several
organic and inorganic compounds [1,2]. Inorganic transi-
tion metal oxides exhibit electrochromism and can quite
easily be deposited as thin films. The electrochromic mate-
rial needs to be incorporated with supportive components,
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such as transparent electrical contacts and an ion conduct-
ing electrolyte, to provide electric currents. The electro-
chromic materials can be used in smart windows to
modulate the transmission of solar radiation; in car mirrors
to prevent glare during night driving; and, in information
displays.

Thin film of molybdenum oxide (MoO3) is one of the
transition metal oxides which has received much attention
in recent years due to its important technological applica-
tions, such as, smart windows, electrochromic devices,
solid state microbatteries and display panels [1,2]. In recent
years, orthorhombic molybdenum oxide (a-MoO3) has
become an important starting compound in making many
advanced materials. Such derivatives have been widely used
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as charge-density wave conductors, optical materials, dis-
play devices, catalysis, intercalated materials for ion
exchange and batteries [3]. The phenomenon of electro-
chromism was observed by the application of external
potential between the working electrode and electrolyte
containing cationic species M+ ions (M+ = H+, K+ and
Li+) from the appropriate electrolyte solutions. The reduc-
tion in peak is associated with a deep coloration of the film
and the bleaching process is marked by the oxidation peak.
The coloration/bleaching process is reversible and gov-
erned by the double insertion/extraction of electrons and
M+ ions and the typical molybdenum bronze is formed
as follows [4]:

MoO3
BleachingðColorlessÞ

þ xMþ þ xe� () MxMoO3
ColoredðDeep blueÞ

ð1Þ

Before the electroreduction, the molybdenum oxide is a
light grey in hue, all molybdenum sites having identical oxi-
dation states of +IV. Reduction of MoO3 involves the elec-
tron transfer from an electrode MoVI (reduction) forms
some MoV centres, and the desired blue for the electro-
chrome is produced. Partial reduction introducing negative
charge requires charge compensation by cation insertion
(say of M+), with a fractional insertion coefficient x, to
form molybdenum ‘bronze’ ðMxMoV

x MoVI
ð1�xÞO3Þ (where

M = metal ion, i.e., H+, K+, Li+. . .) [2].
Electrochromic devices are of much interest in emerging

technology, especially, in large-area smart windows, which
are capable of varying the throughput of radiant energy
under the action of voltage pulses [1,2]. Electrochromic
glazings promise to be the next major advance in energy-
efficient window technology, helping to achieve the goal
of transforming windows and skylights from an energy lia-
bility in buildings to an energy source. The glazing can be
reversibly switched from clear to a transparent, colored
state by applying a low voltage, resulting in dynamically
controllable thermal and optical properties (‘‘smart win-
dows’’). The above processes can be achieved by attaching
a suitable molecule that is colorless in the oxidized state
and colored in the reduced state onto the surface of a col-
orless semiconducting electrochromic material (present
case, MoO3) on conducting glass (present case, FTO sub-
strates). When a sufficiently negative potential is applied,
electrons are injected from the conducting glass into the
conduction band of the semiconducting electrochromic
material and reduce the absorbed molecules. The reverse
process occurs when a positive potential is applied and
the molecules get bleached.

However, different techniques have been used for the
preparation of amorphous and crystalline electrochromic
MoO3 films, such as sputtering [5], chemical vapor deposi-
tion [6], spray pyrolysis [7]. The considerable differences in
deposition methods and conditions produce differences in
structural, optical, morphological, as well as in the electro-
chemical properties. The microstructure and morphology
play a significant role in the electrochromic intercalation
and deintercalation process [2]. By controlling these
parameters, one could design a material with optimal elec-
trochromic behaviour. This is an important factor in device
applications. In respect of these requirements, the electron
beam evaporation technique offers an excellent approach
to the deposition of device oriented MoO3 coating opti-
mized for commercial applications. In the present work
the electrochromic MoO3 films have been prepared by elec-
tron beam evaporation technique. The detailed description
for the preparation method of MoO3 films by electron
beam evaporation technique was reported in our earlier
work [8,9].

Indeed, the electrochemical analysis and electrochromic
device performance of MoO3 films may depend on its
structural nature, surface morphological behaviour, com-
positional stoichiometry and its optical performance.
Hence, in order to explore the device performance of
MoO3 films, the systematic characterization studies on
structural, surface morphological and optical properties
of electron beam evaporated MoO3 films have been studied
and reported [8,9]. In the present investigation, we extent
our studies to explore the compositional stoichiometry by
X-ray photoelectron spectroscopy (XPS) and electrochem-
ical analysis by cyclic voltammetry (CV). The CV studies
were performed by intercalating/deintercalating the H+

ions from H2SO4 electrolyte solutions. Shaoqin Liu et al.
[10] reported the electrochromic behaviour of MoO3 films
in H2SO4 electrolyte solution. The cyclic voltammetry of
MoO3 films in 0.3 M LiClO4 Æ PC electrolyte solution was
studied by Gesheva et al. [6]. The electrochromic device
performance of MoO3 films was also studied by construct-
ing the three electrode electrochromic device (ECD) cells.
The optical density (OD) and coloration efficiency (CE)
of the films in ECD cells were also evaluated with respect
to different substrate temperature and annealing tempe-
rature.

2. Experimental

The preparation of MoO3 thin films was carried out by
using the electron beam evaporation technique on micro-
scopic glass and fluorine doped tin oxide coated (FTO)
(Rsh � 15 X/sq) glass substrates. The target was a com-
pressed (palletized) MoO3 powder. These palletized
MoO3 targets were taken in a graphite crucible and heated
with 180� deflected resultant electron beam extracted from
the tungsten filament with an accelerating voltage of 5 kV
and power density of about 1.5 kW/cm2. The evaporation
was carried out in a pressure of about 1 · 10�5 mbar.
The most homogeneous distribution of MoO3 particles
on the substrate was gained by rotating the substrate
holder during the deposition. The depositions were carried
out at room temperature (30 �C, RT), 100 �C and 200 �C.
The room temperature prepared films were further
annealed at 200 �C and 300 �C for about one hour in vac-
uum environment.

The X-ray photoelectron spectroscopy (XPS) studies
were carried out by a VG Microtech Multilab ESCA
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3000 spectrometer with non-monochromotized MgKa X-
ray source (hm = 1253.6 eV). The electrochemical behav-
iour of the films was analyzed by the cyclic-voltammetry
technique using the EG&G Princeton applied research
potentiostat/galvanostat model 273A with EG&G interface
model 507. The analysis was performed in 0.05 M and
0.1 M H2SO4 electrolyte solution. The optical transmission
measurements were carried out by the Hitachi-3400 UV–
Vis–NIR spectrometer in the wavelength range from 300
to 2500 nm.

3. Results and discussion

The electrochemical performance of MoO3 films can be
mainly correlated with its structural and surface morpho-
logical properties. Hence, in order to explore the electro-
chromic device performance of MoO3 films, we have
systematically studied and reported [8,9] the influence of
substrate temperature and annealing temperature on struc-
tural and surface morphological properties of MoO3 films.
The X-ray diffraction pattern of MoO3 films deposited at
room temperature and 200 �C is shown in Fig. 1(a) and
(b), respectively [9]. It resulted that the films deposited at
Fig. 1. X-ray diffraction pattern of MoO3 films on glass substrate at
different substrate temperatures (a) Tsub = RT, (b) Tsub = 200 �C.

Fig. 2. Surface morphology of MoO3 films on glass substrate at different
substrate temperatures (a) Tsub = RT, (b) Tsub = 200 �C.
room temperature belongs to the amorphous nature and
the crystallinity of MoO3 films enhanced with increasing
substrate temperature. The films deposited at 200 �C shows
the crystalline nature, which clearly identified from the X-
ray diffraction pattern (Fig. 1(b)). Fig. 2(a) and (b) shows
the scanning electron microscopical images of MoO3 films
deposited on glass at room temperature and 200 �C, respec-
tively. This also confirmed the amorphous nature of the
film prepared at room temperature (Fig. 2(a)) and it trans-
formed into crystalline nature when the substrate was
increased (Fig. 2(b)) [9] to 200 �C.

3.1. Compositional analysis

In order to identify the compositional homogeneity,
material quality and stiochiometric nature of MoO3 films,
the compositional analysis was carried out by X-ray photo-
electron spectroscopy. The survey scan information of this
spectroscopic analysis is useful, particularly, in the identifi-
cation of the elements present at the film surface. The XPS
survey scan analysis of MoO3 films was carried out in the
binding energy (Eb) ranging between 0 and 1000 eV. All
measurements were made on MoO3 films deposited on
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glass substrates using MgKa X-ray source. Base pressure in
the analysis chamber was 4 · 10�10 Torr. Multichannel
detection system with nine channels was used to collect
the data. The overall energy resolution of the instrument
is better than 0.7 eV. The errors in all the Eb values are
within ±0.1 eV.

Fig. 3(a)–(d) shows the X-ray photoelectron spectros-
copy survey scan spectra of electron beam evaporated
MoO3 films on glass substrates at conditioned Tsub = RT,
Tsub = 100 �C, Tsub = 200 �C and Tanne = 300 �C, respec-
tively. From the spectra, no peaks were observed other
than the characteristic peaks of Mo and O, which infer
the compositional purity and quality of MoO3 films. There
are few reports [4,11,12] available for the X-ray photoelec-
tron spectroscopic characterization on the MoO3 films.
Based on these literatures, it can be said that the electro-
chromic mechanism of MoO3 films depends on the exis-
tence of different final states such as Mo6+ and Mo5+.
The core-level spectra of MoO3 films exhibit the character-
istic Mo-3d5/2 and Mo-3d3/2 doublet caused by spin–orbit
coupling [4]. The core-level spectra of molybdenum (Mo-
3d) and oxygen (O-1s) for the MoO3 films are shown in
Fig. 3. X-ray photoelectron spectroscopy survey scan of MoO3 films on
glass substrates at conditioned (a) Tsub = RT, (b) Tsub = 100 �C, (c)
Tsub = 200 �C and (d) Tanne = 300 �C.

Fig. 4. XPS core-level spectra of molybdenum (Mo-3d) for MoO3 films (a)
Tsub = RT, (b) Tsub = 100 �C, (c) Tsub = 200 �C and (d) Tanne = 300 �C.
Figs. 4(a)–(d) and 5(a)–(d), respectively. The characteristic
doublet peaks are observed at binding energies of 232.32
and 235.44 eV from the Mo-3d core-level spectra
(Fig. 4(a)–(d)). These doublet core-level binding energies
i.e., 232.32 eV and 235.44 eV correspond to Mo-3d5/2 and
Mo-3d3/2, respectively, which are due to the spin–orbit
splitting (Mo-3d) and are in good agreement with the val-
ues reported by the other workers for MoO3 films [4,13].
Hence, it reveals that the electron beam evaporated
MoO3 films pertaining the six valence molybdenum
(Mo6+). Julien et al. [12] also reported the core-level bind-
ing energies of Mo-3d5/2 and Mo-3d3/2 are 232.3 and
235.7 eV, respectively, for the flash evaporated MoO3 films.
The Mo-3d core-level spectrum of as-deposited MoO3 films
prepared at room temperature (Tsub = RT, Fig. 4(a)) is
broader and having lesser intensity than those of the as-
deposited films prepared at higher substrate temperatures
(i.e., Tsub = 100 �C and 200 �C—Fig. 4(b) and (c)) and
annealed films (Tanne = 300 �C—Fig. 4(d)). It is reasonable
to support that this broadening is due to the difference in
electrical environment around Mo site and also the amor-
phous nature of the films. The amorphous nature of RT
deposited MoO3 films is also evident from the structural



Fig. 5. XPS core-level spectra of oxygen (O-1s) for MoO3 films (a)
Tsub = RT, (b) Tsub = 100 �C, (c) Tsub = 200 �C and (d) Tanne = 300 �C.
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characterization. When we increased the substrate temper-
ature (i.e., Tsub = 100 �C—Fig. 4(b) and 200 �C—Fig. 4(c))
as well as the annealing temperature (Tsub = RT, Tanne =
300 �C, Fig. 4(d)), we obtained the well resolved and
sharper peaks, indicating an improvement in the film
crystallinity, which can also be correlated with our X-ray
diffraction studies [8,9].

Fig. 5(a)–(d) shows the characteristic core-level peak
position for the O-1s state of MoO3 films. From the spectra
the O-1s binding energy was found to be 530.83 eV, inde-
pendent of the temperatures, which is quite close to the
binding energy of the reported literature [4]. The areas of
the Mo (3d) and O (1s) peaks were used to determine the
concentrations of molybdenum and oxygen on the film sur-
face. The evaluated concentration of O and Mo and their
Table 1
X-ray photoelectron spectroscopic data of MoO3 films with respect to differen

Sample Binding energy (Eb) (eV)

Mo-3d5/2 Mo-3d3/2

MoO3/glass/Tsub RT 232.32 235.44
MoO3/glass/Tsub 100 �C 232.32 235.44
MoO3/glass/Tsub 200 �C 232.32 235.44
MoO3/glass/Tanne 300 �C 232.32 235.44
Literatures 232.67a 235.86a

232.30b 235.70b

a Ref. [4].
b Ref. [12].
corresponding core-level binding energies are summarized
in Table 1. The concentration of Mo and O in room tem-
perature prepared MoO3 films was found to be equal to
14.2% and 85.8%, respectively. But the concentration of
Mo and O was evaluated as 28% and 72% from the films
prepared at higher temperature of 200 �C. Thus, it enumer-
ated the optimized MoO3 films prepared in the present
work was formed to their stoichiometric formulation.
Table 1 clearly shows the decrease in concentration of oxy-
gen with increasing substrate and annealing temperatures,
which reconciled the formation of oxygen ion vacancies
in the films. This also causes slight decrease in optical
transmission and energy band gap of the films. Fig. 6(a)–
(b) also evident the decrease in optical energy band gap
(Eg) of MoO3 films with increasing substrate and annealing
temperatures, obtained from optical studies by UV–Vis–
NIR spectrophotometer [8,9]. These observations of our
earlier work are providing the supportive evidence and cor-
relating well with the results obtained in the present work.

3.2. (a) Electrochemical analysis

The electrochromic properties of MoO3 films were stud-
ied by intercalating/deintercalating H+ ions using three
electrode electrochemical cell containing H2SO4 (0.05 M
and 0.1 M) electrolyte solutions. The optimized MoO3

films on FTO substrates were used as the working elec-
trodes. The platinum wire and saturated calomel electrode
(SCE) were used instead of the counter and reference elec-
trodes, respectively. The process of ion intercalation and
deintercalation was noted during the cycling of different
sweep rates such as 100, 200 and 300 mV/s. The currents
resulting from these scan rates were measured during both
the ion intercalation and deintercalation processes denoted
as cathodic spike current (ipc) and anodic peak current
(ipa), respectively. During the intercalation of these ions
i.e., in the negative potential of the scan, the films have
changed their colors into dark blue and return to their ori-
ginal color in the positive potential i.e., while the deinterca-
lation of ions. All the samples were stable throughout the
scan rates and also upto 1 · 103 cycles of coloration/
bleaching. Hence, these observations of reaction mecha-
nism and also the coloration M bleaching behaviour of
MoO3 films confirmed their perfect electrochemical proper-
t substrate and annealing temperatures

Atomic concentration (%)

O-1s Mo O

530.83 14.2 85.8
530.83 25.1 74.9
530.83 28.0 72.0
530.83 25.9 74.1
530.61a – –
530.00b – –



Fig. 6. Variation of energy band gap, Eg of MoO3 films, (a) with respect
to substrate temperatures and (b) with respect to annealing temperatures.
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ties and also the suitability in low cost electrochromic
devices.

The cyclic voltammograms of MoO3 films deposited on
FTO substrates at different temperatures like Tsub = 30 �C
(RT), Tsub = 100 �C, Tsub = 200 �C, Tanne = 200 �C and
Tanne = 300 �C, cycled in 0.05 M H2SO4 electrolyte solu-
tion are shown in Fig. 7(a)–(e), respectively. The CV
diagrams of MoO3 films recorded in 0.1 M H2SO4 electro-
lyte are shown in Fig. 8(a)–(e). These voltammograms were
recorded in the potential range between �1.2 and +1.2
VSCE. The voltammograms clearly show all the samples
are having better reversibility and reproducibility in their
electrochemical analysis.

The diffusion coefficients of ions during intercalation
and deintercalation can be calculated by employing the
Randles–Servcik equation [1]

ip ¼ 2:72� 105n
3
2D

1
2C0t

1
2; ð2Þ

where D is the diffusion coefficient of M+ ions (in the present
case M+ = H+), t is the scan rate, n is the number of elec-
trons and it is assumed to be 1, C0 is the concentration of ac-
tive ions in the electrolyte solution and ip is the peak current
(both anodic ipa and cathodic ipc). The extracted electro-
chemical parameters from these CV diagrams are given in
Tables 2 and 3. The calculated diffusion coefficients of H+

ions ðDHþÞ in 0.05 M H2SO4 solution, are 7.78 · 10�12–
1.65 · 10�7 cm2/s. The D value has been evaluated for the
range of 2.67 · 10�13–1.04 · 10�7 cm2/s in 0.1 M H2SO4

electrolyte solutions. From electrochromic characterization
of MoO3 films using the three electrode electrochemical cell,
it is observed that the performance of anodic peak and
cathodic spike current improved with the increasing scan
rate values. The electrochemical stability and reproducibil-
ity of the films are good throughout the experiments. The
electrochemical process is still active for higher temperature
prepared films. But the magnitude of both ipa and ipc and
also the performance of electrochromic nature are slightly
less in the films produced at higher substrate and annealing
temperatures than the room temperature prepared films.

3.3. (b) Studies on electrochromic device (ECD) cells

The extensive electrochemical performance of the films
was studied in ECD cells. The schematic inset of ECD cells
is shown in Fig. 9. Typical electrochromic devices consist of
the following: the working electrode (WE) was the FTO
bearing the electrochromic film, while the counter electrode
(CE) was the other FTO plate. Platinum wire acted as a
pseudo-reference electrode (RE) and was placed in equidis-
tant between the CE and WE. For coloring, an external
voltage is applied. Electrons are injected into the electro-
chromic layer from the FTO and cations, i.e., M+ from
the electrolyte. The reverse happens for the bleaching pro-
cess. The electron-transfer reaction occurs within thin films
of electrochromic oxide (MoO3) sandwiched between a
transparent electrode of fluorine doped tin oxide (FTO)
coated glass substrates and an electrolyte, which allows
for ready conduction of the M+ions (H+ or K+ or Li+)
needed for charge balance in solid-solution electrodes; this
arrangement with protons for M+, can be expressed as

FTO = EC = electrolyte = FTO

The simple and clear illustrations of the electrochromic
devices are shown schematically in the literatures [14–16].

The change in optical transmittance of the colored and
bleached films was studied by using Hitachi-3400 UV–
Vis–NIR spectrophotometer. In order to observe the
changes in optical transmittance spectra of colored and
bleached films as a function of substrate and annealing
temperatures, the optical density (ODk) was evaluated.
The coloration efficiency (CE) is also one of the very
important parameters in electrochromic devices to identify
the electrochemical performance of the films.

Optical density (OD) of the films was calculated from
transmittance spectrophotometry [17] by

ODk ¼ log
T 0k

T xk

� �
; ð3Þ



Fig. 7. Cyclic voltammograms of MoO3 films prepared at different conditions, cycled in 0.05 M H2SO4 electrolyte solutions, (a) Tsub = RT, (b)
Tsub = 100 �C, (c) Tsub = 200 �C, (d) Tanne = 200 �C and (e) Tanne = 300 �C.
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where T0k is the reference transmittance and Txk is the mea-
sured transmittance. We choose the reference transmit-
tance as the bleached state then the expression for optical
density is [18]

ODk ¼ log
T bk

T ck

� �
; ð4Þ

where Tbk is the bleached transmittance at wavelength k
and Tck is the colored transmittance at wavelength k.

The coloration efficiency (CE) is defined by
CE ¼ OD

Qin

; ð5Þ

where OD is the optical density given by Eq. (4) and Qin

(mC/cm2) is the charge injected during the coloration cycle.
The optimized MoO3 films deposited on fluorine doped

tin oxide coated glass substrates by electron beam evapora-
tion technique have been employed as working electrodes
in the electrochromic devices. The electrochromic perfor-
mance of MoO3 films prepared at conditioned Tsub = RT,



Fig. 8. Cyclic voltammograms of MoO3 films prepared at different conditions, cycled in 0.1 M H2SO4 electrolyte solutions, (a) Tsub = RT, (b)
Tsub = 100 �C, (c) Tsub = 200 �C, (d) Tanne = 200 �C and (e) Tanne = 300 �C.
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Tsub = 200 �C and Tanne = 300 �C, was studied in the ECD
cells. The optical transparency of these films was studied
for their coloration and bleaching process cycled in 0.1 M
H2SO4 electrolyte solutions. To color the MoO3 films, an
external potential was applied across the platinum elec-
trode and the transparent FTO electrode on which the films
were deposited, in an electrolyte solution. By applying the
electric field, electrons from the liquid electrolyte are simul-
taneously injected into the MoO3 films, and the films turns
to blue in color.
The optical transmittance spectra of MoO3 films pre-
pared at Tsub = RT, 200 �C and Tanne = 300 �C, cycled in
0.1 M H2SO4 electrolyte solution are shown in the
Fig. 10(a)–(c), respectively. From the colored and bleached
states, it is observed that all the films show good electro-
chromic coloration. The higher optical modulation was
observed in the visible range of the spectra; whereas the
lower optical modulation was observed in the infrared
range, which enumerated the suitability of these films in
electrochromic device and smart window applications.



Table 2
Electrochemical parameters of MoO3 films associated with intercalation/deintercalation of H+ ions cycled in 0.05 M H2SO4 electrolyte solution

Sample Scan rate,
t (mV/s)

Cathodic spike current,
ipc (mA)

Anodic peak current,
ipa (mA)

Diffusion coefficient,
D (cm2/s)

For ipc For ipa

MoO3/RT 100 17.5 6.8 1.65 · 10�7 2.50 · 10�8

200 20.0 14.9 1.08 · 10�7 6.00 · 10�8

300 27.7 16.8 1.38 · 10�7 5.08 · 10�8

MoO3/100 �C 100 16.4 0.87 1.45 · 10�7 4.09 · 10�10

200 17.8 1.75 8.56 · 10�8 8.27 · 10�10

300 18.8 2.75 6.36 · 10�8 1.36 · 10�9

MoO3/200 �C 100 4.4 1.4 1.04 · 10�8 1.16 · 10�9

200 4.8 1.6 6.22 · 10�9 7.00 · 10�10

300 6.0 1.7 6.48 · 10�9 5.71 · 10�10

MoO3/RT/Tanne: 200 �C 100 12.3 2.8 8.27 · 10�8 4.39 · 10�9

200 15.1 3.5 6.19 · 10�8 3.44 · 10�9

300 19.4 4.4 6.83 · 10�8 3.61 · 10�9

MoO3/RT/Tanne: 300 �C 100 3.1 0.1 5.50 · 10�9 7.78 · 10�12

200 3.8 0.3 3.92 · 10�9 3.70 · 10�11

300 4.6 0.5 3.94 · 10�9 5.65 · 10�11

Table 3
Electrochemical parameters of MoO3 films associated with intercalation and deintercalation of H+ ions cycled in 0.1 M H2SO4 electrolyte solution

Sample Scan rate,
t (mV/s)

Cathodic spike current,
ipc (mA)

Anodic peak current,
ipa (mA)

Diffusion coefficient,
D (cm2/s)

For ipc For ipa

MoO3/RT 100 27.8 4.20 1.04 · 10�7 2.38 · 10�9

200 34.2 7.10 7.90 · 10�8 3.40 · 10�9

300 38.9 8.50 6.81 · 10�8 3.25 · 10�9

MoO3/100 �C 100 14.3 2.27 2.76 · 10�8 6.96 · 10�10

200 24.5 6.80 4.05 · 10�8 3.12 · 10�10

300 25.9 7.70 3.02 · 10�8 2.67 · 10�13

MoO3/200 �C 100 8.0 0.33 8.65 · 10�9 1.47 · 10�11

200 13.5 0.83 1.23 · 10�8 4.65 · 10�11

300 24.0 1.66 2.59 · 10�8 1.24 · 10�10

MoO3/RT/Tanne: 200 �C 100 6.1 0.87 5.02 · 10�9 1.02 · 10�10

200 7.0 1.60 3.31 · 10�9 1.73 · 10�10

300 9.3 2.50 3.89 · 10�9 2.81 · 10�10

MoO3/RT/Tanne: 300 �C 100 5.0 0.18 3.37 · 10�9 4.37 · 10�12

200 7.2 0.45 3.57 · 10�9 1.36 · 10�11

300 8.4 2.10 3.17 · 10�9 1.98 · 10�10

Fig. 9. Schematic inset of electrochromic device (ECD) cells.
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However, the films produced at 200 �C exhibit a lower
transmission range in the visible region compared to the
film deposited at Tsub = RT (30 �C). The annealed films
(Tanne = 300 �C) also show the lower range in their visible
region. The optical density (OD) and coloration efficiency
(CE) of the films were calculated at the wavelength range
of about 633 nm and 1033 nm. Table 4 clearly illustrates
the magnitudes of optical density and coloration efficiency
associated with the Fig. 10. The corresponding graphical
representation of the evaluated optical density and colora-
tion efficiency of MoO3 films is shown in Fig. 11. The eval-
uated optical density of MoO3 films lies in the range
between 0.26 and 0.56, whereas the coloration efficiency
is 44 and 70 cm2/C. The films produced at lower substrate



Fig. 10. Optical transmittance spectra of MoO3 films in ECD cells, cycled
in 0.1 M H2SO4 electrolyte solutions, (a) Tsub = RT, (b) Tsub = 200 �C and
(c) Tanne = 300 �C.

Fig. 11. Variation of the electrochromic device parameters of MoO3 films
with respect to substrate and annealing temperatures in 0.1 M H2SO4

electrolyte solutions, (a) optical density (OD), (b) coloration efficiency
(CE).
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temperature (i.e., Tsub = RT) have higher coloration effi-
ciency in the visible region (k � 633 nm) than those
obtained for the films produced at higher substrate temper-
ature (Tsub = 200 �C) and annealing temperature (Tanne =
300 �C). But, in the case of IR range (k � 1033 nm); the
CE of MoO3 films deposited at 200 �C is higher than the
room temperature prepared films.

However, the literatures also infer the lesser perfor-
mance of electrochromic behaviour for MoO3 films in its
Table 4
Evaluated ECD cell parameters of MoO3 films in 0.1 M H2SO4 electrolyte sol

Sample Optical density (OD)

at k � 633 nm at k � 1

MoO3/RT 0.41 0.46
MoO3/200 �C 0.26 0.41
MoO3/RT/Tanne: 300 �C 0.52 0.56
crystalline nature. Julien et al. [19,20] studied the Li+ ion
intercalation into MoO3 films made by flash evaporation
and their results showed DLiþ lies between 10�12 and
5 · 10�12 cm2/s. Patil and Patil [21] reported the H+ ion
intercalation from H2SO4 electrolyte solution into mixed
MoO3–WO3 films and their results show the DHþ lies in
the range of 10�10 cm2/s. Guylaine Laperriere et al. [11]
reported the coloration efficiency of MoO3 films decreases
with increasing annealing temperature. Guerfi et al. [4]
reported the coloration efficiency between 650 and
820 nm is equal to 41 cm2/C that can be linked to the mod-
erate deep blue color of the heated film at 260 �C. Kitao
ution

Coloration efficiency (CE) (cm2/C)

033 nm at k � 633 nm at k � 1033 nm

58 65
44 70
52 56
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and Yamada [22] evaluated the coloration efficiency of
MoO3 films at different wavelength ranges and their magni-
tudes are about 40–80 cm2/C.

Also, the observed cyclic voltammograms in the present
work are similar in shape to those of previously reported
for MoO3 [4,10,11,21]. Thus, the obtained performance
of electrochromic nature of MoO3 films in ECD cells is
supported with earlier studies, which reveals the suitability
of MoO3 films in electrochromic device applications.

4. Conclusions

Based on the requirements of device-based electrochro-
mic films, in the present investigation, thin films of molyb-
denum (MoO3) have been prepared onto microscopic glass
and fluorine doped tin oxide coated glass substrates by
electron beam evaporation technique. The X-ray photo-
electron spectroscopic analysis confirms the material purity
and compositional stoichiometry of MoO3 films. The
observed binding energies for Mo-3d5/2 and Mo-3d3/2

core-levels are well agreed with reported literatures, which
reveal the presence of six-valence molybdenum (Mo6+) in
the films.

It is observed from the electrochemical analysis and
ECD cell characterization, the performance of the films is
high in the room temperature prepared films. The reason
is that the lower substrate temperature minimizes the
extent of crystallinity and favours the amorphous nature
of the films. Hence, the amorphous films enhance the color-
ation efficiency. When the films turned to crystalline, the
extent of coloration would be slight because:

(i) it is difficult for the counter ions to enter the
crystallites;

(ii) difference in morphology: it is harder and therefore
slower for a counter ion to move through a more
dense film.

Hence it reveals that the coloration efficiency and elec-
trochemical performance of the films strongly depend on
the preparative conditions, substrate temperature and
annealing temperatures.

In conclusion, our results indicate the MoO3 films pre-
pared in the present work have good electrochromism
and a better reversibility in their electrochromic colora-
tion–decoloration process. Also it could be observed that
the electron beam evaporation technique can produce
device quality electrochromic oxide films, which are useful
for electrochromic device applications. Hence our result
presented in this paper support the idea of using the
MoO3 films as the good aesthetic materials in electrochro-
mic windows.
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