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The effects of molybdenum [Mo] doping on the electrochromic behavior of spray pyrolised tungsten
trioxide [WOs] thin films have been studied. It has been observed that the color-bleaching kinetics,
coloration efficiency, and stability of electrochromic WO3 films are closely related to molybdenum doping
concentration, apart from their microstructure and crystallinity. While a nominal 6.0 at.% molybdenum

doping produces best electrochromic response in WOs films, the electrochemical stability is highest when
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the nominal concentration of molybdenum is about 2.0 at.%. The improved electrochromic behavior of
the Mo doped WOs films has been explained from the improved H* ion diffusion coefficient in the films
during coloration and decoloration process.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Electrochromic behaviors of tungsten trioxide [WOs] thin films
have been studied extensively for last 30 years due to their poten-
tial applications in display devices [1-5], rear view windows and
“smart windows”. The electrochromism is the process of changing
transmittance and/or reflectance caused by an externally applied
voltage, which is believed to occur through a reversible electron
and cation intercalation, and for the case of WO3 can be expressed
as:

WOs(transparent)+nM™' +ne~ < M, WO3(blue) @))]

where M* is usually a hydrogen ion, or other cation like Li*, Na*.
For most display applications, it is necessary that the formation
of intercalated M,WO3 and its deintercalation/oxidation to form
WO3 occur very fast. While the rate of intercalation or coloration
under applied electric field is controlled by the charge transfer
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at the WO3-electrolyte interface, the bleaching or decoloration is
controlled by the diffusion of proton in the WOs. Therefore, the col-
oration kinetics of WO5 thin films depend largely on their carrier
concentration and mobility of the inserted ions, which indirectly
depends on the texture, crystallinity, defect structures and impurity
contents of the thin films.

A large variety of deposition techniques like thermal evapo-
ration [6], sputtering [7], chemical vapor deposition [8], solution
thermolysis [9], electrochemical [10], and spray pyrolisis [11-14]
have been utilized to obtain WO;3 thin films with different
morphologies, crystallinity and compositions. To enhance the elec-
trochromic efficiency through transitions between two kinds of
metal sites, efforts have also been made to fabricated thin films
of selective mixed oxides semiconductors, based on their EC per-
formance [15-17]. The electrochromic efficiency of WO3 thin films
can also be modified by doping suitable metal ions with higher elec-
tronegativity or lower oxidizing capability than W ions. Doping of
such material in electrochromic host lattice is expected to bene-
fit the coloration efficiency and durability of the host, extending
the switching potential range, and enhancing the reaction kinet-
ics. Bathe and Patil [ 18] have studied the influence of niobium [Nb]
doping on the electrochromic properties of WO5 thin films. It has
been observed that though the incorporation of Nb up to 2.0 at.%
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Fig. 1. XRD patterns of the undoped and Mo doped WOs thin films deposited over

FTO coated glass substrates at 500 °C. The standard peak positions of WO3 (JCPDS #
05-0363) and SnO, (JCPDS # 21-1250) are given at the bottom.

increases the charge capacity, reversibility and stability of the WO3
thin films, their coloration efficiency decreases with the increase
of Nb concentration. Though several elements like titanium [Ti],
nickel [Ni], iron [Fe], vanadium [V], and molybdenum [Mo] have
beentried to incorporate into WOs thin film matrix [19-21], consid-
erable improvement of its electrochromic behavior has only been
observed for Ti doping [22]. On the other hand, doped and undoped
nanostructured WOs5 thin films have been efficiently utilized for
photo-oxidation of water [23].

In the present work we report on the fabrication of nanostruc-
tured WOs thin solid films doped with different amounts of Mo by
spray pyrolisis technique and their electrochromic behaviors. It has
been demonstrated that the electrochromic characteristics like col-
oration efficiency, reversibility, and stability of WO3 thin films can
be improved by Mo doping in between 2.0 and 6.0 at.% (nominal).

2. Experimental details

2.1. Fabrication of molybdenum doped tungsten trioxide
[WO3:Mo] thin solid films

Spray pyrolisis technique was utilized to fabricate the doped
and undoped WO3 thin films. The WO3 films were deposited on
FTO/glass substrates utilizing a home-made device, based on the
design reported by Castafieda et al. [24].

For depositing the FTO coatings over soda lime glass sub-
strates, the same spray pyrolisis system was utilized. Ethanol
([C;H50H], Sigma-Aldrich) solution (0.2M) of tin(IV) chloride
([SnCly4], Sigma-Aldrich), and aqueous solution of ammonium flu-
oride ([NH4]F, Sigma-Aldrich) utilized as precursor solutions, were
sprayed over soda lime glass substrates (2.54 cm x 2.54 cm) main-
tained at about 450 °C. The atomic ratio of fluorine and tin [F]/[Sn]
in the precursor mixture was maintained 0.5. Estimated sheet
resistances of the deposited FTO coatings were in between 7 and
10 ©2/square.

The molybdenum doped tungsten trioxide [WO3:Mo] thin films
were obtained from a starting solution containing tungsten(VI)
chloride ([WClg], Sigma-Aldrich, 99.9%) dissolved in dimethylfor-
mamide ([HCON(CH3),], Baker, 99.9%) with a molar concentration
of 0.15M. Molybdenum(VI) oxychloride ([M0oO,Cl,], Alfa Aesar)
was used as the dopant source. The nominal content of Mo in the
thin films was varied from 2 to 10 at.% by adding different amounts
of molybdenum(VI) oxychloride into the precursor solution. The
final pH of the precursor solutions remained in between 4.0
and 5.0.

The soda lime glass substrates (2.54 cm x 2.54 cm) were ultra-
sonically cleaned with trichloroethylene (|C;HCls ], Baker), acetone
([CH3COCH3], Baker), methyl alcohol ([CH30H], Baker) sequen-
tially, and dried under nitrogen flow. The substrates were then
placed on a fused tin bath, maintained at 500 °C (£0.5 °C). The pre-
cursor solution was then sprayed over the substrates at the rate of
12 mlmin—! using filtered atmospheric air as carrier gas (8 Imin—1).
The deposition was carried out for about 7.5 min.

2.2. Characterization of WO3:Mo thin films

Thicknesses of the deposited thin films estimated using a sur-
face profilometer (Tencor, model P15, resolution=0.15 nm) varied
in between 480 and 520 nm. Optical transmittance (T) spectra of
the films were recorded through an Agilent HP 8453 UV-visible
spectrometer, using an uncoated FTO/glass substrate as refer-
ence. CuKa (A=1.5406 A) radiation of an AXS D8 advanced X-ray
diffractometer operating in the Bragg-Brentano geometry was used
for recording the X-ray diffraction (XRD) patterns of the samples. A
JEOL-5600 LV scanning electron microscope (SEM) attached with a
Noran analytical system was used for morphological and composi-
tion evaluation of the thin films. A JEOL-100 CX, and a JEOL 2010-F
field emission transmission electron microscope (TEM) were used
for recording the low and high resolution TEM images of the sam-
ples, respectively. Electrochromic behaviors of the WO3 and Mo
doped WOs5 thin films were studied in a potentiostat/galvanostat
(GillAC system) using a three electrodes electrochemical cell, using
0.001 M sulfuric acid ([H,SO4], Baker) solution (aqueous) as elec-
trolyte. Platinum wires were used as pseudo reference and counter
electrodes.

3. Results and discussion
3.1. Structural properties

X-ray diffraction patterns of the doped and undoped WOs3
thin films deposited on FTO/glass substrate are shown in Fig. 1.
The diffraction patterns revealed several peaks related to WO3
apart from the peaks arising from the FTO on the substrate. There
appeared no diffraction peak related to molybdenum or its trioxide
for the Mo doped WOs5 thin films. Intensity of the diffraction peaks
associated to WO3 increased with the increase of Mo concentration
up to 8.0 at.% (nominal). However, for 10.0 at.% of Mo, the intensity
of the diffraction peaks decreased. All the diffraction peaks could
be indexed (Fig. 1) to the monoclinic phase of WO3 (JCPDS # 05-
0363). Appearance of sharp diffraction peak at about 26 =23.14°
(d=3.84A) for all the samples indicates a preferred orientation of
the crystallites along the c-axis.

Average crystallite size of the thin films was estimated using the
(200) peak of their XRD spectra using the Debye-Scherer formula
[25]:

_ 0.91
"~ Bcos @

where D is the crystallite size, A is the wavelength of the incident
radiation (CuKa line), 0 is the Bragg angle and B is the FWHM of
the diffraction peak measured in radians. Estimated crystallite size
values for the doped and undoped thin films are listed in Table 1. As
can be seen, the crystallite size of the WO3:Mo thin films increases
from 9.3 (£0.6) nm to 14.9 (+0.6) nm as the doping concentration
in the solution increases from 0.0 to 10.0 at.%.

(2)

3.2. Scanning electron microscopy studies

Fig. 2 presents the typical SEM micrographs of the thin films
doped with different concentrations of Mo. Formation of films with
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Fig. 2. Typical SEM images of the: (a) undoped, (b) 2.0 at.% Mo, (c) 6.0 at.% Mo, and (d) 10.0 at.% Mo doped WOs thin solid films prepared by spray pyrolisis.

nanometer particles with sizes running from 80 to 350 nm is clear
from the micrographs. All the films look regular, dense and com-
pact without void or inter grains spacing. Most of the particles in
the samples are well faceted crystallites. On incorporating Mo at
nominal 2.0 and 6.0 at.%, the size of the crystalline grains increased.
However, incorporation of Mo at 10.0 at.% produced smoother thin
films with relatively smaller grain size. Therefore, the amount of Mo
in the starting solution affects the grain growth and hence the mor-
phology of the film surface. Energy dispersive spectroscopy (EDS)
analysis revealed that the concentrations of incorporated Mo in the
samples (Table 1) were much lower than their nominal concentra-
tions.

3.3. Transmission electron microscopic studies

Fig. 3(a-d) displays high resolution transmission electron
microscopy (HRTEM) images from pure and Mo doped WOs3 thin
films. For each Mo concentration, the left hand images corre-
spond to as-obtained HRTEM micrographs. The inverse fast Fourier
transform micrographs and the crystallographic analysis processed
using the Digital Micrograph software results are presented at
the middle and right columns respectively. The HRTEM images
revealed that all the samples consist of crystalline grains with
quite defined lattice planes. The inter-planer distance d between
the most frequently occurring lattice planes was estimated to be
0.376 nm. Even though in lesser frequencies, several other planes

Table 1

were also revealed in the HRTEM images of the samples, indicating
their polycrystalline nature. FFTs of the selected area HTEM images
of the samples revealed that most of the lattice planes are aligned
perpendicular to the [110] zone axis. The lattice planes [(001),
(200),(020),(021),(022),and (22 1)] revealed in the FFTs, corre-
spond well with the diffraction planes revealed in the XRD patterns
of the samples.

3.4. Optical properties

Fig. 4 shows the optical transmittance spectra of the films in
300-850 nm spectral range at bleached condition. The film con-
taining 2 at.% of Mo revealed higher transmittance than the other
samples (inset, Fig. 4). On increasing the Mo concentration further,
the film transmittance decreased, as has been seen by Gesheva
et al. [26]. Absorption coefficients at different wavelengths were
calculated from the transmittance spectra using the relation:

1

“= 51/ ?

where § was the thickness of the film. The absorption coefficient
of a direct band gap semiconductor like WO3 follows the relation
[27]:

(hv — Eg)"/?

a=k hv

(4)

EDS composition and average crystallite size values in the W05 films doped with different Mo concentrations.

Nominal dopant concentration (at.%) Crystallite size (nm) + 0.5nm

EDS composition (at.%)

w [0} Mo
0 09.3 235 76.5 0.0
2 07.5 19.2 80.4 0.4
6 12.2 21.7 77.7 0.6
10 149 19.2 79.9 0.9
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Fig. 3. Typical high resolution TEM micrographs of the: (a) undoped, (b) 2.0at.% Mo, (c) 6.0 at.% Mo, and (d) 10.0 at.%» Mo doped WOs thin films. Amplified images of the
corresponding selected area and their FFTs are presented in the middle and right columns, respectively.

where k is a constant, Eg is the band gap energy of the semiconduc-
tor, and n is a constant, equal to 1 for direct transition. The band
gap energy values for the doped and undoped films were estimated
from the (ahv)? vs. photon energy (hv) plots as shown in Fig. 4. The
band gap energy of the samples varied from 3.38 to 3.49eV. As
has been reported by Deb [28], the band gap energy of WO3 films
can vary from 3.27 to 3.65eV depending on their crystallinity. As
has been observed from the XRD patterns of our WOs thin films
(Fig. 1), they are polycrystalline in nature. On 2.0 at.% Mo doping,
the band gap of the films increased to about 3.49eV (+0.06eV).
On increasing the Mo concentration further, the band gap energy
of the films decreased and finally reached to the band gap energy
value of the undoped film (3.38 £ 0.05eV) for 10at.% Mo doping.
Patil and Patil [29] have a band gap value of 2.76 eV for their spray
pyrolised MoO3-WOs thin films. On the other hand, Ivanova et al.
[17] have reported the band gap energy of about 3.23 eV for similar
films deposited by CVD technique.

3.5. Cyclic voltammetry (C-V)

As has been mentioned in the experimental section, the elec-
trochemical behavior of the thin film samples was studied in an
electrochemical shell with three electrode arrangement. In the cell,
the metal oxide thin film served as working electrode and two plat-
inum wires were used as standard and counter electrodes. During
the potential sweep, the current resulting from ion intercalation
and deintercalation is measured. The potential sweep was per-
formed in between —800mV and +1200 mV. Depending on the
dopant concentration and number of cycles, a cathodic scan below
—800mV caused the films to turn blue, and an anodic scan above
—550mV resulting them to turn transparent. It has been observed
that the intercalation and deintercalation process in the films occur
at different potentials depending on the Mo concentration in them.
The cyclovoltammertic curves show distinct cathodic and anodic
peaks as a result of insertion and extraction of H" ions in/out the
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Fig.4. The (ahv)? vs. hv plots derived from the optical transmittance spectra (inset)
of the Mo doped and undoped WOs thin films. Variation of optical band gap on Mo
doping is clear from the linear extrapolations of the (ahv)? vs. hv plots to the energy
axis.

film structure. On the other hand, the coloration and decoloration
potentials for a particular film vary from cycle to cycle. As can be
seen from Fig. 5, on increasing the Mo concentration in the films,
while the cathodic/insertion peak moves to higher potential, the
anodic/extraction peak moves to a lower potential, which indicates
that the changes from colored to bleach state and vice versa are
faster for the W03 films doped with Mo. The bleaching reversibil-
ity of all the films was good up to 1000th cycles at 2.0 at.% of Mo
in W03 films. Increasing substantially the cycles (2000th cycles)
the current-voltage curve is flatted (see Fig. 5a) and it become
difficult to distinguish between simple charge transfer. Indeed,
the shape of the cyclic voltammetric curves depends strongly on

2603

the values the kinetic parameters of the system. When the Mo
concentration increased to 6.0 at.%, the coloration and bleaching
transition of the WOs films increased with respect to 2.0 at.%. This
effectisrelated with theionintercalation and deintercalation trans-
port. However, we have observed a current anomaly at 1000th
cycles, i.e., the current value increased four times with respect to
another cycles, see Fig. 5b. At 10.0 at.% of nominal Mo concentra-
tion, the cyclic voltammograms have the same behavior as that of
2.0 at.%, except that the flatted current-voltage curve was found
at 1000th cycles (see Fig. 5c). In Tables 2-4, the electrochemi-
cal parameters such as cathodic peak voltage (Vpc), anodic peak
voltage (Vpq), maximum cathodic current (ic), maximum anodic
current (ig) and the coefficient effective diffusion. For the doped and
undoped samples at different cycles of cyclic voltammograms are
presented.

The coloration and bleaching processes of WO3 films are
associated with the intercalation (insertion) and deintercalation
(extraction) of H* ions and electrons, which depend on the mobility
of H* ions in the films. The mobility of the H* ions in the film also
depends strongly on the density of the film; its degree of poros-
ity, and surface characteristics. To estimate the mobility of H" ions
in our thin films, its diffusion coefficients into the Mo doped and
undoped WOs5 films are estimated using the Randle-Sevcik equa-
tion [30]:

ip =2.72 x 10°n3/2 D12 Cov'/? (5)

where D is the diffusion coefficient, Co is the concentration of
active ions in the electrolyte solution, v is the scan rate, n is
the number of electrons transferred in the redox event which is
assumed to be 1, i is the peak current density (is, anodic peak cur-
rent density; ic, cathodic peak current density). By substituting all
the values, for the used scan rate of 60 mV/s, the diffusion coeffi-
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Fig. 5. Voltammograms of the undoped, 2.0 at.% Mo doped, 6.0 at.% Mo doped, and 10.0 at.% Mo doped WOs thin films at different voltammetric cycles. Observed reduction

points for the samples are shown by arrows.
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Fig. 6. Comparative voltammograms of the Mo doped and undoped WO samples at their (a) 100th, (b) 1000th, and (c) 2000th voltammetric cycles.
Table 2
Electrochemical parameters and H* ion diffusion coefficients in the undoped and Mo doped WOs thin films evaluated at their 100th voltammetric cycle.
Nominal doping Mo (at.%) Vpe (mV) ic (mA) Dinsert Vpa (MV) iq (MA) Dextract
(cm2s~1)+10% (cm2s~1)+10%
0 —1200 —0.1647 4,07 x 1012 265.6 0.0779 9.11x10° 13
2 -900 —0.4440 296 x 1011 —345.2 0.0774 8.99x 10713
6 —800 —0.6479 6.30x 1011 —-394.3 0.2069 6.43 x 1012
10 —700 —-0.3612 1.96 x 1011 —328.5 0.1286 2.48 x 1012

Vpe = cathodic peak voltage; ic=cathodic peak current; Djser =insertion diffusion coefficient calculated from C-V; V,,=anodic peak voltage; i, =anodic peak current;
Dextract = €xtraction diffusion coefficient calculated from C-V.

Table 3
Electrochemical parameters and H* ion diffusion coefficients in the undoped and Mo doped WOs thin films evaluated at their 1000th voltammetric cycle.
Nominal doping Mo (at.%) Vpe (mV) ic (mA) Dinsert Vpa (MV) ig (MA) Dextract
(cm?s 1)+ 10% (cm?s 1)+ 10%
0 -1200 —0.3489 1.82x 10711 17.7 0.1446 3.14x 10712
2 -900 —0.5935 5.29x 10 -261.2 0.1321 2.62 x 10712
6 -800 -1.6479 4,08 x 10710 —314.1 0.4143 2.58 x 10°11
10 -700 —0.1662 4.15x 1011 —474.7 0.0356 1.90x 10°13

Vpe = cathodic peak voltage; i.=cathodic peak current; Djserc =insertion diffusion coefficient calculated from C-V; V,, =anodic peak voltage; i; =anodic peak current;
Dextract = €xtraction diffusion coefficient calculated from C-V.

Table 4

Electrochemical parameters and H* ion diffusion coefficients in the undoped and Mo doped WOs thin films evaluated at their 2000th voltammetric cycle.

Nominal doping Mo (at.%) Vpe (mV) ic (MA) Dinsert (cm2s~1)4+10% Vpa (mMV) ig (MA) Dextract (cm? s=1)+£10%
0 - - - _ _ -

2 -900 0.1941 5.66 x 1012 —234.7 0.0603 5.46 x 10713

6 —800 1.1098 1.85x 1010 -550.9 0.0148 329x 1014

10 - - - - -

CVpc =cathodic peak voltage; ic =cathodic peak current; Djysere =insertion diffusion coefficient calculated from C-V; Vy,

Dextract = extraction diffusion coefficient calculated from C-V.

=anodic peak voltage; i, =anodic peak current;
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cient of H* ions during insertion (Dj,ser¢) and extraction (Dextract)
were calculated (Tables 2-4), which, for our undoped WO3 films
were 4.07 x 10712cm?2/s and 9.11 x 10-13 cm?/s, respectively. In
general, these values for W03 thin films estimated through dif-
ferent techniques are found to vary in between 1 x 10-19cm?/s
and 2 x 1012 cm?/s [31,32]. The diffusion coefficient values esti-
mated for our undoped WO3 films are in agreement with values
reported by Batchelor et al. [32] and Randin et al. [33]. The diffu-
sion coefficient values obtained for our Mo doped WOj5 films were
also in agreement with the values reported by Patil et al. [9]. From
Tables 2-4, we can observe that both the insertion diffusion coef-
ficient (Djpstert) and extraction diffusion coefficient (Dextract) of H*
ions in our W03 films increased with Mo doping. However, this
trend changed when the voltammetric cycle reaches close to the
break-down point of the film. Comparative response of the Mo
doped and undoped WOs5 films at their 100th, 1000th, and 2000th
voltammetric cycles are presented in Fig. 6. As can be seen from the
figure, the WO5 film doped with 6.0 at.% of Mo presents best elec-
trochromic response, while the film doped with 2.0 at.% manifests
best electrochemical stability. Therefore, WO thin films nominally
doped with Mo in the range of 2.0-6.0 at.% are suitable for elec-
trochromic applications. As can be seen from Fig. 5, even for the
same scan rate, the cathodic current varied from scan-to-scan for
a particular sample, indicating structural change in the analyte
due to redox reaction, probably changing its stoichiometry dur-
ing the electrochemical process. The effect of sample stoichiometry
on the cathodic current and redox current could also be perceived
from Tables 2 and 3 where, for a particular scan, the cathodic
current varied with the variation of nominal Mo content in the
samples. Finally, its worth to mention that the Randles-Servcik
equation used for the estimation of diffusion coefficient of H* ions
in our doped and undoped WO3 samples are better suited for the
reversible current-voltage characteristics. On the other hand, chro-
moamperometry or chronocolumnometry technique would have
given more precise values of H* ion diffusion coefficient in the
present case [34,35]. However, the cyclic voltammetric technique
used in the present work for the static condition (no liquid flow)
visualized more clearly the degradation kinetics of our thin film
samples which is very important for their practical applications.

4. Conclusions

In summary, we could fabricate compact nanocrystalline
WOs5 thin films with different concentrations of Mo doping by
spray pyrolisis process. Incorporation of Mo in WO3 thin films
modifies their crystallinity, crystallite size, and optical band gap.
Electrochomatic performance of the spray pyrolised WOs3 thin
films improves significantly on Mo doping. While the best elec-
trochromic response of WOs thin films could be obtained through
Mo doping of about 6.0at.%, stability of the films is best when
the nominal dopant concentration is about 2.0 at.%. Spectroscopic
nonlinear optical analyses on these materials are currently in
progress to explore their applications in other optical applications
like in photonics.
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