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a b s t r a c t

In this study, WO3 nanostructured films were prepared by sol–gel spin coating process on glass

substrates and drops of PdCl2 solution were used as an aqueous hydrogen catalyst for gasochromic

investigations. As deposited WO3 films were annealed at different temperatures of 100, 200, 300 and

400 1C in air. The effect of annealing temperature on crystalline structure and surface morphology of

WO3 films was studied by X-ray Diffraction (XRD), Field Emission Scanning Electron Microscope

(FE-SEM) and/or Atomic Force Microscope (AFM). Fourier Transform Infrared (FTIR) spectroscopy

revealed the variation of chemical bonds with annealing temperature. Because of the aqueous nature of

hydrogen catalyst, hydrophilicity of samples was measured by means of contact angle and it was found

to increase with annealing temperature. We found a correlation between annealing temperature,

hydrophilicity, palladium growth and coloring of tungsten oxide films when an aqueous hydrogen

catalyst is used. The effect of catalyst concentration on colored state optical density was also studied for

films annealed at 400 1C.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten oxide is an n-type semiconductor with band gap
energy about 3 eV and in the bulk form has a yellow–green
appearance. This metal oxide has many applications such as
catalytic [1], optical memory [2], hydrogen sensors [3–5] and
smart windows based on electrochromic [6] and gasochromic
properties [7–10]. Among the gasochromic materials, WO3 is the
most promising one. A gasochromic coating normally consists of
an electrochromic layer such as WO3 and a very thin catalyst top
layer such as Pt or Pd. In the gasochromic process of tungsten
oxide thin films, the color of layer converts from a transparent to
an absorbing blue state when atomic hydrogen incorporates into
the material lattice. The atomic hydrogen, Hþ , and extra electrons
are first produced by catalytical dissociation of H2 through the
reaction with Pd. Then these ion–electron pairs diffuse through
the grain boundaries and transfer into the lattice sites and small
polarons are subsequently produced. The small polaron transi-
tions are responsible for the optical absorption of colored tung-
sten oxide films [11]. This process is often reversible, i.e.
whenever the colored film is flushed with O2 gas, the small
polarons are recovered and finally the layer becomes bleached.
This mechanism is similar to the electrochromic reaction. Many
ll rights reserved.

x: þ98 311 3912376.
methods can be used to prepare WO3 films, including sputtering
[8], evaporation [12], spray [13], chemical vapor deposition [14],
pulsed laser deposition (PLD) [15–21] and sol–gel [10]. Among
these, the sol–gel technique is one of the most promising methods
to prepare large surface area films, and it has many advantages
such as simple equipment and low costs [21–24].

As it was mentioned, to have an optical conversion of WO3

thin films, it is necessary to deposit a very thin layer of metallic Pd
or Pt as hydrogen catalyst over it. Pd is a well-known catalyst for
hydrogen. Therefore, the characteristics of Pd layer can determine
the dissociation rate of absorbed gases and hence the coloring–
bleaching velocity. There are different ways to deposit a thin Pd
film such as sputtering [25], e-beam evaporation [26], electroless
[18] and hydrogen reduction [21]. Electroless deposition of
palladium has a well established mechanism that is based on
the reduction of a meta-stable metallic salt complex on an
activated substrate in which metal ions undergo normally a
reducing mechanism from the liquid environment to a metallic
phase over the whole substrate or some selective positions [27].
In hydrogen reduction method, hydrogen gas acts as a common
reducing agent with no residual chemical impact on the system.
Synthesis of metal nanoparticles with unique optical and chemi-
cal properties by hydrogen reduction of the metal chlorides or
oxides was reported previously [28–30]. Koo et al. [31] have
obtained palladium thin films on alumina or polymer substrate
using atmospheric pressure hydrogen plasma that reacts with
deep coated PdCl2 layer. Therefore, application of hydrogen as a
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Fig. 1. XRD patterns of WO3/glass films annealed at (a) 300 and (b) 400 1C for 1 hin air.

A. Hemati et al. / Solar Energy Materials & Solar Cells 108 (2013) 105–112106
reduction agent in the creation of nanostructured Pd catalyst
layer on WO3 supports will have interesting aspects for gaso-
chromic applications.

We previously showed the successful gasochromic coloring of
tungsten oxide in which top layer of palladium nanoparticles are
produced by hydrogen reduction of a pre-deposited PdCl2 layer
[21]. In this method, drop-dried PdCl2 upon the WO3 surface are
exposed to the hydrogen steam and metallic palladium are
formed over the surface by hydrogen reduction. However, the
droplets of PdCl2 without drying stage can also be used in
gasochromic coloring of WO3 films as an aqueous hydrogen
catalyst. In this work, we examined this idea and studied the
relation between post annealing temperature, palladium growth
and coloring of sol–gel derived WO3 films. The surface chemistry
of metal oxide usually changes with annealing process. We
observed that the hydrophilicity of layers increases dramatically
with annealing temperature and this change in the surface
properties affects the quality of palladium growth as well as the
gasochromic behavior.
Fig. 2. FE-SEM and AFM images of WO3/glass films before annealing (a) and after annealing at (b) 100, (c) 200, (d) 300 and (e) 400 1C for 1 h in air.
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2. Experimental

WO3 thin films were prepared by sol–gel method. To do this
peroxopolytungstic acid (P-PTA) sol was prepared according to
the method of Kudo [32]. Five grams of metallic tungsten powder
(Merck, 99.9%) was reacted with 20 ml of H2O2 (30%). After the
exothermic reaction, the mixture was stirred until all the tung-
sten had dissolved. Unreacted H2O2 is removed using platinum
net. After the addition of ethanol (20 ml) the solution was heated
at 80 1C until the sol turned from a milky to a transparent orange
color. Then WO3 thin films were obtained by a spin coater
(Modern technology Development Institute, model M.T.D.I.89).
The substrates were circular glass of 11 mm diameter and the
process was repeated up to 3 or 6 times to obtain desirable
thicknesses of WO3 films. 6-layers samples were used for XRD
measurements. As-prepared samples were annealed at different
temperatures of 100, 200, 300 and 400 1C. The main aqueous
PdCl2 (a-PdCl2) catalyst solution was prepared by solving a 0.02 g
PdCl2 powder (5 N), 99.9 cm3 DI water and 0.1 cm3 HCl. Then
drops of PdCl2 solution with different concentrations from 0.025
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Fig. 3. FTIR spectra of WO3/glass films annealed at different temperatures in the

(a) range of 4000–1000 cm�1 and (b) range of 1400–600 cm�1.
up to 0.2 g/l PdCl2 solution were transferred to the surface of layers.
The crystal structure of samples were analyzed, using an X-ray
diffractometer (Philips EXPERT MPD) with Cu-ka (l¼0.154 nm)
radiation. The morphology of the films was examined using FE-SEM
(Hitachi model S4460) and AFM (Bruker, model Nanos 1.1). The
chemical bonds of the samples were determined by FTIR spectro-
scopy in the mid-infrared range (600–4000 cm�1) using Bruker
(model Tensor 27). The contact angle measurements were performed
in atmospheric air at room temperature using a commercial contact
angle meter (Data physics OCA 15plus) with 711 accuracy.
A droplet was injected on the surface using a 2 ml micro-
injector. The gasochromic investigations were done in the pre-
sence of 10%H2/Ar or pure O2 gases. Optical transmission spectra
of the tungsten oxide films on glass substrates were investigated
in the visible and near IR region using a UV–vis spectrophot-
ometer model PerkinElmer lambda 25.
3. Results and discussion

3.1. Characterization

In order to study the crystalline structure of annealed WO3

thin films, we used the X-ray diffraction (XRD) analysis. X-ray
diffraction patterns of the WO3 thin films annealed at 300 and
400 1C are shown in Fig. 1. As the figure shows, at a temperature
of 300 1C, the film is amorphous, whilst a monoclinic structure
was formed after annealing at 400 1C. These films show well defined
Table 1
FTIR vibrational band frequencies (in cm�1) and related band assignments for

WO3 films annealed at different temperatures.

As-

prepared

Annealed

at 100 1C

Annealed

at 200 1C

Annealed

at 300 1C

Annealed

at 400 1C

Band

assignment

Film type and vibrating bands

– 636 636 638 634 n(W–O9–W)

752 752 754 754 754 n(O–W–O)

887 887 889 889 889 n(W–O–W)

1026 1028 1029 1026 1024 n(W¼O)

1406 1409 1400 – – n(W–OH)

1614 1610 1610 – – d(H–O–H)

3381 – – – – n(OH)
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Fig. 4. Contact angle of water for the WO3/glass thin films as a function of

annealing temperature.
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diffraction peaks corresponding to lattice reflection planes (001),
(020), (200), (120), (111), (201), (220), (221), (400), (40 QUOTE ),
(421), (40), and (42) as referred in the JC-PDS 01-075-2072. The
average grain size of the thin films was calculated to be about 68 nm
by using Scherrer’s formula.

The effect of annealing temperature on the surfaces morphol-
ogy of samples was investigated by FE-SEM and AFM (Fig. 2).
Regarding to the FE-SEM images, one can observe that as-
deposited WO3 surface has a continuous uniform surface. After
annealing at 100 1C, many fine grains along with small cracks are
forming over the surface. By increasing the annealing tempera-
ture up to 300 and 400 1C, the dimensions of grains and cracks
obviously increase. Therefore, annealing creates granular surface
that resulted from intergranular cracking during annealing pro-
cess. The evolution of surface roughness after annealing was
investigated by AFM. The approximated measured RMS surface
roughness is 1.2, 1.4, 1.0, 0.9 and 4.7 nm for as deposited samples
and annealed at 100, 200, 300 and 400 1C, respectively. By
comparing the corresponding AFM images, one can observe that
no significant change occurs in the surface roughness up to
temperature of 300 1C and the surface roughness is almost the
same for temperatures below 300 1C, while at 400 1C surface
roughness considerably increases. The increased surface rough-
ness is a result of formation of new particles at the surface (see
AFM at part (d)), which originates from the sintering of particles
during annealing process. The partial crystallization at the surface
may be a result of atomic rearrangement at elevated tempera-
tures. The FE-SEM image of this sample is shown for a particle free
window but one individual crystalline particle with �200 nm
dimension is shown in the inset.

In order to determine the chemical variations of tungsten
oxide films with annealing, FTIR spectroscopy was used. The
reflection mode infrared spectra of WO3 thin films annealed at
different temperatures are shown in Fig. 3(a) and (b) for the
vibration ranges of 4000–1000 cm�1 and 1400–600 cm�1, respec-
tively. Table 1 presents the vibration band related to each
absorption peak. The region of 4000–1000 cm�1 corresponds to
the vibration of water molecules. The bands peaks at �3381,
1614 and 1406 cm�1 show the presence of hydrous WO3

(WO3nH2O) [33–37]. The intensities of these three peaks reduce
with increasing temperature indicating that the hydrous WO3 is
completely decomposed after the annealing above 300 1C. The
region of 1400–600 cm�1 is associated with the metal oxygen
bonds. The peaks at �752 and �1026 cm�1 are corresponding to
O–W–O stretching and W¼O modes, respectively [33–37]. In this
region, the shape and intensity of vibration peaks remain almost
unaffected. The physical or chemical properties of films’ surface
depend strongly on the surface chemistry of layer. Since in our
study the growth of palladium on tungsten oxide films was
accomplished by using aqueous PdCl2 as a wet solution, the
hydrophilicity of layers is expected to play an important role.
FTIR results revealed that some chemical bonds change over the
annealing temperature and the hydrophilicity of layers is
expected to vary with annealing temperature.
Fig. 5. Coloration of Pd/WO3/glass sample annealed at 200 1C after (a) 4 mi
The effect of annealing temperature on the hydrophilicity prop-
erty of our samples is shown in Fig. 4. As the figure shows, the
contact angle of the as deposited film was measured to be �92 1.
By increasing the annealing temperature, the contact angle decreases
and is minimized to �21 1 at 400 1C. Therefore, the hydrophilic
property of sol–gel derived WO3 thin films increases with annealing
temperature. According to FTIR results, the decomposing of water
and hydroxyl groups may be responsible for increasing the hydro-
philicity of layers at 400 1C. The increase in hydrophilicity with
annealing temperature up to 400 1C was observed elsewhere which
was attributed to surface desorption of water groups [38]. Therefore,
a droplet of water (and probably PdCl2 solution) would spread better
on sample annealed at 400 1C.
3.2. Gasochromic properties

3.2.1. The effect of annealing temperature on hydrophilicity and

gasochromic coloring

In our method, the growth of palladium top layer started by
dropping PdCl2 on the surface of tungsten oxide films. Then,
before any drying process, a flow of hydrogen gas is delivered
over the a-PdCl2/WO3. Using the a-PdCl2, we observed an inter-
esting gasochromic coloring effect, which was relatively slow at
the first cycle and became faster at further cycles. Indeed the first
cycles should be considered as a sample preparation stage. Two
main effects may occur in the initial cycles; first, reduction of un-
reduced PdCl2 counterparts and second the cracking of WO3 and
Pd structures due to hydrogen intercalation which induces
irreversible tension causing the crack development. Hydrogen
can be solved in the palladium and introduced into the WO3

lattices. These hydrogen-induced cracks provide extra channels
for enhanced surface diffusion of hydrogen. In Fig. 5(a) typical
evolution of coloring zone is shown when aqueous PdCl2 catalyst
is dropped over a WO3 film annealed at 200 1C. The coloring was
started from the boundary edge of the catalyst drop as a tiny blue
ring and over the time its area gradually extends into the center
until the surface beneath the drop was uniformly colored. This
shows that coloring begins at a triple point consisting of the
boundary between substrate, liquid and gas. By exposing, to
hydrogen palladium nanoparticles probably with PdHx composi-
tion are produced over the surface of the drop and in the triple
point. The surface diffusion of the nanoparticles to the triple point
is also possible and in this way, the hydrogen transferring into the
tungsten oxide film and consequent coloring is started. The
formation of palladium in the period of hydrogen exposure was
accompanied by gasochromic coloring of tungsten oxide layer. At
initial hydrogen exposure, however, the reduction of palladium is
dominant. Not only the spreading and standing shape of drops but
also the chemical interactions at the drop–WO3 interface are
dependent on the hydrophilicity of the layer beneath it.

The gasochromic properties of the Pd/WO3 thin films annealed at
different temperatures were also examined by optical transmittance.
After vacuum drying process, the blue color of Pd/WO3 samples
n, (b) 13 min, (c) 17 min, and (d) 36 min of exposure to hydrogen gas.
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remain unchanged and the corresponding optical transmission
spectra were recorded. Fig. 6(a–c) shows the optical transmission
spectra of colored and bleached states as well as the corresponding
optical density difference (DOD) for different annealing tempera-
tures of WO3 films. DOD is defined as ln(Tb(l)/Tc(l)) where Tb(l) and
Tc(l) are the bleached and colored transmutation at wavelength l,
respectively. For all cases, DOD is higher at NIR comparedg with the
visible region as it is well-known for the IR absorption property of
bronze tungsten oxide films. One can see that samples with low
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Fig. 6. Transmission spectra of Pd/WO3/glass thin films with different annealing

temperatures in the (a) bleached state, (b) colored state, and (c) corresponding optical

density difference (DOD), as a function of wavelength between 310 and 1100 nm.
annealing temperatures have relatively higher DOD (depth of color-
ing). WO3 films annealed at 100 and 200 1C exhibit the best depth of
coloring compared with the samples annealed at 300 and 400 1C,
which is mainly attributed to the amorphous structure of low
temperature annealed films. However, our direct observations shown
as photographic images in Fig. 7, revealed that the gasochromic
response time of the samples annealed at lower temperatures is
relatively higher than that of the other samples. The coloring
dynamics were also measured for a point just at drop edges
quantitatively at 780 nm constant wavelength and the saturating
time at the first coloring cycle was measured at �4850, �4300,
�2170 and �1300 for 100, 200, 300 and 400 1C, respectively. As
Fig. 7 shows, the annealed one at 400 1C, despite its low depth of
coloring, is considerably better in gasochromic switching time as well
as uniformity of coloring. In other words, with the increase in the
annealing temperature, gasochromic switching time decreases. This
result was partially in contradiction with results reported by Chan
et al. [39] in which the coloring/bleaching response time of sol–gel
derived tungsten oxide films is lower at low annealing temperatures.
They used sputtered platinum layer for all samples with constant
thickness as hydrogen catalyst so the role of catalyst was almost the
same for all cases. However, in our simple method, there is attach-
ment to the substrate of palladium and hence its catalytic activity
strongly depends on the hydrophilicity of tungsten oxide layer.

In order to investigate the role of hydrophilicity on the
gasochromic behavior, we studied the Pd/WO3 by means of
FE-SEM after gasochromic coloring followed by drying process.
FE-SEM images of Pd/WO3 are compared in Fig. 8(a–d). As the
figure shows, for almost all annealing temperatures, the Pd/WO3

surface includes two major different types of distributed parti-
cles: aggregates (denoted A-Pd) and individual small nanoparti-
cles of Pd (denoted NP-Pd). In fact, when a flow of hydrogen gas is
delivered over the a-PdCl2/WO3, palladium clusters begin to
nucleate and grow through a hydrogen-reduction process over
the surface of the drop. Therefore, the observed particles and
fractal-like aggregates could be produced from the Pd clusters
building blocks. However, the aggregation and scattering of these
particles on the WO3 layer differ for different annealing tempera-
tures. The WO3 substrate annealed at 100 1C shows several
individual fractal-like aggregates of varying size from hundreds
of nanometers to several micrometers. The fractal-like structure
of the aggregates is a result of the Diffusion-Limited Aggregation
(DLA) phenomenon originating from the aggregate growth of the
Brownian motion of pre-nucleated Pd nanoparticles in the liquid
drop. In part (a), if we compare the agglomerates after a sorting
by size, the growth and branching steps of a large fractal-like
aggregate can be traced. The fractals are produce by initiation
of attachment moving nanoparticles to a pre-nucleated seed
followed by a branching process over the time. In its high
magnification image, the branches of a single fractal with a 3-
dimnesional growth are clearly recognizable. By increasing the
annealing temperature and consequently improving the wetting
properties, the shape and distribution nature of fractal-like
aggregates changes. It seems that at higher temperature the
presence fractals have a likely 2-dimensional growth. (see part
(d) for higher hydrophilicity). In addition, the number of non-
aggregated NP-Pd increases with temperature because for tem-
peratures higher than 200 1C, a large number of single particles
are distributed between the grouping particles. For 200 1C they
are disconnected while for 300 and 400 1C, the space between the
aggregations was covered by planar distributions of palladium
islands. It seems the fractal-like aggregates upon the sample
annealed at 400 1C have very fine structures and better attach-
ment to the substrate compared with other samples. However,
the particles grouping on the surface of samples annealed at 100
and 200 1C dominates their attachment to the substrate surface.
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These results show that the deposition tendency of palladium
particles is higher than agglomeration tendency for substrates with
high wetting properties. In other word, the tendency of palladium
nanoparticles to attach to each other is more than their attachment
tendency to the tungsten oxide substrates with low hydrophilicity.
Therefore, the uniform coloring of samples at 300 and 400 1C can be
attributed to more uniform distribution of palladium nanoparticles.
With Regard to these findings, one can assume a correlation between
the hydrophilicity of substrate, growth of palladium and gasochromic
behavior when an aqueous catalyst is used.
3.2.2. The effect of PdCl2 concentration on the coloring

In the following, the gasochromic coloring of annealed sample
at 400 1C was studied using PdCl2 solution with different surface
concentrations from 2 up to 15.4 mg/cm2. This type of sample was
chosen because of its higher hydrophilicity,and relatively fast and
uniform coloring. Fig. 9(a–c) shows the optical transmission
spectra of colored and bleached films as well as the corresponding
optical density difference (DOD). From the figure, the overall
transmission of bleached sample decreases with the amount of
palladium because a palladium layer is opaque in nature. One can
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see that after the coloring, depending on the PdCl2 concentration,
the transmission of all the samples decrease mainly in the
infrared region. As the figure shows, with increasing PdCl2

concentration, optical density of the samples increases. We can
conclude that using aqueous catalyst for the gasochromic tung-
sten oxide films, the optical properties of WO3 thin films are
influenced by the PdCl2 concentration and the gasochromic
efficiency increases with concentration. However, a good trans-
parency in the bleached state and desirable depth of coloring in
the colored state will be obtained only at an optimum concentra-
tion of Pd. Fig. 9 proposed for our samples the 8.8–9.1 mg/cm2

range which provides both the above demands.
4. Conclusion

In this study, PdCl2 solution was used as an aqueous hydrogen
catalyst for investigations of gasochromic behavior of sol–gel derived
tungsten oxide thin films. It was found that the hydrophilicity of
tungsten oxide films increase with annealing temperature from 100
up to 400 1C and this effect was partially attributed to the elimina-
tion of O–H groups during the annealing process. Gasochromic
switching of aqueous-PdCl2/WO3 was compared for different anneal-
ing temperatures. Despite the fact that the amorphous gasochromic
layers are better it was found that at higher annealing temperatures,
velocity and uniformity of coloring are better when aqueous catalyst
is used. FE-SEM images showed that the palladium layer consists of
fractal-like aggregates and individual nanoparticles. The scattering of
Pd over the surface becomes better by hydrophilicity and this results
in the uniform coloring at higher annealing temperatures. The effect
of PdCl2 concentration on the gasochromic response of the film of
highest hydrophilicity showed that the optical density increases with
concentration. However, the initial transparency and desirable color-
ing can be achieved at an optimum value.
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