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a b s t r a c t

Surface poisoning of gasochromic tungsten oxide layers is one of the most challenging effects, which
needs to be resolved. In this paper, first amorphous TiO2/WO3/glass thin films have been prepared by
reactive pulsed laser deposition (PLD) method. Then they were irradiated by a single-pulse of excimer
laser (λ¼248 nm) with different incident energies (110, 140, 170 and 200 mJ) in order to obtain a thin
top layer of anatase TiO2 (a-TiO2) with high photocatalytic activity. By means of X-ray diffraction (XRD), it
was observed that by excimer laser treatment (ELT) at 110 mJ, a-TiO2 phase is forming while a mixture of
a-TiO2 and monoclinic WO3 (m-WO3) is forming at higher energies. X-ray photoelectron spectroscopy
(XPS) revealed that laser treatment removes surface contaminants and hydroxyl groups, increases the
W/Ti ratio, shifts surface tungsten oxidation states to lower binding energies and leads to the formation
of TiC compound on the surface. The surface morphology of samples was investigated by atomic force
microscope (AFM) and field emission scanning electron microscope (FESEM). It was revealed that the
surface roughness increases with the laser energy, which is due to an increase in the height of surface
granular particles. The films hydrophilicity, measured by water contact angle, was found to increase with
the incident laser energy. The photocatalytic activity was investigated by methylene orange (MO)
degradation test. It was observed that the sample irradiated at 110 mJ has the most increased
photocatalytic activity. The variation of optical transmittance was investigated by UV–vis spectro-
photometer. The gasochromic properties of samples with and without laser treatment were compared in
the presence of diluted hydrogen (10%H2/90%Ar) gas.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Gasochromic WO3 devices have been gaining importance in
recent years due to large number of applications including
electrochromic windows [1,2], gasochromic windows [3], displays
[4,5] and optical hydrogen sensors [6,7]. WO3 thin films activated
by the noble metal (Pd, Pt, Au) coatings are appropriate candidates
in hydrogen sensing industry. The noble metal layer acts as a
hydrogen catalyst by which hydrogen molecules are dissociated
into Hþ-e� pairs. Double injection of Hþ ions and electrons into
WO3 porous structure changes transparent WO3 layer to a dark
blue state [8,9]. Since the initial step for gasochromic coloring is
the dissociation of hydrogen molecules on the catalyst surface,
coloring rate depends on the number of catalyst active sites [10].
However, surface poisoning is a well-known issue that threatens
the coloring performance of WO3 thin films [11,12]. This problem
arises from the adsorption of gaseous pollutants such as sulfur and
carbon monoxide on the surface [13], resulting in the reduction of

available sites for hydrogen dissociation and hence a poor gaso-
chromic switching. To solve this problem several researchers have
examined various strategies like polydimethylsiloxane (PDMS)
protective layer [10], doping catalyst nanoparticles into WO3 sol
matrix via sol–gel route [12] and post-annealing of poisoned thin
films [11]. A key limitation of these studies is that they are short-
term solutions. In this regard, a more satisfying approach seems to
be fabricating a dual functional self-cleaning gasochromic device.

a-TiO2 is a famous semiconductor with a brilliant antecedent
for photocatalytic purposes [14]. It has been found that when
a-TiO2 is irradiated by UV light, active radicals like O2

� and OHd are
produced on the surface which break down adsorbed contamina-
tions [15]. Therefore, utilizing photocatalytic property of a-TiO2,
a-TiO2/WO3 bilayers are likely promising structures to eliminate
poisoning of gasochromic devices.

Many methods can be used to deposit a-TiO2 thin films, involving
reactive PLD [16–18], sputtering [19,20] and sol–gel [21], among
which PLD is a suitable technique to fabricate stoichiometric metal
oxides of high purity under controlled deposition conditions such as
oxygen pressure and substrate temperature. To achieve a-TiO2 thin
films via PLD method, a substrate temperature of 400–600 1C is
required [22–24]. In TiO2/WO3/glass layer systems, this temperature
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range leads certainly to crystallization of WO3 layer as well which
should be avoided for gasochromic purposes. As reported in our
previous study [7], the substrate temperature of 200 1C provides
good gasochromic WO3 thin films. Thus, a surface crystallization
technique should be explored to create a-TiO2 on amorphous WO3.

Excimer laser treatment (ELT) is an alternative surface mod-
ification method which can be applied to obtain thin films with
desired structural phases [25]. This method offers a solution to
traditional annealing methods [26] because crystal transforma-
tions can be obtained within a second at room temperature
depending on the pulse duration of laser beam. Previously Over-
schelde et al. have demonstrated successful anatase crystallization
of sputtered TiO2 thin films by the single-shot of nanosecond KrF
eximer laser [26]. In [27] structural modification of WO3 thin films
induced by excimer laser annealing is reported too. To the authors'
best knowledge no publication is available in the literature
discussing ELT of TiO2/WO3 thin films for dual functional self-
cleaning gasochromic applications. Therefore, it is of scientific and
technological importance to investigate the capability of ELT
method for surface crystallization of TiO2 to have a photocatalytic
active surface on the gasochromic layers.

In this paper we first deposited TiO2/WO3/glass thin film
samples. Then their physical and chemical variations before and
after single-shot ELT were investigated by XRD, XPS, AFM, FESEM,
water contact angle measurement, MO degradation and UV–vis
spectrophotometry techniques. Finally their gasochromic proper-
ties were compared. Based on our findings we believe that ELT is
an effective tool for dual self-cleaning gasochromic purposes.

2. Experimental

TiO2/WO3 thin films were deposited on the ultrasonically
cleaned glass substrates by PLD method. First, deposition chamber
was evacuated to a pressure of 1�10�5 Torr. Then the oxygen
(purity 99.99%) pressure was raised to 500 mTorr. 10,000 Total
pulses of KrF excimer laser (λ¼248 nm, f¼10 Hz, τ¼10 ns) with
200 mJ energy were delivered to a well pressed high purity WO3

rotating target at 451 incident angle. The substrate temperature
was fixed at 200 1C by means of an electric heater directly placed
on the back of substrates. The substrate to WO3 target distance
was 6 cm. Immediately after WO3 deposition, TiO2 layer was
deposited on the pre-deposited WO3/glass from a TiO2 rotating
target using 10,000 pulses of KrF laser with 240 mJ energy in the
75 mTorr oxygen pressure. The deposition temperature was kept
constant at 200 1C. The distance between TiO2 target and WO3/
glass substrate was reduced to 4 cm. At the end of deposition
process, ELT was applied on the obtained TiO2/WO3/glass thin
films. The schematic illustration of ELT process is shown in Fig. 1.
In ELT process fresh TiO2/WO3 bilayer films were exposed nor-
mally to the single pulse of KrF laser with approximate 2.5�1 cm2

spot area in air. The energy of laser pulse was selected to be 110,

140, 170 and 200 mJ which are identical to the laser fluences of
about 44, 56, 68 and 80 mJ cm�2. Laser treated TiO2/WO3 thin
films with above energies are called 110TW, 140TW, 170TW and
200TW samples, respectively.

To investigate the crystal structure of samples XRD (Philips
XPERT MPD) with Cu-Kα source (λ¼0.154 nm) was used. The
surface chemical analysis was achieved using XPS with Al anode
X-ray source and a hemispherical electron analyzer (Specs model
EA10 plus). Binding energies were calibrated against carbon
binding energy (284.8 eV). Surface morphology of samples was
viewed by AFM (Park Scientific Instruments, AUTOPROBE CP) and
FESEM (Hitachi model S4460). The optical transmittance spectra
were measured by UV–vis spectrophotometer (PerkinElmer
Lambda 25). To study the hydrophilicity property, water contact
angle measurement was performed by commercial contact angle
meter (Data physics OCA 15 plus). The photocatalytic activity of
samples was evaluated by MO degradation test. The samples were
placed in a quartz cell containing 4 cm3 MO (10 ppm) solution.
Before testing, they were kept in the dark for 1 h and then
irradiated using a UV lamp (Philips TUV 15 W T8, main peak at
254 nm). The intensity of MO absorption peak at 462 nm was
measured by UV–vis spectrophotometer at various irradiation
time intervals. To observe the gasochromic coloring of various
samples they were placed in a sealed chamber containing 10% H2/
Ar gas. To activate the surface of samples against hydrogen,
0.1 cm3 of 0.2 g/l PdCl2 solution was dropped over the samples.

3. Results and discussion

3.1. X-ray diffraction

In order to explore the effect of laser irradiation on the
structural variations in TiO2/WO3 bilayer system, XRD patterns
were compared for a single-pulse illumination with different
incident energies. Fig. 2 represents XRD patterns of as-prepared
and those corresponding to laser energies of 110, 140, 170 and
200 mJ per pulse. As can be seen the as-prepared sample is
amorphous. However, XRD pattern of 110TW involves a small
diffraction peak located around 2θ¼25.41 which is due to (101)
crystallographic orientation of a-TiO2 (JCPDS 01-071-1168). When
the laser energy increases to 140 mJ (sample 140TW), XRD pattern
contains (101) peak of a-TiO2 with enhanced intensity and some
new diffraction peaks. These extra peaks including (200), (210),
(021), (211) and (041) planes are related to m-WO3 (JCPDS 01-075-
2072). As can be seen, m-WO3 (200) peak is more intense than a-
TiO2 (101). Thus, it seems that structural transformation from
amorphous to monoclinic is more straightforward for WO3 sub-
layer even under illumination by single-pulse. The same issue can
be found for the crystallographic variations when the laser energy
increases to 170 and 200 mJ; m-WO3 diffraction peaks become
sharper by increase in the amount of laser energy. Meanwhile,
(111) plane of m-WO3 appears. Additionally, m-WO3 (200) peak
becomes stronger than (101) orientation of a-TiO2.

3.2. X-ray photoelectron spectroscopy

To investigate the surface chemistry variation, elemental and
chemical compositions in the process of ELT, XPS was utilized for
as-prepared and 200TW typical samples. The corresponding XPS
survey scans (0–1200 eV region) are illustrated in Fig. 3(a and b),
respectively. The spectra of both samples include major elemental
constituents of layers involving Ti, O, and W in addition to the
signals of carbon contaminants. The reduction of C1s peak relative
intensity after ELT process is due to the carbon removal from the
surface; a laser-cleaning effect. Even though TiO2 layer has been

TiO2

KrF laser beam 

WO3

Glass substrate  

Fig. 1. Schematic representation of ELT process.
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deposited on the top of WO3 layer, some photoelectron signals
exist for W4f and W4d over the spectrum of as-prepared sample.
These signals are likely from the inhomogeneous growth of TiO2

layer, presence of thick buried droplets of WO3 and/or even surface
cracks. Two later ones are common effects during plume propaga-
tion and deposition in PLD process [28].

To study the surface compositions in more details, high resolution
XPS spectra of O1s, C1s, Ti2p andW4f core levels were deconvoluted into
some constructing peaks (Fig. 4(a–d)). O1s core level spectra of
as-prepared and 200TW samples are presented in Fig. 4(a). For the
as-prepared sample, O1s peak is asymmetric consisting of two
deconvoluted components at 530.4 eV assigned to the oxygen in
bonding with Ti and W, and at 531.8 eV binding energy which is

associated to the hydroxyl groups and/or CQO bonds [29]. After the
laser treatment, the O1s spectrum is rather symmetric involving a
main peak located at 530.7 eV and a very weak peak at 531.7 eV. Same
as previous case, the former peak can be related to structural oxygen
and the later one to the hydroxyl groups. Comparing with the as-
prepared sample the hydroxyl counterpart is extremely low. Therefore,
the hydroxyl group removal during laser–surface interaction is also an
issue like to carbon cleaning. Thus, XPS data of carbon and oxygen
proposes that surface contaminations and hydroxyl groups have been
erased from the surface composition.

Fig. 4(b) shows the high resolution core-level spectra of C1s

before and after ELT process. Before the laser treatment, only one
peak at 284.8 eV exists which is assigned to C–C bond. In addition
to this peak, one extra peak appears at 281.4 eV after laser
irradiation, which is attributed to TiC composition [31]. It seems
that as a result of the ELT process new surface chemical com-
pounds could be created in our samples.

In Fig. 4(c) for as-prepared sample the deconvolution of Ti2p peak
gives two Ti2p3/2 and Ti2p1/2 lines located at 458.7 and 464.4 eV,
respectively. Additionally, the difference between Ti2p doublet lines is
5.7 eV which is consistent with level splitting theory corresponding to
the Ti4þ oxidation state [31]. Based on XPS, it can be found that ELT
does not shift Ti2p doublet considerably. Thus, the surface chemical
composition of TiO2 is not affected by laser treatment. However, it will
be shown that this is not the case for tungsten binding energy.

Since Ti3p binding energy exists in W4f region [30,32], to study
TiO2/WO3 bilayers Ti3p line was also considered. In general, W4f

involves doublet with different peak areas; the peak at lower binding
energy (W4f7/2) has higher intensity up to 4/3 times of the peak at
higher energy (W4f5/2). However, in our case the peak area order is
quite opposite indicating that within W4f region near to W4f5/2, Ti3p
peak must be taken into account. In the spectrum of as-prepared
sample W4f7/2 and W4f5/2 components are positioned at 35.2 and
37.5 eV (Fig. 4(d)), characteristics of W6þ state [33]. The separation
energy of W4f7/2 and W4f5/2 components is about 2.3 eV which is in
good agreement with other reports [34]. Moreover, for sample 200TW
W4f7/2 and W4f5/2 binding energies shift toward lower values of 33.7
and 35.6 eV, respectively. One possible implication for this shift may
be the laser-induced reduction of tungsten oxidation states. According
to [35] the binding energies of W4f doublet related to W4þ states are
33.6 and 35.75 eV. In [36] 33.7 and 35.8 eV are reported for W4f lines
corresponding to the W4þ oxidation state. Therefore, W6þ to W4þ

conversion is more feasible than any change in Ti oxidation states in
laser treated TiO2/WO3 bilayers.

Table 1 summarizes the surface concentration percentages of
W, Ti, O and C as well as W/Ti elemental ratio for as-prepared and
200TW samples. From the table, W/Ti molar ratio increases from
2.7 to 8.1 (up to 3 times) after laser irradiation. Seemingly laser
treatment could increase the surface contribution of WO3 beneath
layer for example via surface melting and mixing with TiO2 layer.
Moreover, the oxygen surface concentration drops from 34.0% to
30.1%. Some part of this oxygen change may be related to bond
dissociation in W–O and formation of reduced states such as W4þ

which is confirmed by XPS spectra of W4f (Fig. 4(d)).

3.3. Morphology

The effect of laser energy in the ELT process on TiO2/WO3

surface morphology was studied by means of AFM and FESEM.
Fig. 5 shows 2D AFM images of as-prepared and laser treated
samples as well as some selected line profiles. For more clarity the
RMS surface roughness and the surface ratio values are presented
in Table 2. From AFM image of as-prepared sample, the surface
contains granular particles. This is likely due to an island-growth
mode throughout deposition of TiO2 at substrate temperature of
200 1C. The surface of sample 110TW consists of nearly spherical
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particles which are forming an almost uniform surface. Increasing
laser energy to 140 mJ (sample 140TW) leads to the surface
roughening and formation of larger particles. This effect possibly
originates from the process of surface melting followed by
re-solidification [37]. By increasing the laser energy to 170 and
200 mJ, one can see that the particles are widened and the surface
roughening progresses more rapidly. From Table 2 it can be seen
that surface roughness increases with laser energy. The surface
roughness of the as-prepared sample is 16.3 nm while it reaches
57.3 nm for the laser treated film at 200 mJ. The surface ratio,
which is defined as the ratio of the actual surface including total

surface area of rough film to the area of AFM image window,
increases slightly with laser energy. The higher the surface ratio,
the higher the gas-surface reaction rate constant, which may be an
important effect in diffusion controlled gasochromic regime. From
line profiles of AFM images one can estimate the height alteration
across the surface which is described as the difference between
maximum and minimum heights (ΔZ). The values ofΔZ are 64, 74,
125, 240 and 296 nm for as-prepared, 110TW, 140TW, 170TW and
200TW samples, respectively. Therefore, laser treatment at higher
laser energies creates a rougher surface. Meanwhile, in line profile
of all samples there exists multiple peaks corresponding to the
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position of each grain along the cross lines. These peaks show
higher height of grains relative to the neighboring points.

To detail the laser-induced variations of surface morphology, the
FESEM images of as-prepared and a typical laser-treated film (200TW)
are presented in Fig. 6(a and b). From the inset of Fig. 6(a), one can see
that the as-prepared sample has cauliflower-like grains together with
many spherical-shaped micro-particles. As it was mentioned pre-
viously the presence of this kind of spherical particles, known as
droplets, is common in pulsed laser deposition and they are ejected
from the target surface when it is irradiated by a focused pulsed laser
beam. Moreover, as seen in Fig. 6(a) the cauliflower-like islands are
separated by many observable cracks which are developed as the
films gets thicker during deposition and undergoes non-uniform
surface tensions. These types of fractured surface are usually seen
among columnar growth of metal oxide films using physical vapor
deposition (PVD) methods, e.g. PLD and provide porous structures.
However, the surface of 200TW sample consists of a heterogeneous
morphology; some dense island-like regions (denoted D) and a
granular background consisting of nanoparticles with a small average
size less than 100 nm (denoted by G). The dense island-like species
resemble molten zones which have been cooled after a process of
melting and then became re-solidified. Regarding to line profile data
obtained from AFM images in previous part, the height of dense
island-like regions is of the order of 100 nm. To explain the FESEM
results, one can state that laser beam initially melts the upper TiO2

layer, and then the molten species diffuse across the surface and
coagulate to form the dense island-like particles. So probably these
kinds of particles are Ti-rich.

3.4. Optical properties

To determine the influence of laser energy on optical properties
of TiO2/WO3 thin films, UV–vis transmittance spectra of as-prepared
and laser treated samples were recorded. Optical transmittance
spectra within 300–1100 nm wavelength region are shown in Fig. 7
(a–e) for different samples. It can be seen that the as-prepared
sample has the highest optical transmittance with an average value
of 90.3% among other laser treated samples. However, in the cases of
processed samples (110TW–200TW) depending on the laser energy
transmittance gradually decreases. The average value of transmit-
tance at 110 mJ energy is 70.8% while it gets 26.2% for laser
irradiated sample at 200 mJ energy. It should be mentioned that
after laser exposure, the color of transparent TiO2/WO3 thin films
turned into a light gray-blue state. With regard to XPS findings, this
color change could be associated to surface reduction of WO3 and
partial formation of W4þ beside W6þ states, responsible for the
formation of color centers [38], while no trace of lower oxidation
number has been detected for Ti ions. Therefore, we can conclude
that the reduction of W6þ cations is responsible for color change in
our research rather than Ti4þ . Meanwhile, surface roughness is an
important issue affecting the optical properties of thin films. A
rough surface scatters most of the incident light, resulting in
decrease of films optical transmittance [39]. Furthermore, the
optical spectrum of each 170TW and 200TW samples has a broad
peak around 350–500 nmwhich is associated to the light blue color
mentioned above.

The optical band gaps of samples were deduced from the extra-
polation of optical absorption spectra using Tauch equation [40].
The optical band gap was found to be 3.18, 3.16, 3, 2.94 and 2.94 eV
for as-prepared, 110TW, 140TW, 170TW and 200TW samples, respec-
tively. Generally, by increasing laser energy the band gap value
decreases which is probably due to the formation of oxygen vacancy
[40] and low oxidation states of tungsten ions as mentioned in XPS
section. According to XPS analysis and changes in optical transmit-
tance spectra one can say that to avoid formation of excess oxygen
vacancies as a source of optical deterioration, ELT should be done
below a certain threshold energy.

3.5. Hydrophilicity properties

In laser treatment process, the effect of laser energy on
hydrophilicity properties of TiO2/WO3 bilayers was explored using
water contact angle measurement. The water contact angle vs.
laser incident energy is given in Fig. 8. The inset of the figure
shows photographs of water droplets placed on the surface of
different samples. One can see that the contact angle decreases
from about 801 to 721 when the TiO2/WO3 bilayer is irradiated by a
110 mJ laser pulse. At 140 mJ the contact angle drops noticeably to
about 471 and then by further increase of energy to 170 and
200 mJ, reduces to about 421 and 331, respectively. So, depending
on the laser energy TiO2/WO3 surface becomes more hydrophilic.
Surface hydrophilicity modification of KrF laser treated TiO2 thin
films was reported by Bayati et al. too [29]. They proposed that
laser-induced oxygen deficiencies are filled by dissociative adsorp-
tion of water molecules, hence the water contact angle begins to
diminish and hydrophilicity increases.

Additionally, it is well-known that hydrophilicity properties of
a layer can be related to surface microstructure by the Wenzel
model [41] which is described as follows:

cos θ¼ r cos α ð1Þ
where θ is the contact angle of a liquid on a rough surface, α is the
contact angle of a liquid on a smooth surface (Young's angle) and r
is the surface area ratio as calculated in Table 2. According to the
Wenzel model surface roughness can intensify wetting feature of a
layer. To understand whether surface roughness is a major factor
in hydrophilicity property of our samples or not, Young's contact
angle (α) of different samples was calculated using Eq. (1). The
results are shown in Fig. 8. The differences between α and θ angles
especially in the case of 140TW, 170TW and 200TW samples show
that in addition to oxygen vacancies resulted from XPS, the surface
roughness has an important role on surface hydrophilicity in our
samples.

3.6. Photocatalytic activity

In order to examine the photocatalytic activity of as-prepared
and laser treated samples, MO degradation test was performed as
described in experimental section. MO decomposition percentage
of different samples vs. UV irradiation time is illustrated in Fig. 9(a)
at early preparation stages. The as-prepared sample (TW), which is
amorphous in nature has a rather low photocatalytic activity.
Although the majority of good photocatalytic titanium oxide products
reported so far are usually a-TiO2, reports on negligible photocatalytic
activity exist for amorphous films too [42]. From Fig. 9(a) the
photocatalytic activity has been affected by laser treatment. Slight
enhancements can be observed for 140TW, 170TW and 200TW
samples which are almost of the same order. However, there is a
significant increase in MO degradation rate for 110TW sample. This
distinguished photocatalytic behavior of 110TW might be addressed
by XRD results which has confirmed the crystal structure of a-TiO2/
WO3. Given these explanations, it would be concluded that

Table 1
Elemental concentration percentages of W, Ti, O and C and W/Ti elemental ratio for
as-prepared and 200TW samples.

Sample Elemental concentration (%) W/Ti

W Ti O C Molar ratio

As-prepared 18.7 7 34 40.2 2.7
200TW 43 5.3 30 21.6 8.1

S.G. Zamharir et al. / Solar Energy Materials & Solar Cells 130 (2014) 27–35 31



Fig. 5. AFM images and corresponding line profiles of different samples (a) as-prepared, (b) 110TW, (c) 140TW, (d) 170TW and (e) 200TW.
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crystallization of WO3 layer in samples 140TW–200TW prevents
improvement of photocatalytic performance. In contrast, a-TiO2 is the
dominant crystal phase of sample 110TW. Smith et al. have observed

the reduction of photocatalytic activity of TiO2/WO3 bilayers when
WO3 transformed from amorphous to orthorhombic (o-WO3) by
post-annealing at 400 1C. They proposed that electron–hole separa-
tion decreases for TiO2/o-WO3 due to the fact that the conduction and
valance bands of o-WO3 are far from those of TiO2 [43]. Besides, from
XPS it was found that the reduction of tungsten oxidation states,
desorption of hydroxyl groups and formation of extra oxygen
vacancies occur during laser treatment. It is expected that surface
chemical variations do not progress notably across the films under
low laser energy irradiation. Hence, in the case of 110 mJ energy, the
low energy of incident beam may be responsible for the unique
photocatalytic behavior at a certain energy value.

In order to examine the stability of photocatalytic activity of
TiO2/WO3 samples, the photocatalytic tests were repeated after six
months. The results (Fig. 9(b)) propose that there is an almost
good stability against aging. Although sample 110TW has the
highest photocatalytic activity among the other samples yet, there
is a drop in its activity after six months comparing with its virgin
type. The origin of this drop is not very clear but it may be due to
the absorption of some poisoning species deep into the layer from
laboratory environment. Therefore, aging has no sufficient impact
on photocatalytic activity of laser treated TiO2/WO3 samples.

3.7. Gasochromic test

To investigate the gasochromic response of as-prepared and
laser treated TiO2/WO3 thin films, samples were placed in a sealed
hydrogen-containing chamber. Before the hydrogen flows, the
surface of samples was activated by wet PdCl2 drop similar to
our previous work [7]. Fig. 10(top) represents samples photo-
graphs of different coloring steps with 60 min total time after
hydrogen exposure. From the figure, it can be seen that coloring
starts from edges. This phenomenon is consistent with our
previous study in which coloring of PdCl2(aq)/WO3 thin films have
started from substrate–liquid–gas triple points. From Fig. 10 one
can see that samples TW (as-prepared) and 110TW get almost the
full colored state after 60 min hydrogen exposure. Moreover, the
coloring of the sample 110TW is faster than that of TW.
To compare the optical properties of colored samples in more
detail, optical density functions (defined as ΔOD¼� ln [Tc/Tb]; Tc
and Tb are transmittance at colored and bleached states, respec-
tively) are plotted in Fig. 10 (bottom). As can be seen the ΔOD of

Table 2
RMS surface roughness and the surface ratio for different samples.

Sample As-prepared 110TW 140TW 170TW 200TW

RMS (nm) 16.3 23.4 26.4 44.2 57.3
Surface ratio 1.04 1.06 1.11 1.21 1.19
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Fig. 6. FESEM images of (a) as-prepared and (b) 200TW samples.
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sample 110TW is considerably high in the visible to NIR region
among the other samples. For all cases, ΔOD is higher at NIR
region compared with the visible region as it is well-known for the
IR absorption property of bronze tungsten oxide films. The poor
coloring effect of the samples 140TW–200TW can be attributed to
their crystalline nature arising from the ELT process. Although the
WO3 layer of the sample TW is amorphous in nature, the presence
of the continuous layer of TiO2 decreases the interlayer diffusion of
hydrogen gas. Only for the sample 110TW there is an amorphous
WO3 layer with island-like TiO2 top-layer (see the FESEM images).
To sum up briefly it seems that the laser treatment of TiO2/WO3 at
110 mJ energy is the optimum condition under which good
photocatalytic and gasochromic activity could be obtained.

4. Conclusion

This paper aims to present dual functional self-cleaning gaso-
chromic TiO2/WO3 thin films as a novel solution for poisoning of
gasochromic devices. Excimer laser treatment (ELT) as a surface
modification tool was used to make the surface of pre-amorphous
TiO2/WO3 partially crystallized to a-TiO2. In our experimental
conditions, 110 mJ laser energy provides the best photocatalytic
activity. It has been demonstrated that increasing laser energy
leads to the formation of an a-TiO2/m-WO3 mixture as well as a
more hydrophilic surface with enhanced roughness. Furthermore,
laser treatment increases W/Ti ratio on the surface of our samples

which is probably due to surface melting followed by re-
solidification. The as-prepared and 110TW samples showed good
gasochromic coloring. Therefore, laser treated TiO2/WO3 bilayers
at 110 mJ energy can be used for both gasochromic and self-
cleaning applications. However, further investigations will be
needed to find the optimum conditions of laser treatment in order
to have durable thin films with a fast coloring response.
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