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a b s t r a c t

This paper reports the gasochromic effect in colloidal nanoparticles of tungsten oxide dihydrate
synthesized via a simple electrochemical anodizing of tungsten in an electrolyte composed of 0.02 M
HCl. The anodizing caused the electrolyte to convert to a light yellowish colloidal solution consisting of
tungsten oxide dihydrate. The ultimate gasochromic colloidal solutions were obtained just by addition of
different volumes of 0.2 g/l PdCl2 solution as a source of hydrogen catalyst into the primary colloidal
tungsten dihydrate solution. Different tools involving, X-ray diffraction (XRD), high-resolution transmis-
sion electron microscope (HRTEM), X-ray photoelectron spectroscopy (XPS), and furrier transformed
infrared (FTIR) spectroscopy characterized the colloidal nanoparticles. XRD measurements revealed that
the as-prepared nanoparticles are monoclinic WO3 �2(H2O) and were converted to monoclinic WO3 by
annealing at temperatures above 300 1C. XPS showed that the hydroxyl groups and W5þ states are
dominant in as-prepared sample and lower after annealing or loading PdCl2. It was observed that the Pd-
WO3 �2(H2O) solutions which were colorless initially, turned into blue color after dilute hydrogen
insertion and then into the colorless state by spontaneously bleaching in ambient air. Moreover, no
coloring was observed for colloidal solution composed of monoclinic WO3. The optical absorption
spectra of colloidal samples in colored states were composed of three certain distinct absorption peaks
located at 1.3, 1.6 and 1.9 eV. The intensities of first and third peaks were comparable and dominant at
deep blue states but, upon bleaching, the second one gradually overcomes them. We attributed this
dynamical behavior to the possible surface and bulk phenomena. Finally, the obtained optical absorption
results were compared with the small polaron hopping model.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Recently tungsten oxide nanostructures have attracted more
interests from scientific and technological viewpoints because of
their sensing and catalytic properties as well as their electrochro-
mic [1] and gasochromic [2] potential applications. In the gaso-
chromic effect tungsten oxide thin films activated with a thin Pd or
Pt layer switch from an optical colorless state to a dark blue
absorbing state when they are exposed to dilute H2 gas. This
process is often reversible, because the colored films turn rever-
sibly into the colorless state when H2 is replaced with O2 [2]. In
addition to this observation, it should be noted that almost all the
existing reports are commonly related to this effect with thin-film-
type gasochromic devices.

Gasochromically or electrochemically colored films of tungsten
oxide often show an optical absorption in the near infrared (NIR),
which is a desirable effect for heat absorption applications in the
solar systems such as thermal filters and building windows (smart
windows) [3]. Most of the literature reports that focus their
attention on the optical properties of colored films, declare that
the NIR absorption includes a broad asymmetric peak at 1–1.5 eV
range and various attempts have been made to find a valid
explanation for it via peak-deconvolution by two or three multi-
peaks [4].

Recently, we have introduced for the first time a gasochromic
liquid composed of colloidal tungsten oxide nanoparticles as a
new gasochromic system which has unique NIR absorption bands
consisting of three main distinct peaks located at around 1.3,
1.6 and 1.9 eV [5]. Based on this observation, colloidal-type
tungsten oxide seems to be more capable of acting than thin-
film-type to assist basic studies of the gasochromic and hydrogen
intercalation phenomena. In that study, crystalline tungsten oxide
nanoparticles of about 40 nm average size have been directly
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synthesized by pulsed laser ablation (PLA) method inside DI water
and were activated against hydrogen gas by addition of small
quantity of palladium salt (PdCl2). Although PLA is a clean
technique due to direct interaction of light with matter, but there
are some disadvantages with this method such as the broad size
distribution of produced nanoparticles, need for expensive equip-
ments, and laser light attenuation as the liquid being opaque due
to formation and spreading of nanoparticles.

The scope of this study is to extend the subject of gasochromic
liquids into simpler, chipper and more productive synthesis
methods. Moreover, to push the criteria toward understanding of
fundamentals of the gasochromic mechanism, it is noteworthy
that hydrate forms of tungsten oxide can be good candidates
owing to their property of high proton transportation. For exam-
ple, tungsten oxide dihydrate (WO3 �2(H2O)) lies in the series of
good proton conductors at low operating temperatures and high
humidity conditions [6].

Until now, different methods have been used for the synthesis
of tungsten oxide nanoparticles including sol–gel [7], thermal
oxidation [8], laser ablation in liquid [9], and wire explosion [10].
On the other hand, it has been demonstrated that electrochemical
anodizing of tungsten sheets (plates and films) in certain (corro-
sive) media leads to formation of tungsten oxide hydrate surfaces
over the sheets with porous structures and high surface/volume
ratio on nanometer size scale. Anodizing has been vastly used for
the fabrication of porous WO3 films through an electrochemical
process [11]. In the anodizing process we often deal with a
working electrode (anode), reference electrode (cathode) and an
electrolyte [12]. Applying electric field between the anode and
cathode leads to anode corrosion through an oxidation process. To
the best of our knowledge, the most studied electrochemical
anodization trials of tungsten have been used for fabrication of a
porous WO3 layer over the anode surface [13–15]. In this study, we
focus not on the anode surface, but instead on the materials
released into the electrolyte medium from corrosive oxidation of
the anode. The obtained solutions containing colloidal nanoparti-
cles were used as the base of gasochromic liquid. Noble metals like
palladium and platinum are well-known hydrogen catalysts. To
make the system sensitive to hydrogen gas PdCl2 aqueous solu-
tions, as a palladium precursor, of different concentration was
added into the above colloidal solutions. These mixtures were
found to have gasochromic switching capability and were inves-
tigated in the current study by XRD, TEM, XPS, FTIR and UV–vis
spectrophotometry.

2. Experimental

Nanoparticles of tungsten oxide dihydrate were fabricated by
anodizing tungsten rods in diluted HCl. For this purpose, two
tungsten rods were put 1 cm parallel to each other into a 0.02 M
HCl electrolyte. Then a 60 V DC bias voltage were applied to the
two ends of rods for 5 min (Fig. 1). By applying voltage, the anode
surface began to corrode and was released gradually into the
electrolyte. A PdCl2 solution was prepared by adding 0.02 g of
PdCl2 powder (99.99% purity) into a mixture of 99.9 cc DI water
and 0.1 cc HCl. This composition was kept in ultrasonic bath until
PdCl2 was dissolved and a uniform yellowish solution of 0.2 g/l
PdCl2 was obtained after 3 h. Then, various amounts of this
solution including 0, 0.2, 0.4, 0.6, 0.8 and 1 cc, were added to
10 cc of as prepared colloidal solution of tungsten dihydrate. These
obtained samples were named as WT5, WP0.2, WP0.4, WP0.6,
WP0.8, and WP1 (Table 1). In order to perform some characteriza-
tions, samples were prepared by drop-drying the nanoparticles
from their colloidal solution onto silicon or glass substrates. The
crystalline structures were analyzed by X-ray diffraction (Cukα,

λ¼0.1544 nm, model Philips XPERT). Chemical bonds of the
samples were obtained by FTIR spectroscopy in the mid-infrared
range (600–4000 cm�1) using Bruker FTIR (model Tensor27)
system. The XPS analysis was done in an ESCA/AES system. The
system is equipped with a concentric hemispherical analyzer
(CHA, Specs model EA10 plus) suitable for auger electron spectro-
scopy and XPS. For exciting the X-ray photoelectrons, an AlKα line
at 1486.6 eV was used. The energy scale was calibrated against the
carbon binding energy (284.8 eV). Optical properties of liquids
before and after hydrogen intercalation were measured in the
190–1100 nm wavelength range using Perkin Elmer spectrophot-
ometer (Lambda 25). The gasochromic experiments were carried
out by alternatively bubbling 10%H2/Ar (flow¼60 l/h) or O2

(flow¼30 l/h) gases through a tiny stainless steel pipe into a
quartz cell containing the colloidal samples.

3. Result and discussion

3.1. Crystal structure

Fig. 2(a–g) shows the XRD patterns of as-prepared sample
(WT5) before and after annealing at different temperatures of
100, 200, 300, 400 and 550 1C for 2 h in air. All the diffraction
peaks of sample WT5 agree well with the monoclinic tungsten
oxide dihydrate (PDF 00–016-0166), WO3 �2(H2O). However, no
intense diffraction peak has been detected after annealing at
100 1C. In addition, there are some weak peaks which could not
be indexed, and are believed to be from the formation of an
intermediate compounds during phase transition; likely orthor-
hombic tungsten oxide monohydrate with formula WO3 � (H2O).
New diffraction peaks, however, appear in XRD pattern when
annealing temperature increases to 200 1C. This pattern contains
the diffraction peaks of the monoclinic WO3 (PDF 00–005-0364)
and indicates a significant crystalline transformation from the
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Fig. 1. Schematic representation of synthesis of WO3 � 2(H2O) colloidal solution by
anodizing method, activation against hydrogen gas by PdCl2 and gasochromic
coloring by insertion of diluted hydrogen gas.

Table 1
Sample names and their preparation conditions.

Sample name WT5 WP0.2 WP0.4 WP0.6 WP0.8 WP1

Anodizing time (min) 5 5 5 5 5 5
WO3 �2(H2O) (cc) 10 10 10 10 10 10

(mmol/l) 2.5 2.5 2.5 2.5 2.5 2.5
PdCl2 (0.2 g/l) (cc) 0 0.2 0.4 0.6 0.8 1

(mmol/l) 0 10 20 30 40 50
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dihydrate into the pure oxide phase at 200 1C. By increasing the
annealing temperature to 300 1C, the diffraction peaks become
sharper and narrower likely due to increase in crystallinity. The
increased crystallinity also results in an increased density.
Indeed, after annealing at temperatures above 300 1C monoclinic
WO3 �2(H2O) powder is completely converted to monoclinic WO3

final phase. The schematic representations of the crystal struc-
tures of WO3 �2(H2O), WO3 � (H2O) (which is the probable inter-
mediate phase), and monoclinic WO3 are shown in Fig. 2(h–j).
From the graphical representations, each tungsten atom is
surrounded by five oxygen atoms in both types of tungsten oxide
hydrates and by six oxygen atoms in latter form of WO3. The
interpretations about oxygen bonding with tungsten or with
water molecule will be used again when FTIR and XPS results
are provided.

3.2. TEM

Fig. 3(a) shows a TEM image of sample WT5 and Fig. 3(b and c)
shows two TEM images of sample WP0.6 with different

magnifications. Parts (d) and (e) are size distribution histograms
based on TEM images presented in parts (a) and (b). Sample WT5
has discrete nanoparticles while nanoparticles in sample WP0.6
were spontaneously assembled into chain-like arrangements.
Moreover, in the high magnification image (part (c)), the dark
spots can be attributed to the presence of metallic palladium NPs. It
should be noted that very few separate particles have been found in
TEM image series of this sample. Strong dipole–dipole interaction is
believed to be the driving force of nanoparticle self-assembly and
can be observed for noble metal nanoparticles surrounded by a
negative double layer of charge [16]. Regarding the size distribution
histograms (Fig. 3(d and e)) sample WT5 has a wide size distribu-
tion with 5.1 nm average size and sample WP0.6 has a narrower
distribution with 4.8 nm average size. These findings show that Pd-
WO3 nanoparticles prefer to linearly aggregate with neighboring
particles rather than to stay alone probably due to the presence of
the palladium metallic phase.

HRTEM images of samples WT5 and WP0.6 are shown in Fig. 3
(g and h), respectively. Corresponding IFFT images obtained
from some selected regions along with the d-spacing values are
also shown at the insets of images. d-Spacing value of 2.4 was
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Fig. 2. XRD patterns of powder extracted from drop-drying of colloidal solution of tungsten oxide dihydrate (WT5) before (a) and after annealing at (b) 100, (c) 200, (d) 300,
(e) 400, (f) 500 and (g) 550 1C. Crystal structure transform from monoclinic WO3 �2(H2O) to monoclinic WO3 upon annealing. Schematic representations of WO3 �2(H2O) (h),
WO3 � (H2O) (i) and monoclinic WO3 (j).
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estimated in part (g) which is assigned to (140) crystallographic
ordination of tungsten oxide dihydrate. The value of 3.4 Å in part
(h) is attributed to the (111) orientation. Moreover, IFFT image
processed for a particle of dark spots has d-spacing of about 2.2 Å
which is related to Pd (111) crystallographic orientations.

TEM images of the WT5 after annealing at 550 1C (part (f))
consists of plate-like nanostructures. The sheets thickness can be
approximated from the edges of some curved plates, which is
about 3.9 nm shown by arrows. The corresponding HRTEM image
is shown in Fig. 3(i). As can be seen from IFFT, the obtained
d-spacing value is about 2.2 Å which is assigned to (�222)
orientation of monoclinic WO3.

3.3. FTIR

Fig. 4 shows the FTIR spectra of the sample WT5 before and
after annealing at 550 1C, and the sample WP0.6 before and after
one coloring–bleaching cycle. The FTIR spectra of before annealing
(parts (a–c)) are almost similar and show different peaks located at
around 656, 911, 985, and 1623 cm�1. According to the literature,
the first vibration band is related to corner sharing ν(W–O–W)

mode [17] and the second and third ones to the vibration of ν(O–
W–O) stretching mode and terminal ν(WQO), respectively
[17,18]. The peak positions and relative intensities remain almost
unchanged after addition of palladium salt or after hydrogen
insertion–extraction process in the single gasochromic cycle. It
has been shown elsewhere for tungsten oxide films that the
crystal structure of colored and bleached states are often different
[19]. This part of FTIR results demonstrates that probably the
chemical and structural transitions are reversible processes in the
gasochromic effect. However, these three vibrations undergo slight
shifts toward lower wavenumbers of 642, 817 and 923 cm�1 after
annealing. Moreover, the relative intensities of these three peaks
vary in the process of annealing (part (d)) due to change in
chemical bonds.

The vibration band at 1623 cm�1 is related to (W–OH) hydroxyl
groups that diminishes, as shown in part (d), after annealing
process. Moreover, there are two stretching modes in the range
of 3100–3500 cm�1. This frequency range is related to vibration
modes of H2O molecules [20]. Indeed, the structure of tungsten
oxide dihydrate displays two kinds of water molecules (see Fig. 2
(h)); coordinated water and structural water. The coordinated H2O

20 nm

50 nm
0

10

20

30

40

50

2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5

Particle size (nm)

C
ou

nt
s

0

10

20

2.5 3.5 4.5 5.5 6.5 7.5 8.8 9.5

Particle size (nm)

C
ou

nt
s

2 nm

2.38 

IFFT

IFFT
3.45 

5 nm

(111)

(140)

2.2 

IFFT

50 nm

Pd

5 nm

IFFT

2.18 

20 nm

3.9 nm
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molecule is bonded to the lattice in coordinating octahedron
round the tungsten ion, thus forming the WO5(OH2) octahedron.
Besides, those molecules that are arranged into an interlayer of
water are called structural water. Each octahedron contains one
terminal oxygen atom (WQO), one coordinating water molecule,
and four bridging oxygen atoms connecting to the octahedra. The
coordinated water frequency, in the case of WO3 �2(H2O), is
greater than that of structural water. Therefore, 2953 cm�1 vibra-
tional frequency comes from coordinated water, and the other
located at 3401 cm�1 is due to the structural water. As can be seen
in Fig. 4(c), the structural water slightly weakens upon hydrogen

exposure. Probably the structural H2O sites are preferential loca-
tions for hydrogen atoms to be absorbed.

3.4. XPS

The XPS survey scan spectra of samples WT5, taken before and
after annealing at 550 1C, and WP0.6 are shown in Fig. 5(a–c). As
can be seen, XPS signals of the elements W (35.7–37.7 eV), C
(284.8 eV), and O (530–532 eV) exist in all the spectra. No signals
of Pd or Cl were detected in palladium salt-containing sample
within the detection limit of XPS, probably due to their low
concentrations. The high-resolution XPS scans are able to analyze
in detail the chemical states of each element. Corresponding high-
resolution W4f and O1s XPS spectra are shown in Fig. 6(a–c). W4f

peaks can be deconvoluted into two or four (just for palladium
salt-loaded sample, WP0.6) components depending on FWHMs of
original peaks. These components are separated spin–orbit peaks
of W4f7/2 located at lower and W4f5/2 at higher binding energies.
The as-prepared sample (WT5) that was identified, according to
XRD analysis, to be WO3 �2(H2O) shows a doublet centered at 34.7
and 36.8 eV while for sample annealed at 550 1C they are shifted
by 0.5 eV toward 35.6 and 37.7 eV higher energies, respectively.
For as-prepared sample, according to literature, this doublet is
originated from the presence of W5þ states [21]. Meanwhile, a
general agreement exists for the binding energies of W6þ at
35.670.2 and 37.770.2 eV [21]. Moreover, the presence of W5þ

state in sample WT5 is in consistent with illustrated crystal
structure in the inset of Fig. 6, where W atoms are bonded to five
oxygen atoms in WO5 � (H2O) octahedral and increases to six in
WO6 octahedral after annealing. The 0.5 eV shift toward the higher
binding energies upon annealing is likely originated from chemical
transformation of WO3 �2(H2O) into WO3 through desorption of
coordinated water molecules.

In the case of sample WP0.6, there are four spin orbit peaks
because the total FWHMs of its primary XPS spectra are wider than
those of other two samples. The doublet with lower intensities is
located at the same position as those of samples WT5 (W5þ states).
However, the doublet of higher binding energies, i.e. W6þ states, has
dominant peaks. The presence of W6þ states is attributed to the
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oxidation of W5þ atoms in a reduction–oxidation reaction with
palladium chloride. One can propose a half reaction for this conversion
as below

Pd2þþ2W5þ-Pd0þ2W6þ (1)

In this half-reaction, palladium ions get electron from tungsten
atoms and reduce to metallic palladium (see TEM images, Fig. 3)
and at the same time, the oxidation number of tungsten increases
from five to six.

The O1s spectra acquired before annealing differ much more
from after annealing. Before annealing, O1s peak can be de-
convoluted into two main peaks; one centered at 529.8 eV and
one broad intense peak at 532.6 eV. The first one is related to
oxygen bonding with tungsten atoms while the next one is due to
the presence of O–H, O–C and/or oxygen contaminants absorbed
the atmosphere [14]. After annealing, O1s peak positions are 530.4
and 532.7 eV. In addition, the O–H peak intensity lowers con-
siderably after annealing probably due to desorption of hydroxyl
groups involving coordinated water. The O–H bonding remained
even after annealing at 550 1C may originate from absorbed water
and, according to XRD patterns which confirms phase transforma-
tion from WO3 �2(H2O) to WO3, cannot be due to structural water.
This interpretation could be deduced from FTIR spectra (Fig. 4) too.
Moreover, in O1s XPS spectrum of sample WP0.6 the peak centered
at 532 eV has lower relative intensity comparing with as-prepared
sample WT5. Therefore, it seems that water molecules could be
desorbed from the structure in the process of the oxidation–
reduction reaction.

3.5. Gasochromic properties

Fig. 7(a and b) shows photographs of a typical sample in
which the colorless solution turns blue after gasochromic coloring
by 10 min hydrogen-containing gas exposure. To investigate
the optical properties of gasochromically colored colloidal solu-
tions prepared with different PdCl2 concentrations, their optical
absorption spectra were acquired and analyzed. Firstly, colorless
samples were exposed to hydrogen gas for about 10 min, and then
after the color saturated states were achieved, they were allowed
to bleach spontaneously in air and the optical absorption spectra
were recorded at different steps. The optical absorption spectra
of blue states show some intense absorption peaks centered at

photon energies of 1.3, 1.6, 1.9 eV and a weak shoulder at 2.4 eV
(Fig. 8). For more clarity, we call these peaks as P1, P2, P3 and P4,
respectively. Moreover, for the higher energy region above 3 eV,
the absorption coefficient spectra of all the samples exhibit a
sudden increase as the photon energy exceeds the band gap.
The absorption spectra and time variation curves of peaks inten-
sities are shown in Figs. 8(a–e) and 9(a–d), respectively for
samples WP0.2, WP0.4, WP0.6, WP0.8 and WP1 at different
bleaching steps. For sample WP0.2 at blue state, there is only a
shoulder at 1.6 eV and a very weak peak at 1.3 eV with no
considerable change in absorption spectra upon bleaching.
Sample WP0.4 has three distinct absorption peaks at 1.3 (P1), 1.6
(P2) and 1.9 eV (P3). In this case, the relative intensity of P2 is low
at the initial times of bleaching. However, the overall optical
absorption reduces gradually and at the same time, the three
distinct peaks change in intensity. The intensity variation of peaks
is not uniform so that the diminish rate of P1 and P3 are faster than
that of P2. After about 7 min, the intensity of peak P2 overcomes
those of P1 and P3. Near the complete bleaching, after about
12 min, only one weak P2 peak remains within the absorption
spectrum. Now let's examine the situation in which palladium salt
increases to higher concentrations. By increasing PdCl2 volume to
0.6 cc (sample WP0.6) two absorption peaks P1 and P3 are only
observable initially in which, comparing with sample WP0.4, P2
has much low relative intensity. Corresponding time variation
curves indicates that P1 falling rate is faster than those of P2 and P3
(Fig. 9(b)). The intensity of P2 is nearly constant for the first
8 min bleaching time but after about 12 min, it becomes the
dominant peak.

In the cases of samples WP0.8 and WP1, as to the previous case,
the peaks P1 and P3 are very strong at initial times but, upon
bleaching, P2 appears and becomes dominant. According to these
findings, it is expected that a relation exists between hydrogen
intercalation level and the shape and intensity of absorption peaks.
Assuming proton formation rate depends on the Pd content in
gasochromic effect, the hydrogen intercalation level not only is
high at the initial colored stages, but also increases with the
palladium salt concentration. Therefore, the presence of strong P1–
P3 pairs and dominating P2 can be related to hydrogen concentra-
tion variation from high to low quantities. Moreover, as one the
most interesting consequences, the peak positions are constant
during coloring–bleaching process for different sample types. The
same peak positions were observed in our previous work on
gasochromic colloidal solution prepared by laser ablation in water
[5]. Therefore, the triplet peak of P1–P2–P3 can be considered as an
optical fingerprint for gasochromic colored colloidal tungsten
oxide nanoparticles.

It should be noted that annealed samples, which were deter-
mined to be monoclinic WO3 when dispersed in water again,
did not show any gasochromic response (the results are not shown
here). This indicates that structural or coordinated water play
important role in gasochromic effect of colloidal nanoparticles.

Up to now, there is no unique model to satisfactorily describe
the optical absorption in gasochromic coloring effect when hydro-
gen atoms are inserted into tungsten oxide. The papers on
gasochromic thin films in literature propose different models
including three band absorption [4], small polaron transition
[22,23], double injection mechanisms [24] and a new model of
oxygen vacancies [1]. In colloidal nanoparticles, as the present
study, however, the situation is somewhat more complicated
because the optical absorption spectra are composed of three
discrete peaks located at certain energy positions with different
intensities depending on hydrogen insertion level. However,
it seems that there is a contradiction between the unvarying
peaks positions in this report and small polaron transition model.
Indeed the small polaron theory describing the coloring effect

Fig. 7. Photograph of a typical colloidal solution of Pd-WO3 � 2(H2O) before (a) and
after gasochromic coloring by 10 min hydrogen exposure (b).
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in tungsten oxide films predicts that the polaron energies, hence
the peak positions, vary with color center concentration which is
proportional to the optical density. We believe that the three
bands of absorption spectra are related to three pairs of possible
tungsten oxide states including (W5þ , W4þ), (W5þ , W6þ) and
(W4þ , W6þ). The intensity variation of the observed absorption
peaks proposed that peak P2, which is strong at low hydrogen
insertion, is related to the surface phenomena while two other
peaks are related to bulk phenomena. At full colored state, bulk
effects are dominant firstly but upon bleaching, hydrogen atoms
are gradually desorbed from the bulk and move toward the
surface. As the hydrogen bulk concentration reduces to levels
lower than that of surface, the surface effects become dominant.
Nevertheless, to find an inclusive model for describing peaks
positions and the dynamics of their variation the subject needs
to be more studied both from experimental and theoretical points
of view.

4. Conclusions

The results presented here illustrate the capability of anodizing
method for synthesis of colloidal solution of tungsten oxide dihy-
drate nanoparticles with unique gasochromic properties. As a good
hydrogen catalyst for gasochromic purposes, palladium was intro-
duced into the colloidal solution by addition of aqueous PdCl2. From
HRTEM and XPS analyses, palladium salt is metalized spontaneously
and increases the oxidation state of tungsten from W5þ to W6þ as
well. An interesting gasochromic coloring developed within the
colloidal Pd-containing tungsten dihydrate solution by bubbling of
diluted hydrogen gas. The main aspects of the observed gasochro-
mic effect are first the critical role of structural and/or coordinated
water in arising gasochromic coloring and second the appearance
of at least three distinct absorption bands in the near IR region. The
peak positions were fixed during spontaneously bleaching in air but
their relative intensities vary in different manners depending on
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hydrogen intercalation level. Although different models exist for
describing gasochromic effect in tungsten oxide, but among them,
data reported here is in contradiction with the small polaron theory.
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