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ABSTRACT

In this paper, tetragonal WO3 colloidal nanoparticles (NPs) were prepared by pulsed laser ablation in liquid of tungsten target in de-ionized
water, followed by adding a PdCl2 solution immediately after the ablation process or hours after aging. X-ray photoelectron spectroscopy
revealed that the surface chemical composition is a mixture of W5+, W6+, and O–H groups for which a defective WO2.8 surface composition
was calculated. Transmission electron microscope images showed that only when PdCl2 is added immediately, Pd/WO3 core-shell NPs are
formed spontaneously. UV-Vis spectrophotometry showed an increase in the optical bandgap due to NPs oxidation throughout the aging
period. Thus, the spontaneous formation of the Pd/WO3 core-shell NPs was attributed to the presence of surface oxygen defects in newly
formed NPs. With hydrogen exposure (<10%), Pd/WO3 solutions turned blue, indicating a gasochromic coloration ability which was used
to detect different hydrogen concentrations below 10%. The dynamic response to different hydrogen concentrations was also studied at
630 nm constant wavelength. The results revealed that Pd/WO3 NPs obtained by the pristine WO3 colloidal solution show a better gasochro-
mic performance, in both the coloration and response time.
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I. INTRODUCTION

WO3 nanoparticles (NPs) have great potential to be used in the
gas sensors, especially for hydrogen gas1–3 As a well-known type of
hydrogen sensing, in the gasochromic effect the optical properties of
WO3 change reversibly from a transparent to a blue state up on
hydrogen4–6 so that it can be used as a visual hydrogen sensor mate-
rial.7 In these gas detecting platforms, a thin catalytic layer of Pd or
Pt deposited over the WO3 NPs is required to enable hydrogen
decomposing into H atoms and allows them to inject into the mate-
rial lattice prior to the coloration. Therefore, many attempts on the
gasochromic properties of materials focus on the catalyst and the
active gasochromic material preparation. Although many sensors are
working in gaseous media, detection of hydrogen in aqueous media
like water can be important in environmental sciences, biomedical
sciences, biotechnology, research on photochemical water splitting,

and H2 enriched drinking water. For example, drinking water enriched
with dissolved hydrogen has been reported to have a positive effect on
many health and well-being conditions. Therefore, water base liquid
hydrogen detector, especially based on optical and vision methods, is
of great importance. Now some discussion about the potential appli-
cation of our samples is added to the Introduction section. Moreover,
the colloidal solution of Pd/WO3 NPs may be used as a solution base
for fabrication of hydrogen spray detectors or hydrogen detector tapes
(see, for example, https://www.detectape.com/).

Pulsed laser ablation in liquid (PLAL) is a complex process to
synthesize NPs in aqueous solutions;8–13 this approach is based on
the reaction between species ejected from the laser exposed target
and the solution environment which allows to produce a wide
variety of oxides, hydroxides, carbides, sulfides, nitrides, and com-
posite nanostructures14–18 of the solid target and a small amount of
surrounding liquid occurs at the initial periods of the laser-target
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interaction. Chemical reactions in the plume generate different
species form the target. Because of complicated mechanism behind
the PLAL process, many of its details have not been understood
yet. Extreme local conditions generated by the pulse of the laser
inside the ablation-induced plasma lead to the generation of local-
ized hot place with high pressure resulting in the formation of
highly excited dense species in the plume. The interaction between
the plasma and the liquid also induces a rapid quenching effect,19

causing the formation of unusual phases. These unusual phases can
be highly reactive so that growth, agglomeration, coagulation, and
chemical transformation of different species and particles in the
liquid continue for a period of time after the ablation process.
Therefore, if a new chemical agent is added to the solution at the
initial times of the NP formation, they are expected to reacted, for
example, via an oxidation-reduction path, with ablated species and
form different biparticles such as core-shells and alloys. On the
other hand, an aging period is able to diminish the chemical reac-
tivity of the NPs. Therefore, a study how the aging affects the reac-
tivity of PLAL-derived NPs is of scientific importance.

Accordingly, ablation of W target in water followed by adding
a PdCl2 solution is expected to obtain WO3-Pd core-shell struc-
tures, which is able to exhibit the gasochromic hydrogen sensing
property. Colloidal WO3 NPs were previously synthesized by the
PLAL method and showed possibility of gasochromic effect with an
optimal amount of the added PdCl2.

20 Also, the effect of the prepa-
ration conditions such as laser fluence has been studied.8 From
those studies, it could be realized that the aging time before adding
PdCl2 after the laser ablation affects the size and morphology of
WO3-Pd NPs, which may also affect their gasochromic response.
To our best knowledge, no paper exists on this system which
reports the effect of tungsten oxide aging on its reduction ability
for palladium chloride conversion. In this paper, the effect of aging
of PLAL-derived tungsten oxide colloidal NPs on the ability of pal-
ladium to be reduced and its consequences on the gasochromic
responses will be examined. The results show that the WO3-Pd
core-shell nanostructures are synthesized in solution only when
PdCl2 is added early to the ablation process. The core-shell nano-
structures are found to exhibit better gasochromic response proba-
bly due to an intimate contact between Pd and WO3 NPs.

II. MATERIALS AND METHODS

WO3 NPs were synthesized by the PLAL method in de-ionized
(DI) water. The beam of an Nd:YAG laser (λ = 1064 nm, energy per
pulse = 1.2 J, and frequency = 10 Hz) was used. The initial laser
beam diameter was 10 mm which was focusing into a 400 μm
spot size on the target surface via a 10 cm focal lens and provides
a 60 J/cm2 laser fluence. The beam was delivered for 45 min to a
W target (99% purity) placed at the bottom of a vessel containing
250 ml DI water. A PdCl2 solution was prepared by dissolving
0.02 g PdCl2 powder (99.99% purity) in a mixture of 99.9 ml DI
water and 0.1 ml HCl. 1 ml of the PdCl2 solution was added to
5 ml of the obtained colloidal WO3 NPs just after or 0.5, 1, 2, 3,
and 24 h after finishing the laser ablation procedure. The samples
were named as WP0, WP0.5, WP1, WP2, WP3, and WP24,
respectively. The schematic representation of PLAL procedure is
plotted in Fig. 1. The crystal structure of the samples was analyzed
using an x-ray diffractometer (Philips EXPERT MPD) with
Cu-Kα (λ = 1.5418 Å) radiation. X-ray photoelectron spectroscopy
(XPS) analysis was done by an ESCA/AES system. The system is
equipped with a concentric hemispherical analyzer (Specs model
EA10 plus). For exciting the x-ray photoelectrons, an Al Ka line
at 1486.6 eV was used. The energy scale was calibrated according
to the carbon binding energy (284.8 eV). Transmission electron
microscopy (Philips model CM120) revealed the microstructures
of the samples. Specific volumes of colloidal samples were drop-
casted on glass substrates for XPS or X-ray diffraction (XRD)
analyses. Drop-casted samples of WP24 were also annealed at
temperatures of 200 and 500 °C for 2 h in order to study the
effect of annealing on the crystal structure. Gasochromic investi-
gations were performed using H2/Ar mixed gas with different con-
centrations for coloring of samples and O2 (purity 99.9%) for their
bleaching. The gases were alternatively bubbled into 3 ml of the
WO3-Pd colloidal solutions through a tiny quartz tube. The changes
in the color of the solutions during the charging of H2 gas were
measured using a Lambda 950 spectrophotometer (Perkin Elmer).
The dynamic responses of the colloidal solutions were investigated
by passing a monochromatic light with a wavelength of 630 nm,
and the absorption changes were recorded.

FIG. 1. Schematic representation of
PLAL of tungsten target in DI water,
adding PdCl2 at different aging times to
obtain WO3-Pd samples and gasochro-
mic coloration of WO3-Pd colloids after
hydrogen bubbling.
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III. RESULTS AND DISCUSSION

A. X-ray diffraction

Figure 2(a) shows the XRD patterns with the fitted asym-
metric curves of samples WP0 and WP24. There is only one
broad peak at 2θ = 23.7°, which is related to the (110) plane of
the tetragonal WO3 structure (JCPS Card No. 85-808). However,
the diffraction peak in WP24 is slightly narrower than that of the
as-prepared sample indicating, according to Scherrer’s relation,
that the size of tungsten oxide crystallites has increased over the
aging period. No noticeable diffraction peak for palladium is
observed probably due to its amorphous nature or low concentra-
tion. As it was mentioned above, the laser-target interaction
results in a high temperature and pressure cavitation bubble over
the target surface during the ablation process that provides favor-
able thermodynamics conditions for crystallites nucleation.
Nevertheless, a postannealing of drop-casted samples of WP24
type at 200 and 500 °C [Fig. 2(b)] has led to an improvement in
the crystalline structure. It is worth mentioning that the thermal

stability of the tetragonal structure is in high temperatures
ranging from 700 to 900 °C.21

B. X-ray photoelectron spectroscopy

XPS analysis was used in order to investigate the elemental
composition and surface chemical states of the PLAL-derived
NPs. The XPS survey scan spectrum of drop-casted sample WP24
is shown in Fig. 3(a). It should be noted that this sample has been
actually remained in the lab environment for a long period prior
to analyzing. The survey scan spectrum represents the major ele-
mental constituents of O and W in addition to an intense carbon
contamination signal at a binding energy of 284.8 eV. In addition,
two weak XPS peaks at 99 and 149 eV are originating from the
glass substrates. No trace of Pd transitions was detected by XPS
due to its very low concentration. Figure 3(b) shows the XPS core
level spectrum of W4f which could be deconvoluted into two
different doublets. The doublets at the binding energies of 35.6
and 37.8 eV are attributed to W4f7/2 and W4f5/2, respectively.
According to the literature, these two peaks are related to the
fully oxidized states of tungsten ions (W6+).22,23 Besides, the
doublet including two peaks at 34.4 and 36.4 eV is related to the
chemical bonds of W5+ oxidation state.24 The O 1s XPS spectrum
has been deconvoluted into two peaks located at 530.8 and
532.7 eV [Fig. 3(c)]. According to the literature, the former peak
originates from O–W bonding and the latter is due to the pres-
ence of the hydroxyl groups.25 The higher peak intensity of
hydroxyl comparing with W–O suggests that in the laser ablation
of tungsten in water, a lot of water molecules are absorbed by the
tungsten oxide structure. Using the peak area related to different
W4f peaks (W6+ and W5+) and that of O1s, the composition of
NPs is estimated to be about WO2.8. According to XPS results,
the presence of W5+ states and substoichiometric composition
confirms the possibility of the presence of surface oxygen defects
even after long aging. These defects are responsible for the high
chemical activity of NPs and reduction of PdCl2.

C. Transmission electron microscope (TEM)

Figures 4(a)–4(c) indicate the TEM images and size distribu-
tion histograms of samples WP0, WP1, and WP24, respectively.

FIG. 2. XRD patterns of (a) samples WP0 and WP24 and (b) sample WP24
after annealing at 200 and 500 °C.

FIG. 3. XPS spectra of sample WP24, (a) survey scan, (b) W4f, and (c) O1s core level transition.
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The size distribution histogram of sample WP0 reveals that particle
size is in the range of 3–25 nm, with about 11 nm average size. In
Fig. 4(a), two different types of particles are distinguished according
to their gray and black contrasts. With lower atomic number, palla-
dium parts are probably the gray regions and there are several rec-
ognizable core-shell particles shown with arrows. The high
magnification images inside the figure illustrate the details of
WO3-Pd core-shell structure in which the Pd shell thickness is
about 8 nm. This image obviously indicates that several particles
are found with a core-shell structure where the thin Pd shell covers

completely the surface of the WO3 NP. This suggests that the com-
bination of the PLAL followed by reduction reaction makes it pos-
sible to produce core-shell NPs. The suggested chemical
mechanism for Pd2+ conversion to metallic Pd is as follows:

W5þ(in the initialWOx(x,3)) ! W6þ(inWO3)þ e�,
Pd2þ þ 2e� ! Pd0(metallic)

(1)

because of the substoichiometric nature of ejected particles, they
can be oxidized over aging or by an external agent like Pd2+. When

FIG. 4. TEM images and size distribu-
tion histograms of sample (a) WP0, (b)
WP1, and (c) WP24.
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PdCl2 is added after 1 h aging in sample WP1, the average particles
size increases to ∼14 nm [Fig. 4(b)]. Although a few core-shell NPs
can be yet observed for sample WP1, TEM micrograph of sample
WP24 represents individual particles that are unlikely to have a
core-shell structure. Comparing these TEM images clearly shows
that the delay time of the PdCl2 solution addition plays a key role
in creating a core-shell structure. It seems that the palladium ions
are not reduced remarkably at the surface of NPs in sample WP24
in contrast to sample WP0, which is attributed to an aging-induced
passivation of the surface chemical reactivity in the WO3 NPs. Size
distribution histogram shown in Fig. 3(b) reveals that the particles
size is in the range of 6–52 nm where the average size is determined
to be 19 nm. This increase in the average particle size of WO3 NPs
was also confirmed by the XRD (Fig. 2).

D. Optical properties

Figure 5(a) shows the optical transmission spectra of different
WO3-Pd (WP) samples. The spectra show 60%–90% transparency
in the visible region with the lowest transparency for sample WP0.

The observable small absorption peak at 417 nm (shown by a
dashed line) is due to the absorption band of the orangish PdCl2
solution,26 and the sharp decrease in the transmission at around
300 nm is known to be due to the optical absorption edge.27 A
comparison of the PdCl2 peak for samples WP0 and WP24 is
shown in part (b), indicating that this peak strongly reduces in the
WP0 sample. It should be noted that reduction of PdCl2 can be
understood by variation in its absorption peak.

As is seen, in comparison to the aged samples, this peak has
become negligible in sample WP0, indicating decomposition of
PdCl2 solution via conversion to metallic palladium structures.
The reduced optical transmission can be attributed to the forma-
tion of Pd NPs. Tauc plots have been used to determine the
overall behavior of optical bandgap, notwithstanding their appli-
cability to conventional 3D bulk material, and they do identify
changes in the effective bandgap. The corresponding optical
bandgaps are calculated from a linear extrapolation in (αhυ)0.5

plot versus photon energy according to the Tauc formulation.28

The optical bandgaps determined for samples WP0, WP0.5,
WP1 WP2, WP3, and WP24 are 3.0, 3.2, 3.2, 3.4, and 3.4 eV

FIG. 5. (a) Optical transmission
spectra of WP samples. (b) Details of
PdCl2 absorption peak for samples
WP0 and WP24 and (c) linear extrapo-
lation for calculation of the optical
bandgap of samples WP0 and WP24.
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respectively [Fig. 5(c)], which are close to those reported for WOx

with different x.29,30 It should be noted that the bandgap calcula-
tion of NPs may deal with an underestimation using the Tauc
method because the electronic structure of small particles is wider
compared to the bulk. This increase in the optical bandgap was
predictable as the oxidation degree of WOx colloids is expected to
increase by spontaneous filling the oxygen vacancies during the
aging period. Therefore, the optical observation suggests that the
surface chemical reactivity is significant for the mixing process at
the early laser ablation times while it is suppressed during the
aging period. They also support the speculation about the correla-
tion between surface chemical reactivity and oxidation degree that
depends on time. In addition, it perhaps confirms that the core-
shell morphology in TEM is a result of decomposing PdCl2 over
the very active tungsten oxide surface.

E. Gasochromic hydrogen sensing

When dilute hydrogen gas was bubbled into the colloidal
WO3-Pd solutions, their initial colorless visual reversibly turned
an absorbing blue state. Due to the absorbing nature of the gaso-
chromic coloring, we show the absorption spectra instead of their
transmittance. Figure 6(a) shows the absorption coefficient differ-
ence (ΔA; the magnitude of difference in the absorbance before
and after gas exposure) spectra versus the photon energy for
different WP samples. Figures 6(b) and 6(c) show typical photo-
graphic images of a WO3-Pd sample before and after hydrogen
coloration, respectively. Two absorption bands located at 1.3 and
1.9 eV are clearly seen in all the spectra which are denoted as P1
and P2, respectively. These peaks are characteristics for the
colored tungsten oxide in the presence of elements such as Li
and H.31 These peaks are attributed to absorption by small polar-
ons or different vibrational modes of localized surface plasmon
resonance of defective tungsten oxide.32,33 The behavior of light
absorption by the peak area integral in the range of 1.2–2.5 eV
calculated for different samples (not shown here) clearly indi-
cated that the overall absorption decreases with aging and P1
becomes comparable to P2.

To be introduced as gasochromic sensor material, the response
features of these colloids should be derived. In the gas sensing eval-
uations, the hydrogen concentration and the flow rate are the two
key parameters. First, the hydrogen concentration effect on the
gasochromic switching of the colloidal solutions is studied. To do
this, hydrogen and oxygen were bubbled alternatively to the colloi-
dal suspensions of WP0 and WP24 and their optical absorptions
were recorded over the time. The H2 concentrations exposed to the
suspensions varied from 10% to 0.5%. The absorption at the cons-
tant 630 nm wavelength versus time is shown in Figs. 7(a) and 7(b)
for the two different samples. The reversibility of the samples after
bubbling of hydrogen and oxygen is clearly observable for both the
samples. The response time of the two samples increases by
decreasing the H2 concentration. With an H2 concentration of
10%, the absorption of WP0 reaches 1.2 after just 5 min, whereas a
longer time of more than 40 min is needed for WP24 to reach an
absorption of just 0.4. This shows that all response features of the
gasochromic effect, including response time and sensitivity, are
greater in sample WP0 comparing with sample WP24. The H2

threshold concentration required to be detected by the colloidal
suspensions is very low in the order of 0.5% that is comparable to
the WO3 gasochromic thin films.34 This suggests that the colloidal
solution of WO3-Pd may be a good candidate to be used as a gaso-
chromic sensing system which addresses the long response time in
the gasochromic thin film type sensors.34,35

In the following, we study the effect of hydrogen flow rate
on the saturated optical absorption at 630 nm constant wave-
length by bubbling H2(10%)/Ar(90%) gas with different flow
rates of 2, 5, and 10 Nl/h for 10 min to the different WP samples.
The change in the saturated optical absorption, ΔA, is plotted in
Fig. 8. It is apparent that ΔA increases with the hydrogen flow
rate in all the samples. In the samples with aging time below 3 h,
the responses are nearly the same for different flow rates, e.g.,
they reach an absorption of about 1.1–1.3 in the flow rate of
10 Nl/h. However, in sample WP24, the maximum value of ΔA is

FIG. 6. (a) Optical absorption differences vs photon energy for different WP
samples. (b) and (c) represent the photographic images of sample before and
after coloration, respectively.

FIG. 7. Absorption differences as a function of hydrogen insertion time for
different concentrations at 630 nm constant wavelength: (a) sample WP0 and
(b) WP24.
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about 0.4 that is much lower than those with shorter aging time.
Here, it is shown that WO3-Pd core-shell colloidal NPs show
better gasochromic responses rather than a liquid containing
WO3 NPs with PdCl2 solution.

F. Mechanism

The mechanism of WO3-Pd core-shell structure formation is
explained in Fig. 9, indicating the schematic representation of NP
formation in PLAL and the effect of aging on size and interaction
with Pd2+ ions. Incidence of the pulsed laser beam to the target
surface removes the tungsten species from the target surface, inter-
acts, and nucleates in a cavity region above the target. In the
extreme ambient conditions of plume including high temperature,
high pressure, and high density of ions, the W species interact

strongly together and produce clusters of tungsten components.36

These clusters begin to interact with the atoms of the solution such
as oxygen present in the water and form defective tungsten oxide
NPs with active surface which are able to absorb (due to negative
surface charges) and convert Pd2+ cations. Addition of PdCl2 right
after the PLAL process of tungsten target leads to the reduction of
Pd2+ ions into metallic Pd shell on the surface of WOx(x<3) NPs.
The increase in the size of WO3 NPs upon aging (Fig. 4) indicates
that the newly formed NPs probably continue to grow even after
finishing the PLAL process. In the absence of palladium ions in a
normal aging process, tungsten oxidation continues up to fully
WO3 oxidation for a period of time. Therefore, the growth of the
transition metal NPs in water is likely a reactive process and leads
to the formation of metal oxide NPs37,38 that are active at early
stages due to surface defects and become passive after aging. The
surface defects are not only able to reduce ions, but also act as
centers for anchoring supporting NPs. This is why we observed
core-shell structures in TEM images.

As it was mentioned, palladium is reduced on and passivates
the surface of WOx NPs via covering and/or oxidizing Wn+ ions;
thus, the WO3 NPs are seen smaller in the TEM image of sample
WP0. Since the gasochromic process is a consequence of hydrogen
dissociation on the palladium surface and its penetration into tung-
sten oxide, it is important to know how palladium and tungsten
oxide are in contact and how aging prevents this connection. It can
be said that the addition of palladium chloride solution immedi-
ately after the laser process results in the formation of the core-shell
structure, which also has a better gasochromic response. In a core-
shell configuration, the intimate contact between palladium and
tungsten oxide results in the direct injection of hydrogen ions
(protons) into the tungsten oxide lattice which leads to an
increased gasochromic coloration and optical absorption.
Moreover, the structure of the palladium shell may be constructed
of agglomeration of very small Pd NPs which provides it a porous
state and hence facilitates the hydrogen diffusion from the surface
to the core. In contrast, in the case of aged WO3 NP due to insuffi-
cient particles connection, little decomposed hydrogens are
absorbed inadequately by WO3 structures leading to a less optical
absorption in the gasochromic process.

FIG. 8. The changes in absorption of a monochromatic light to the hydrogen
gas with different flow rates and the time of adding PdCl2. The H2 concentration
here was constant at 10%.

FIG. 9. Schematic representation of
laser ablation of W target and the
effect of aging on formation the
WO3-Pd core-shell NPs. The aging
caused surface passivation of tungsten
oxide NPs.
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IV. CONCLUSIONS

WO3 NPs were synthesized by PLAL of a W target in DI
water. The average diameter of particles experienced an increase
of 8 nm by extending the aging time of WO3 NPs before PdCl2
adding. TEM results revealed the formation of the WO3-Pd core-
shell nanostructures for sample WP0 because of the highly reac-
tivity of the WO3 cores just after the PLAL process. Pd shell
results in a direct injection of decomposed hydrogen atoms from
palladium shell to WO3 pores which leads to an enhancement in
the gasochromic response of this sample. The gasochromic
response of the WO3-Pd colloids increases with increasing flow
rate and concentration of hydrogen gas. The liquid samples also
showed reversible gasochromic response to the different concen-
trations of H2 from 0.5% to 10%. It was also proposed that, for
experimental condition of this paper, the best time for PdCl2
adding for conditions of this research should not exceed 3 h after
the ablation process.
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