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a b s t r a c t

Hierarchical structures of self-assembled three-dimensional (3D) WO3eAg were synthesized via hy-
drothermal growth using precursor solutions of peroxopolytungstic acid with different amounts of Ag.
The as-grown samples were analyzed by X-ray diffraction (XRD), field-emission scanning electron mi-
croscopy (FESEM), thermogravimetric analysis (TGA), Raman spectroscopy, Fourier transform infrared
(FTIR) spectroscopy, ultravioletevisible spectroscopy, and X-ray photoelectron spectroscopy. The XRD
and Raman studies showed that as the amount of Ag was varied from 0 to 10 wt% in the hydrothermal
growth solution, the crystal phase gradually changed from orthorhombic WO3$0.33H2O to hexagonal
WO3. The FTIR and TGA studies revealed different hydration levels, supporting the XRD and Raman
results. By controlling the amount of Ag in the precursor solution, platelet-like building blocks and
hexagonal building blocks were obtained, highlighting the role of Ag in the hydrothermal growth of 3D
WO3$0.33H2O and WO3 microcrystals. In addition, high-magnification FESEM images showed that the Ag
nanoparticles were anchored on the surface of the 3D hierarchical WO3eAg structures, and the UVevis
measurements demonstrated that the 3D hierarchical structures gradually absorbed more light when the
Ag content was increased. Moreover, the band-gap energy decreased when the Ag content was increased
from 0 wt% (Eg ¼ 2.65 eV) to 10 wt% (Eg ¼ 2.26 eV). These experimental results demonstrate that the
amount of Ag played a crucial role in determining the building blocks' morphology, and the hydration
level, optical properties, and crystal phase of the WO3$nH2O microcrystals.

© 2017 Published by Elsevier B.V.
1. Introduction

In the last few decades, crystal-growth engineering and tech-
nology (CGET) has been one of the main challenges in the design of
semiconductor oxides. Several methods have been developed for
the fabrication of these oxides, such as the co-precipitation
method, solegel method, solvothermal method, hydrothermal
method, microwave-assisted chemical route, spray drying,
template-based technique, and inkjet printing [1e5].
.

Transition-metal semiconductor oxides represent a large family
of materials with rich functionalities such as ferroeletricity, high
electrical conductivity, transparency in visible light, colossal
magneto-resistance, piezoelectricity, solar-energy harvesting
capability, intelligent sensing, and optochromic and photo-
catalytical properties [6e11]. Recently, Lou et al. [12] explored the
FeNb11O29 oxide as an alternative anode material for lithium-ion
batteries. In addition, Liu et al. [13] reported the use SrRuO3 per-
ovkite oxide as an efficient counter electrode for dye-sensitized
solar cells. Therefore, the effectiveness of a material in various ap-
plications highly depends on its size, shape, composition, and
crystal phase. From this viewpoint, tungsten oxide (WO3) has been
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intensively studied, and there are different ways to tailor its
chemical composition, morphology, size, and crystal phase [14e17].
In addition, the optical properties of WO3 depend on the oxide
crystal structure, and the energy gap is in the range of 2.6e3.5 eV
[18,19]. For example, Ma et al. [20] reported that the urea content
and solvent composition played important roles in controlling the
shape and size of WO3 nanostructures that were prepared using a
template-free hydrothermal technique. Shi et al. [21] showed that
WO3$nH2O microcrystals with different shapes and crystal struc-
tures were successfully synthesized via the hydrothermal route by
controlling the amount of inorganic salt, Na2SO4, in the precursor
solution. In addition, there is great potential to manipulate the
crystal-phase transformations of various WO3 polymorphisms.
Ahmadi et al. [22] studied the phase transformation from ortho-
rhombic WO3$H2O to monoclinic WO3, which was initiated be-
tween 200 and 300 �C as a result of heat treatment. Santos and co-
workers [23] demonstrated that the phase transformation from
orthorhombic WO3$0.33H2O nanorods to monoclinic WO3 nano-
slabs occurred with increasing HCl concentration during hydro-
thermal synthesis. Wicaksana and co-workers [24] demonstrated
that different morphologies and phases of WO3 could be obtained
by altering the concentration of sulfate (Na2SO4) and the pH level
(H2SO4) in the hydrothermal method with N2WO4$2H2O as pre-
cursor. Owing to these fascinating possibilities of crystal growth,
massive efforts have been made to find and control different pa-
rameters that directly affect the size, shape, and crystal phases of
materials on different length scales. In addition, special attention
has been paid to hybrid heterostructures of noble metals (such as
Au, Ag, and Pt) and WO3 [25]. Ding and co-workers [26] reported
selective deposition of Ag nanoparticles onto hexagonal WO3
nanorods fabricated by a hybrid process involving hydrothermal
treatment followed by in situ photo-reduction. Xing and co-
workers [27] reported successful growth of Au nanoparticles
anchored on the monoclinic surface of WO3 nanorods after
annealing at 500 �C for 2 h.

In the present work, we investigated the relationships between
the size, shape, and phases of 3D WO3 microcrystals with different
amounts of silver, prepared using a one-step template-free hydro-
thermal route. The as-synthesized samples were characterized by
X-ray diffraction (XRD), Fourier transform infrared (FTIR) spec-
troscopy, and Raman spectroscopy. The morphology of the samples
was examined using field-emission scanning electron microscopy
(FESEM) coupled with energy-dispersive X-ray (EDX) spectroscopy.
Thermogravimetric analysis (TGA) was used to determine the
weight loss of the as-synthesized samples. The oxidation states of
tungsten and silver were determined by X-ray photoelectron
spectroscopy (XPS). Furthermore, the optical properties of the
samples were determined by ultravioletevisible (UVevis)
spectroscopy.

2. Experimental procedure

All chemicals used in this work, such as tungstic acid (H2WO4),
hydrogen peroxide (H2O2, 30%), and silver nitrate (AgNO3), were
analytical-grade reagents. First, a yellow solution was prepared by
adding 0.375 g of H2WO4 to 10 mL of H2O2 and 30 mL of distilled
water. The initially yellow solution discolored after it was mixed for
24 h with a magnetic stirrer, and a colorless solution of perox-
opolytungstic acid complex was formed. Next, 0 (0 wt% Ag),
0.0059 g (1 wt% Ag), 0.0295 g (5 wt% Ag), or 0.059 g (10 wt% Ag) of
an inorganic salt, AgNO3, was dissolved in the colorless solution.
The solution of complex peroxopolytungstic acid and AgNO3 was
then transferred to a 100 mL Teflon reaction vessel, and the rest of
the vessel was filled with distilled water. Finally, the reaction vessel
was placed in a stainless steel autoclave and heated at 200 �C for 2 h
(hydrothermal growth solution method). After the hydrothermal
treatment, the system was naturally cooled to room temperature,
and the turbid suspension was centrifuged to collect the powder,
which was washed thoroughly with deionized water several times
to remove any unreacted precursors. Finally, the powder was dried
in air at 70 �C for 1 h. After drying, white solids were obtained from
the reaction mixtures containing 0 and 1% Ag, while yellow solids
were obtained from the reaction mixtures containing 5 and 10% Ag.
For simplicity, the powders derived from hydrothermal treatment
of WO3e0%Ag, WO3e1%Ag, WO3e5%Ag, and WO3e10%Ag are
hereafter referred to as W-0, W-1, W-5, and W-10, respectively.

The crystal structures were investigated by analyzing XRD pat-
terns of Cu Ka radiation recorded by a diffractometer (Miniflex 600,
Rigaku) in 2q increments of 0.04�. The morphology of the samples
was analyzed with an FESEM (Inspect F50, FEI) operated at an
accelerating voltage of 5 kV. In addition, EDX spectroscopy was
used in connection with FESEM for the elemental analysis. Raman
spectra were recorded at room temperature using a spectrometer
(Horiba) equipped with a Peltier-cooler charge-coupled device
(Model HR 550). The samples were excited by a laser with wave-
length of 532 nm. FTIR spectra were recorded in the
400e4000 cm�1 range using KBr pellets and an infrared spec-
trometer (FT/IR-4600, JASCO) with resolution of 4 cm�1 in the
transmittance mode.

Thermal characterization was performed by thermogravimetry
(TG) using a TG analyzer (SDT-Q600, TA Instruments). The analysis
were carried out from room temperature to 1000 �C, at a heating
rate of 10 �C/min, under an air flow of 100 mL/min, and using
alumina cups. UVevis spectra of the samples were obtained by a
UVevis spectrophotometer (Lambda 1050, PerkinElmer) equipped
with an integrating sphere; MgO was used as the background
reference material. XPS was conducted to study the elemental
compositions and chemical states of the samples. The XPS spectra
were obtained with a spectrometer system (ESCAþ, Scienta-
Omicron) equipped with a hemispherical analyzer (EA125) and a
monochromated Al Ka (Xm1000, 1486.7 eV) radiation source. In
order to compensate for the charge effect in the sample, a charge
neutralizer (CN10, Omicron) with beam energy of 1.6 eV was used.
During the analysis, the chamber was evacuated to 2� 10�9 Pa, and
the energy steps were 50 and 20 eV for the survey and high-
resolution spectra, respectively. The peak fitting was performed
using a 70% Gaussian curve, a 30% Lorentzian curve, and a Tougaard
nonlinear sigmoid baseline. The C 1s peak of adventitious carbon
was fixed at 284.8 eV to set the scale of the binding energy, and the
data fitting was performed using CasaXPS software (Casa Software
Ltd., UK).

3. Results and discussion

X-ray diffraction patterns were analyzed to investigate the de-
gree of crystallinity and phase transformation of the final product
derived from hydrothermal treatment of WO3 at 200 �C for 2 h in
the presence of different amounts of Ag. Fig. 1 shows XRD patterns
of four samples (W-0, W-1, W-5, and W-10) prepared in the pres-
ence of 0, 1, 5, and 10 wt% of Ag. All main peaks in the XRD patterns
are very strong and narrow, suggesting that the as-synthesized
samples had high crystallographic quality. In addition, no signifi-
cant signals of silver or its oxide compounds were detected, prob-
ably because of the relatively low amount and very small size of Ag
nanoparticles. In fact, part of the unreacted silver may have been
removed during the washing process, and similar results have been
reported in the literature [28e30]. All diffraction peaks in the XRD
patterns of samplesW-0 andW-1 can be exclusively indexed by the
orthorhombic WO3$0.33H2O phase with lattice parameters of
a ¼ 7.342 Å, b ¼ 12.552 Å, and c ¼ 7.695 Å (JCPDS Card No.



Fig. 1. XRD patterns of pure WO3 and WO3eAg with different amounts of Ag after
hydrothermal treatment at 200 �C for 2 h: (a) W-0; (b) W-1; (c) W-5; (d) W-10.
Standard patterns of orthorhombic WO3$0.33H2O (red solid line) and hexagonal WO3

(blue solid line). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 2. Raman spectra of pure WO3 and WO3eAg with different amounts of Ag after
hydrothermal treatment at 200 �C for 2 h: (a) W-0; (b) W-1; (c) W-5; (d) W-10.
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72e0199). However, the XRD patterns show that the hexagonal
phase gradually became dominant with increasing Ag content.
Moreover, a mixture of hydrated orthorhombic and hexagonal
phases was observed in sample W-5, but a primarily hexagonal
phase of the WO3 structure was observed in sample W-10. In the
last case, lattice parameters of a ¼ 7.781 Å and c ¼ 3.808 Å (JCPDS
Card No. 33e1387) and a strong preferential growth direction along
the c axis [001] were found for sampleW-10, as clearly indicated by
the XRD pattern in Fig. 1(d). Furthermore, close observation
revealed a very small fraction of the orthorhombic WO3$0.33H2O
phase (labeled by the symbol # in Fig. 1(d)). These changes in the
crystal structure indicate that the amount of Ag played an impor-
tant role in the phase transformation, degree of hydration, and
stabilization of the type of crystal structure. Therefore, it can be
concluded that different phases of WO3$nH2O were generated as
the amount of Ag in the hydrothermal growth solution was grad-
ually increased. Balazsi and Pfeiter [31] also demonstrated that the
dehydration degree of hydrated tungsten oxide is very sensitive to
the amount of sodium ions during hydrothermal treatment. This
observation is also supported by different works, which suggested
that the degree of hydration, morphology, and crystal structure of
tungsten oxide are very sensitive to the concentration of precursor
solutions such as HCl, NH4Cl, NH4NO3, (NH4)2SO4, Li2SO4, and
Na2SO4 [32e35].

One possible explanation of these observations is presented as
follows. The silver ions acting as a structure-directing agent altered
the nucleation and growth mechanisms of WO3 crystals, resulting
in the formation of interstructural hydrogen bonds between layers
of WO3 during the hydrothermal route. In the absence of Ag, the
dissolution and recrystallization processes of the perox-
opolytungstic acid precursor solution occurred naturally under the
same hydrothermal conditions (equations (1) and (2)):

WO2�
4 þ 2H3O

þ þ nH2O/H2WO4$nH2O; (1)

H2WO4$nH2O/ðWO3Þ$nH2O: (2)

When the inorganic salt AgNO3 was added to the hydrothermal
growth solution, the Agþ ions changed the growth environment of
the initial WO4
2� and H3Oþ building blocks in the perox-

opolytungstic acid precursor solution. Furthermore, the interaction
between Agþ ions and WO4

2� building blocks in the hydrothermal
growth solution resulted in the transfer of electrons to Agþ and the
release of water molecules (equations (3) and (4)):

WO2�
4 þ 2H3O

þ þ Agþ/WO3 þ Agþ 3H2O; (3)

2H3O
þ þ O2�/3H2O: (4)

When the concentration of Agþ ions in the hydrothermal
growth solution was increased (equations (3) and (4)), causing the
dehydration ofWO4

2� building blocks, bond breaking and formation
of new bonds are expected. This dynamical process led to a newand
stable structure, namely, hexagonal anhydrous tungsten oxide (see
Fig. 1(d)).

Raman spectroscopy was also performed to investigate the
phase transformation from orthorhombic WO3$0.33H2O to hexag-
onal WO3 in samples W-0, W-1, W-5, and W-10. The spectra of all
crystalline tungsten oxide samples can be divided into four main
regionsdabove 900 cm�1, between 900 and 600 cm�1, between
400 and 200 cm�1, and below 200 cm�1dassigned to various
stretching, bending, and lattice modes [36e38]. As depicted in
Fig. 2, the Raman spectra of samples W-0 and W-1 show the for-
mation of the orthorhombic WO3$0.33H2O crystal phase. The small
intensity bands at 946 and 921 cm�1 correspond to stretching vi-
brations of terminal W]O and WeO bonds, respectively [39]. The
bands located at 802 and 685 cm�1 can be attributed to stretching
vibrations of OeWeO, while the weak shoulder at 629 cm�1 can be
attributed to the vibration of bridging oxygen atoms [40]. The weak
peak at 470 cm�1 may be associated with the vibration of water
molecules. The Raman modes located around 337 and 266 cm�1

could have originated from the bending vibrations ofWeOeW[41].
In addition, the bands located around 195, 166, and 76 cm�1 are
attributed to the lattice vibrations [38,42]. Additionally, samplesW-
5 and W-10 exhibited distinct spectral bands that showed drasti-
cally intensity changes, suggesting a local structural change. Upon
comparison of the stretching, bending and lattice vibrational
modes of samples W-0, W-1, W-5, and W-10, the wavenumbers
were found to shift towards higher and lower values as the Ag
content was increased. For example, the major vibrational modes
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located at 802, 685, and 76 cm�1 for the orthorhombic
WO3$0.33H2O phase of sample W-0 were shifted to 815, 667, and
46 cm�1 in the spectrum of sample W-10. These bands are char-
acteristic features of the hexagonal WO3 crystal phase. Interest-
ingly, increases in Ag content (samples W-5 and W-10) generated
changes in the region characterized by stretching vibrations of
terminal W]O and WeO bonds. The bands located at 946 and
921 cm�1 corresponding to the orthorhombic WO3$0.33H2O phase
overlap, and only one band appears at 936 cm�1 in the spectra of
samples W-5 andW-10. These results further confirm the presence
of the hexagonal WO3 phase (Fig. 2(c) and (d)). Similar vibrational
modes were also reported by Sing et al. [43].

Therefore, both Raman and XRD results confirm the conversion
from orthorhombic WO3$0.33H2O to hexagonal WO3 crystal
structure with increasing Ag content.

In addition, the structural and functional groups present in the
as-synthesized samples were determined by FTIR spectral analysis,
see Fig. 3. It has been reported that the orthorhombicWO3$0.33H2O
crystal structure consists of layered stacks of WO5(OH2) octahedra
and interlayer water molecules [44e46]. For orthorhombic
WO3$0.33H2O, the interlayer water molecules connected the
WO5(OH2) octahedra planes through hydrogen bonds [46]. The
FTIR spectrum of sample W-0 shows vibrational bands located at
3494 and 3470 cm�1 that are usually attributed to eOH and H2O
stretching vibrations, while an additional sharp band due to
structural water molecules appears at 1606 cm�1 (Fig. 3(a)). The
bands located at 994 and 954 cm�1 are assigned to the stretching
mode of the terminal W]O bond, which is very common for the
orthorhombic WO3$0.33H2O phase. Furthermore, a very strong and
broad band between 813 and 730 cm�1 and a shoulder at 665 cm�1

can be ascribed to O�W�O stretching vibrations. The presence of
these absorption peaks was attributed to the high degree of sample
W-0 crystallinity. A similar spectrumwas recorded for sample W-1,
with shoulders at 813 and 665 cm�1 and a very strong band at
734 cm�1. All the bands observed in samples W-0 and W-1 can be
attributed exclusively to the orthorhombic WO3$0.33H2O phase,
which are in good agreement with the work by Daniel et al. [38]. As
previously reported in the literature, the crystalline orthorhombic
WO3$0.33H2O structure is mainly formed by two types of WO6
octahedra: one of them is formed exclusively by WeO bonds, and
the other by W]O and WeOH2 terminal bonds and four oxygen
Fig. 3. Room-temperature FTIR spectra of pure WO3 and WO3eAg samples prepared
from hydrothermal growth solutions containing different amounts of Ag: (a) W-0; (b)
W-1; (c) W-5; (d) W-10.
atoms on the aeb plane [47,48]. Thus, these bands should be
strongly affected by the dehydration level of WO3$0.33H2O. As
expected, the W�OH/H2O, WeOH, and W]O vibration modes
were strongly affected, as shown in the spectra of samples W-5 and
W-10 (Fig. 3(c) and (d), respectively). TheW�OH/H2O andWeOH
stretching vibrations, which were related to adsorbed and crystal
water molecules represented by peaks at around 3440 and
1606 cm�1, respectively, showed an appreciable decrease in in-
tensity. This suggests that a high degree of dehydration took place
as the amount of Ag was increased under hydrothermal growth
conditions, inducing rearrangement of local atoms and the forma-
tion of more symmetric WO6 polyhedra. In addition, the bands at
994 and 954 cm�1, which correspond to W]O stretching vibra-
tions, are completely absent in the spectra of samples W-5 and W-
10 (Fig. 3(c) and (d), respectively), while the bands corresponding
to OeWeO triplet stretching (600e900 cm�1) in the spectra of
samples W-0 and W-1 merge to form a single band located at
698 cm�1. This suggests the conversion from orthorhombic
WO3$0.33H2O to hexagonal WO3. Similar modes in hexagonal WO3
nanowires were reported by Phuruangrat et al. [25]. Choopool et al.
[49] also summarized the vibrational modes in tungsten oxide
nanoflowers, whose strong absorption band around 660 cm�1,
assigned to OeWeO vibrations, suggests the formation of hexag-
onal WO3. Again, our FTIR results indicate a decrease in the degree
of hydration of samples upon an increase in Ag content, as well as a
rearrangement of local atoms and conversion of part of the W]O
and WeOH2 bonds to OeWeO bonds.

The TG curves of the samples, illustrated in Fig. 4, clearly display
characteristic stepwise weight loss due to the dehydration reaction
of the as-synthesized samples [50,51]. For sample W-0, weight loss
started at 30 �C and continued until the temperature reached
450 �C. The total weight loss was found to be around 3.84 wt%,
which is higher than the theoretically calculated value (2.52%) for
0.33H2O molecule in the orthorhombic WO3$0.33H2O phase. The
observed weight loss thus suggests that besides the structurally
coordinated water molecules, sample W-0 also contained high
amounts of physisorbed water molecules. The TG curve of sample
W-1 shows a total weight loss of around 3.66 wt%, attributed to
physisorbed water molecules and the removal of structurally co-
ordinated water molecules. The total weight loss of sample W-5
was around 3.37%: the slight weight loss between 30 and 180 �C can
be attributed to the low amount of adsorbed water on the sample
Fig. 4. TGA of as-synthesized products prepared from hydrothermal growth solutions
containing different amounts of Ag: (a) W-0; (b) W-1; (c) W-5; (d) W-10.



Fig. 5. Low-magnification FESEM images of final products obtained after hydrothermal treatment at 200 �C for 2 h in the presence of different amounts of Ag: (a) W-0; (b) W-1; (c)
W-5; (d) W-10.

Fig. 6. High-magnification FESEM images of final products obtained after hydrothermal treatment at 200 �C for 2 h in the presence of different amounts of Ag: (a) W-0; (b) W-1; (c)
W-5; (d) W-10. The inset shows a close-up image of Ag nanoparticles (indicated by the yellow arrow) anchored on the surface of 3D hierarchical microcrystals. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface; the distinct weight loss that occurred between 180 and
450 �C indicates the removal of hydration water from the ortho-
rhombicWO3$0.33H2O phase, confirming the XRD and FTIR results.
Unlike samples W-0, W-1, and W-5, sample W-10 displays a flat
region between 30 and 180 �C in its TG curve. Practically no weight
loss occurred in sample W-10 until 180 �C, suggesting the absence
(or a very small amount) of physisorbed water molecules. More-
over, the weight loss of 2.84% observed between 180 and 480 �C
was due to the removal hydrationwater, showing that sampleW-10
could have contained a very small fraction of the orthorhombic
WO3$0.33H2O phase, which is also in good agreement with the XRD
results.

The as-synthesized tungsten oxide samples were also examined
by FESEM to explore their shape and size. Low-magnification FESEM
images of samples W-0, W-1, W-5, and W-10 revealed a spherical
morphology with mean sizes of 2.0, 2.0, 2.5, and 2.7 mm, respec-
tively, as depicted in Fig. 5. Close inspection of the image of sample
W-0 in Fig. 6(a) revealed a microstructure that was self-organized
into a hierarchical spherical flower-like superstructure comprising
large interleaving irregular platelet-like structures. Fig. 6(b) reveals
Table 1
A summary of WO3 materials prepared by different methods.

Synthesis route Morphology References

Solvothermal Nanoparticles 64
Hydrothermal hexagonal disc-like 47
Hydrothermal Nanowires 59
Hydrothermal Nanorods 58
Soft chemistry route Nanoparticles 63
Pulsed plasma in liquid Nanoparticles 62
Microwave oven Nanoparticles 54
Cationic surfactant route 3D flower-like microspheres 42
Chemical precipitation Disc-shaped 60
Chemical exfoliation Nano-sheets 61
Wet chemical method Nanoplatelets 36
Hydrothermala 3D flower-like microspheres

a This work.

Fig. 7. Schematic illustration of the formation mechanism of 3D hierarchical WO3$nH2O micr
0 < Ag < 1 wt%; (b) 5 wt% < Ag < 10 wt%.
that sample W-1 also shows a more compact hierarchical spherical
morphology comprising larger irregular wedge-like structures
serving as building blocks. The high-magnification FESEM image in
the inset of Fig. 6(b) clearly shows very small Ag nanoparticles (size:
5e8 nm) anchored on the larger wedge-like structures of the
orthorhombic WO3$0.33H2O phase. In contrast, as the amount of Ag
increased, as in samples W-5 and W-10 (Fig. 6(c) and (d), respec-
tively), one can clearly see that the hierarchical spherical flower-like
superstructures were self-assembled from large amounts of inter-
crossed hexagonal platelet-like structures in all directions. In Table 1
there is a comparison between ourWO3$Agmorphology results and
other preparation methods. In addition, the high-magnification
FESEM images in the insets of Fig. 6(c) and (d) show Ag nano-
particles anchored on the hexagonal WO3 phase. Again, these ob-
servations indicate that Agþ ions influenced the crystallization of
the hexagonal phase of WO3. The positively charged initial clusters,
[Ag(OH2)6] þ, interacted with the WO6$2H3O clusters, replacing the
H3Oþ ion, thus neutralizing the negative charges of WO6

3�. This
replacement led to the dehydration of these clusters, thus allowing
the formation of dehydrated surfaces. These surfaces then interacted
to form different crystallographic planes, which grew in directions
that were different from those of the hydrated clusters, resulting in a
new crystallographic symmetry. Based on the experimental results,
a simple schematic growth mechanism of the 3D hierarchical
spherical microstructures is proposed and illustrated in Fig. 7. The
EDX spectra of the samples, shown in Fig. 8, indicate that the in-
crease in the amount of Ag on tungsten oxide was followed by a
corresponding increase in the Ag peak intensity, confirming the
presence of Ag in the as-synthesizedmaterial. Furthermore, the EDX
spectra confirm that the samples contained only the elements W, O,
and Ag, and no impurities were observed.

UVevis diffuse reflectance measurements were carried out to
evaluate the optical properties of the as-synthesized tungsten ox-
ide samples. As depicted in Fig. 9(a), the absorption edge gradually
red-shifted towards longer wavelengths as the Ag amount was
increased, revealing the strong interaction between Ag nano-
particles and tungsten oxide. At the same time, when compared
ocrystals prepared from hydrothermal solutions containing different amounts of Ag: (a)



Fig. 8. EDX spectra of pure WO3 and WO3eAg with different amounts of Ag after
hydrothermal treatment at 200 �C for 2 h: (a) W-0; (b) W-1; (c) W-5; (d) W-10. The
inset shows a close-up view of the Ag signal.

Fig. 9. The UVevis diffuse reflection spectra of pure WO3 and WO3eAg with different
amounts of Ag after hydrothermal treatment at 200 �C for 2 h: (a) W-0; (b) W-1; (c) W-
5; (d) W-10. The inset shows plots of (ahn)1/2 versus photon energy (hn) and plots of
the band-gap energy.

Fig. 10. Typical survey XP spectra of pure WO3 and WO3eAg with different amounts of
Ag: (a) W-0; (b) W-1; (c) W-5; (d) W-10.
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with samples W-0, W-1, and W-5, the high amount of Ag on
tungsten oxide was responsible for the high light absorption of
sample W-10 in the visible-light region. The behavior observed in
Fig. 9(a) also suggests that the gradual increase in light absorption
can be attributed to the localized surface-plasmon resonance
(LSPR) of Ag nanoparticles, as previously reported by Ding et al. and
Ren et al. [26,52]. In addition, the band-gap energies of the as-
synthesized samples were estimated by the well-known Tauc
equation [53]. Based on the plot of (ahn)1/2 versus hn, the band-gap
energies of samplesW-0,W-1,W-5, andW-10were estimated to be
2.65, 2.56, 2.35, and 2.26 eV, respectively (inset in Fig. 9(b)).
Remarkably, this decrease in band-gap energy was related to the
amount of Ag: the presence of Ag nanoparticles could introduce
new discrete energy levels to the band gap of WO3, making it
increasingly narrow as a result. This finding is also in agreement
with results of other studies in which a decrease in band-gap en-
ergy was observed for metal-load tungsten oxide [27,53e56].

The chemical compositions and states of the as-synthesized
products were further investigated using XPS. The survey spectra
in Fig. 10 indicate that in addition to adventitious carbon, all as-
synthesized samples consisted mainly of tungsten, oxygen, and
silver. The high-resolution XPS spectra recorded in the region of W
4f for all as-synthesized samples show the W 4f7/2 and W 4f5/2
doublet located at 35.2 and 37.4 eV, respectively. These energies are
associated with W6þ ions (Fig. 11(a)) [55,57]. The high-resolution
XPS O 1s spectra were deconvolved into three peaks (Fig. 11(b)):
the main peak at the lowest binding energy originated from the
WeO bond in the WO3 lattice [15,48]; the second peak, with weak
intensity at about 531 eV, corresponds to the existence of the hy-
droxyl group, i.e., theeOH bond, and it originated from adsorbed or
interstructural water molecules [22]; the third peak at the highest
binding energy of ~533 eV corresponds to the CeO bonds repre-
senting adventitious carbon detected in the survey spectrum [22].
Fig.10(c) presents the high-resolution XPS Ag 3d spectra of samples
W-1, W-5, and W-10: the peaks are assigned to the binding en-
ergies of Ag 3d3/2 and Ag 3d5/2, with values of about 372.8 and
366.8 eV (W-1), 373.8 and 367.7 eV (W-5), and 373.2 and 367.2 eV
(W-10) [26,42,56]. The XPS results, based on the binding energies of
the Ag 3d level of samplesW-1,W-5, andW-10, suggest that Agwas
partially oxidized to Ag2O. However, we cannot rule out the pres-
ence of Ag2O in favor of metallic Ag because there was no appre-
ciable shift in the binding energy between them.
4. Conclusion

WO3eAg samples were prepared from peroxopolytungstic acid
precursor solutions followed by hydrothermal treatment in an
aqueous solvent with different amounts of Ag. Our results suggest
that the crystal structure, visible-light absorption properties, and
morphology of WO3 can be tuned by adding Ag during the hydro-
thermal treatment. The XRD, Raman, FTIR, and FESEM results
confirmed that there were different crystallographic structures and
building blocks in the hierarchical architecture of WO3eAg mi-
crospheres with increasing Ag content. The FESEM images revealed



Fig. 11. High-resolution XP spectra of pure WO3 and WO3eAg with different amounts of Ag: (a) core-level spectra of W 4f; (b) core-level spectra of O 1s; (c) core-level spectra of
Ag 3d.
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Ag nanoparticles (5e8 nm) anchored on the WO3 surface. The XRD,
Raman, and FTIR results revealed that a phase transformation from
orthorhombic WO3$0.33H2O to hexagonal WO3 took place at
higher Ag concentrations. Furthermore, FESEM images revealed
that the 3D hierarchical structures of spherical building blocks
evolved with increasing Ag content from platelet-like hierarchical
structures for samples with low Ag content (0% < x < 1%) to hex-
agonal hierarchical structures for those with high Ag content
(5% < x < 10%). It was clear that the amounts of Agþ and NO3

� ions
played important roles in the formation of such structures. The FTIR
and TGA results showed that different degrees of hydration were
obtained as the Ag content was increased from 1 to 10 wt%. The XPS
studies showed the presence of W6þ ions in all as-synthesized
samples, while a more detailed core-level XPS study confirmed
the presence of Ag in partially oxidized states. It was also found that
the optical band-gap energy of 3D hierarchical tungsten oxide
structures gradually decreased with increasing Ag content.
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