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Vitória, Esṕırito Santo, Brazil
cDepartament of Physics, Faculdade de Ciê
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llable synthesis of three-
dimensional WO3 hierarchical architectures with
different morphologies decorated with silver
nanoparticles: enhancing the photocatalytic
activity†

R. A. Capeli,a C. J. Dalmaschio, b S. R. Teixeira,c V. R. Mastelaro,d A. J. Chiquito,e

E. Longo f and F. M. Pontes *a

Hierarchical architecture self-assembled three-dimensional WO3 and WO3$Ag with high uniformity have

been successfully obtained using peroxopolytungstic acid as precursor and silver in a morphological

engineering approach under moderate hydrothermal conditions. The as-grown samples were

characterized by XRD, FEG-SEM, HRTEM, TGA, Raman, FTIR, UV-Vis, and XPS. In addition, the

photocatalytic performance of the hierarchical architecture self-assembled three-dimensional WO3 and

WO3$Ag has also been investigated through degradation of Rhodamine B (RhB) dye under 467 nm LED

light irradiation. Results show that the hierarchical architecture self-assembled three-dimensional shapes

evolve (depending on the silver amount) from 3D irregular-platelet-like building blocks to 3D hexagonal

building blocks then to three-dimensional hexagonal-football-like and finally to 3D multi-branched spiky

ball-like microcrystals. Also, high-magnification FEG-SEM and HRTEM images showed that the Ag

nanoparticles with diameter about 5–15 nm were anchored on the surface of the 3D hierarchical

architecture. UV-Vis measurements demonstrated that the 3D hierarchical structures gradually absorbed

more light when the Ag content was increased. Moreover, the band-gap energy to WO3$0.20Ag was

from Eg ¼ 2.48 eV. It was found that 3D multi-branched spiky ball-like WO3$0.20Ag (corresponding to

1.2748 g of the AgNO3) microcrystals show outstanding photocatalytic activity in the photodegradation

of RhB dye compared with other 3D hierarchical architectures.
1. Introduction

In the last few decades, the hierarchical architecture crystal-growth
technology (HACGT) has received tremendous attention in the
development of the next-generation of hybrid nanostructures.
Among many options, oxide-based semiconductors are useful
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eral do Esṕırito Santo – UFES, 29075-910,

ncias e Tecnologia – FCT, Universidade

305, 19060-900 – Presidente Prudente,

ersity of São Paulo, São Carlos, SP, Brazil

iversidade Federal de São Carlos, Via

o Carlos, 13565-905, São Paulo, Brazil

Universidade Federal de São Carlos, Via

o Carlos, 13565-905, São Paulo, Brazil

tion (ESI) available. See DOI:

f Chemistry 2020
building blocks for the hierarchical architecture growth.1–5

Although many studies on the development of hierarchical archi-
tecture using oxide-based semiconductors have been conducted, it
remains a challenge to develop a facile and cost-effective procedure
for producing suchmaterials with practical applications. However,
it has been demonstrated that these single oxide-based semi-
conductors exhibit a signicant limitation in achieving practical
applications.

These limitations are overcome, for instance, by engineered
heterojunctions formed by two oxide-based semiconductors or
decoration (anchoring) of noble metal nanoparticles on the
surface of oxide-based semiconductor hierarchical structures
which display a tremendous improvement in their properties
(e.g. physical, chemical, physicochemical, biological, mechan-
ical, etc.) in comparison to single oxide-based semiconductor
hierarchical architectures. Particularly, growing noble-metal
nanoparticles (e.g., Ag, Au, Pt, Cu, and Pd) directly on the
surface of these hierarchical crystals (e.g., ZnO, MoO3, TiO2,
ZrO2, SiO2, WO3, CeO2, CuO, SnO, etc.), is an effective and
suitable way to control size, shape, crystalline structure and
composition of the hierarchical crystals.6–10
RSC Adv., 2020, 10, 6625–6639 | 6625
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These hybrid hierarchical architecture materials offer a wide
range of technological applications including development of
smart materials or intelligent systems; development of mate-
rials for application in nanobiotechnology, optoelectronics,
sensors, solar cells, and photocatalysis.11–14 In addition, the
presence of the noble metal nanoparticles can inuence the
morphology and properties of materials.14,15 It has been shown
that the presence of the noble metal nanoparticles can effec-
tively tune the Fermi level of hierarchical architecture as well as
enhances (photoexcited electrons/hole pairs) charges separa-
tion efficiency, resulting in gas-sensing response and photo-
catalytic activity enhancement. Additionally, hybrid
hierarchical architecture compounds have received much
attention in the worldwide environmental pollution issues.14–16

Numerous studies have been published on the synthesis to
building hybrid hierarchical architecture materials (nano-
spheres, nanoowers, nanowires and other more complex
structures), such as hydrothermal, solvothermal, sol–gel,
chemical precipitation, photodeposition, physical vapor depo-
sition, microwave-assisted chemical route, template-based
technique, and inkjet printing.7,17–21

Recently, Xu et al.6 have reported 3D tree-like hierarchical
TiO2 nanotube arrays decorated with Ag nanoparticles prepared
by one-step hydrothermal route. The photocatalytic activity for
the degradation of Rhodamine B was signicantly improved
under UV-Visible light irradiation in comparison with pure
TiO2. Vinh Do et al.22 have investigated TiO2 hierarchical
nanostructures decorated with Au nanoparticles, which
improved the photocatalytic performance.

Based on above considerations, three-dimensional hierar-
chical WO3 structures with complex morphologies and unique
properties have attracted considerable attention.23–27 Therefore,
the effectiveness of WO3 in various applications highly depends
on control over their size, shape, composition, and crystal
phase, all of which are directly inuenced by either the
synthesis process, doping or decoration of the surface with
noble metal nanoparticles. In addition, the morphology is a key
factor inuencing the properties of WO3 as different shapes
contain a different number of sites for reaction.

Consequently, 3D hybrid hierarchical architecture engineering
of WO3 have drawn intensive attention in the eld of sensing and
environmental remediation. For instance, Xiang et al.28 have re-
ported WO3 nanorods decorated with Au nanoparticles; the pho-
tocatalytic activity for the degradation of Rhodamine B dye was
greatly improved. Acharyya et al.29 have used cationic surfactant
CTAB (cetyl trimethylammonium bromide) to synthesize 3D hier-
archical silver supported WO3 ower-like microspheres, and
showed promising performance in pollutant degradation. Ding
and co-workers30 have reported selective deposition of Ag nano-
particles onto hexagonal WO3 nanorods fabricated by a hybrid
process involving hydrothermal treatment followed by in situ
photo-reduction. Xiang and co-workers31 have reported successful
growth of Au nanoparticles anchored on the monoclinic surface of
WO3 nanorods aer annealing at 500 �C for 2 h. Xiaoyu et al.32have
reported three-dimensional Ag2O/WO3$0.33H2O hierarchical
structures fabricated by chemical precipitation method for
improving photocatlytic activity. Ren and co-workers8 have
6626 | RSC Adv., 2020, 10, 6625–6639
reported the synthesis of Ag nanoparticles anchored on urchin-like
WO3$0.33H2O hierarchical structure. The as-prepared hybrid
hierarchical structure showed better photodegradation of Rhoda-
mine B dye in comparison single WO3$0.33H2O.

Although many studies on the development of 3D hierar-
chical structure using WO3 have been conducted, it remains
a challenge to develop a facile and cost-effective procedure for
producing such materials without using surfactant and toxic
reagents to design 3D hierarchical hybrid WO3.

Here we report a simple, one-step, additives-free (e.g., citrate
ions, surfactant, amines, hydrazine, polymers, etc.) to synthe-
size of a series of three-dimensional (3D) WO3 hierarchical
architecture decorated with Ag nanoparticles targeted at
sustainable environmental applications. In order to show the
reliability of the method and the ready control of the properties
of the synthesized samples, all as-prepared samples were
systematically characterized in detail using different and
complementary techniques.

2. Experimental procedure

Three-dimensional WO3 hierarchical architecture decorated
with Ag nanoparticles with different morphologies were
prepared by hydrothermal method due simplicity and low cost
sustainable green chemistry approach. 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 aer it was mixed for 24 h
with a magnetic stirrer, and a colorless solution of perox-
opolytungstic acid complex was formed. Next, 0.0637 g (equiv-
alent to 0.01 M Ag), 0.3187 g (equivalent to 0.05 M Ag), and
1.2748 g (equivalent to 0.20 M Ag) of an inorganic salt, AgNO3,
were dissolved in the colorless solution. The solution of
complex peroxopolytungstic acid and Ag precursor salt was then
transferred to a 100 mL Teon reaction vessel, and the rest of
the vessel was lled with distilled water. Finally, the reaction
vessel was placed in a stainless steel autoclave, sealed and
heated at temperatures 200 �C for 2 h. Aer nishing the
reaction, the reactor 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 an oven at 70 �C for 24 h. Ag NPs were
growth in situ on the three-dimensional WO3 hierarchical
architecture during the hydrothermal process. For simplicity,
the powders derived from hydrothermal treatment of WO3 (0 M
Ag), WO3 (0.01 M Ag), WO3 (0.05 M Ag), andWO3 (0.20 M Ag) are
hereaer referred to as W-0.0Ag, W-0.01Ag, W-0.05Ag, and W-
0.20Ag, respectively.

The crystal structures were investigated by analyzing XRD
patterns of Cu Ka radiation recorded by a diffractometer (Min-
iex 600, Rigaku) in 2q increments of 0.04�. The morphology of
the samples was analyzed with a FEG-SEM (Inspect F50, FEI)
operated at an accelerating voltage of 5 kV. In addition, EDX
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of pure WO3 and WO3–Ag with different molar
amounts of Ag after hydrothermal treatment at 200 �C for 2 h: (a) W-
0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0.20Ag. Standard patterns
of orthorhombic WO3$0.33H2O (red solid line) and hexagonal WO3

(blue solid line).
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spectroscopy was used in connection with FEG-SEM for the
elemental analysis. Transmission electron microcopy (TEM/
HRTEM) images were obtained with a FEI Tecnai G2 F20
microscope operating at 200 kV. 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 wavelength of 532 nm. FTIR
spectra were recorded in the 400–4000 cm�1 range using KBr
pellets and an infrared spectrometer (FT/IR-4600, JASCO) with
resolution of 4 cm�1 in the transmittance mode.

Thermal characterization was performed by thermogravim-
etry (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�1, under an air ow of 100
mL min�1, and using alumina crucibles. UV-Vis spectra of the
samples were obtained by a UV-Vis spectrophotometer (Lambda
1050, PerkinElmer) equipped with an integrating sphere; MgO
was used as the background reference material. XPS was con-
ducted to study the elemental compositions and chemical states
of the samples. The XPS spectra were obtained with a spec-
trometer system (ESCA+, 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 tting was per-
formed using a 70% Gaussian curve, a 30% Lorentzian curve,
and a Tougaard nonlinear sigmoid baseline. The C 1s peak of
adventitious carbon was xed at 284.8 eV to set the scale of the
binding energy, and the data tting was performed using
CasaXPS soware (Casa Soware Ltd, UK). The specic surface
area was estimated by Brunauer–Emmett–Teller (BET) nitrogen
adsorption–desorption method using a Micrometrics ASAP
2010 instrument.

The photocatalytic performance with different Ag-decorated
3D WO3 hierarchical architecture was evaluated by monitoring
the photodegradation of Rhodamine B dye from the aqueous
solution (denoted as RhB) under LED lamp (467 nm with a light
intensity of 40 mW cm�2) as a light source at 23 �C. The
photochemical reactor was made of a Pyrex glass jacketed
quartz tube (photoreactor vessel, 30 mL). The photocatalytic
reaction was performed as follow: 20 mg of photocatalyst to
20 mL of RhB aqueous solution (10 ppm). Prior to irradiation,
the suspension was ultrasonicated for 10 min and then
magnetically stirred in the dark for 20 min to obtain adsorption
equilibrium with photocatalyst. Finally, the solution was then
exposed to LED lamp irradiation, 467 nm predominant wave-
length. At certain time intervals of irradiation, 1–2 mL aliquots
of reaction solution were withdrawn from the photoreactor
vessel and centrifuged to remove the catalyst. The supernatant
solution was then loaded in a quartz cell with a 10 mm optical
path to measure the concentration variation of RhB by
recording the corresponding absorbance peak at 554 nm. The
optical absorption spectra were recorded on a HP8453 UV-Vis
spectrophotometer at room temperature.
This journal is © The Royal Society of Chemistry 2020
3. Results and discussion

X-ray diffraction patterns (XRD) were analyzed to investigate the
crystalline quality and phase transformation of the as-prepared
samples derived from hydrothermal treatment of WO3 at 200 �C
for 2 h in the presence of different silver concentrations. XRD
pattern of the as-prepared samples (W-0.0Ag, W-0.01Ag, W-
0.05Ag, and W-0.20Ag) shows well-dened peaks correspond
crystalline material, Fig. 1. All diffraction peaks in the XRD
patterns of as-prepared samples W-0.0Ag can be well indexed to
the orthorhombic-WO3$0.33H2O crystal phase with lattice
parameters of a ¼ 7.342�A, b ¼ 12.552�A, and c¼ 7.695�A (JCPDS
card no. 72-0199). However, for W-0.01Ag, W-0.05Ag, and W-
0.20Ag samples the XRD patterns show that the hexagonal-
WO3 crystal phase with lattice parameters of a ¼ 7.2980 �A, b ¼
7.3980 �A, and c ¼ 3.8990 �A (JCPDS card no. 33-1387). These
changes in the crystal structure indicate that the amount of Ag
played an important role in the phase transformation, degree of
hydration, and stabilization of the crystal structure type.
Therefore, it can be concluded that different phases of
WO3$nH2O were controlled as the amount of Ag in the hydro-
thermal growth solution was increased. Balazsi and Pfeifer33

also have demonstrated that the hydration degree on 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 hydration degree,
morphology, and crystal structure of tungsten oxide are very
sensitive to the concentration of precursor ions solutions, such
as HCl, NH4Cl, NH4NO3, (NH4)2SO4, Li2SO4, and Na2SO4.34–37

In this work one possible mechanism was presented to
explain the phase transformation from orthorhombic-
WO3$0.33H2O to hexagonal-WO3. The silver ions acting as
a structure-directing agent altered the nucleation and growth
RSC Adv., 2020, 10, 6625–6639 | 6627
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Fig. 2 Raman spectra of pure WO3 and WO3–Ag with different molar
amounts of Ag after hydrothermal treatment at 200 �C for 2 h: (a) W-
0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0.20Ag.
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mechanisms of WO3 crystals building blocks, resulting in the
formation of interstructural hydrogen bonds between layers of
WO3 during the hydrothermal route. In the absence of Ag, the
peroxopolytungstic acid precursor solution under hydrothermal
conditions the precursor will decompose in hydrated tungsten
oxide (WO3$0.33H2O) (eqn (1) and 2).

12H2WO4 + 8H2O2 / W12O40
�8 + 8H3O

+ + 16H2O (1)

W12O40
�8 + 8H3O

+ / 12WO3$0.33H2O + 8H2O (2)

When the inorganic salt was added to the hydrothermal
growth solution, the ions as Ag+ ions changed the growth
environment of the building blocks in the peroxopolytungstic
acid precursor solution. Under peroxide solution different per-
oxopolytungstic species can be generated in pH values. Under
acid conditions the specie presented in eqn (3) can be formed.
This species under hydrothermal conditions can be decom-
posed in W2O5 as proposed in eqn (4). Tungsten(V) oxide is
suitable to be oxidized (eqn (5)), with favorable electrical
potential when combined with silver in acid solution, which will
reduced ions to metallic silver nanoparticles (eqn (6)). The
equations combined results in a reaction presented in eqn (7).

4W(O2)4
2� + 8H3O

+ / 2H2W2O11$H2O + 8H2O2 (3)

2H2W2O11$H2O / 2W2O5 + 4H2O + 5O2 (4)

2W2O5 + 4H2O / 4WO3 + 4H3O
+ + 4e� (5)

4Ag+ + 4e� / 4Ag (6)

4W(O2)4
2� + 2H2O + 4H3O

+ + 4Ag+ /

4WO3 + 4Ag + 8H2O2 + 5O2 (7)

When the concentration of Ag+ ions in the hydrothermal
growth solution was increased, it promotes a pathway to
decomposition of peroxopolytungstic in new building blocks,
bond breaking and formation of new bonds are expected. This
dynamical process led to a new and stable structure.

Raman spectroscopy was also performed for distinguishing
the different phases of tungsten oxide, since this technique is
sensitive to the crystal quality, structural defects and disorder
degree. As depicted in Fig. 2, the Raman spectra agree very well
with the general characteristics of orthorhombic-WO3$0.33H2O
crystal phase for W-0.0Ag as-prepared sample (Fig. 2a).38,39 This
is in agreement to our results obtained by the XRD. Addition-
ally, the small intensity bands at 946 and 921 cm�1 correspond
to stretching vibrations of terminal W]O and W–O bonds,
respectively.40 The bands located at 802 and 685 cm�1 can be
attributed to stretching vibrations of O–W–O, while the weak
shoulder at 629 cm�1 can be attributed to the vibration of
bridging oxygen atoms.41 The weak peak at 475 cm�1 may be
associated with the vibration of water molecules. The Raman
modes located around 337 and 266 cm�1 could have been
originated from the bending vibrations of W–O–W.42 In addi-
tion, the bands located around 195, 166, and 76 cm�1 are
attributed to the lattice vibrations.43
6628 | RSC Adv., 2020, 10, 6625–6639
The as-prepared samples W-0.01Ag, W-0.05Ag and W-0.20Ag
exhibited distinct spectral bands that showed drastically
intensity changes, suggesting a local structural change. Upon
comparison of the stretching, bending and lattice vibrational
modes of as-prepared samples W-0.0Ag, W-0.01Ag, W-0.05Ag,
and W-0.20Ag, the Raman modes were found to shi towards
higher and lower values, as well as disappear as a function of
the increasing Ag contents. For example, the intense vibrational
mode located at 72 cm�1 for the orthorhombic-WO3$0.33H2O
crystal phase was shied to 37 cm�1 in the spectrum of sample
W-0.01Ag and completely disappeared in the spectrum of
samples W-0.05Ag and W-0.20Ag. Interestingly, increase of the
Ag contents generated changes in the region characterized by
stretching vibrations of terminal W]O and W–O bonds at 946
and 921 cm�1, respectively. The bands located at 946 and
921 cm�1 corresponding to the orthorhombic-WO3$0.33H2O
phase overlap, and only one band appears at 928, 916 and
910 cm�1 in the spectra of samples W-0.01, W-0.05Ag and W-
0.20Ag, respectively. These changes in bands positions are
characteristic features of the hexagonal-WO3 crystal phase
(Fig. 2b–d). Therefore, both Raman and XRD results conrm the
phase transformation from orthorhombic-WO3$0.33H2O to
hexagonal-WO3 crystal structure with increasing Ag contents.

In addition, to understand the phase transition process and
functional groups present, the as-prepared samples were
examined by FTIR technique and the results are depicted in
Fig. 3. It has been reported that the orthorhombic-
WO3$0.33H2O crystal structure consists of layered stacks of
WO5(OH2) octahedra and interlayer water molecules.44–46 For
orthorhombic-WO3$0.33H2O, the interlayer water molecules
connected the WO5(OH2) octahedra planes through hydrogen
bonds. The FTIR spectrum of sampleW-0.0Ag shows vibrational
bands located at 3494 and 3470 cm�1 (region-4) which are
usually attributed to –OH and H2O stretching vibrations, while
an additional sharp band due to structural water molecules
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (A) TGA and (B) DSC curves of the as-synthesized WO3 and
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appears at 1606 cm�1 (region-3) (Fig. 3a). The bands located at
994 and 954 cm�1 (region-2) are assigned to the stretching
mode of the terminal W]O bond, which is very common for the
orthorhombic-WO3$0.33H2O crystal phase. Furthermore, a very
strong and broad band between 813 and 730 cm�1 (region-1)
and a shoulder at 665 cm�1 (region-1) can be ascribed to
O–W–O stretching vibrations. All the bands observed in sample
W-0.0Ag can be attributed exclusively to the orthorhombic
WO3$0.33H2O phase, which are in good agreement with the
work by Daniel et al.43 As previously reported in literature, the
crystalline orthorhombic WO3$0.33H2O structure is mainly
formed by two types of WO6 octahedra: one of them is formed
exclusively by W–O bonds, and the other one by W]O and W–

OH2 terminal bonds and four oxygen atoms on the a–
b plane.47,48 Thus, these bands should be strongly affected by the
dehydration level of WO3$0.33H2O. As expected, the W–OH/
H2O, W–OH, and W]O vibration modes were strongly affected,
as shown in the spectra of samples W-0.01Ag, W-0.05Ag and W-
0.20Ag (Fig. 3b–d). The W–OH/H2O and W–OH stretching
vibrations, which were related to adsorbed and crystal water
molecules represented by peaks at around 3440 and 1606 cm�1,
respectively, showed a remarkable decrease in intensity. 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
formation of more symmetric WO6 polyhedra.

In addition, the bands at 994 and 954 cm�1, which corre-
spond to W]O stretching vibrations, shied to 915 and
873 cm�1 in the spectrum of sample W-0.01Ag (Fig. 3b) and are
completely absent in the spectra of samples W-0.05Ag and W-
0.20Ag (Fig. 3c and d, respectively), while the bands corre-
sponding to O–W–O triplet stretching (600–900 cm�1) in the
spectra of samples W-0.0Ag merged to form a single band
located at 701, 811, and 830 cm�1 in the spectra of samples W-
WO3–Ag 3D hierarchical architecture containing different molar
amounts of Ag: (a) W-0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0.20Ag.

Fig. 5 Typical survey XPS spectra of (a) pure WO3 and (b) WO3–
0.20Ag.

Fig. 3 Room-temperature FTIR spectra of pure WO3 and WO3–Ag
samples prepared from hydrothermal growth solutions containing
different molar amounts of Ag: (a) W-0.0Ag; (b) W-0.01Ag; (c) W-
0.05Ag; (d) W-0.20Ag.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 6625–6639 | 6629
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0.01, W-0.05Ag and W-0.20Ag, respectively. This suggests the
conversion from orthorhombic-WO3$0.33H2O to hexagonal-
WO3. Again, our FTIR results indicate a decrease in the degree
of hydration of samples upon an increase in Ag content, as well
Fig. 6 High-resolution XPS spectra of pure WO3 and WO3–0.20Ag. Co
(WO3$0.20Ag); (d) O 1s (WO3$0.20Ag); (e) 3d (WO3$0.20Ag).

6630 | RSC Adv., 2020, 10, 6625–6639
as a rearrangement of local atoms and conversion of part of the
W]O and W–OH2 bonds to O–W–O bonds.

The thermal evolution of the as-prepared samples was
studied using thermogravimetric analysis (TGA) and differential
re-level spectra of (a) W 4f (pure WO3); (b) O 1s (pure WO3); (c) W 4f

This journal is © The Royal Society of Chemistry 2020
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scanning calorimetry (DSC) techniques (Fig. 4a and b). The total
weight loss of sample W-0.0Ag was around 3.65% and the slight
weight loss between 30 and 240 �C can be attributed to the low
amount of adsorbed water on the sample surface; then, the
rapid weight loss observed between 240 and 410 �C indicated
the removal of hydration water from the orthorhombic-
WO3$0.33H2O phase. Carrying on the analysis, almost no
weight loss or gain were observed up to 900 �C. According to the
DSC curve in Fig. 4, a clear broad peak (endothermic process) is
located at 354 �C, which is due to the loss of hydration water
from the orthorhombic-WO3$0.33H2O crystal phase. There is an
exothermic broad peak at 550 �C, which was attributed to the
phase transformation from orthorhombic-WO3$0.33H2O to
monoclinic-WO3. This exothermic process is in accordance with
no weight loss of the sample in the TGA curve.

The TGA curve for as-prepared sample W-0.01Ag shows
a slight weight loss at the beginning, around 0.34% between
30 �C and 260 �C, which is due the release of adsorbed water
from the sample surface. In addition, the TGA curve shows
a rapid weight loss around 2.78% in the temperature range of
260–460 �C, attributed to the removal of residual hydration
water. The DSC curve shows a continuous endothermic broad
peaks located about 85, 190 and 430 �C, which is due to the
losses of adsorbed and hydration water. The broad character-
istic of the endothermic peak points that the dehydration
Fig. 7 Low-magnification FESEM images of final products obtained after
molar amounts of Ag: (a) W-0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0

This journal is © The Royal Society of Chemistry 2020
process is a slow process. On the other hand, the exothermic
peak observed at about 490 �C was attributed to the phase
transformation from hexagonal to monoclinic, for sample with
silver content. In addition, a low intensity endothermic peak at
715 �C was observed in the DSC curve. This peak may have been
due to the fusion of the Ag nanoparticles, which are charac-
terized by a latent heat of fusion of 22.15 J g�1. Any endothermic
peak in this region was observed in the as-prepared sample
without Ag nanoparticles (W-0.0Ag). For as-prepared sample W-
0.05Ag, weight loss started at 30 �C and continued until the
temperature reached 475 �C. The total weight loss was found to
be around 3.0 wt%, which is attributed the adsorbed and
residual hydration water molecule. The DSC curve shows an
endothermic broad peak with maximum located around 457 �C,
which is due to the losses of adsorbed and hydration water. In
addition, we assigned the exothermic peak about 495 �C to the
phase transformation from hexagonal to monoclinic structure.
Additionally, the DSC curve shows two endothermic peaks; the
rst, of lower intensity, located around 640 �C and second one
sharp, presenting higher intensity and located around 715 �C;
they are not followed by weight loss on the TGA curve. This can
be ascribed to the fusion of the Ag nanoparticles. Melting point
was reduced if compared with silver value once that in the
sample the material is dispersed over oxide and in a nanosize.
In addition, the quantitative evaluation of the endothermic
hydrothermal treatment at 200 �C for 2 h in the presence of different
.20Ag.

RSC Adv., 2020, 10, 6625–6639 | 6631
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peak shows that the heat exchange during the fusion process
present a latent heat of fusion around 38.30 J g�1. The TG curve
of as-prepared sample W-0.20Ag shows a total weight loss of
around 3.4 wt%, starting at 30 �C and continuing until the
temperature reached 450 �C. This behavior was attributed the
release of adsorbed and residual hydration water molecules.
Aer 450 �C, there is almost no weight loss. As depicted in
Fig. 4d, the DSC shows an endothermic broad peak with
maximum located about 220 �C, which is due to the losses of
adsorbed and residual hydration water. Upon heating in DSC
curve, there is an exothermic peak located at 530 �C, probably
coming associated to the sample phase transformation from
hexagonal to monoclinic followed by traces of Ag2W4O13

unknown phase formation (not shown here). The exothermic
process is in accordance with no weight loss as exhibited by the
TGA curve. Finally, the DSC curve shows two endothermic
peaks; the rst, of lower intensity located around 670 �C and
second one, of higher intensity located around 715 �C, which
can be ascribed to the fusion of the Ag nanoparticles with latent
heat of fusion of 51.30 J g�1. In particular, this latent heat of
fusion value was larger than the values for samples W-0.05Ag
and W-0.01Ag. These results were consistent with the increase
of Ag NPs amount present in the decorated WO3 samples.

To understand the difference in electronic states between as-
prepared pure-WO3 and WO3 decorated with Ag NPs samples,
Fig. 8 High-magnification FESEM images of final products obtained afte
molar amounts of Ag: (a) W-0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0

6632 | RSC Adv., 2020, 10, 6625–6639
we studied the XPS spectra of the samples (Fig. 5). The survey
spectra in Fig. 5 indicate that in addition to adventitious
carbon, all as-synthesized samples consisted mainly of tung-
sten, oxygen, and silver. The high-resolution XPS spectra
recorded in the region of W 4f for all as-prepared samples show
theW 4f7/2 andW 4f5/2 doublet (without any shoulder) located at
35.4 and 37.5 eV, respectively. It can be concluded that the
elemental W in the as-prepared samples was in the W6+ state
(Fig. 6a–c).49,50 The high-resolution XPS O 1s spectra for all as-
prepared samples were deconvolved into three peaks (Fig. 6b–
d): the main peak at the lowest binding energy is originated
from the W–O bond in the WO3 lattice;48 the second peak, with
weak intensity at about 531 eV, corresponds to the hydroxyl
group, i.e., –OH bond, and it was originated from adsorbed or
interstructural water molecules;51 the third peak, at the highest
binding energy (�533 eV) corresponds to the C–O bonds rep-
resenting adventitious carbon detected in the survey spec-
trum.51 Fig. 6e presents the high-resolution XPS Ag 3d spectra of
sample W-0.20Ag as reference: the peaks are assigned to the
binding energies of Ag 3d3/2 and Ag 3d5/2, with values of about
373.9 and 367.8 eV.52 The XPS results, based on the binding
energies of the Ag 3d level of samplesW-0.20Ag, suggest metallic
Ag NPs. Similar results were observed for the as-prepared
samples W-0.01Ag and W-0.05Ag. However, we cannot rule out
r hydrothermal treatment at 200 �C for 2 h in the presence of different
.20Ag.

This journal is © The Royal Society of Chemistry 2020
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the presence of Ag+ in favor of metallic Ag because there was no
appreciable shi in the binding energy between them.

The as-prepared tungsten oxide and those decorated with Ag
NPs samples were also investigated in detail by FEG-SEM to
explore their morphology and size. Low-magnication FEG-SEM
images of samples W-0.0Ag, W-0.01Ag, W-0.05Ag, and W-0.20Ag
revealed a spherical-like morphology withmean sizes of 2.0, 2.7,
3.5, and 4.0 mm, respectively, as depicted in Fig. 7.

By close inspection of the high-magnication image of sample
W-0.0Ag in Fig. 8a, it can be concluded that a microstructure was
self-assembled into a three-dimensional hierarchical ower-like
superstructure comprising large interleaving irregular-platelet-
like structures. Fig. 8b reveals that sample W-0.01Ag also shows
a three-dimensional 3D hierarchical ower-like superstructure
self-assembled. A detailed surface observation (Fig. 8b) shows that
the building block of each 3D hierarchical ower-like superstruc-
ture are actually built from large amounts of intercrossed
hexagonal-platelet-like structures in all directions. In addition, the
high-magnication FEG-SEM image in Fig. 9a clearly shows very
small Ag nanoparticles (size between 5–15 nm) anchored on the
larger hexagonal-platelet-like structures of the hexagonal
WO3$0.01Ag crystal phase.

In contrast, as the amount of Ag signicantly increased, as in
samples W-0.05Ag and W-0.20Ag (Fig. 8c and d, respectively),
one clearly see new 3D hierarchical architecture. As illustrated
in Fig. 8c the as-prepared WO3–0.05Ag sample consisted of
a large quantity of nearly monodispersed football-like
Fig. 9 Close-up image of Ag nanoparticles (indicated by the yellow ar
0.01Ag; (b) W-0.05Ag; (c) W-0.20Ag.

This journal is © The Royal Society of Chemistry 2020
superstructures comprising numerous well-distinguishable
hexagonal-rod-like structure ends. The high-magnication
FEG-SEM image in the Fig. 9b clearly shows very small Ag
nanoparticles (size between 5–15 nm) anchored on the football-
like superstructures of the hexagonal WO3$0.05Ag crystal phase.
To the best of our knowledge this football-like superstructure
has never been reported for hexagonal-WO3 crystal phase
decorated with silver nanoparticles. Interestingly, when the
silver concentration too high, a new three-dimensional hierar-
chical superstructure was produced for sample W-0.20Ag, as
shown in Fig. 8d. Close observation reveals that these 3D hier-
archical spiky ball-like superstructures are actually composed
large numerous nanorods-like bundles with a cylinder shaped
end. The high-magnication FEG-SEM image in the Fig. 9c
clearly shows very small Ag nanoparticles (size between 5–15
nm) anchored on the spiky ball-like superstructures of the
hexagonal WO3$0.20Ag crystal phase. In addition, the EDX
spectra of the as-prepared samples, shown in Fig. 10, indicate
that the increase in the amount of Ag on tungsten oxide was
followed by a corresponding increase in the Ag peak intensity,
conrming the presence of Ag NPs in the as-synthesized
samples. Furthermore, the EDX spectra conrm the samples
contained only the elements W, O, and Ag, and no impurities
were observed.

HRTEM images were taken for detailed information of 3D
hierarchical architecture, as shown in Fig. 11. Fig. 11 is a typical
high-resolution transmission electron microscope (HRTEM)
row) anchored on the surface of 3D hierarchical architecture; (a) W-

RSC Adv., 2020, 10, 6625–6639 | 6633
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Fig. 11 HRTEM images of building block of the 3D hierarchical architectu
FEG-SEM images of similar 3D hierarchical architecture were inserted as

Fig. 10 EDX spectra of pure WO3 and WO3–Ag with different molar
amounts of Ag after hydrothermal treatment at 200 �C for 2 h: (a) W-
0.0Ag; (b) W-0.01Ag; (c) W-0.05Ag; (d) W-0.20Ag.

6634 | RSC Adv., 2020, 10, 6625–6639
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image of building blocks of the 3D hierarchical architecture.
The lattice fringes are clearly seen in all building blocks marked
by black lines and arrows. In addition, it can be found that some
Ag nanoparticles with the average size 5–15 nm are attached
onto the building blocks. The lattice fringe space of the Ag Nps
is about 0.24 nm corresponding to the (111) plane of Ag crystal.
Combining the FEG-SEM and HRTEM images, there is a further
conrmation of the successful formation of semiconductor-
metal, WO3/Ag heterojunction. Based on the FEG-SEM and
HRTEM experimental results, a schematic growth process of the
3D hierarchical architecture is proposed and illustrated in
Fig. 12. Crystal growths mechanism starts from the nucleation
of peroxopolytungstic acid in tungsten oxide, resulting in initial
cluster. The cluster will aggregate in plates, solution with low
concentration of AgNO3 (WO3 andWO3$0.01Ag), or core spheres
followed by an urchin-like growths, at higher AgNO3 concen-
trations, as represented in the Fig. 12. In a second step, self-
assembled of plates with a cross-linked structure occur by
a consuming the initial cluster, while in higher silver nitrate
concentrations, nanorods growths will results in urchin-like
structure. At the end of evaluated mechanism, under thermal
re to (a) WO3$0.0Ag; (b) WO3$0.01Ag; (c) WO3$0.05Ag; (d) WO3.0.20Ag.
upper insets (right) in the HRTEM images.

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Schematic illustration of the formation process of 3D hierarchical architecture WO3–Ag prepared from hydrothermal route containing
different molar amounts of Ag: (a) WO3–0.0Ag; (b) WO3–0.01Ag; (c) WO3–0.05Ag; (d) WO3–0.20Ag.

Fig. 13 The UV-Vis diffuse reflection spectra of pure WO3 and WO3–
Ag with different molar amounts of Ag after hydrothermal treatment at
200 �C for 2 h. The inset shows plots of (ahn)1/2 versus photon energy
(hn) and plots of the band-gap energy.
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aging, Ostwald ripening process will promote faceted growths of
aggregated plates (Fig. 12a and b) or rods over the spheres
(Fig. 12c and d), to reduce surface energy.

Diffused reective UV-Vis spectroscopy is presented in
Fig. 13: the absorption edge gradually red-shied towards
longer wavelengths as the Ag amount was increased, revealing
changes in the electronic structure of the tungsten oxide. It also
shows that light absorption increases following the increase of
Ag NPs amount on the surface of tungsten oxide. The behavior
observed in Fig. 13 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.30,53 In addition, the band-
gap energies of the as-prepared samples were estimated by the
well-known Tauc equation.54 Based on the plot of (ahn)1/2 versus
hn, the band-gap energies of samples WO3–0.0Ag, WO3–0.01Ag,
WO3–0.05Ag, and WO3–0.20Ag were estimated to be 2.81, 2.55,
2.53, and 2.48 eV, respectively (inset in Fig. 13). This behavior of
band-gap energy was related to new discrete energy levels inside
the band gap of WO3 due the presence of the Ag NPs. This
nding is also in agreement with results already presented in
literature in which an energy band-gap decrease was observed
for metal-load tungsten oxide.55,56

To investigate photocatalytic activity of various 3D hierarchical
architecture, we performed photocatalysis experiments. Rhoda-
mine B, a typical dye, was used as the test pollutant. The changes
in the time-dependent UV-Vis spectra during photodegradation
process containing ower-like, ower-like, football-like and spiky
ball-like superstructures forWO3$0.0Ag,WO3$0.01Ag,WO3$0.05Ag
and WO3$0.20Ag, respectively, are shown in Fig. 14. For samples
This journal is © The Royal Society of Chemistry 2020
all, the intensity of the maximum absorption peak at 554 nm of
RhB solution decreased gradually with time, which indicates that
RhB was photodegraded. In addition, the photodegradation
process of RhB dye molecules caused a maximum absorption
characteristic peak blue shi during light exposure, suggesting
a de-ethylation process of RhB dye molecules. Similar results were
reported in literature for other catalysts supports. The photo-
catlytic degradation efficiencies (C/C0), where C0 is the initial
RSC Adv., 2020, 10, 6625–6639 | 6635
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Fig. 15 Photocatalytic degradation efficiency of RhB dye solution in
the presence of different photocatalysts under LED light irradiation.
The inset shown degradation kinetic of RhB dye solution with pho-
tocatalysts under LED light irradiation.
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concentration of RhB dye solution and C is the concentration of
RhB dye solution at different illumination time for the pure
WO3$0.0Ag 3D hierarchical architecture and WO3 loaded Ag NPs
3D hierarchical architecture are illustrated in Fig. 15. In addition,
the RhB dye without the presence of catalysts present negligible
change under irradiation even for 180 min. It was observed that,
under 467 nm illumination, WO3$0.20Ag spiky ball-like 3D hier-
archical architecture exhibits stronger photocatalytic performance
than ower-like and football-like hierarchical architectures,
degrading more than 98% of the initial RhB dye concentration
within 30min. While the photocatalytic activity ofWO3 ower-like,
WO3$0.01Ag ower-like and WO3$0.05Ag football-like were only
66%, 28% and 73% within the same time, respectively. It is
obvious that the photocatalytic performance of the pure WO3 3D
hierarchical architecture is improved due to different amount of
Ag NPs that was loaded on the surface ofWO3 and the formation of
a semiconductor-metal heterojunction. Ren et al., showed by ab
initio density-functional theory (DFT) calculate the formation het-
erojunction Ag–WO3.58 Similar results by DFT has been reported by
Lin et al. for the formation heterojunction Ag3PO4@-
MWCNTs@Ppy and Ag3PO4@g-G.59,60 To investigated the degra-
dation kinetic, the photodegradation process of RhB dye solution
can be described as a pseudo-rst-order reaction, expressed as
ln(C/C0) ¼ kt, where C0 is the initial RhB dye solution
Fig. 14 Absorption spectra of a RhB solution as a function of the LED
WO3$0.05Ag and (d) WO3$0.20Ag.

6636 | RSC Adv., 2020, 10, 6625–6639
concentration, C is the residual RhB dye solution concentration at
different irradiation time intervals, k is the pseudo-rst-rate kinetic
constant, and t is irradiation time exposure. As can be seen in the
light irradiation time in the presence of (a) WO3; (b) WO3$0.01Ag; (c)

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic energy band levels for the Ag/WO3 metal–
semiconductor interface after contact.
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inset in Fig. 15, the photocatalytic reactions follow pseudo-rst-
order kinetics with rate constants (k) values of 0.029, 0.015, 0.056
and 0.15 min�1 to pure WO3, WO3$0.01Ag, WO3$0.05Ag and
WO3$0.20Ag, respectively. It should be noted that the
Scheme 2 Schematic representation of photocatalytic mechanism for d
charge transfer and carriers separation process, (ii) oxygen superoxide
process of the dye pollutants.

This journal is © The Royal Society of Chemistry 2020
photodegradation rate of spiky ball-like WO3$0.20Ag hierarchical
architecture was improved by about 5.2, 4.7 and 2.7 times than
those of pure WO3, WO3$0.01Ag and WO3$0.05Ag, respectively,
demonstrating their excellent photocatalytic performance.

Based on the above photocatalytic results, a mechanism for
the photodegradation of RhB dye solution over the WO3$0.20Ag
hierarchical architecture is proposed, as following (Schemes 1
and 2).

The Scheme 1 shown energy band levels for the Ag/WO3

metal–semiconductor interface aer contact. Considering that
the silver work function (FAg

M ) is lower than the semiconductor
electronaffinity ðcWO3

S Þ; the semiconductor acquires a negative
charge and shis downward at the interface.57 As a result
a space charge region in which the electron concentration is
greater than the concentration of ionized donor atoms is
formed. The excess electron concentration at the interface
supports the contact potential between the two materials. EF
and EWO3

G stands for Fermi level and band gap energy of WO3.
Consequently, whenWO3–0.20Ag catalyst are illuminated under
467 nm, photogenerated electrons (e�) in the valence band (VB)
of WO3–0.20Ag can be excited to the conduction band (CB);
simultaneously, the same amount of holes (h+) are generated in
the valence band (VB). Moreover, the energy bands bending in
egradation of dye pollutants. (i) Electron-hole pairs photogeneration,
ion and the hydroxyl radical generation process and (iii) degradation

RSC Adv., 2020, 10, 6625–6639 | 6637
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the space charge region (Scheme 1) facilitates the rapid transfer
of the photogenerated electrons from CBWO3 to Ag nanoparticles
(NPs); Ag NPs acts as an electron's reservoir for the process.
Additionally, Ag NPs shown known surface plasmon resonance
(SPR) effect, which extended and enhanced the light absorption
and enhanced the separation efficiency of the photogenerated
electron-hole pairs.61–63 As a results, these photogenerated
electrons (e�) and electrons from the reservoir on the Ag NPs
could be trapped by O2 molecules in the solution and generate
the cO2

� radical specie.64–67 On the other hand, the photo-
generated holes (h+) are capable to react with H2O or OH�

molecules, generating the cOH radical specie (Scheme 2). As
a result, the RhB dye molecules can be effectively photo-
degraded by these strong oxidants radical species.

Finally, these results indicate that the number of photo-
generated h+ and e� in the WO3–0.20Ag, responsible to produce
the cOH and cO2

� oxidants radical species, respectively, was very
large compared with that of h+ and e� generated from WO3–

0.0Ag, WO3–0.01Ag and WO3–0.05Ag catalyst.
4. Conclusions

In this study, we have synthesized Ag NPs decorated WO3 3D
hierarchical structures by a one-step facile hydrothermal
method in the absence surfactant. In addition, was found that
Ag NPs amount is the critical factor in the formation of various
novel and complex WO3 3D hierarchical architectures self-
assembled, i.e. ower-like (pure WO3 and WO3$0.01Ag),
football-like (WO3$0.05Ag) and spiky ball-like (WO3$0.20Ag).
FEG-SEM and HRTEM analyses showed that Ag NPs are present
on the surface of WO3 3D hierarchical architecture. The as-
prepared 3D hierarchical architectures self-assembled dis-
played different photocatalytic efficiency for decomposition of
RhB dye solution under the 467 nm illumination. The as-
prepared WO3$0.20Ag 3D hierarchical structure presents
a better photodegradation of RhB dye solution than that of the
individual WO3 3D hierarchical structure, which is attributed to
a engineering heterojuction between Ag NPs and WO3 semi-
conductor, which could enhanced the light absorption
producing more charges carries (photoexcited electrons) and
suppress the photogenerated electron-hole pairs recombination
rate. This work may provide a facile alternative route for the
shape-controlled synthesis of WO3 3D hierarchical structures
and potential catalyst for spiky ball-like WO3$0.20Ag hierar-
chical architecture in the treatment of the wastewater
remediation.
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