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tocatalytic properties differences
between the 1-D and 3-D W18O49 particles†

Juan Wang, *a Zhaoxiang Wang,a Jichao Gaoa and Jin Ye*b

The morphology of W18O49 catalysts has a significant effect on their photocatalytic performance. Herein,

we successfully prepared two commonly used W18O49 photocatalysts just by changing the reaction

temperature in the hydrothermal system, namely 1-D W18O49 nanowires (1-D W18O49) and 3-D urchin-

like W18O49 particles (3-D W18O49), and evaluated the difference of their photocatalytic performances by

taking the degradation of methylene blue (MB) as an example. Remarkably, 3-D W18O49 exhibited an

impressive photocatalytic degradation performance towards MB with photocatalytic reaction rates of

0.00932 min−1, which was about 3 times higher than that of 1-D W18O49. The comprehensive

characterization and control experiments could further reveal that the hierarchical structure of 3-D

W18O49 brought higher BET surface areas, stronger light harvesting, faster separation of photogenerated

charges and so on, which was the main reason for its better photocatalytic performance. ESR results

confirmed that the main active substances were superoxide radicals (cO2
−) and hydroxyl radicals (cOH).

This work aims to explore the intrinsic relationship between the morphology and photocatalytic

properties of W18O49 catalysts, so as to provide a theoretical basis in the morphology selection of

W18O49 or its composite materials in the field of photocatalysis.
1 Introduction

With the advent of environmental matters and the energy crisis,
the oxide semiconductor photo-catalysts have received exten-
sive attention and research given that their energy source is
renewable solar energy.1,2 Among various transition metal
oxides, earth-abundant tungsten oxides have been proved to be
ideal candidates for photocatalytic systems, attributed to their
chemical stability, wide bandgap and strong adsorption of the
solar spectrum.3,4 Tungsten mainly has three stoichiometric
oxides: WO2, W2O5 and WO3, of which WO3 is the most
commonly used due to its high sensitivity. In the actual prep-
aration process of WO3, part of the tungsten is reduced to form
non-stoichiometric tungsten oxide (WO3−x, 0 # x # 1) with
mixed valence states of +6 and +5, such as WO2.90 (W20O58),
WO2.83 (W24O68), WO2.80 (W5O14), WO2.72 (W18O49), etc.5,6 In
particular, the non-stoichiometric W18O49 structure is rich in
more oxygen vacancies and W5+ defects as reaction sites to
stimulate adsorption and activation of oxygen molecules, hence
W18O49 has incomparable catalytic properties and novel
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properties for photocatalytic degradation of organic dyes,
especially monoclinic phase W18O49.7 To promote the applica-
tion of W18O49 with excellent properties in more elds, more
and more preparation methods have been developed to date,
mainly including chemical vapor deposition, sputtering tech-
nique, micro-emulsion method, sol–gel method and hydro-
thermal method.8–12 Among them, hydrothermal route exhibits
the most feasibility and research value because of its easy
operation, mild conditions, and more importantly, better
control on themorphology of prepared particles. It is concluded
by reviewing many literature that the photocatalytic efficiency of
the materials mainly depends on the surface area, bandgap,
crystallinity and so on, and most of these factors are closely
related to the morphology of particles.13 Therefore, it is very
important to control the W18O49 particle morphology by
exploring different reaction conditions in hydrothermal
method. And it is more important to study the internal rela-
tionship between particle morphology and performance, so as
to provide theoretical guidance for selecting suitable particle
morphology in different application elds.

At present, water pollution has become an urgent global
problem in current environmental matters and energy crisis,
especially, the pollution from textile industries would endanger
peoples life and affect aquatic life as well from remote
antiquity.14–18 Furthermore, methylene blue (MB) is one of the
most commonly used organic dyes in the textile industry and is
said to be composed of various aromatic amine groups, which
can cause serious skin damage, cancerization and respiratory
RSC Adv., 2023, 13, 10657–10666 | 10657
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disease.13,19,20 Therefore, nding the effective way to remove
organic dyes from wastewater has become the top priority in
environmental protection and has attracted wide attention. To
better solve the above problems, more and more approaches
have been carried out to degrade organic dyes, such as physical
absorption, solvent extraction, biodegradation, and photo-
catalytic oxidation.21–26 Among these methods, photocatalytic
degradation, which utilizes semiconductor and light to solve
organic dyes, is undoubtedly the most promising one by virtue
of its environmental protection, high efficiency and advanced
oxidation in sewage disposal.27–29

Having said all of the foregoing, it is very necessary to use
tungsten oxide material with many superior photocatalytic
performance advantages to photodegrade organic dyes. In
addition, given that the morphology of W18O49 particles has
a big inuence on its photocatalytic properties, various
morphologies of W18O49 have been synthesized and tested for
their photocatalytic activities. Among the available W18O49

materials, one dimensional (1-D) nanowires and three dimen-
sional (3-D) urchin-like particles are the most desirable and
excellent in the eld of photocatalysis because of their uniform
form and numerous performance advantages.30–34 However,
most researchers concentrate solely on investigating the prop-
erties of individual materials and their composites, and few
deeply study their difference in photocatalytic properties and
the fundamental reasons for such differences. The absence of
this part of research content is not conducive to our better
understanding of the relationship between the structure and
properties for W18O49 particle and better application of them in
more elds.

With the aim of understanding the effect of morphology on
the photocatalytic properties of W18O49 particles, 1-D W18O49

nanowires and 3-D urchin-like W18O49 were rst prepared by
simply adjusting the reaction temperature in a hydrothermal
system, and further taken the degradation of methylene blue as
a typical example to explore the catalytic degradation efficiency
of two kinds of particles. As a result, within the specied
degradation time of 120 minutes, the degradation rate of 3-D
urchin-like W18O49 was approximately 3 times than that of 1-D
nanowires. Through the analysis of the physical and chemical
properties of the two materials, it was concluded that the better
catalytic performance of 3-D particles was mainly due to the
existence of three-dimensional hierarchical structure with
larger specic surface area, which could facilitate the visible
light absorption, improve the transfer and separation of elec-
tron–hole pairs and enriche the surface electrons at the rod top
owing to the multiple light scattering and directional electron
transfer induced by the nanotip effect.

2 Experimental section
2.1 Materials

Tungsten(VI) chloride (WCl6, 99.9%) and ethanol were obtained
from Tianjin Kemiou Chemical Reagent Co., Ltd. Sodium
sulfate (Na2SO4) was purchased from Tianjin Institute of
Chemical Agents. All the reagents were of analytical grade and
were used without any further purication.
10658 | RSC Adv., 2023, 13, 10657–10666
2.2 Characterization of the as-prepared samples

The eld-emission scanning electron microscope (SEM, Nano
450, FEI, USA, operated at 10 kV) and transmission electron
microscopy (TEM, Talos F200S, FEI, USA, operated at 80 kV)
were used to analyze the particle morphology. Energy-disperse
X-ray (EDS) was carried out on a eld emission scanning elec-
tron microscope (Talos F200S) to analyze elemental features of
the samples. N2 adsorption–desorption isotherm measure-
ments were used to study the particle specic surface areas
using the BET method. The crystallographic properties of the
catalysts were analyzed by the X-ray powder diffractometer
(Shimadzu XRD-7000). X-ray photoelectron spectroscopy was
obtained at PHI-5400 (America PE) 250 xi system. The UV-Vis
diffuse reectance spectra (UV-Vis-DRS) were measured on
UV-2550 UV-Vis Spectrophotometer. Photoluminescence (PL)
spectroscopy was taken down by an Agilent Cary Eclipse (F-
7000) at room temperature. Time-resolved photoluminescence
(TRPL) spectra were investigated via a FLS920 uorescence
spectrometer (Edinburgh Analytical Instruments, UK). The X-
ray photoelectron spectroscopy (XPS, Kratos Axis Ultra) was
used to analyze the chemical composition and element valence.
The electron spin resonance (EPR) spectra were recorded via
a Bruker ELEXSYS-II E500 CW-EPR. All electrochemical and
photoelectrochemical characterizations were carried out
through an electrochemical workstation (CHI760E), a three-
electrode system (pH 7.0) was adopted, Pt was the counter
electrode, Ag/AgCl as the reference electrode, and ITO as the
working electrode under visible light. Transient photocurrent
response measurements were researched on an electrochemical
workstation, the whole process was in the saturated solution of
Na2SO4 (0.5 M) under visible light by controlling the light on
and off. The electrochemical workstation in Naon solution was
used to test the Electrochemical impedance spectroscopy (EIS).
2.3 Preparation of 1-D W18O49 nanowires

Similar to the synthetic route previously reported.35 In a typical
recipe, 0.5 g WCl6 was dissolved in 100 mL absolute ethanol,
a clear yellow solution appeared. Then, above yellow solution
was poured to a Teon-lined autoclave and heated at 180 °C for
24 h. A blue occulent precipitate was formed, puried several
times with absolute distilled water and anhydrous ethanol, and
vacuum dried at 50 °C.
2.4 Preparation of 3-D urchin-like W18O49

Refer to the synthesis route reported earlier.36 In this process,
0.5 g W6+ WCl6 was dissolved in 100 mL absolute ethanol,
a clear yellow solution was formed. Then, above yellow solution
was poured to a Teon-lined autoclave and heated at 200 °C for
24 h. A blue occulent precipitate was formed, puried several
times with absolute distilled water and anhydrous ethanol, and
vacuum dried at 50 °C.
2.5 Photocatalyst activity evaluation

20 mg of as-prepared photocatalysts were suspended in 50 mL
of aqueous solution of MB (10 mg L−1). Under visible light (400–
© 2023 The Author(s). Published by the Royal Society of Chemistry
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800 nm) with 300 W Xenon lamp, the photocatalytic degrada-
tion of MB experiments was conducted aer adsorption/
desorption equilibrium (1 h). Photodegradation of MB experi-
ments was investigated by UV-Vis spectrophotometer at 664 nm.
3 Results and discussions
3.1 Morphology and composition characterizations

At rst, the morphology, microstructure and elemental
composition of as-prepared W18O49 materials under different
reaction temperature were systematically characterized through
SEM, TEM and the corresponding EDS element-mapping
images. As shown in Fig. 1a–c, the obtained particles at a reac-
tion temperature 180 °C were uniform 1-D nanowires with
a diameter of about 10 nm. While, Fig. 1d and e showed the
typical SEM images of the W18O49 particles with a diameter of
about 496 nm obtained at 200 °C, which indicated that these
particles had a layered structure consisting of central micro-
sphere and a large number of radial nanowires. Interestingly,
through the information of above SEM and TEM images in
Fig. 1f, it could be seen that some nanowires on the surface of
different urchin-like particles were linked to each other,
resulting in the formation of 3D network nanowires. The results
of high-resolution TEM images for both particles (the inserts of
Fig. 1c and f) veried that the ordered lattice fringes with
a spacing of 3.8 Å, which could be attributed to the (010) plane
of monoclinic W18O49. These information indicated that the 1-D
Fig. 1 SEM and TEM images of (a, b, c) 1-DW18O49 nanowires, (d, e, f) 3-D
in 3-D urchin-like W18O49.

© 2023 The Author(s). Published by the Royal Society of Chemistry
W18O49 nanowires and 3-D W18O49 both grew along the [010]
direction. For 3-D W18O49 particles, the EDS element-mapping
images of O and W were shown in Fig. 1h and i, respectively,
and we could directly observe the uniform distribution of the
two elements. In addition, the tungsten content in the 3-D
W18O49 was 86 wt%, as shown in Fig. S1.† These results
conrmed that 1-D W18O49 nanowires and 3-D W18O49 could be
successfully prepared by simply adjusting the reaction
temperature in a hydrothermal system, the corresponding
schematic diagram was as shown in Fig. S2.† In the hydro-
thermal system, the W18O49 molecules growed mainly along the
(010) direction, and further formed (WOn)

− particles. The
particle with negative charges generated faster at 200 °C than at
180 °C, the surface tension and surface energy of the system
would further increase, and the particles generated at 200 °C
were more likely to gather to three-dimensional W18O49 parti-
cles under the principle that the system energy could tend to be
kept to a minimum.37 In addition, the direct result of
morphological difference was that these two kinds of W18O49

materials display different BET surface areas based on the
adsorption and desorption of N2, and the corresponding results
were shown in Fig. 2. The 3-D W18O49 particles had a larger
specic surface area (120 m2 g−1) than 1-D W18O49 nanowires
(75 m2 g−1) due to the existence of hierarchical structure.

Then, the crystal structure and phase composition of 1-D
W18O49 and 3-DW18O49 were exhibited in Fig. 3 by XRD patterns
with scanning range from 10° to 80°. And the result (Fig. 3a)
urchin-like W18O49, and (g, h, i) the EDSmapping of the elements O, W

RSC Adv., 2023, 13, 10657–10666 | 10659
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Fig. 2 Nitrogen adsorption–desorption isotherms of 1-D W18O49

nanowires and 3-D urchin-like W18O49.
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showed that the position and relative intensity of the charac-
teristic peaks of two as-prepared W18O49 samples were highly
consistent with the monoclinic crystals according to the JCPDS
Fig. 3 (a) XRD patterns and (b) XPS spectra of 1-D W18O49 nanowires an
spectra of (c) O 1s and (d) W 4f.

10660 | RSC Adv., 2023, 13, 10657–10666
card (no. 71-2450).38 Specically, the narrow and pointed peak
at 23.2° matched with the (010) plane, and the weak reection at
47.5° was in accordance with the (020) plane. Moreover, the
diffraction intensities of other peaks were so weak as to be
negligible. In addition, the peaks in XRD were slightly out of
position with standard cards, which was due to a large number
of oxygen vacancies in two sample.39,40 Thus, the crystals of two
W18O49 samples both preferentially tended to grow in (010)
direction based on XRD results, which cohered with the TEM
results in Fig. 1.

The detailed chemical states and chemical components of
obtaining W18O49 samples were further analyzed by XPS
spectra, the results were displayed in Fig. 3b–d. For accuracy,
the binding energy for all the results had been corrected by C1s
peak at 284.8 eV. First, the elements W, O in the 1-DW18O49 and
3-D W18O49 could be conrmed by the scanning survey spectra
in Fig. 3b, and this result was in accordance with EDS mapping
results (Fig. 1h and i). Moreover, the oxygen vacancies of 1-D
and 3-D W18O49 were further detected by high-resolution XPS
spectra of O1s (Fig. 3c), and O1s spectra of two samples were
both divided into two main peaks. One peak located at 530.2 eV
corresponded to the lattice oxygen of W–O, while the other one
located at 531.2 eV was assigned to the oxygen vacancy. This
d 3-D urchin-like W18O49, and the corresponding high-resolution XPS

© 2023 The Author(s). Published by the Royal Society of Chemistry
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result was a direct proof of the existence of oxygen vacancies in
1-D and 3-DW18O49, and the oxygen vacancy ratio of 3-DW18O49

was signicantly higher than that of 1-D W18O49. Additionally,
since the EPR spectroscopy is also a highly effective character-
ization for the detection surface oxygen vacancies of prepared
two photo-catalysts. And we could conclude that the oxygen
vacancy in 3-D W18O49 was more abundant than 1-D W18O49

from the EPR signals in Fig. S3,† which was consistent with
above XPS results in Fig. 3c. Moreover, two different valence
states of W element (namely W6+, W5+) corresponding to W4f5/2
and W4f7/2 could be observed in the W4f high-resolution XPS
spectrum (Fig. 3d). For 3-D W18O49, the peaks at 35.70 and
38.50 eV were rated to W4f7/2 and W4f5/2 characteristic peaks of
W6+, respectively. The second double peak with binding ener-
gies of 34.91 and 37.10 eV were attributed to the W4f7/2 and
W4f5/2 characteristic peaks of W5+. The emergence of the low
valence state W5+ was attributed to the short W–W distances
(0.26 nm) and the removal of oxygen occurs at the shear planes,
which could further verify the existence of a large number of
oxygen vacancies.41,42 In addition, the binding energy of W 4f for
1-D W18O49 shis by 0.2 eV toward lower value than that of the
3-D W18O49, which was attributed to the existence of larger
oxygen vacancies in 3-D W18O49. The oxygen vacancies and W5+

defects could provide more active sites and would have impor-
tant inuence on the photocatalytic properties of as-prepared
W18O49. To better study the photocatalytic properties and
compare their differences of two forms of W18O49, the optical
properties and separation efficiency of both photo-catalysts
were explored by a sequence of photoelectrochemical
characterizations.

3.2 Optical properties of prepared catalysts

It is well known that the optical absorption efficiency plays
a decisive role in determining of photocatalytic performance.43

Herein, the light trapping properties of 1-D W18O49 nanowires
and 3-D urchin-like W18O49 were analyzed by UV-Vis-NIR
absorption spectrum, and the related information was shown
in Fig. 4. Two different dimensional sizes of W18O49 particles
both presented a large absorption throughout the visible and
near-infrared regions, which could be attributed to the plasmon
resonance absorption driven by the existence of lots of oxygen
vacancies in W18O49. Among them, 3-D W18O49 had stronger
responsiveness in the UV-Vis-NIR region than 1-D W18O49, and
the relevant proof information was shown in Fig. 4a. We could
ascribe this phenomenon to the existence of 3-D urchin-like
hierarchical structure, which not only could provide large
surface area (Fig. 2) but also facilitate the multiple light scat-
tering between the radial nanorods.44,45 Besides, the bandgap
information of the as-prepared samples was further studied by
the relevant Tauc plots of UV-Vis spectra, as shown in Fig. 4b.
The band gap was calculated using the Kubelka–Munk eqn (1).46

ahv = k(hv − Eg)
n/2 (1)

where a, h, v and k represent the diffuse absorption coefficient,
plank constant, light frequency and a constant, respectively. It
was estimated that the band gap of 3-D W18O49 (3.35 eV) was
© 2023 The Author(s). Published by the Royal Society of Chemistry
lower than that of 1-D W18O49 nanowires (3.70 eV), which could
be inferred from Fig. 4b. Therefore, the light absorption range
of 3-D urchin-like W18O49 was extended and then the light
utilization efficiency was improved, which was crucial to obtain
a better photocatalytic performance.23,47 In addition, the
potential of the valence band (VB) of two W18O49 semi-
conductors was determined through the Mott–Schottky
measurements.48,49 And the relevant results were shown in the
Fig. S4,† the VB value of 1-D W18O49 and 3-D W18O49 were
evaluated to be about 3.16 eV and 3.01 eV, respectively. Mott–
Schottky (MS) plot was employed to investigate the CB of 3-D
W18O49.50,51 As shown in Fig. S5,† an obvious positive slope for
MS plot was observed, indicating 3-DW18O49 belonged to n-type
semiconductors. In fact, the position of the CB is close to the
at potential of the n-type semiconductors. The at potential of
3-D W18O49 was further determined to be −0.54 eV (vs. Ag/AgCl
at pH 7). The corresponding CB of 3-D W18O49 was converted to
be about −0.34 eV (vs. NHE) according to the eqn (2). Based on
the eqn (3), the VB of 3-D W18O49 was calculated to be +3.01 eV.

ENHE = EAg/AgCl + 0.197 (2)

Eg = EVB-ECB (3)

3.3 The separation efficiency of photogenerated charge
carriers

To comprehensively investigate the separation and transfer
efficiency of photo-excited charges over the photo-catalysts, the
PL, time-resolved PL (TRPL) and EIS of the samples were carried
out, and the detailed characterization results were presented in
Fig. 5. Firstly, as shown in Fig. 5a, the uorescence signal of 3-D
urchin-like W18O49 was lower than that of W18O49 nanowires,
which indicated that the 3-D W18O49 had more efficient charge
separation efficiency. Furthermore, the TRPL was been
demonstrated to be an effective tool for studying the dynamics
of specic charge carrier, and the relevant TRPL results of 1-D
W18O49 and 3-D W18O49 were shown in the Fig. 5b. It was
obvious that the average lifetime value of 3-D W18O49 (20.23 ns)
was longer than that of the 1-D W18O49 (5.45 ns), indicating that
the 3-D W18O49 particle could appear larger defects, which had
also been veried by the EPR technique (Fig. S1†). Generally, the
higher photocurrent value also stands for more photogenerated
electrons and higher separation efficiency. When the light
source was switched on and off at 20 second intervals, the
photocurrent signals could show vigorous spikes and decreases.
Notably, the 3-D W18O49 had a higher signal (Fig. 5c) under the
light illumination, which corresponded to higher light trapping
and lower photogenerated charge recombination efficiency. To
better explain above research results, there were differences in
electron transfer efficiency between the two as-prepared cata-
lysts. And the EIS was used to explore the real reason. As shown
in Fig. 5d, the 3-D W18O49 photocatalyst possessed smaller
radius, which further implied 3-D W18O49 had lower charge
transfer impedance and higher charge separation efficiency in
comparison with 1-D W18O49.
RSC Adv., 2023, 13, 10657–10666 | 10661
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Fig. 4 (a) The UV-Vis diffuse absorbance spectra and (b) the corresponding plots of (ahn)n/2 vs. photoenergy (hv) of 1-D W18O49 nanowires and
3-D urchin-like W18O49.
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3.4 Photocatalytic activity of the prepared photocatalysts

As shown above, the morphological difference of W18O49

particles brought about the difference in the surface area
(Fig. 2), light absorption (Fig. 4) and separation efficiency of
Fig. 5 (a) Photoluminescence spectra, (b) time-resolved transient PL
impedance spectra of 1-D W18O49 nanowires and 3-D urchin-like W18O

10662 | RSC Adv., 2023, 13, 10657–10666
photogenerated charge (Fig. 5). These properties were impor-
tant factors that could determine the photocatalytic perfor-
mance of the photocatalysts.52,53

Herein, the degradation behavior of MB was taken as
a typical example to investigate the specic photocatalytic
decay (c) photocurrent transient responses and (d) electrochemical

49.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01031g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 4
:0

3:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
activity of 1-D W18O49 nanowires and 3-D urchin-like W18O49,
the corresponding degradation activities and mechanism were
shown in the Fig. 6. The dye concentration remained same
under all experimental conditions. To exclude the effect of
adsorption on the reduction of MB, the MB solution was
exposed to dark conditions for 20 minutes. As shown in Fig. 6a,
the MB content was not reduced in the dark, which indicated
that the reduction of MB content in the system was only related
to the photodegradation of the photocatalyst. In addition, the
MB solution containing the two catalysts was irradiated for 120
minutes to compare the photocatalytic degradation rate of MB
by the two catalysts. When W18O49 nanowires was used in the
photocatalytic system, the concentration of MB decreased by
45% within 120 minutes, and 70% MB had been degraded in
120 min when 3D urchin-like W18O49 was employed. According
to following eqn (4),54 the values of photocatalytic reaction rates
of 1-D W18O49 nanowires and 3-D urchin-like W18O49 were
measured to be 0.00312 min−1 and 0.00932 min−1 respectively,
as shown in Fig. 5b.
Fig. 6 (a) The photocatalytic degradation of methylene blue and (b) plot
nanowires and 3-D urchin-like W18O49, the UV-Vis spectral changes of m
W18O49 nanowires and (d) 3-D urchin-like W18O49, the EPR spectra of (
illustration of the reaction mechanism involved in the photocatalytic act

© 2023 The Author(s). Published by the Royal Society of Chemistry
ln(C0/Ct) = kt (4)

where k is the apparent rate constant, t is the reaction time, Ct is
the concentration at irradiation time t, C0 is the initial
concentration. Furthermore, the time dependent absorption
spectra of MB dye in the presence of 1-DW18O49 and 3-DW18O49

photocatalysts were shown separately in the Fig. 6c and d. The
MB dye showed strong characteristic absorption peak at 670 nm
and shoulder peak at 616 nm.55 The results showed that the
absorption maximum had a steady decline trend within 120
minutes no matter what kind of nanomaterials existed,
however, the reduction rate of MB in 3-D urchin-like W18O49

catalysis was much faster than that in 1-DW18O49 nanowires. As
discussed above, the 3-D W18O49 has been found to exhibit
better catalytic performance and catalytic rate for the decom-
position of MB than that of W18O49 nanowires. Furthermore, it
was found that the morphology of the 3-D W18O49 particles did
not change and still had a three-dimensional structure aer the
photocatalytic degradation of MB (Fig. S6†), which indicated
of lnCt/C0 vs. time under simulated solar irradiation over 1-D W18O49

ethylene blue as a function of irradiation time in the presence of (c) 1-D
e) cO2

− and (f) cOH for 3-D urchin-like W18O49, and (g) the schematic
ivity of 3-D urchin-like W18O49.
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that the particle was expected to achieve reuse in the eld of
photocatalytic degradation.

It is well known that the produced cOH and cO2
− radicals had

a major impact on the degradation efficiency. To better study
the mechanism of 3-D urchin-like W18O49, the low-temperature
ESR technology was carried to study the active radicals. It was
obvious that the signal of cO2

− (Fig. 6e) could be observed in the
3-D urchin-like W18O49. Meanwhile, the cOH signal (Fig. 6f) was
also detected under the same conditions. Based on the above
experimental results and discussions, we proposed a possible
mechanism for the better photocatalytic performance of 3-D
urchin-likeW18O49 particle, as shown in Fig. 6g. The conduction
band (CB) and valence band (VB) of 3-D urchin-like W18O49 were
further determined. And the corresponding CB and VB of 3-D
urchin-like W18O49 were estimated to be about −0.34 and
+3.01 eV, respectively. The CB potential (−0.34 eV) of 3-D
urchin-like W18O49 was more negative than that of Eq (cO2

−/O2)
(−0.33 eV), while the active species (cO2

−) could be generated.
Besides, and VB potential (+3.01 eV) of 3-D urchin-like W18O49

was more positive that of Eq (cOH/H2O) (+1.99 eV), the active
species (cOH) might be formed, which was consistent with the
ESR results. Under visible light excitation, a large number of
photogenerated electrons and holes were produced on 3-D
urchin-like W18O49. Photogenerated electrons on 3-D urchin-
like W18O49 could capture O2 and generate cO2

− due to more
negative potential, while, holes could directly oxidize H2O into
cOH. Compared to the 1-D W18O49 nanowires, the unique three-
dimensional hierarchical structure in 3-D W18O49 would be
more effective in harvesting light through multiple scattering
between the radial nanorods, which could generate more elec-
trons and holes. Meanwhile, lots of electrons concentrated on
the tip of the nanorods because of the tip effect, and therefore,
3-D W18O49 was more conducive to adsorption, activation and
degradation of pollutants like MB. Then, the photo-induced
electrons could interact with oxygen and water adsorbed on
the surface to generate active radicals cO2

− and cOH, which
could contribute to the degradation of MB.56 Therefore, the
larger surface area, more light absorption and higher effective
charge separation brought by the unique 3-D urchin-like
structure work synergistically, resulting in the excellent photo-
catalytic performance.

4 Conclusions

1-D W18O49 nanowire and 3-D urchin-like W18O49 particle were
successfully synthesized under different reaction temperatures
through the hydrothermal method. In addition, we systemati-
cally evaluated the differences in photocatalytic performance
between these two particles. The comprehensive characteriza-
tions and control experiments indicted that the hierarchical
urchin-like structure given 3-D W18O49 particle a larger BET
surface areas (120 m2 g−1) than 1-D W18O49 nanowires (75 m2

g−1), which led to more excellent optical properties of 3-D
urchin-like W18O49 particle: the larger light absorption capacity
and light utilization efficiency; lower charge transfer impedance
and complexation efficiency of photogenerated charges, and so
on. Furthermore, the actual photocatalytic performance was
10664 | RSC Adv., 2023, 13, 10657–10666
measured by taking MB degradation as an example, the result
was that the photocatalytic reaction rates of 3-D urchin-like
W18O49 particles was about three times than that of 1-D
W18O49 nanowires. This study is helpful for us to better
understand the inuence of morphology on the photocatalytic
performance of W18O49 material, which is conducive to the
better application of W18O49 or their composites in the eld of
photocatalysis.

Data availability

Juan Wang: investigation, methodology, writing-original dra,
funding acquisition. Jin Ye: methodology, experimental char-
acterization, writing-editing.

Conflicts of interest

The authors declare that they have no known competing
nancial interests or personal relationships that could have
appeared to inuence the work reported in this paper.

Acknowledgements

Financial support from the Talent Introduction Project
(40621051).

References

1 X. Wang, X. Zhang, Y. Zhang, Y. Wang, S.-P. Sun, W. D. Wu
and Z. Wu, Nanostructured Semiconductor Supported Iron
Catalysts for Heterogeneous Photo-Fenton Oxidation: A
Review, J. Mater. Chem. A, 2020, 8(31), 15513–15546.

2 J. Ye, J. Xu, C. Li, D. Ti, X. Zhao, Q. Wang, W. Lv, J. Wang,
H. Xie, Y. Li, Z. Liu and Y. Fu, Novel N-Black In2O3-x/InVO4

Heterojunction for Efficient Photocatalytic Fixation:
Synergistic Effect of Exposed (321) Facet and Oxygen
Vacancy, J. Mater. Chem. A, 2021, 9(43), 24600–24612.

3 D. Yun, E. Ayla, D. Bregante and D. Flaherty, Reactive Species
and Reaction Pathways for the Oxidative Cleavage of 4-
Octene and Oleic Acid with H2O2 over Tungsten Oxide
Catalysts, ACS Catal., 2021, 11(593), 3137–3152.

4 Z. Jin, J. Li, D. Liu, Y. Sun, X. Li, Q. Cai, H. Ding and J. Gui,
Effective Promotion of Spacial Charge Separation of Dual S-
scheme (1D/2D/0D) WO3@ZnIn2S4/Bi2S3 Heterojunctions for
Enhanced Photocatalytic Performance under Visible Light,
Sep. Purif. Technol., 2022, 284(2), 120207.

5 X. Xiao, T. Ding, L. Yuan, Y. Shen, Q. Zhong, X. Zhang,
Y. Cao, B. Hu, T. Zhai, L. Gong, J. Chen, Y. Tong, J. Zhou
and Z. Wang, WO3-x/MoO3-x Core/Shell Nanowires on
Carbon Fabric as an Anode for All-Solid-State Asymmetric
Supercapacitors, Adv. Energy Mater., 2012, 2(11), 1328–1332.

6 C. Valentin, F. Wang and G. Pacchioni, Tungsten Oxide in
Catalysis and Photocatalysis: Hints from DFT, Top. Catal.,
2013, 56(15–17), 1404–1419.

7 J. Liang, J. Yu, W. Xing, W. Tang, N. Tang and J. Guo, 3D
interconnected Network Architectures Assembled from
W18O49 and Ti3C2 MXene with Excellent Electrochemical
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01031g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 4
:0

3:
43

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Properties and CDI Performance, Chem. Eng. J., 2022, 435,
134922.

8 L. Han, J. Xia, X. Hai, Y. Shu, X. Chen and J. Wang, Protein-
Stabilized Gadolinium Oxide-Gold Nanoclusters Hybrid for
Multimodal Imaging and Drug Delivery, ACS Appl. Mater.
Interfaces, 2017, 9(8), 6941–6949.

9 Z. Wang, M. Hu and Y. Qin, Solvothermal Synthesis of WO3

Nanocrystals with Nanosheet and Nanorod Morphologies
and the Gas-Sensing Properties, Mater. Lett., 2016, 171,
146–149.

10 C. Balázsi, L. Wang, E. Zayim, I. Szilágyi, K. Sedlacková,
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