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Transition metal oxides hold great promise across a wide range of applications due to favorable properties
such as high abundance, low toxicity, and excellent stability. Nanoengineering approaches are essential for
controlling the structural, optical, and electronic properties of these materials, enabling the achievement of
desired characteristics in a cost-effective and environmentally friendly manner. In this study, we synthesize
stoichiometric (WO3) and sub-stoichiometric (WOs_,) tungsten oxide nanowires by controlling their phases
and morphologies through the hydrothermal method. This approach allows us to systematically investigate
the effects of different phases and oxygen vacancies on the optical properties, as well as on photocatalytic
and supercapacitance applications. We use the photodegradation of RhB as a benchmark for photocatalytic
activity under various experimental conditions, revealing that oxygen vacancies significantly influence
photocatalytic behavior. For example, WOs_, nanowires adsorb/degrade a substantial amount of RhB within
short durations under ambient conditions, where WOz nanowires are mostly inactive. The addition of H,O,
enhances the photocatalytic performance of WO3z nanowires over 30 minutes, with even better results
under low pH conditions with H,O,. This study also explores the phase-dependent electrochemical pro-
perties of WOz and WOs_, nanowires, providing insights into their potential for improved supercapacitor
performance by leveraging their complementary properties in symmetric and asymmetric configurations.
WOs_,, with a higher density of oxygen vacancies and thinner structure, offers enhanced conductivity and
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1. Introduction

Interest in technologies such as photocatalysis, super-
capacitors, lithium-ion batteries, and solar and fuel cells for
clean and renewable energy solutions has been increasing in
response to the environmental impacts of rapid industrializ-
ation. As pollution accumulates in water sources, the energy
required to mitigate this pollution also rises.' The efficiency of
these technologies depends on the structural, optical, and
electronic properties of the materials used. Therefore, nanoen-
gineering approaches are essential for synthesizing materials
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increased active sites for charge storage, resulting in superior specific capacitance and charge retention.

with well-defined microstructural features that enable desired
properties in a cost-effective and environmentally friendly way.

Photocatalysis, which involves using semiconductors to
absorb photons and generate excited electrons and holes that
can initiate chemical reduction and/or oxidation, is a valuable
method for environmental remediation. This approach gained
prominence with the pioneering work of Honda and
Fujishima on TiO,, which highlighted the potential of semi-
conductors in photocatalysis.>*® Although TiO, remains a
benchmark in photocatalytic applications due to its advan-
tageous properties,"® its band gap of 3.0-3.2 eV restricts its
activity to the ultraviolet region of the electromagnetic spec-
trum, which comprises only about 3% of solar light.”®
Consequently, there is significant interest in developing highly
efficient and stable visible-light-driven semiconductors, which
would operate in the visible range that makes up approxi-
mately 47% of solar irradiation, for photocatalytic
applications.”"°

Among various materials used as photocatalysts, tungsten
oxide (WO;) stands out as an ideal candidate for visible-light-
driven photocatalysis. This n-type semiconductor has a band
gap of 2.5-2.8 eV and is known for its stability at high tempera-
tures, non-toxic nature, ease of synthesis, and remarkable elec-
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trical, chemical, and optical properties.""'*> Tungsten oxide
also demonstrates high performance in a range of appli-
cations, including efficient gas sensors, as well as electrochro-
mic, photochromic, and photoanode materials."*'® In
addition to the notable light-matter interaction properties of
stoichiometric tungsten oxide (WOs), the increased carrier
density caused by oxygen vacancies in sub-stoichiometric tung-
sten oxide (WO;_,) induces localized surface plasmon reso-
nance (LSPR) in the near-infrared and visible regions.'”"'® The
hot electrons generated by LSPR enhance photo-absorption
and increase the availability of photogenerated electrons and
holes, thereby boosting photocatalytic activity.'*>°

Supercapacitors, also known as electrochemical capacitors,
are energy storage devices that bridge the gap between conven-
tional capacitors and batteries.>* They are characterized by high
power density, rapid charge and discharge rates, and long cycle
life, making them ideal for applications requiring quick bursts
of energy.”” Unlike batteries, which rely on chemical reactions,
supercapacitors store energy through electrostatic interactions,
allowing for faster energy transfer.”® The performance of super-
capacitors depends heavily on the electrode materials, which
must have a high surface area, excellent conductivity, and stabi-
lity.>* Among various transition metal oxides used as electrode
materials, tungsten trioxide (WO;) has garnered significant
attention.”® Tungsten oxides are promising for supercapacitors
due to their natural abundance, high thermal stability, cor-
rosion resistance, multiple valency, and wide negative potential
range, as well as their tunnel-like structure that facilitates easy
ion insertion of the electrolyte.>®?” In this context, tungsten
oxide (WO;) and its sub-stoichiometric form (WO;_,) have
emerged as strong candidates due to their unique structural
and electronic properties.”® The oxygen vacancies in WO;_,
enhance its conductivity and charge storage capacity, making it
particularly well-suited for supercapacitor applications.>® This
study investigates the phase-dependent electrochemical pro-
perties of WO; and WO;_, nanowires, offering insights into
their potential for improving supercapacitor performance.

In this study, we synthesized stoichiometric (WO;) and sub-
stoichiometric (WO;_,) tungsten oxide nanowires by control-
ling their phases and morphologies via the hydrothermal
method. This work addresses a significant gap in the literature
by presenting the properties of one-dimensional WO; and
WOj3_, nanostructures with similar morphological features
and phases from a comprehensive perspective. We explore how
oxygen vacancies impact photocatalytic, electrochemical, and
capacitive performance. By leveraging the complementary pro-
perties of these materials in both symmetric and asymmetric
configurations, this research seeks to optimize their appli-
cation in advanced energy storage systems.

2. Experimental section
2.1. Syntheses of phase controlled WO; nanowires

All chemicals were of analytical grade and used without
further purification.

This journal is © The Royal Society of Chemistry 2025
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Synthesis of WO; nanowires. 5 mmol of sodium tungstate
(Na,WO,) powder was dissolved in 50 ml of deionized water at
room temperature under vigorous stirring. To this solution, 3
M HCI was added dropwise until the pH reached approxi-
mately 1.5. Next, 5 mmol of potassium sulfate (K,SO,) was
added, and the solution was stirred further for at least
30 minutes at room temperature. The resulting solution was
then transferred to a 100 ml Teflon-lined stainless-steel auto-
clave and heated in an oven at 180 °C for 12 hours. After
cooling the autoclave naturally to room temperature, the syn-
thesized products were centrifuged and washed several times
with deionized water and ethanol. The precipitates were then
dried overnight at 60 °C under vacuum.

Synthesis of WO;_, nanowires. The synthesis of WO;_,
nanowires followed the same procedure as described above,
except that 5 mmol of sodium sulfate (Na,SO,) was added
instead of K,SO,.

2.2. Materials characterization

Phase analysis of the prepared samples was conducted using a
Philips X'Pert Pro X-ray diffractometer (XRD) with Cu-Ka radi-
ation. The microstructural features of the samples were exam-
ined with a field emission gun FEI QUANTA 250 scanning elec-
tron microscope (SEM). Absorbance spectra for numerical
simulations were obtained from solid samples using a
Shimadzu UV-3600 UV-Vis-NIR spectrophotometer with diffuse
reflectance spectroscopy, and then converted to absorbance
using Kubelka-Munk reflectance theory.*®

2.3. Numerical calculations

The finite difference time domain (FDTD) method was used to
investigate the optical properties of stoichiometric (WO3) and
sub-stoichiometric (WO;3_,) nanowires. In the simulations, a
plane wave was applied, and radii derived from SEM images
were used for modeling. Since the synthesized materials
consist of one-dimensional nanowires, only the cross-section
of each nanowire was considered, disregarding length. The
absorption spectrum was modeled using Mie-Gans theory to
align with experimental data, as represented by the equation
below."® This equation incorporates the dielectric properties of
the surrounding medium, &, and those of the nanoparticle,
including the real (¢,) and imaginary (&,) components, as well
as depolarization factors (P;, where j = 1, 2, 3 for the x, y, and z
axes, respectively) across the three dimensions of the nano-
particle. Based on this model, wavelength-dependent dielectric
functions and refractive indices were calculated. Additionally,
the field distribution was modeled to examine the electric field

behavior at the absorption peaks.
1
p2)e
A< 8m3/2 Z J

: 1-P \?
J (81 + 4 Em) +e?
Fj
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2.4. Photocatalytic activities

The photocatalytic activities of the samples were measured
under AM 1.5-filtered simulated solar light using a 500 W xenon
lamp. Rhodamine B (RhB) served as a benchmark organic pollu-
tant to evaluate the photocatalytic performance of the tungsten
oxide nanowire powders. In a typical experiment, 40 mg of syn-
thesized powder was added to 80 ml of an RhB solution (10 mg
RhB per L). The solutions were stirred continuously in the dark
for 1 hour to achieve adsorption/desorption equilibrium. At
various irradiation intervals, 3 ml aliquots were taken, and the
catalyst powders were separated from the solution by centrifu-
gation. The dye concentration, and thus the photocatalytic
activity, was measured using UV-Vis spectroscopy (Shimadzu
UV-3600 UV-Vis-NIR spectrophotometer). Additional photo-
catalytic activity tests were performed by adding 0.5 ml of hydro-
gen peroxide (H,0,) to the solution, at approximately pH 2.5
achieved by adding concentrated sulfuric acid, and under con-
ditions with both H,0, and at pH 2.5.

View Article Online
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2.5. Electrochemical measurements

The electrochemical performance and characterization of WO;-
based electrode materials, as well as the fabricated symmetric
and asymmetric supercapacitor (SC) devices, were conducted
using a multi-channel BioLogic VMP 300 potentiostat in a two-
electrode configuration. A 6 M KOH aqueous solution was used
as the electrolyte to evaluate the electrochemical properties of
WO;-based electrodes. Stainless steel screws served as current
collectors on both sides, while porous glass fiber paper
(Whatman, grade GF/F) was used as a separator. The syn-
thesized WO; powders were used directly as electrodes in both
symmetric and asymmetric SC devices without any additional
processing, binders, or additives. The details of the symmetric
and asymmetric supercapacitor configurations with WO; and
WO;_, as electrodes are summarized in Table 1, and a sche-
matic of the two-electrode systems is shown in Scheme 1.

All tests were performed at room temperature using cyclic
voltammetry (CV), potentiostatic electrochemical impedance

Table 1 Comprehensive details regarding each component of the supercapacitor design

Sample Electrode (E,) Electrode (E,) Electrolyte (EI) Separator (S) Type
WO;_, WO;_, WO;_, 6 M KOH Glass fiber Symmetric
WO, WO, WO; 6 M KOH Glass fiber Symmetric
WO;_,//WO; WO;_, WO, 6 M KOH Glass fiber Asymmetric

Seperator + Electrolyte

Scheme 1 Schematic representation of the fabricated supercapacitor design.
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spectroscopy (PEIS or EIS), and potential-limited galvanostatic
cycling (GCPL) techniques. For CV characterization, 20 cycles
were recorded at scan rates ranging from 10 to 200 mV st
within a voltage range of 0 to +1 V. GCPL measurements were
conducted for 50 cycles at current densities of 0.1 A g™, 0.15 A
g1 0.2A¢7,03Ag7,05Ag  and2.4Ag7".

3. Results and discussion

3.1. Microstructural features

The microstructural features of the samples are presented in
Fig. 1. The XRD pattern of the WO;_, nanowires (Fig. 1a)
reveals that the sample consists of a monoclinic tungsten
oxide phase (JCPDS no. 5-0392, space group: P2/m) with
lattice parameters of ¢ = 1.828 nm, b = 0.3775 nm, ¢ =
1.398 nm, and g = 115.2°. The peak at ~20 = 23° corres-
ponds to the (010) plane of the monoclinic phase, indicating
a nanowire growth direction along [010].>" Fig. 1b displays a
typical XRD pattern for the WO; nanowires, indexed to the
hexagonal WO; phase (JCPDS no. 33-1387, space group: P6/
mmm) with lattice parameters of a = 0.7298 nm and ¢ =
0.3899 nm.

SEM images of WO;_, and WO; nanowires are shown in
Fig. 1c, e and d, f, respectively. These images indicate that
both samples exhibit nearly monodispersed one-dimensional
nanostructures with typical lengths exceeding 5 pum. The
WO;_, nanowires have a thickness of approximately 19 nm,
while the WO; nanowires are around 210 nm thick. Despite
this variation in thickness, both nanowire types share the
same overall morphology, where the thicker WO; nanowires
are also formed by thinner building blocks (Fig. 1f) However,
the distinct phases make them ideal candidates for studying
phase-dependent properties, particularly the influence of
oxygen vacancies, across various applications.

3.2. Optical properties and FDTD simulations

The UV-Vis absorption spectra of WO;_, (black) and WO; (red)
nanowires are shown in Fig. 2a. These spectra were derived
from diffuse reflectance measurements of the solid powders
using Kubelka-Munk reflectance theory.>* The prominent
absorption peaks appear at approximately 284 eV for WO;_,
nanowires and 286 eV for WO; nanowires, with shoulder peaks
at ~242 eV for WO;_, and ~244 eV for WO; nanowires.
Notably, the WO;_, nanowires exhibit significantly higher light
absorbance in the UV and NIR regions compared to the WO;
nanowires. This enhanced NIR absorption in WO;_, nanowires
is likely related to the presence of localized surface plasmon
resonances.'® To determine the optical band gap values of the
nanowires, Tauc plots were created,”*** as shown in Fig. 2b
and c for WO;_, and WO; nanowires, respectively. These plots
indicate that the optical band gaps are calculated as 2.98 eV
for WO;_, nanowires and 3.22 eV for WO; nanowires. Surface
energies, defect sites, and electronic band structures of
various tungsten oxide phases with different atomic coordi-
nation are studied in the literature.> The amounts and energy

This journal is © The Royal Society of Chemistry 2025
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values of oxygen vacancies in different sub-stoichiometric
tungsten oxide structures have been reported by using
different techniques such as X-ray photoelectron spectroscopy
(XPS), electron paramagnetic resonance (EPR) spectroscopy
and density functional theory (DFT)-based simulations.>*™”
Most of these studies consider the effect of low-density
oxygen vacancies on the properties of tungsten oxide,
however, as seen in Fig. 1, here we report tungsten oxide
phases with different crystal structures where the oxygen-
vacancies are high enough to change the full crystal structure
of the nanowires.

The real and imaginary parts of the dielectric functions and
refractive indices were calculated from the data obtained from
the normalized absorption spectra shown in Fig. 2 by substi-
tuting the wavelength-dependent dielectric functions into eqn
(2), as shown below and illustrated in Fig. 3:

mr=n+ik =¢e +ie (2)

The dielectric function of a material has two components:
the real part, which relates to energy storage and the polariz-
ation of the material, and the imaginary part, which represents
energy absorption and loss. Fig. 3a shows the real (solid lines)
and imaginary (dashed lines) parts of the dielectric functions
for WO;_, and WO; nanowires. A comparison of these graphs
reveals that WO;_, nanowires demonstrate superior energy
storage, transfer, and light absorption capabilities compared
to WO; nanowires, consistent with the absorption spectra in
Fig. 2a.

Fig. 3b displays the real and imaginary parts of the refrac-
tive indices for WO;_, and WO; nanowires. The real part of the
refractive index indicates the speed of light within the
material, while the imaginary part reflects the extinction coeffi-
cient, which is related to light absorption. As shown by the
imaginary parts in Fig. 3b, WO;_, nanowires exhibit higher
light absorption at a given wavelength than stoichiometric
WO; nanowires.

Fig. 4 illustrates the field distribution around tungsten
oxide nanowires at their respective maximum absorption wave-
lengths. As shown, the 19 nm thick WO;_, nanowire exhibits a
strong dipolar field distribution (Fig. 4a), while the 210 nm
thick WO; nanowire displays a multipolar mode. The field
intensity around the WO,_, nanowire is approximately 32%
stronger than that around the WO; nanowire.

3.3. Photocatalytic activities

Oxygen vacancies in metal oxides can serve as adsorption and
active sites, significantly enhancing the efficiency of photo-
catalytic reactions by increasing light absorption, charge separ-
ation, and surface reactivity in these materials.*® Charge separ-
ation associated with oxygen vacancies in metal oxides leads to
the formation of unpaired electrons, which can potentially
create donor levels within the material.>**°

Fig. 5 shows the photocatalytic activities of the WO;_, nano-
wires (Fig. 5a) and the WO; nanowires (Fig. 5b) for the degra-
dation of RhB dye under AM 1.5 filtered simulated solar light.
The photodegradation ratios of both samples versus irradiation

Dalton Trans., 2025, 54, 7376-7390 | 7379
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Fig. 1 Microstructural features of the samples: (a) XRD pattern of WOz_, nanowires, (b) XRD pattern of WOz nanowires, (c) and (e) SEM image of

WO5_, nanowires, and (d) and (f) SEM image of WOz nanowires.

times are shown in Fig. 5c, which also includes the photolysis
of RhB (degradation under simulated solar light without any
catalyst) under the same illumination conditions. As detailed
in the Experimental section, 40 mg of tungsten oxide nano-
wires were added to 80 ml of RhB solution (10 mg RhB per L),
and the solutions were mixed using continuous magnetic stir-
ring in the dark for 1 hour to achieve adsorption/desorption
equilibrium.

7380 | Dalton Trans., 2025, 54, 7376-7390

RhB is one of the most studied compounds in photo-
catalytic dye degradation studies, where reactive oxygen
species (ROS) play a crucial role in degrading organic pollu-
tants through heterogeneous photocatalysis. In the hetero-
geneous photocatalytic process, electrons (e”) in the conduc-
tion band (CB) and holes (h") in the valence band (VB) are gen-
erated within the photoactive semiconductor upon illumina-
tion. ROS, such as singlet oxygen ('O,), superoxide anion

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00212e

Open Access Article. Published on 09 April 2025. Downloaded on 5/9/2025 10:57:26 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

View Article Online

Paper

a

WO3-X

Absorbance (a.u.)

S

500 600 700 800

Wavelength (nm)

200 300 400

900 1000

(F(R)hv)*1/2 (a.u.)

E,=2.98 eV

15 20 25 30 35 40 45 50 55 60 65

hv (eV)

(F(R)hv)*1/2 (a.u.)

E,=3.22eV

15 20 25 30 35 40 45 50 55 60 6.5

hv (eV)

Fig. 2 (a) UV-Vis absorption spectra of the WO_, (in black) and WOs (in red) nanowires. (b) and (c) are Tauc's plots used to determine the optical

band gap for the WO5_, and WOz nanowires, respectively.
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Fig. 3 (a) Real (solid lines) and imaginary (dashed lines) parts of the dielectric function of the WOs_, nanowires (in black) and WOs nanowires (in
red), derived from absorption data fitted using the Mie formula. (b) Real (solid lines) and imaginary (dashed lines) parts of the refractive index of the
WOs3_, nanowires (in black) and WOz nanowires (in red), also derived from absorption data fitted with the Mie formula.

radical ("O,7), hydrogen peroxide (H,0O,), and hydroxyl radical their degradation into harmless byproducts such as carbon
("OH), are produced through reactions between photoinduced dioxide and water.*> The stepwise mechanisms are represented

holes and electrons in the aquatic medium.*" It is well known below:*’
that these highly reactive and non-selective ROS effectively
attack the chemical bonds of organic molecules, facilitating

This journal is © The Royal Society of Chemistry 2025
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(a) UV-Vis absorption spectra of RhB solutions containing the WO3_, nanowires as photocatalysts after various solar irradiation times. (b)
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Photodegradation ratio vs. irradiation times for both samples, along with the photolysis of RhB (without any catalyst). The photodegradation ratio in
(c) is calculated using the Beer—Lambert law at the indicated time intervals, where C, represents the initial concentration of RhB and C; represents

the concentration of RhB at the specified irradiation times.

h™ + H,0 (ads) — HO" (ads) + H' (ads)

0, +2e~ — 0, (ads)

0," (ads) + HY « HO’, (ads)
HO'; (ads) — H,0, (ads) + O,
H,0, (ads) — 2HO" (ads)

HO" + dye — intermediates — CO, + H,O

As seen in Fig. 5a and c, the WO;_, nanowires adsorb a sub-
stantial amount (~84.1%) of RhB after mixing in the dark for
1 hour. The remaining RhB in the solution is reduced to 15%
after 5 minutes of light irradiation, decreasing further to
~13% after 60 minutes. These results demonstrate that the

7382 | Dalton Trans., 2025, 54, 7376-7390

WO;_, nanowires are highly effective adsorbents for RhB
under ambient conditions and their photocatalytic perform-
ances couldn’t be assessed reliable with such a high ratio of
adsorbed RhB. It may be assumed that, since the majority of
the RhB is adsorbed on the surface of the WO;_, nanowires,
some of the adsorbed RhB is released back into the solution
with prolonged light irradiation, suggesting that the adsorp-
tion/desorption and photocatalytic degradation mechanisms
occur simultaneously. In contrast, the adsorption of RhB on
the WO; nanowires is only about 11.5% (Fig. 5b and c), and
these nanowires are much less effective for the photocatalytic
degradation of RhB, with only 13.7% of the RhB eliminated
after 30 minutes of light irradiation. This limited effectiveness
can be attributed to the band edge positions of WO; in water,
which do not align well with the redox potentials for water
photolysis, resulting in a weaker reduction potential in the

This journal is © The Royal Society of Chemistry 2025
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conduction band.** A similar behavior has been observed for
Fe,03, which has nearly identical band edge positions to WO;.
This issue can be mitigated by adding H,O, to the solution,
which acts as an electron acceptor and enhances the photo-
catalytic reaction.*®

Such a significant difference in photocatalytic activities, i.e.
being active and not active, of two different tungsten oxide
nanowires are cannot be explained by the thickness differences
but can be discussed by taking the above-presented optical
properties and band-positions into account. There are cer-
tainly other properties that affect the optical properties and
photocatalytic activities of tungsten oxide nanostructures.
Qasrawi et al.*® reported key optical properties of WO, thin
films, including their light absorption coefficients and the
diffusion paths of charge carriers (holes and electrons), where
they emphasized that the absorption coefficient increases as
the incident photon energy decreases, primarily due to free
carrier absorption mechanisms influenced by phonon scatter-
ing. Kalanur et al*’ mention that the theoretical maximum
conversion efficiency of tungsten trioxide is approximately
6.3% for photons with energies exceeding 2.6 eV. This high-
lights WO,’s ability to absorb light effectively, which is essen-
tial for photocatalytic applications. Moreover, they have
reported that WO; has a hole diffusion length of approximately
150 nm. Accordingly, studies show a correlation between band
gap variations and visible light absorption, which directly
affects the diffusion paths of holes and electrons in WO; par-
ticles.”® These studies emphasize the critical role of surface
properties, such as crystallite size and specific surface area, in
achieving effective advanced oxidation processes (AOPs).

Additionally, they highlight that the number of active sites
is crucial for facilitating redox reactions on the photocatalytic
surface.”®® For instance, J. Liu et al.’" reported the aspect
ratio-dependent photocatalytic activity of ultrathin tungsten
oxide nanowires on the degradation of RhB and concluded
that the highest aspect ratio nanowires having the highest
activity can be related to their higher density of oxygen surface
defects along with their higher adsorption capacity. Thus,
many factors, such as vacancies acting as active sites for
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charge carriers and the separation and transfer of electrons
and holes generated during photocatalysis, play crucial roles
in the performance of a photocatalytic process in addition to
the size effects. A thinner morphology may seem more suitable
for charge carrier diffusion to the surface, it is not the sole
determining factor for photocatalytic performance. The results
shown here highlights the importance of taking combined
influence of multiple factors into account that rather than
attributing the performance of a photocatalytic process to a
single phenomenon.

Fig. 6 shows the photocatalytic activities of the WO;_, nano-
wires (Fig. 6a) and WO; nanowires (Fig. 6b) for the degradation
of RhB, with the addition of 0.5 ml H,O, to each solution.
Compared to the previous results, it is evident that the
addition of 0.5 ml H,0, to the solution significantly altered
the adsorption behavior of RhB on the surface of the WO;_,
nanowires, which is found to be approximately 9.2% with the
inclusion of H,0,. After 5 and 10 minutes of light irradiation,
the remaining RhB in the solution is 17.6% and 16.1%,
respectively. A release of adsorbed RhB is observed after
15 minutes, where 24.5% of the dye remains in the solution,
and this decreases to 16.5% after 20 minutes, with the photo-
degradation stabilizing at this level over longer irradiation
times. In contrast, as shown in Fig. 6b and c, the WO; nano-
wires efficiently and systematically degrade RhB when 0.5 ml
H,0, is added. After approximately 11.2% adsorption in the
dark, 50.7% of the RhB is degraded by the WO; nanowires
within 10 minutes, increasing to 78.5% after 20 minutes of
light irradiation. The remaining RhB amount is 14.5% after
30 minutes and decreases systematically with increasing
irradiation durations, reaching 9.7% after 60 minutes. As seen
in these figures, the photocatalytic activity of both samples
decreases with prolonged irradiation. Along with the fact that
the amount of RhB being lower in the environment, such a
loss in photoactivity of tungsten oxide, especially for the
WO;_, nanowires, can be attributed to a complex photo-cor-
rosion process, as explained by Seabold and Choi.>*> This
process involves the formation of peroxo species at the WO;
surface,”>>® which can result from the oxidation of surface
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(a) UV-Vis absorption spectra of RhB solutions containing 0.5 ml H,O, and WO3_, nanowires as photocatalysts after different solar irradiation

times. (b) UV-Vis absorption spectra of RhB solutions containing 0.5 ml HO, and WOz nanowires as photocatalysts after different solar irradiation

times. (c) Photodegradation ratio vs. irradiation time for both samples.
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hydroxyl groups or the adsorption of hydroxyl radicals or per-
oxides.>® The direct addition of hydrogen peroxide to the solu-
tion accelerates the formation of these species, leading to a
decrease in the overall photoactivity.

Adding H,0, to the system significantly increased the
photocatalytic activity of the WO; nanowires and drastically
changed the adsorption behavior of RhB on the WO;_, nano-
wires. To investigate such alternating behaviors further, we
explored the effect of pH, specifically lowering the pH to
inhibit the formation of peroxo species on the surface of the
photocatalysts. It has been reported that WO; is chemically
stable in strongly acidic solutions but undergoes severe cor-
rosion due to OH -induced dissolution in solutions with pH >
4> Due to above-mentioned photo-corrosion mechanism
resulting the formation of hydrogen peroxide in solution, gen-
erated by the photocatalytic reaction, along with the accumu-
lation of a peroxo species layer on the WO; surface, photo-
catalytic activities of the WO; photocatalyst can be limited. It
has been reported that lower pH conditions suppress
peroxide formation on the WO; photocatalyst surface.’® The
pH of the RhB solution was lowered to ~2.5 by adding concen-
trated sulfuric acid, and the photocatalytic activity tests were
repeated.
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Fig. 7 shows the photocatalytic activities of the WO;_, nano-
wires (Fig. 7a) and WO; nanowires (Fig. 7b) for the degradation
of RhB at a pH of 2.5. The performance of the WO;_, nano-
wires is similar to that observed under neutral conditions
(Fig. 5a), with RhB adsorption measured at ~45.6%. After
10 minutes of light irradiation, the remaining RhB concen-
tration is approximately 10%. As the irradiation continues,
some adsorbed RhB is released, and the remaining RhB after
60 minutes is about 11.9%. The WO; nanowires, which
showed minimal activity without H,0,, behave similarly to the
neutral conditions when the pH is adjusted to 2.5. After
30 minutes of light irradiation, only 12.9% of the RhB was
removed from the solution, confirming their limited photo-
catalytic performance under these acidic conditions. Along
with the lower pH conditions, studies suggest that the photo-
stability and photoactivity of WO; can be enhanced through
the controlled introduction of oxygen vacancies, as sub-stoi-
chiometric WO;_, exhibits high resistance to re-oxidation and
peroxo species-induced dissolution.””

To further investigate the impact of H,O, at low pH, we
repeated the photocatalytic tests for the RhB solutions at pH
2.5, which also contained 0.5 ml of H,0,. The results are
shown in Fig. 8. As seen in Fig. 8a, corroborating with the
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Fig. 7 (a) UV-Vis absorption spectra of RhB solutions at a pH of 2.5, containing the WOs_, nanowires as photocatalysts after different solar

irradiation times. (b) UV-Vis absorption spectra of RhB solutions at a pH of 2.5, containing the WOz nanowires as photocatalysts after different solar
irradiation times. (c) Photodegradation ratio vs. irradiation times for both samples.
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results presented in Fig. 6, the adsorption of RhB on the
surface of the WO;_, nanowires is almost negligible amount of
2.9% after 1 hour of mixing in the dark with the presence of
H,0, at low pH. A significant amount of the remaining RhB is
degraded after 5 minutes of light irradiation, reducing the RhB
concentration in the solution to approximately 56.6%, which is
further decreased to 15.2% after 10 minutes of light
irradiation. After this point, the amount of RhB in the solution
almost systematically decreased, reaching 3.3% after
60 minutes of light irradiation. It is shown that the WO;_,
nanowires are highly active photocatalysts in these conditions
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(0.5 ml H,O, at pH = 2.5). Similarly, the WO; nanowires are
also highly effective photocatalysts in these conditions, per-
forming even better than the WO;_, nanowires. The adsorp-
tion of RhB on the surface of the WO; nanowires was around
17%. After 5 minutes of light irradiation, approximately 51.9%
of the RhB was degraded, with the remaining concentration
dropping to 14.3% after 10 minutes and to 5.9% after
15 minutes. After 60 minutes of irradiation, 99% of the RhB
was degraded. The significant improvement in photocatalytic
activity with the addition of H,O, and the low pH is clearly
observed when comparing the results presented in Fig. 6 and
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Fig. 9 CV curves of WOs_, and WO3 nanowires in symmetric and asymmetric configurations at various scan rates. (a) and (b) show the first and
twentieth cycles for WO5_, symmetric, respectively; (c) and (d) display the first and twentieth cycles for WOz symmetric; (e) and (f) illustrate the first

and twentieth cycles for the WO3_,//WO3 asymmetric configuration.
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8. Unlike under neutral conditions, the photocatalytic activity
does not stagnate at pH 2.5, which is crucial for continuous
photoactivity (Fig. 9).

3.4. Electrochemical properties and supercapacitor
performance test

For electrochemical measurements and supercapacitor per-
formance tests, symmetrical devices (WO;_, and WO;_,) (WO,
and WO;) with both electrodes made of the same material,
and asymmetric devices with different electrodes were
designed (WO;_, and WO3).

The CV results can be related to other analyses in the manu-
script, such as the structural and optical properties of WO;
and WO;_, nanowires. The enhanced electrochemical perform-
ance of WO;_,, as seen in the CV curves, is consistent with its
structural features, including the presence of oxygen vacancies.
These vacancies, identified in the microstructural analysis,
contribute to increased conductivity and active sites for charge
storage, which are reflected in the higher current densities
observed in the CV results. The optical properties, particularly
the UV-Vis absorption spectra, also support the CV findings.
As discussed in the optical analysis, the increased light absorp-
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tion and localized surface plasmon resonances in WO;_, corre-
late with its superior electrochemical behavior. This enhanced
light absorption likely contributes to the improved charge
transfer processes observed in the CV analysis. In the asym-
metric design (WO;_,/WO;), the broader potential window
and higher capacitance observed in the CV curves can be
linked to the complementary properties of the two materials.
The structural and optical analyses suggest that WO;_, pro-
vides high capacitance due to its vacancies, while WO; offers
stability, allowing for efficient charge transfer and storage.
This synergy is evident in the improved performance of the
asymmetric supercapacitor design. The obtained CV results
are in harmony with the structural and optical analyses, high-
lighting the advantages of WO;_, in enhanced electrochemical
performance and the effective combination of WO; and WO;_,
in asymmetric configurations. Impedance spectroscopy is an
essential technique for evaluating the electrochemical pro-
perties of materials, providing insights into charge transfer re-
sistance,’® capacitance, and other critical parameters.>® In our
study, the impedance results are intricately linked to the struc-
tural and optical analyses of WO; and WO;_, nanowires.
Oxygen vacancies in WO;_, significantly enhance its conduc-
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lysis, (b) WOs_, symmetric configuration, (c) WO3 symmetric configuration, and (d) WOs_,//WO3 asymmetric configuration. The plots illustrate the

impedance behavior before CV and after CV at 100 mV s™*and 20 mV s™2,
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tivity by facilitating electron mobility and reducing charge
transfer resistance.®® This is evident in the impedance spectra,
where WO;_, consistently shows lower resistance than WOj;,
underscoring its superior electrochemical performance. In the
asymmetric design (WO;_,/WO;), the impedance spectra
reveal a synergistic combination of the properties of both
materials. The lower resistance and higher capacitance
observed in this setup are due to the complementary electro-
chemical characteristics of WO; and WO;_,. WO;_, contrib-
utes high conductivity and active sites for charge storage,
while WO; provides structural stability, allowing for efficient
charge transfer and storage. This synergy is reflected in the
enhanced performance of the supercapacitor, as demonstrated
by the broader potential window and improved capacitance.
The impedance analysis before and after CV further illustrates
the dynamic adaptability of these materials. Initially, the impe-
dance is higher, indicating some resistance. However, after CV,
particularly at 100 mV s~ and 20 mV s ', the impedance
decreases, suggesting improved charge transfer and reduced
resistance due to the activation of the electrode materials
during cycling. This change highlights the materials’ ability to
adapt to electrochemical processes, aligning with the
enhanced performance observed in the CV analysis. When
integrated with the structural and optical analyses, the impe-
dance results emphasize the advantages of WO;_, in terms of
enhanced electrochemical performance and the effective com-
bination of WO; and WO;_, in asymmetric configurations.
GCPL analysis is a technique used to evaluate electrode
materials’ charge storage capacity and stability by applying a
constant current and measuring the resulting voltage changes
over multiple cycles (Fig. 10).6"%*
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Our study’s GCPL results are intricately linked to the struc-
tural, optical, and electrochemical analyses of WO; and WO;_,
nanowires. The structural analysis, including XRD and SEM,
revealed that WO;_, nanowires possess thinner nanowires and
a higher density of oxygen vacancies than WO;. These features
contribute to their enhanced electrochemical performance by
providing a more active sites for charge storage. The GCPL
results align with the CV and impedance spectroscopy find-
ings, which showed enhanced electrochemical performance
for WO;_, due to its structural and compositional features.
The increased specific capacitance observed in WOj;_, is con-
sistent with its higher current densities and lower charge
transfer resistance identified in CV and impedance analyses.
Oxygen vacancies in WO;_, also enhance electron mobility and
conductivity, further supporting the superior performance
observed in GCPL. Optical properties, such as UV-Vis absorp-
tion, also corroborate these findings, as WO;_, demonstrates
improved light absorption, which can enhance charge transfer
processes and contribute to its superior electrochemical behav-
ior.®* This improved light absorption indicates the material’s
ability to interact with a broader light spectrum, potentially
facilitating additional charge generation and transfer. In the
asymmetric design (WO;_,/WO;), the GCPL results show
improved specific capacitance and stability compared to sym-
metric designs. This is due to the complementary properties
of WO; and WO;_,, where WO;_, offers high capacitance, and
WO; provides structural strength. This combination allows for
efficient charge transfer and storage, enhancing the overall
performance of the supercapacitor. The GCPL findings are
consistent with the CV and impedance analyses, which also
demonstrated the superior performance of WO;_, and the
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effective synergy in the asymmetric design. The enhanced
charge storage and stability observed in GCPL further validate
the advantages of using WO;_, in energy storage applications.
WO;_, and WO; as electrodes in symmetric and asymmetric
designs offer distinct advantages in electrochemical appli-
cations. WO;_,, with its higher density of oxygen vacancies,
provides enhanced conductivity and increased active sites for
charge storage, resulting in superior specific capacitance and
charge retention. This makes WO;_, particularly effective in
symmetric configurations, where its structural features lead to
improved electrochemical performance. In asymmetric
designs, the combination of WO;_, and WO; leverages the
high capacitance of WO;_, with the structural stability of WO,
allowing for efficient charge transfer and storage. This synergy
enhances the overall performance of the supercapacitor, as
demonstrated by the broader potential window and improved
stability observed in the electrochemical analyses. The compre-
hensive characterization, including CV, impedance spec-
troscopy, and GCPL tests, underscores the potential of these
materials for advanced energy storage applications, optimizing
the strengths of both WO;_, and WO; (Fig. 11).

4. Conclusions

In this study, we synthesized WO; and WO;_, nanowires by
controlling their phases and morphologies using the hydro-
thermal method. By doing so, we were able to systematically
investigate the effects of different phases/oxygen vacancies on
the optical properties and photocatalytic and supercapacitance
applications of these tungsten oxide nanowires.

Optical band gaps for the WO;_, and WO; nanowires were
found to be 2.98 eV and 3.22 eV, respectively. FDTD simu-
lations revealed that, in corroboration with the experimental
absorbance spectra, the WO;_, nanowires are better at storing
and sending energy as well as the absorption of light than the
WOj3; nanowires. It is also shown by FDTD that the 19 nm thick
WO;_, nanowire has a strong dipolar distribution around the
nanowires, whereas the field distribution around the 210 nm
thick WO; nanowire has a multipolar mode where the field
intensity around the WO;_, nanowire is about 32% stronger
than the WO; nanowire.

Photodegradation of RhB was chosen as a benchmark for
photocatalytic activity and reveal that the oxygen vacancies
have a significant impact on the photocatalytic behavior at
different experimental conditions. WO;_, nanowires removed
a substantial amount of the RhB, mostly by adsorption, under
ambient conditions where the WO; nanowires can be con-
sidered mostly inactive due to the band edge positions of the
WO; in water which do not coincide with the redox potentials
for water photolysis. Addition of H,0, makes WO; nanowires
active photocatalysts. Addition of H,O, also changed the
surface adsorption behavior of RhB on the WO;_, nanowires.
Similar to the neutral conditions, WO;_, nanowires removed a
substantial amount of the RhB in 10 min at pH = 2.5, whereas
the WO; nanowires were mostly inactive. Both nanowires per-
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formed a lot better when the solutions were containing H,O,
at a pH of 2.5.

For electrochemical measurements and supercapacitor per-
formance tests, symmetrical devices (WO;_, and WO;_,) (WO;
and WO;) with both electrodes made of the same material,
and asymmetric devices with different electrodes were
designed (WO;_, and WOj3). The CV curves revealed an
enhanced electrochemical performance for the WO;_, nano-
wires, which is consistent with the reported microstructural
and optical properties where the enhanced light absorption
likely contributes to the improved charge transfer processes
observed in the CV analyses. The structural and optical ana-
lyses suggest that WO;_, nanowires provides high capacitance
due to its vacancies, while WO; nanowires offers stability,
allowing for efficient charge transfer and storage. This synergy
is evident in the improved performance of the asymmetric
supercapacitor design, where broader potential window and
higher capacitance are observed.
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