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ABSTRACT

Context—Tungsten oxide (WOs3) is widely recognized as a promising material for photoelectrochemical
applications due to its favorable optical transparency, chemical stability, and suitable band gap.
Understanding the relationship between deposition parameters and interfacial charge transfer
behavior is essential for improving the performance of WOs-based devices.

Objective—In this study, tungsten oxide (WOs) thin films were deposited on FTO-coated glass
substrates at -0.6 V and -0.7 V using a potentiostatic electrodeposition technique. The effect of
deposition potential on surface morphology, optical properties, and photoelectrochemical behavior
was systematically investigated.
Method—SEM analysis revealed
that both films exhibit
homogeneous and continuous
structures, while the sample
deposited at -0.7 V shows more
pronounced agglomeration,
indicating enhanced nucleation
and growth kinetics at higher
deposition potentials. UV-Vis
measurements demonstrated that
both samples exhibit high optical 0 ﬁ
transmittance in the visible region
(approximately 70-80%), whereas
a slight decrease was observed for
the 0.7 V sample due to increased
light scattering associated with
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were carried out under dark
conditions, as well as under 535 nm monochromatic and Xe lamp illumination. The impedance data
was further analyzed using equivalent circuit modeling to evaluate interfacial parameters such as
charge transfer resistance and capacitive behavior.

Results—While predominantly capacitive behavior was observed under dark conditions, a significant
decrease in impedance under illumination indicates the generation of photo-induced charge carriers
and enhanced interfacial charge transfer processes. Comparative analysis showed that the sample
deposited at -0.6 V exhibits lower impedance and a more stable interfacial response under
illumination, indicating more efficient charge transfer. In contrast, the sample deposited at -0.7 V
demonstrates a more complex impedance response associated with increased surface heterogeneity
and recombination processes.

Conclusion—These results demonstrate that the deposition potential plays a decisive role in
determining the interfacial kinetics and electrochemical behavior of WO; thin films, and that a
potential of -0.6 V enables more efficient charge transfer. These findings highlight the critical role of
deposition parameter optimization in tailoring the interfacial properties of WOj3 thin films. This study
positions EIS and PEIS techniques as indispensable characterization tools for advancing WOs-based
photoelectrochemical systems and provides a strong foundation for the design of next-generation
smart window technologies and efficient solar-driven hydrogen production systems.

Key Words—Electrochemical impedance spectroscopy (EIS), Electrodeposition, Photoelectrochemical
impedance spectroscopy (PEIS), Thin film, Tungsten oxide.
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I. INTRODUCTION

T ungsten oxide (WO3) is an n-type semiconductor with a wide
range of applications, including electrochromic devices, gas
sensors, and photoelectrochemical systems [1]-[6]. It holds an
important place among advanced functional materials due to the
tunability of its optical and electrochemical properties [7]-[9].
WO; thin films are widely used in smart window technologies
because of their ability to interact with visible light and their
chemical stability [10]-[12]. Electrochromic WO3-based systems
enable the control of optical properties (transmittance,
reflectance and absorbance) through an applied potential,
thereby playing a critical role in the development of energy-
efficient buildings called as smart windows [7], [11]. In recent
years, studies focusing on performance enhancement through
doped WO; films and nanocomposite structures have gained
increasing attention, and it has been demonstrated that the light
modulation capability and cycling stability of these systems can
be significantly improved [10]-[12]. WO; exhibits a monoclinic
crystal structure at room temperature, which is the most stable
phase, with reported optical band gap values typically around
2.6-2.8 eV for crystalline structures, although higher values (up
to ~3.4 eV) have been reported depending on the film structure
and preparation conditions [8], [13], [14]. Despite these
favorable properties, WO3-based systems are often limited by
rapid surface recombination and insufficient visible light
absorption, which restrict their overall photoelectrochemical
performance [15], [16].

Beyond electrochromic applications, W03 also emerges as a
prominent photoanode material in photoelectrochemical (PEC)
water splitting processes [15], [17], [18]. The increasing global
energy demand and the serious environmental problems caused
by fossil fuel-based carbon emissions have intensified the need
for sustainable energy technologies [13], [19], [20]. In this
context, PEC water splitting systems, which directly convert solar
energy into chemical energy, are considered one of the most
effective approaches for carbon-neutral hydrogen production
[21]. WO3 is frequently preferred in PEC systems due to its
favorable electronic properties, high chemical stability, and low
cost, and performance improvements have been reported
particularly through heterostructures and nanostructured
electrodes [15], [17], [18], [22].

Among the various fabrication techniques employed for WO; thin
films, including sputtering, sol-gel processing, chemical vapor
deposition, and thermal evaporation, electrodeposition has
attracted considerable attention due to its low equipment cost,
scalability, low-temperature processing, and precise control over
film  thickness and morphology. Furthermore, the
electrochemical growth process allows direct tuning of
microstructural properties through deposition parameters such
as potential and deposition time. However, in WOj3-based
systems, charge carrier recombination, interfacial kinetics, and
mass transport processes are among the main factors limiting
system performance [15], [17]. A detailed understanding of these
processes is critical not only for material optimization but also for
improving device performance. At this point, Electrochemical
Impedance Spectroscopy (EIS), which can analyze dynamic
processes occurring at the electrode/electrolyte interface in a
frequency-dependent manner, stands out as a powerful and non-
destructive characterization technique [23]. EIS provides
detailed information about the electrochemical behavior of the
system by separating parameters such as charge transfer
resistance, double-layer capacitance, and diffusion processes
through equivalent circuit models [23]-[25].

In  photoelectrochemical systems, Photoelectrochemical
Impedance Spectroscopy (PEIS) is used to directly investigate the
effect of light [26], [27]. PEIS measurements enable the
separation of processes such as the generation, transport, and
recombination of photo-generated electron-hole pairs in
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semiconductor electrodes, providing significant advantages
especially in determining surface states and interfacial kinetics
[24], [28]. In the literature, PEIS studies conducted on W03 and
similar photoanode materials have shown that system behavior
under illumination differs significantly from that under dark
conditions and that additional time constants emerge [28]-[30].

The novelty of this study lies in the systematic comparison of the
impedance response of WO; thin films prepared by
electrodeposition under different illumination conditions. While
most studies mainly focus on broadband illumination, in this
work, EIS and PEIS measurements were carried out under three
distinct conditions: dark, 535 nm monochromatic LED, and Xe
lamp illumination. Furthermore, by analyzing samples prepared
at different deposition potentials (-0.6 V and -0.7 V) with
controlled and comparable thicknesses (~380 nm), the effect of
thickness was minimized, allowing a direct evaluation of the
influence of deposition parameters and illumination conditions
on interfacial kinetics. This approach provides a clearer
understanding of the fundamental mechanisms governing the
performance of WO3-based photoanode systems.

Il. EXPERIMENTAL TECHNIQUES and PROCEDURES

A. Film Deposition

Sodium tungstate dihydrate (NazW04.2H20), hydrogen peroxide
solution (H202, 30 wt.% in H20), perchloric acid (HCIO4, 60%)
were purchased from Sigma-Aldrich. Fluorine-doped tin oxide
(FTO) containing glass was purchased from Teknoma
Technological Materials Industrial and Trading Inc.

WO3 thin films were deposited on FTO-coated glass substrates
using a potentiostatically controlled electrodeposition technique.
Before deposition, FTO coated glass substrates were cleaned with
acetone (10 min), ethanol (10 min), and DI water (10 min) under
ultrasonication. A conventional three-electrode electrochemical
system was employed as shown in Fig. 1, where the FTO substrate
served as the working electrode (WE), a platinum (Pt) wire was
used as the counter electrode (CE), and an Ag/AgCl electrode was
used as the reference electrode (RE).

For the deposition of the film, the solution was prepared by
dissolving 1.03 g of Na2W042H20 in 125 mL of DI water, and then
0.65 mL of H202 was added under magnetic stirring with 600
rpm. Adding HCIO4 (60%) adjusted the pH to 1.0-1.2 and continue
stirring with 600 rpm at 30 min. After electrodeposition, the
samples were washed with DI water and dried in air. The films
were deposited by applying constant potentials of -0.6 Vand -0.7
V using an electrodeposition technique.

Potentiostatic depositioninitiated by a potential step was
preferred because the applied potential directly controls the
electrochemical reduction kinetics of tungsten species.
Maintaining a constant potential provides stable growth
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Fig. 1. Schematic representation of the three-electrode electrochemical
setup employed for the electrodeposition of WOj; thin films.
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conditions and enables a direct evaluation of the influence of
deposition potential on film morphology and electrochemical
behavior.

B. Sample characterization

The thickness, structure, morphology and optical properties of
the films were characterized with the instruments described
below.

Film thickness was recorded by surface profilometry using a
Bruker DektakXT instrument and was approximately 380 nm. X-
ray diffraction (XRD) analysis was performed using a Rigaku
Ultima-1V diffractometer with CuKa radiation, operating at a
wavelength of 1.5406 A, 40 kV, and 30 mA, for diffraction angles
of 20° < 20 < 80° with steps of 0.02° for structural
characterization. The morphology and compositional study of the
films was studied by scanning electron microscopy (SEM) using a
FEI Quanta 200 FEG instrument with an acceleration voltage of
30 kV and energy dispersive X-ray spectroscopy (EDX).

The optical transmittance (T' (1)) spectra of the as-deposited film
and FTO coated glass substrate were measured by using a Cary
5000 UV-Vis-NiR spectrophotometer in the range of 250-1200
nm. The optical absorption coefficient («) was obtained from the
optical density expression by using Beer-Lambert’s law [31], as
in (1) and (2):

I = Ie~", (1

0D = —log,,(I/1y) = ad/log.(10) = 0.434ad, (2)

where OD and d denote optical density and film thickness,
respectively.

The optical band gap (E;) values were determined from the
obtained absorbance data using the Tauc plot method.

The techniques described so far characterize the films
themselves. The electrochemical behaviour of the electrodes was
measured separately, in a three-electrode cell. EIS and PEIS
measurements were carried out using a conventional three-
electrode electrochemical cell, as illustrated in Fig. 2. The WOs3-
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Fig. 2. Schematic illustration of the electrochemical measurement setup used
for (a) EIS measurements under dark conditions and (b) PEIS measurements
under illumination.
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coated FTO substrate was used as the working electrode (WE), a
platinum (Pt) electrode served as the counter electrode (CE), and
an Ag/AgCl electrode was employed as the reference electrode
(RE). The electrolyte solution consisted of 0.5 M H,S04. A 0.5 M
H,SO, electrolyte was selected because WO; exhibits good
electrochemical stability in acidic media and sulfuric acid is
widely employed in photoelectrochemical studies of WO3-based
electrodes due to its high ionic conductivity and well-established
electrochemical behavior. EIS measurements were performed
under dark conditions, while PEIS measurements were
conducted under two different illumination conditions: 535 nm
monochromatic green light and Xe lamp illumination simulating
broadband solar radiation. The Xe lamp intensity was adjusted to
approximately 1000-1200 W/m?, while the green light intensity
was set to approximately 35 W/m? for the investigated samples.

All impedance measurements were carried out at a DC potential
of 0 V vs. OCP, with an AC perturbation amplitude of 10 mV. The
frequency range was swept from 10 kHz to 0.01 Hz to analyze
both high-frequency interfacial processes and low-frequency
diffusion-controlled processes. The obtained impedance data
were analyzed using equivalent circuit models. The fitting
procedures were performed using Corrtest electrochemical
analysis software, and the ability of the models to represent the
experimental data was evaluated.

Il. RESULTS and DISCUSSION
A. Film growth, morphology and optical properties

This section first covers how the films deposited during
deposition and what their structure, morphology and optical
properties are. The impedance response measured in the dark
and under illumination is then discussed together with these
properties.

The electrodeposition process was monitored in situ by
recording current density-time (J-t) curves, as shown in Fig. 3.
Figs. 3a and 3b present the current responses obtained at -0.6 V
and -0.7 V, respectively, over a deposition period of 1800 s. Both
samples exhibit stable current responses throughout the
deposition process, indicating a controlled nucleation and growth
mechanism [9], [16]. The initial transient region corresponds to
the nucleation stage, followed by a quasi-steady regime
associated with continuous film growth. The transient positive
current excursions observed in the current-time curves are
attributed to charging/discharging processes of the electrical
double layer and potentiostat stabilization effects during data
acquisition. These short-duration positive responses do not
indicate film dissolution but rather reflect transient interfacial
processes superimposed on the overall cathodic deposition
current. A comparison of the two samples shows that the film
deposited at -0.7 V exhibits slightly higher absolute current
densities (x -15 mA cm™) compared to the -0.6 V sample (x -14
mA cm™?), as observed from the peak values in the J-t curves. This
behavior can be attributed to the increased driving force for the
reduction of tungsten species at more negative potentials, which
enhances the nucleation kinetics and influences the resulting film
morphology.

Figs. 3c and 3d show enlarged views of the initial region, further
confirming the rapid current transitions during deposition. In
addition, the gradual increase in the current envelope suggests an
increase in electroactive surface area as the W03 layer grows. The
J-t curves describe how the films were formed but say nothing
about the structure that resulted. XRD measurements were
therefore carried out on both samples.

Fig. 4 shows the XRD pattern of WO3 film on FTO coated glass
substrate with 0.7° grazing angle. XRD pattern showed that the
films were amorphous. The diffraction peaks observed in the XRD
pattern can be attributed to the FTO-coated glass substrate
(JCPDS No. 46-1088).
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Fig. 3. Current density—time (J-t) curves of WOs thin films electrodeposited
at (a) -0.6 V and (b) -0.7 V, together with enlarged views of the initial
deposition stage for (c) -0.6 V and (d) -0.7 V.
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Fig. 4. XRD patterns of potansiostatic electrodeposited WOs films with
-0.6V and -0.7V potential on FTO coated glass substrates. The observed
diffraction peaks originate from the FTO-coated substrate (JCPDS No. 46-
1088).
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Since neither film is crystalline, any difference between them
must come from the way the material is arranged on the surface.
This was examined by SEM.

Surface morphology is one of the key factors determining the
electrochemically active area of photoelectrodes and their
interaction with the electrolyte interface, directly influencing
charge transfer processes [32]. In electrodeposited WO3 systems,
the applied potential governs nucleation and growth kinetics,
thereby controlling the resulting nanostructure and surface
properties [33].

As shown in Figs. 5a and 5b, both samples exhibit homogeneous
and continuous film structures characteristic of the
electrodeposition method. However, the sample deposited at
-0.7 V shows larger and more pronounced agglomerates. This
behavior can be attributed to accelerated nucleation and particle
coalescence under higher overpotential conditions [34].

In addition to SEM measurements, EDX analyses were performed
to determine the elemental distribution on the surface. Due to the
high energy and penetration depth of the incident X-rays,
elements originating from the substrate (FTO-coated glass, soda-
lime glass), such as Si, Ca, and Na, were also detected. Besides
these substrate-related elements, W, O, Na, and Cl were identified
in the films. The presence of Na is attributed to the alkaline
precursor salt (Na,WO0,:2H,0) used during the film growth
process, while Cl originates from HCIO, added to the electrolyte
for pH adjustment.

Fig. 5. Top-view SEM images of WOs thin films deposited at (a) 0.6 V and (b)
-0.7 V.
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Profilometry gave nearly the same thickness for both films, about
380 nm. The two samples can therefore be compared directly,
and the differences described above come from the deposition
potential rather than from a difference in thickness. Therefore,
the observed morphological differences can be attributed
primarily to the deposition parameters.

The surface features seen in SEM also change how light passes
through the films, so the optical response was measured next.
The transmittance spectra are given in Fig. 6. Both samples
exhibit a sharp absorption edge in the range of 370-380 nm,
which is consistent with the characteristic band gap behavior of
WOg3 thin films [33]. In the visible region, the films show high
transmittance values (approximately 70-80%), indicating good
optical transparency. A slight decrease in transmittance is
observed for the -0.7 V sample, which can be attributed to
increased surface roughness and enhanced light scattering,
consistent with the SEM observations.

The absorption edge gives a rough idea of the band gap, but a
value can be read properly from Tauc plots. These are shown in
Fig. 7.

80 <
70 .
—_ 60 -
x
g sof E
f= -
=
= 40 4
£
w
§ 30| i
R
S 2f T
=2 —07V
© o —-06V 7
il —FTO
1 1 1 1 1 1
200 400 600 800 1000 1200
X (nm)

Fig. 6. Optical transmittance spectra of WOj3 thin films electrodeposited at
-0.6 Vand -0.7 V, together with the FTO substrate as a reference.
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Fig. 7. Tauc plots of WOj thin films electrodeposited at (a) -0.6 V, (b) -0.7 V.
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The band gap is 3.12 eV for the film deposited at -0.6 V and 3.17
eV for the film deposited at —0.7 V. Both values lie somewhat
below the 3.26-3.35 eV estimated directly from the absorption
edge at 370-380 nm, which is expected since the linear
extrapolation leaves out the band tail.

The measured gaps of 3.12 and 3.17 eV exceed the 2.6-3.0 eV
range normally quoted for crystalline monoclinic WO; [8], [14].
The reason is the amorphous and hydrated nature of films
deposited from aqueous peroxotungstate electrolytes, which is
confirmed by the XRD pattern in Fig. 4. Wider gaps of the same
kind have been measured for WO3-xH,0 and for amorphous W03
layers, where structural disorder and retained water shift the
absorption edge to higher energy [35]-[39]. Our values therefore
sit where one would expect for electrodeposited films used
without any post-deposition heat treatment.

Overall, the results indicate that both samples exhibit similar
thickness and optical properties, while the deposition potential
plays a critical role in determining surface morphology, which in
turn directly influences light-matter interaction and is expected
to impact the electrochemical and photoelectrochemical
response of the films. All of these measurements describe the
films on their own. How they behave once they are in contact with
the electrolyte is a separate question, and this is what the
impedance measurements address.

B. Electrochemical impedance analysis under dark
conditions

EIS measurements were performed to investigate the interfacial
charge transfer processes and electrochemical behavior of W03
thin films under dark conditions. The Nyquist plots (Fig. 8) and
the Bode plots (Fig. 9) enable a direct comparison of the
impedance responses of the samples electrodeposited at -0.6 V
and -0.7 V. The Nyquist plots provide insight into charge transfer
resistance and capacitive behavior at the electrode/electrolyte
interface, while the Bode plots allow evaluation of frequency-
dependent impedance magnitude and phase angle, offering
additional information about the dominant electrochemical
processes [23], [24]. Although a common equivalent circuit
model was evaluated for both samples, the impedance response
of the film deposited at -0.7 V could not be satisfactorily
represented using the simpler model employed for the -0.6 V
sample. Therefore, different equivalent circuits were selected to
achieve physically meaningful fitting parameters and lower
fitting errors.

Rs represents the uncompensated solution resistance, R
corresponds to the charge-transfer resistance at the
electrode/electrolyte interface, CPE elements account for non-
ideal capacitive behavior arising from surface roughness and
heterogeneity, and L represents inductive contributions that may
originate from wiring effects or rapid interfacial relaxation
processes.

As shown in Fig. 8, both samples exhibit a high impedance
response over a wide frequency range and display a nearly
vertical trend in the Nyquist plots. This behavior indicates a
dominant capacitive response rather than a well-defined
semicircle associated with charge transfer processes. Under dark
conditions, the absence of photo-generated charge carriers limits
charge transfer mechanisms, leading the system to be governed
primarily by double-layer capacitive behavior, which is
represented by constant phase elements (CPEs) [23], [24].

The sample deposited at -0.7 V exhibits a steeper impedance
response, indicating a stronger capacitive character. This
behavior can be attributed to the increased effective surface area
associated with the larger agglomerates observed in the SEM
analysis. In contrast, the slight deviation observed for the -0.6 V
sample suggests that charge transfer processes may still
contribute to the overall response, even under dark conditions.
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Fig. 8. Nyquist plots of WO; thin films electrodeposited under dark
conditions, together with the corresponding equivalent circuit models used
for fitting: (a) film deposited at -0.6 V and (b) film deposited at -0.7 V.
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Fig. 9. Bode plots of WOs thin films electrodeposited under dark conditions:
(a) film deposited at -0.6 V and (b) film deposited at -0.7 V.

The Bode plots further support these observations. The
significant increase in impedance magnitude at low frequencies,
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reaching approximately 103 , confirms the highly resistive
nature of the system under dark conditions. Additionally, the
phase angle approaching -90° in this region indicates dominant
capacitive behavior [23, 24]. At higher frequencies, the
stabilization of impedance and the decrease in phase angle reveal
the increasing contribution of resistive elements. The strong
agreement between Nyquist and Bode analyses confirms that the
selected equivalent circuit model reliably represents the system.

The fitting results indicate that a simpler equivalent circuit model
(Fig. 8a) is sufficient to describe the -0.6 V sample, whereas a
more complex model (Fig. 8b) is required for the -0.7 V sample.
This difference suggests a more heterogeneous and structurally
complex interfacial behavior for the latter. As summarized in
Table 1, the -0.7 V sample exhibits a lower series resistance (Rg
=20.9 Q) compared to the -0.6 V sample (Rs = 30.4 ), which may
indicate improved charge transport characteristics at the
electrode/electrolyte interface. Furthermore, the p_CPE2 value of
0.966 suggests behavior close to that of an ideal capacitor,
indicating a highly capacitive interface.

The relatively low RMSE values (2.4% and 4.5%) confirm the
good agreement between the experimental data and the fitted
models, supporting the validity of the selected equivalent circuits.
The more advanced equivalent circuit used for the -0.7 V sample
(Fig. 8b) reflects increased surface heterogeneity and possible
porous or distributed structures, which is in strong agreement
with the SEM observations of larger agglomerates. The absence
of additional circuit elements for the -0.6 V sample further
supports its simpler and more homogeneous interfacial
structure. The dark measurements show what the interface does
in the absence of photogenerated carriers. The same
measurements were then repeated under illumination to see the
effect of light.

C. Photoelectrochemical impedance analysis under 535 nm
illumination

PEIS measurements were performed under 535 nm
monochromatic illumination to investigate the photo-induced
charge transfer processes and interfacial behavior of W05 thin
films. The EIS measurements were carried out under illumination
at 535 nm, corresponding to a photon energy of 2.36 eV. This
energy is lower than the optical band gap values determined for
the films deposited at -0.6 V (3.13 eV) and -0.7 V (3.17 eV).
Therefore, direct band-to-band excitation is not expected under
these conditions. The observed photoelectrochemical response
may instead originate from defect-related electronic states and
band-tail absorption associated with the amorphous WO;
structure. The Nyquist plots (Fig. 10) and the Bode plots (Fig. 11)
enable a direct comparison of the impedance responses of the
samples electrodeposited at —0.6 V and -0.7 V under green light
illumination. The Nyquist plots provide information on the
charge transfer resistance and capacitive behavior at the
electrode/electrolyte interface under illumination, while the
Bode plots allow evaluation of the frequency-dependent
impedance magnitude and phase angle, offering further insight
into the photoelectrochemical processes [24].

As shown in Fig. 10, both samples maintain a predominantly
capacitive behavior under 535 nm illumination; however, a
significant decrease in impedance magnitude (|Z|) is observed
compared to the dark condition (Fig. 8). This suggests that
incident light generates electron-hole pairs within the WO;
structure, thereby enhancing charge transfer processes at the
electrode/electrolyte interface [24], [28].

The sample deposited at -0.7 V exhibits a steeper impedance
response, indicating a more pronounced capacitive character
under illumination. This behavior is consistent with the increased
surface heterogeneity observed in the SEM analysis. In contrast,
the -0.6 V sample shows lower impedance values, suggesting
more efficient light-induced charge transfer processes.
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circuit models used for fitting: (a) film deposited at -0.6 V and (b) film
deposited at -0.7 V.
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Fig. 11. Bode plots of WOs; thin films electrodeposited under 535 nm
monochromatic illumination: (a) film deposited at -0.6 V and (b) film
deposited at -0.7 V.

The Bode plots further support these findings. A clear decrease in
impedance magnitude at low frequencies is observed under
illumination, reflecting reduced interfacial resistance and
increased carrier density [24]. The shift in phase angle indicates
a transition from ideal capacitive behavior toward a regime
influenced by charge transfer kinetics [23].
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At higher frequencies, the impedance tends to stabilize,
confirming the dominance of the series resistance (Rg) [23].
Notably, the equivalent circuit used for the -0.7 V sample
includes an inductance (L) element, which accounts for the
inductive behavior observed at high frequencies. Such inductive
contributions are often associated with measurement artifacts
such as wiring effects or contact resistances, although they may
also reflect fast interfacial processes [23]. Their inclusion
improves the overall fitting accuracy of the model.

As summarized in Table 1, the -0.7 V sample exhibits a
significantly reduced charge transfer resistance (R, = 2.41 Q),
indicating enhanced interfacial charge transfer kinetics under
illumination. In contrast, the —0.6 V sample can be well described
by a simpler equivalent circuit, reflecting a more dominant
capacitive response. Furthermore, the p_CPE values approaching
unity (0.957 and 0.974) are indicative of near-ideal capacitive
behavior for both samples under illumination. The presence of
multiple CPE elements and an inductive contribution in the -0.7
V sample suggests a more complex and heterogeneous interfacial
response involving multiple time constants. The low RMSE values
(1.8% and 3.1%) confirm the reliability andaccuracy of the
equivalent circuit fitting, demonstrating strong agreement
between the experimental data and the proposed models.
Monochromatic light at 535 nm excites only part of the
absorption range of WO3. A Xe lamp was used next so that the
films could be compared under broadband illumination.

D. Photoelectrochemical impedance analysis under Xe lamp
illumination

PEIS measurements were performed under Xe lamp illumination
to investigate the photo-induced charge transfer processes and
interfacial behavior of WO; thin films under broadband light
conditions. The Nyquist plots (Fig. 12) and the Bode plots (Fig.
13) enable a direct comparison of the impedance responses of the
samples electrodeposited at -0.6 V and -0.7 V under Xe lamp
illumination.

The Nyquist plots provide information on the charge transfer
resistance and capacitive behavior at the electrode/electrolyte
interface under broadband illumination, while the Bode plots
allow evaluation of the frequency-dependent impedance
magnitude and phase angle, offering further insight into the
photoelectrochemical processes [24]. As shown in Fig. 12, both
samples maintain a predominantly capacitive behavior under Xe
lamp illumination; however, more pronounced changes in
impedance magnitude (|Z|) are observed compared to the 535
nm condition (Fig. 10). This suggests that incident broadband
illumination generates a higher density of photo-induced charge
carriers within the WO; structure [24], [28]. For the sample
deposited at —0.7 V, the charge transfer resistance (R,) increases
to approximately 5.80 Q. This increase suggests that, despite
enhanced carrier generation, interfacial recombination
processes and Kinetic limitations may become more significant
under high photon flux conditions [23]. Additionally, the lower
p_CPE1 value indicates a deviation from ideal capacitive
behavior, pointing to increased surface heterogeneity and the
possible contribution of diffusion-related processes at low
frequencies [23]. In contrast, the —-0.6 V sample exhibits lower
impedance values and can be described using a simpler
equivalent circuit, indicating a less complex interfacial response
under broadband illumination. The Bode plots further support
these observations. A decrease in impedance magnitude at low
frequencies confirms improved charge transport under
illumination [24], while the high-frequency plateau corresponds
to the dominance of the series resistance (Rg) [23]. The phase
angle behavior reveals a deviation from ideal capacitive
response, indicating the contribution of charge transfer kinetics
and possible diffusion processes [23].

As summarized in Table 1, the series resistance (Rg = 21.0 Q) of
the -0.7 V sample remains relatively stable under different
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Table 1. Equivalent circuit parameters obtained from EIS/PEIS measurements under dark, 535 nm monochromatic, and Xe lamp illumination for WO; thin
films electrodeposited at —0.6 V and -0.7 V.

Condition  Sample (V) Rs () R, (Q) p_CPE1 T_CPE1 p_CPE2 T_CPE2 RMSE Norm. RMSE (%)
Dark -0.7 209 21.5 0.495 0.00293 0.966 0.00674 2.4383 2.1207
Dark -0.6 30.4 — 0.948 0.00589 — — 4.5235 4.4013

535 nm -0.7 209 241 0.767 0.0242 0.974 0.00768 29738 1.8591
535 nm -0.6 26.5 — 0.957 0.00644 — — 6.8352 3.1103
Xe lamp -0.7 21.0 5.80 0.359 0.0180 0.970 0.00749 3.4372 1.9461
Xe lamp -0.6 26.7 — 0.960 0.00680 — — 5.9763 3.0555
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Fig. 12. Nyquist plots of WO3 thin films electrodeposited under dark conditions, together with the corresponding equivalent circuit models used for fitting:

film deposited at -0.6 V and (b) film deposited at -0.7 V.
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Fig. 13. Bode plots of WOj; thin films electrodeposited under Xe lamp illumination (a) film deposited at -0.6 V and (b) film deposited at -0.7 V.

illumination conditions, indicating that the ohmic contribution is
largely unaffected by light. The charge transfer resistance (R;) of
the -0.7 V sample increases compared to the 535 nm illumination
condition, suggesting that although carrier generation is
enhanced under  broadband illumination, interfacial
recombination processes and kinetic limitations become more
significant. The low p_CPE1 value observed for the -0.7 V sample
indicates a clear deviation from ideal capacitive behavior,
reflecting increased surface heterogeneity and the contribution
of more complex interfacial processes. In contrast, the -0.6 V
sample maintains a p_CPE value closer to unity, indicating a more
ideal capacitive response and a less complex interfacial structure.
The low RMSE values (1.9% and 3.0%) confirm that the selected
equivalent circuit models reliably represent the impedance
behavior under Xe illumination, demonstrating strong agreement
between the experimental data and the fitted models.

Taken together, the three illumination conditions show that the
interfacial response of the films depends both on the deposition
potential and on the amount of light reaching the electrode.

IV. CONCLUSION

In this study, WOj; thin films were deposited with a step potential
at -0.6 V and -0.7 V using an electrodeposition technique. The
stable current density-time (J-t) responses obtained during
deposition confirm that the nucleation and growth processes
were well controlled under both applied potentials.

SEM analysis revealed that both samples exhibit homogeneous
and continuous film structures, while the —-0.7 V sample shows
more pronounced agglomeration, reflecting increased surface
heterogeneity at higher deposition potentials. UV-Vis
measurements demonstrated that both films possess high optical
transmittance in the visible region (70-80%) with comparable
thicknesses (~380 nm). The slight decrease in transmittance
observed for the -0.7 V sample can be attributed to enhanced
light scattering caused by increased surface roughness.

EIS and PEIS results showed that both samples exhibit
predominantly capacitive behavior under dark -conditions,
whereas a significant decrease in impedance was observed under
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illumination. This behavior confirms the generation of photo-
induced charge carriers and the enhancement of interfacial
charge transfer processes under both 535 nm and Xe lamp
illumination.

Comparative analysis revealed that the sample deposited at -0.6
V shows lower impedance and a more stable interfacial response
under illumination, indicating more efficient charge transfer. In
contrast, the —0.7 V sample shows an increase in charge transfer
resistance under Xe lamp illumination, suggesting that
recombination processes and interfacial kinetic limitations
become more prominent due to increased surface heterogeneity.

Although the observed differences in impedance behavior are
strongly influenced by surface morphology and interfacial area,
intrinsic electronic properties of the W03 films also contribute to
the measured response. Factors such as electronic conductivity,
defect-state density, carrier transport characteristics, and
localized electronic states can significantly affect charge-transfer
kinetics and recombination processes. Therefore, the impedance
behavior found in this study should be assessed as the combined
result of both morphological and intrinsic electronic effects.

XRD analyses revealed that both films deposited at different
potentials remained amorphous. Therefore, the observed
differences in charge-transfer resistance cannot be attributed to
variations in crystal structure. Instead, they are more likely
related to potential-dependent changes in film morphology and
microstructural features, which influence the interfacial charge-
transfer process. Instead, SEM observations reveal that the film
deposited at -0.7 V possesses a more porous and open
morphology compared to the relatively compact structure
obtained at -0.6 V. Such morphological differences are expected
to affect the electrode/electrolyte interfacial area and charge-
transfer kinetics, resulting in the observed variation in R, values.

Overall, the results demonstrate that the deposition potential
plays a critical role in determining both the morphological
structure and photoelectrochemical performance of WO; thin
films. A deposition potential of -0.6 V provides a more favorable
balance between surface morphology and charge transfer
efficiency, making it a suitable parameter for the design of
photoanodes in applications such as smart window technologies
and solar-driven hydrogen production.

This study positions EIS and PEIS techniques as indispensable
characterization tools for advancing WO03-based
photoelectrochemical systems by providing in-depth insight into
interfacial charge transfer mechanisms. The findings not only
emphasize the importance of impedance-based analysis in
understanding electrochemical behavior but also establish a
strong foundation for the rational design and optimization of
next-generation smart window technologies and efficient solar-
driven hydrogen production systems.
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