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Abstract

Metal-oxide heterostructures represent an effective strategy to overcome the limitations
of pristine TiO,, including its ultraviolet-only light absorption and rapid electron-hole
recombination, which hinder its performance in solar-driven applications. Among various
configurations, coupling TiO, with tungsten oxide (WOy) forms a favorable type-II band
alignment that enhances charge separation. However, a comprehensive understanding of
how WOy overlayer thickness affects the optical and photoelectrochemical (PEC) behavior
of device-grade thin films remains limited. In this study, bilayer TiO, / WOy heterostruc-
tures were fabricated via reactive DC magnetron sputtering, with controlled variation in
WOy thickness to systematically investigate its influence on the structural, optical, and PEC
properties. Adjusting the WO, deposition time enabled precise tuning of light absorption,
interfacial charge transfer, and donor density, resulting in markedly distinct PEC responses.
The heterostructure obtained with 30 min of WOy deposition demonstrated a significant
enhancement in photocurrent density under AM 1.5G illumination, along with reduced
charge-transfer resistance and improved capacitive behavior, indicating efficient charge
separation and enhanced charge storage at the electrode—electrolyte interface. These find-
ings underscore the potential of sputtered TiO, /WO bilayers as advanced photoanodes
for solar-driven hydrogen generation and light-assisted energy storage applications.

Keywords: TiO, /WO, heterostructures; reactive magnetron sputtering; photoelectrochemical
water splitting; band alignment engineering; charge transfer resistance; pseudocapacitive
behavior

1. Introduction

Heterostructures have emerged as a powerful architecture for modulating charge—
separation pathways, ionic transport, and light-matter interactions beyond the capabilities
of individual materials. By selecting components with complementary band structures,
lattice parameters, and redox properties, researchers have enabled the development of a
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wide range of technologies, including solar fuel generation, photocatalytic water purifica-
tion, selective gas sensing, electrochromic smart windows, and high-performance energy
storage systems.

Among these, metal-oxide semiconductors are particularly attractive due to their
chemical stability, earth abundance, and tunable electronic structure, making them highly
suitable building blocks for heterostructure engineering [1,2]. Within this family, titanium
dioxide (TiO,) has gained prominence as a reference material because of its low cost, excel-
lent stability, and well-documented surface chemistry [3]. However, its wide band gap (~3.2
eV) restricts light absorption to the ultraviolet range and promotes rapid electron—hole
recombination. Coupling TiO, with visible-light-active materials such as Fe;O3, ZnO,
Cu;0, or BiVO, addresses these limitations. The formation of type-II or Z-scheme band
alignments enhances charge separation, broadens the absorption spectrum, and introduces
mid-gap states that accelerate surface redox processes [4-6]. As a result, TiO,-based het-
erostructures often exhibit significant improvements in photocatalytic quantum efficiency,
photoelectrochemical (PEC) current density, and gas-sensing performance compared to
pristine TiO, [4-6].

Within this context, TiO, /WOy systems have received considerable attention. Tung-
sten oxides, with band gaps in the range of 2.6 to 2.8 eV, establish a prototypical type-II
heterojunction with TiO,, where photogenerated electrons are directed into the WOy layer
while holes remain in TiO,. This configuration reduces recombination rates and enhances
solar light utilization. Additionally, the multivalent nature of tungsten contributes redox-
active sites that improve both photocatalytic activity and capacitive performance. Recent
studies have shown that TiO, /WOy photoanodes can achieve up to threefold increases in
oxygen evolution photocurrents compared to the individual oxides, and that thin WOy
overlayers can enhance the degradation of organic pollutants under visible light by an
order of magnitude relative to bare TiO, [7-9].

Spectroscopic and electrochemical analyses further support these findings. Photolumi-
nescence and transient absorption spectroscopy reveal that the type-II interface significantly
suppresses radiative recombination and extends carrier lifetimes by more than an order of
magnitude compared to the constituent oxides [10,11]. Electrochemical impedance spec-
troscopy corroborates this behavior, with reductions of 30-60% in the interfacial Nyquist
semicircle, positive shifts in flat-band potential, and two- to threefold increases in donor
density. These changes lead to faster transfer charge and higher PEC performance. Under
simulated sunlight, such enhancements manifest as elevated transient and steady-state pho-
tocurrents. For instance, anodically converted Ti-W co-sputtered nanotubes demonstrate
up to 40% higher photocurrents than their individual counterparts [12,13]. These improve-
ments have been attributed to the built-in electric field at the heterointerface, the redox
versatility of W atoms, and increased electronic conductivity across the interface [12,14-16].

TiO, /WOy heterostructures have been synthesized using diverse techniques, includ-
ing sol-gel [7], hydrothermal methods [17], and physical vapor deposition [18], each provid-
ing unique control over morphology and composition. Among these, reactive magnetron
sputtering stands out for its precision in film thickness and uniformity, which are crucial
for optimizing photocatalytic performance [19]. In particular, TiO,-based heterostructures
fabricated by sputtering have shown promising results in non-enzymatic electrochemi-
cal sensing and solar fuel applications. These improvements are often associated with
enhanced hole diffusion and interfacial charge transfer facilitated by the sputtered TiO,
layer [20,21].

WOy films grown by reactive sputtering exhibit strong dependence on deposition
parameters such as sputtering power and oxygen partial pressure, which influence their
structural and optical properties [22,23]. Recent investigations have explored different
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growth configurations of TiO, /WO junctions using reactive or dual target sputtering,
leading to bilayer, nanocolumnar, and “sandwich” structures. These configurations ex-
hibit superior photocurrent generation, faster dye degradation rates, and improved elec-
trochromic properties compared to single-layer systems. While early studies typically
examined a single WO, thickness, more recent work has focused on tuning oxygen partial
pressure or applying post-deposition annealing to optimize phase composition and interfa-
cial crystallinity [15,24-26]. However, the specific role of WOy thickness in determining the
performance of sputtered TiO, /WOy heterostructures remains insufficiently explored.
Understanding the contribution of the WO layer to the interfacial properties and
overall performance of these bilayers is essential for advancing their application in PEC
systems. To address this, we present a comprehensive study in which TiO, /WO bilayers
were fabricated via DC magnetron sputtering, with WO, deposition times systematically
varied from 0 to 30 min. Structural, optical, and electrochemical characterizations were
performed to elucidate how increasing WOy thickness influences the flat-band potential,
donor density, charge-transfer resistance, and pseudocapacitive behavior. The optimized
configuration, obtained with a 30 min WOy overlayer, yielded a threefold enhancement in
photocurrent density and showed improved capacitive response. The electrodes showed
stable photocurrent response during multiple cycles of measurement. By correlating these
results with controllable deposition parameters, this work provides a structure-property
relationship that supports the rational design and scalable implementation of TiO, /WOx
heterostructures for solar-driven hydrogen production and hybrid energy storage devices.

2. Materials and Methods

TiO, /WOy films were deposited by DC magnetron sputtering from metallic tungsten
(W, 99.95%) and titanium (Ti, 99.9%) (Kurt J. Lesker, Jefferson Hills, PA, USA) targets housed
in the same chamber. Figure 1 presents a schematic drawing of the deposition chamber
configuration used in this work. The films were grown on glass, fluorine-doped tin oxide
(FTO), and 5i(100) substrates, which were cleaned in an ultrasonic bath using a laboratory
detergent (Extran, Merck, Rio de Janeiro, Brazil), rinsed with isopropyl alcohol, and then
dried with a stream of compressed air. After evacuating the system to a base pressure of
approximately 1 x 1075 torr, the working atmosphere was established at 3.0 x 10~ torr by
introducing pure argon (99.9999%) and oxygen (99.99%) flows, regulated by a MKS Type
247 mass flow controller (MKS Instruments, Andover, MA, USA).

Substrate holder

Figure 1. Schematic diagram of the DC magnetron sputtering chamber used for depositing the
TiO, /WO films.

The tungsten oxide (WOx) layer was first sputtered at 150 W (DC) for 0, 5, 10, 20, or
30 min, after which the W plasma was turned off. Subsequently, a titanium oxide (TiO,)
overlayer was deposited for 30 min at 300 W (DC) using separate Ar/O; flows of 10 sccm
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and 2 sccm, respectively. The resulting bilayers were annealed in air at 450 °C for 2 h with
a heating ramp of 10 °C-min~! to improve crystallinity. Table 1 lists the key deposition
parameters, and each sample is hereafter identified by its WO, deposition time.

Table 1. Deposition parameters of the TiO, /WOy heterostructures.

Deposition Parameter Value
Residual Pressure (Torr) 1.0 x 1075
Working Pressure (Torr) 3.0 x 1073
WOy Layer
DC Power (W) 150
D (sccm) 10
D0y (scem) 10
Deposition Time (min) 0, 5,10, 20, 30
TiO, Layer
DC Power (W) 300
D (sccm) 10
D (scem) 2
Deposition Time (min) 30

Several characterization techniques were employed to analyze the deposited TiO, /WOy
films. Ellipsometry (Uvisel Plus, Horiba, Longjumeau, France) was used to estimate the film
thickness and obtain optical data, with measurements performed at a 70° incidence angle
over a photon energy range of 0.6-3 eV. A field-emission scanning electron microscope
(FE-SEM, Mira 3 Tescan, Brno, Czechia) provided information on surface morphology
and cross-sectional views. Structural analysis of the films was performed using X-ray
diffraction (XRD) with a PANalytical Empyrean diffractometer, employing CuK« radiation
(A = 1.54060 A) in a 0-20 configuration. The diffractograms were collected in the angular
range of 20° to 55°, with a step size of 0.01°. Vibrational characterization of the samples
was performed using Raman spectroscopy (Horiba, Evolution, Longjumeau, France), with
a spectral resolution better than 1 cm~!. Excitation was achieved using a 532 nm laser
operating at a power of 38 mW. Raman spectra were acquired in the spectral range of
100-1000 cm ™.

Electrochemical characterization was carried out using a conventional three-electrode
configuration in order to investigate the properties of the TiO, /WOy heterostructures. The
synthesized materials deposited onto FTO substrates were used as working electrodes.
A platinum rod and a Ag/AgCl reference electrode (3 mol-L~! KCI) were employed as
the counter and reference electrodes, respectively. Measurements were conducted in an
aqueous 0.5 mol-L~! NaySO; solution at room temperature.

Cyclic voltammetry (CV), Mott-Schottky (MS) analysis, and electrochemical impedance
spectroscopy (EIS) techniques were employed to evaluate the electrochemical properties
of the samples. All experiments were performed using a PGSTAT302N Autolab potentio-
stat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands) equipped with a Frequency
Response Analyzer (FRA) module.

CV analyses were conducted under both dark and illuminated conditions (solar
simulator, AM 1.5G, 100 mW-cm~2), using a potential window from 0.0 V to +1.0 V vs.
Ag/AgCl and a scan rate of 10 mV-s~1. MS curves were recorded in the dark at a fixed
frequency of 1 kHz, with a potential range from —0.5 V to +1.5V, in order to determine
the flat-band potential and estimate the majority apparent donor density. EIS spectra were
acquired under both dark and illuminated conditions, within a frequency range of 100 kHz
to 0.1 Hz, using an AC perturbation of 10 mV (rms), aiming to assess interfacial charge
transfer resistance and recombination processes.
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Chronoamperometry tests were performed at a fixed potential of 0.61 V vs. Ag/AgCl
under AM 1.5G illumination for 1 h and 2 h, enabling stability assessment through the moni-
toring of photocurrent transients and subsequent EIS analysis before and after polarization.

Capacitive contributions were quantified by determining the double-layer capacitance
(Ca1) from CV curves in the non-faradaic region (50 mV around OCP), at scan rates of 10,
25, and 50 mV-s~1. The electrochemically active surface area (ECSA) was calculated from
Cdl values assuming specific capacitances of 25, 40, and 45 uF-cm 2. The roughness factor
(Rf) was estimated by normalizing ECSA to the geometric electrode area.

Furthermore, capacitive versus faradaic contributions were distinguished using Dunn’s
method by decomposing the current response according to i(V) = klv + k20'/2. This ap-
proach allowed separation of pseudocapacitive and diffusion-controlled faradaic processes, as
well as estimation of the faradaic fraction (fF) under dark and illuminated conditions.

3. Results and Discussion
3.1. Optical Modeling and Thickness Evolution by Ellipsometry

Figure 2 presents the results of the spectroscopic ellipsometry measurements for the
TiO, /WOx heterostructures. The plots show the dispersion curves of I = sin2%¥sinA and I,
= sin2¥cosA, where ¥ and A are the conventional ellipsometric angles [27]. Data analysis
was performed using the DeltaPsi2 software (version 2.6) package (Horiba), applying the
layered optical model shown in the inset of Figure 2. For both oxides, the optical response
was best reproduced using the Forouhi-Bloomer Amorphous dispersion relation [28,29].
Since the fitting was restricted to the spectral window where the films are non-absorbing,
the extinction coefficient k was constrained to zero, and only the real refractive index n
and layer thicknesses were refined. The crystalline Si substrate was fixed by importing
its complex refractive index from an independent reference scan, so that only the film
thicknesses and oscillator parameters were optimized during nonlinear least-squares fitting.
This approach consistently yielded low x? values across all samples, confirming that the
chosen model provides an adequate description of the optical behavior of TiO, and WOy
in their as-deposited state.

Figure 3 summarizes the film thicknesses obtained from the ellipsometric fits as a
function of WOy sputtering time. As expected, the WOy underlayer thickness increases
progressively with deposition time, rising from essentially zero in the reference bilayer
to 75(2) nm after 5 min, 130(5) nm after 10 min, 170(3) nm after 20 min, and 270(4) nm
after 30 min. These results correspond to an average growth rate of ~9 nm-min~!, with a
higher initial rate (~15 nm-min~! up to 10 min) that decreases at longer times—a behavior
commonly attributed to target poisoning and the reduced sputtering yield of fully oxidized
targets during reactive deposition.

In contrast, the TiO; overlayer thickness remains effectively constant across the series.
Its values fluctuate slightly, decreasing from 70(4) nm in the WOy-free sample to a mini-
mum of 40(4) nm at 20 min of WOy deposition, before recovering to 52(4) nm at 30 min.
Because the ellipsometry model that was used did not include an explicit effective-medium
roughness layer at the buried TiO, /WOy interface, part of the interfacial topography
was effectively absorbed into the fitted TiO, ‘dense-film” thickness, leading to a slight
underestimation relative to TiO, grown on smooth Si.



Nanomanufacturing 2025, 5, 15

6 0of 35

1.0
og] = = Expermenal

T———e— i

05 ]
04
0.24
0.0
023
0.4

Is

T T
-B--. il
" - 0 minj
e "

lc

089 ;20283319 " ]
0.8 Eocinai : i
.'_,- . Smln..-l
8 anamEEmgg Ly b E
0.4 a" g n Ly 3
- e LS LS -
02 - = = - 1
o - L] u, L &
i) N w, l\. - e 2

004 - e E
pou l\. l‘.' '.41 ,/. 1
0.4 » : : -

0] . ot E

250190642 = - B
EEE RAL bt 2 ST Y B E
: T T ; T
0.3 -y L 10 min
- - [

064 L _m L] L K
04 »"® . k- - M b

0z
0.0
02
0.4
0.6

Is

le

0.8
0.6
0.4
0.2
0.0

02

04

0.8

Is

[

0.8
0.6
0.4
0.2 ]
0.0
0.2
0.4 ]
0.6 T

Is

Ic

Silicon substrate

Energy (eV)

[ hy, n,, k=0
] h,, n,, k=0
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layers extracted from ellipsometric fits as a function of WOy deposition time.

3.2. Refractive Index and Optical Contrast

Figure 4 presents the wavelength-dependent refractive index (n) of the TiO, /WOy

heterostructures, where solid curves correspond to WOy and dashed curves to the sub-

sequently deposited TiO;. Both oxides display the normal dispersion characteristic of
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wide-band gap materials: nnn decreases sharply below ~600 nm and gradually approaches
a plateau in the near-infrared. At 400 nm, the reference TiO, film (0 min WOy) exhibits
n = 2.65, consistent with literature values for dense amorphous titania deposited by physi-
cal vapor processes [30]. The refractive index values of all other TiO, layers remain within
£0.03 of this benchmark, confirming that the optical density of the titania overlayer is
highly reproducible and essentially unaffected by variations in the underlying WOy thick-
ness. The small scatter observed is attributed to the common cross-correlation between
thickness and optical constants in multilayer ellipsometric fittings rather than to changes in
film porosity or stoichiometry.

2.65_""I""I""I""I""I""I""I"_
3 0 min WO, /— — 30 min TiO,

2.60 |r ——5minWO,/— — 30 minTiO, ]
255 L 10 min WO, / 30 min TiO, 4
250 i ——20 min WO,/ = — 30 min TiO, ]
el 30 min WO, / 30 min TiO,
2.45 | .
2.40
2.35
2.30
2.25
2.20
2.15
2.10
2.05
2.00 .

1.95-....I....I....I....I...
600 800 1000 1200

Wavelenght (nm)

Refractive Index

1400

1600

1800

Figure 4. Wavelength-dependent refractive index (1) derived from Forouhi-Bloomer Amorphous
dispersion fits to the ellipsometric data of TiO, /WOy bilayers. Solid curves correspond to the WO
underlayer, and dashed curves correspond to the TiO, overlayer.

The WOy underlayer shows a flatter dispersion, with n at 400 nm decreasing mono-
tonically from ~2.17 after 5 min of deposition to ~2.12 after 30 min, and converging to
~2.07 in the near-infrared. A similar reduction in refractive index with increasing oxygen
incorporation has been reported for reactive-sputtered tungsten oxide films, where n at
550 nm decreases from 2.26 to 2.08 as the O, partial pressure is raised [31]. This trend
is consistent with a progressive evolution from an initially sub-stoichiometric, relatively
dense phase toward a more oxygen-rich and slightly less dense matrix as the reactive
process advances. The concurrent reduction in WO, growth rate at longer sputtering times
(see Figure 3) is a well-known manifestation of target poisoning. Once the target surface
becomes fully oxidized, the sputtering yield of the compound phase is significantly lower
than that of elemental W, resulting in reduced deposition rates even under constant applied
power [32].

Overall, the TiO; cap retains a high and nearly constant refractive index regardless of
the WOy thickness, whereas the WO, underlayer exhibits a modest oxygen-driven decrease
in n. The optical contrast between the two oxides (An < 0.4 across the visible spectrum)
produces a smoothly graded refractive index profile that minimizes internal reflections,
which is advantageous for photoelectrochemical architectures designed for efficient light
harvesting and charge separation.
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3.3. Morphology and Layer Integrity from Cross-Sectional FE-SEM

Cross-sectional field-emission scanning electron microscopy (FE-SEM) micrographs
of the TiO, /WO bilayers are presented in Figure 5 for WOy growth times of 5, 10, 20,
and 30 min. In the 5 min and 10 min specimens, two distinct layers are clearly resolved: a
bright TiO, cap, measuring 73 & 2 nm and 62 £ 3 nm in thickness, respectively, positioned
above darker WOy layers of 28 £ 2 nm and 77 £ 2 nm. In contrast, the 20 min and 30 min
samples display reduced contrast between the oxides, and the interface appears diffuse,
a consequence of the increased surface roughness of thicker WOy films. In these cases,
layer boundaries were determined by averaging gray-level profiles across multiple sites,
resulting in TiO, thicknesses of 61 £ 12 nm (20 min) and 61 + 7 nm (30 min), together with
WO thicknesses of 140 &= 8 nm and 238 £ 8 nm, respectively.

(b)

10 min

(d)

617 nm

I 2388 nm

30 min

Figure 5. Cross-sectional FE-SEM images of TiO, /WOy bilayers deposited on Si for (a) 5 min,
(b) 10 min, (c) 20 min, and (d) 30 min WOy growth. Yellow arrows indicate the measured thicknesses
of the TiO; cap (upper value) and the WOy underlayer (lower value).

The data supports three main points. First, the TiO, cap shows excellent reproducibil-
ity, with a mean thickness of 64 & 6 nm across the series, corresponding to a constant
growth rate of 2.1 + 0.2 nm-min~! during the fixed 30 min deposition step. Second, the
WO, underlayer thickens nearly linearly with sputtering time, yielding average deposi-
tion rates of 5.6, 7.7, 7.0, and 7.9 nm-min~! for 5, 10, 20, and 30 min, respectively. Third,
the SEM-derived thicknesses are consistent with the ellipsometric values within £8%,
validating the optical model even for the thicker films where the interface becomes less
well defined. Taken together, these results demonstrate that the bilayer architecture can
be reliably tailored by adjusting the WOy deposition time, while the TiO; cap remains
effectively thickness-invariant.

Complementing the cross-section analysis (Figure 5), the top-view micrographs and
the grain-size Table 2 in Figure 6 reveal a thickness-driven surface evolution. The mean
grain size (Table 2) increases from 29.5 & 8 nm (5 min) to 47.9 = 7 nm (10 min), shows a
transient refinement at 20 min (38.5 & 5 nm), and coarsens again at 30 min (46.5 & 3 nm).
The top views (Figure 6a—d) confirm pin-hole-free continuity and enhanced texture for
20-30 min. This non-monotonic trend agrees with the Structure Zone Model for reactive
sputtering, where film thickening and chemistry/stoichiometry evolution (higher O incor-
poration and target poisoning) modulate adatom mobility: re-nucleation/splitting may
prevail at intermediate thickness, while column coalescence dominates at larger thick-
ness and after 450 °C annealing [31-34]. The larger electrochemically accessible area and
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20min

roughness at 20-30 min rationalize the lower Rp and higher current/pseudocapacitance,
consistent with more dispersive CPEs at rough interfaces [35,36].

Table 2. Mean grain size (nm) extracted from top-view FE-SEM micrographs of TiO, /WOy films
with WO, deposition times of 5, 10, 20, and 30 min. Values are mean =+ standard deviation.

Samples Medium Length (nm)
5 min 295+£8
10 min 479 £7
20 min 385+5
30 min 465+3

[ | 30 dhin

500’ nm

Figure 6. Top-view FE-SEM micrographs of TiO, /WO films for WOy deposition times of 5 min (a),
10 min (b), 20 min (c), and 30 min (d). Images show pin-hole-free continuity and progressively
enhanced surface texture at longer deposition times. Scale bars: 500 nm.

3.4. Crystalline Structure from X-Ray Diffraction

The X-ray diffraction (XRD) profiles in Figure 7 confirm that the annealed bilayers
consist of anatase TiO, and monoclinic y-WOs3, along with reflections from the underlying
FTO/glass substrate. Because the films are textured, the measured peak intensities do not
correspond to those of a random powder and therefore cannot be used for quantitative
phase analysis; only the 26 positions were exploited to extract structural information.
Indexing and least-squares refinement of these positions were performed with the FullProf
suite [37], and the refined lattice parameters are summarized in Table 3.

For anatase TiO,, the lattice constants remain essentially invariant (a~3.79 A, c~9.55 A)
regardless of the WO3 deposition time, indicating that neither interdiffusion nor strain
develops during the 450 °C annealing step. The y-WO3 underlayer is also structurally stable
across the series, yielding a~7.32-7.33 A, b~7.54-7.55 A, c~7.50-7.68 A, and (3 values very
close to 90°. These results are consistent with the reference monoclinic cell and demonstrate
that the crystal structure is well preserved after annealing.

The crystallite size (D) of WO3 was estimated using the Scherrer equation applied to
the diffraction angles of the (002) and (200) planes [38,39]:

0.9A

b= Bcos 6 @
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where A is the X-ray wavelength and 3 is the full width at half maximum (FWHM, in
radians) of the corresponding reflection. Because the strong diffuse scattering from the
FTO substrate obscures these peaks in the 5 min sample, reliable D values could not be
obtained for that specimen. For deposition times of 10, 20, and 30 min, the crystallite size
increases from 36(3) nm to 44(5) nm, before leveling off at 41(1) nm. Although reports of
D for sputtered monoclinic WOj5 are limited, these values are comparable to the ~40 nm
crystallites observed by Lethy et al. for orthorhombic WO3 films grown by pulsed-laser
deposition at room temperature [38]. This similarity suggests that the grain growth kinetics
of WOj3 are broadly consistent across different physical vapor deposition techniques under
moderate thermal budgets.

A M

Lv A B i T — e Pd —
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Figure 7. XRD patterns of thin films as a function of WOj3; deposition time. The red circles, black
solid line, and olive solid line correspond to the experimental data, Le Bail fit, and difference profile,
respectively. The black, red, and blue ticks denote the Bragg positions for WOy, TiO,, and FTO
phases, respectively.
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Table 3. Indexed lattice parameters, density, and crystallite size of WO3 thin films obtained from
XRD analysis.

" e tmimy | Structure & @ @ & e gem-s ~ Dom X

0 TiO, 3.7849 + 5 - 9.5744 + 29 - 137.16 £ 42 387 +1 - 4.74
WO3 7.3286 + 8 7.5465 + 8 7.5076 + 18 91.83 £2 415.00 =12 742 +2

> TiO, 3.7923 + 9 - 9.5538 + 2 - 13740 £ 4 386 +1 ) 201
WO3 73266 =15 75159 +£12 7.6781 =16 90.39 £ 1 42279 + 14 729 +£2 36 £3

10 TiO, 3.7840 + 10 - 9.5421 + 11 - 136.63 £5 3.88+5 - 21
WO3 7.2873 2 7.5497 + 3 7.6517 -4 90.65 £ 1 42095 + 3 73241 44 +5

20 TiO, 3.8175+1 - 95034 + 6 - 138.50 £1 384 +1 - 1.88
WO3 7.3274 £ 1 7.5366 £ 2 7.7022 £ 2 90.67 £1 42532 + 2 724 +£3 41 +1

30 TiO, 3.7930 + 6 - 9.5576 +7 - 13750 £3 3.86 +3 - 197

3.5. Vibrational Characterization by Raman Spectroscopy

Raman spectroscopy was used to examine the structural evolution of the TiO, /WO
bilayers as a function of WO, deposition time. Figure 8 shows the Raman spectra of the
samples deposited on FTO, where the deposition time of the WOy layer was varied from 0
to 30 min. The reference spectrum (0 min deposition, bare TiO;) displays five well-resolved
peaks at approximately 145 cm~! (Eg), 197 cm™! (Eg), 399 cm™! (B1g), 513 cm™! (A1g), and
640 cm ! (Eg), corresponding to the characteristic vibrational modes of the anatase phase
of T102

T T T
v TiO, - Anatase

v v WO, - Monoclinic
v FTO
Deposition Time

Intensity (a.u.)

FTO - Substratg

1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000

Raman Shift (cm™)

Figure 8. Raman spectra of TiO, /WOy bilayers deposited on FTO, stacked from top to bottom
for WOy sputtering times of 0, 5, 10, 20, and 30 min. The spectrum of the bare FTO substrate is
shown at the bottom for reference. Magenta symbols identify the vibrational modes of anatase
TiO,, while blue and red symbols highlight the characteristic bands of monoclinic y-WO3 and FTO
substrate, respectively.

Upon extending the WO, deposition to 5 min, new Raman bands emerge, signaling the

nucleation of tungsten oxide. At low wavenumbers, features near 130 cm~! and 180 cm !
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100 gr T T T

are attributed to vibrational modes of (W2O5), chain units, where tungsten atoms are linked
by twofold-coordinated oxygen ligands [40]. In the mid-frequency region, bands around
273 cm ! and 329 cm ! arise from W-O-W bending vibrations associated with bridging
oxygen ions between adjacent WOq octahedra [40]. In the high-frequency region, intense
peaks at ~715 cm~! and ~806 cm ™! correspond to W-O-W stretching vibrations, reflecting
the strong tungsten—oxygen bonds characteristic of the monoclinic y-WOj3 framework [40].

This progressive spectral evolution with increasing deposition time confirms the
growth of a WOy-rich surface layer. The simultaneous presence of anatase TiO, and y-WOs
vibrational signatures evidences the successful fabrication of TiO, /WOy heterojunctions
and corroborates the structural information derived from XRD analysis (Figure 6).

3.6. Optical Transmittance and Band Gap Analysis

The normal-incidence transmittance curves in Figure 9a illustrate how the optical
response of the stack evolves as the WOy underlayer thickens. For the bare TiO, film
(0 min) and the sample with 5 min of WO, deposition, the spectra are essentially smooth,
with no discernible interference oscillations across the 350-1100 nm range. Previous reports
indicate that the total thickness of these two coatings is below ~150 nm, i.e., smaller than
~A/4n for visible wavelengths. Under this condition, the optical path difference between
multiply reflected rays is insufficient to produce resolved Fabry—Pérot fringes, and the
spectrum is governed primarily by bulk absorption and Fresnel losses. This behavior is
typical of oxide films with thicknesses well below 100 nm and has been observed for TiO,
layers grown by sputtering or spin coating [41].
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Figure 9. (a) UV—vis-NIR transmittance spectra of TiO, /WOy films deposited with 0, 5, 10, 20, and
30 min WOy growth, and (b) corresponding Tauc plots («hv)! 2 vs. photon energy with linear fits
(dashed) for indirect band gap extraction. The inset shows the extracted Eg as a function of WOy
deposition time.

Once the WO deposition time exceeds 10 min, a series of well-defined maxima and
minima emerges and shifts progressively towards longer wavelengths. The presence
of these fringes indicates that the optical thickness (n-d) of the bilayer has entered the
interference regime. Their red shift and reduced spacing with increasing deposition time
confirm a monotonic increase in physical thickness, consistent with ellipsometry results.

The corresponding Tauc representation, («hv)! 2 plotted against photon energy, is
shown in Figure 9b. Linear regions were fitted to the most linear portions of each curve,
assuming an indirect allowed transition, and the intercept at («hv)! 2 = 0 was taken as the
optical band gap (Eg). Although the Tauc model is strictly valid for homogeneous semicon-
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ductors, it is widely used as an effective-gap approximation for oxide heterostructures. In
such systems, the extracted value reflects the lowest energy at which the joint density of
states becomes significant, rather than the true band edge of an individual phase.

The pristine TiO; film yields an apparent band gap of 3.60 eV, higher than the bulk
anatase value (~3.20 eV). Such overestimations are frequently observed in dc-sputtered
titania and are attributed to compressive growth stress, which can shift the optical edge
upward by several tens of meV per gigapascal through lattice contraction and antibonding
state stabilization [42]. Adding a thin WOy layer narrows the gap to 3.37 eV (5 min) and
then slightly widens it to 3.41 eV (10 min). This initial blue shift is consistent with interfacial
oxidation, which removes Ti**-related donor states from the TiO, band gap [43]. Residual
compressive stress from the dense WOy underlayer may further stiffen Ti-O bonds and
contribute to the upward shift in the edge.

For longer deposition times, the trend reverses. The 20 min and 30 min samples show
progressive redshifts to 3.38 eV and 3.30 eV, respectively. At these thicknesses, the optical
response is increasingly dominated by WO3, whose intrinsic band gap lies near 2.7-2.8 eV,
as well as by shallow donor states associated with W°* /oxygen-vacancy centers, which pull
the absorption edge to lower energies [44]. The competition between band gap widening
due to interfacial passivation and narrowing due to WO3; contributions thus explains the
observed non-monotonic evolution of Eg.

Collectively, the characterization findings present a cohesive understanding of the
system. The deposition conditions yield a y-WO3/anatase-TiO, heterostructure, character-
ized by systematic changes in its structural and optical properties. The WO3; underlayer
thickens progressively with deposition time, developing both lattice and vibrational fea-
tures of crystalline monoclinic WO3; while retaining nanometer-scale grains that favor high
surface area. In contrast, the TiO; cap remains structurally and optically stable, maintaining
a dense anatase phase and acting as a chemically robust, high-index window. The two
oxides form an abrupt but mechanically coherent interface, while the modest refractive
index contrast between them establishes a graded optical profile that minimizes internal
reflections. This combination provides a tunable platform in which the WOj3 thickness
can be precisely controlled without compromising film integrity, interfacial contact, or
light-management characteristics, thereby enabling systematic studies of charge separation
and photoelectrochemical performance.

3.7. Electrochemical Behavior by Cyclic Voltammetry

The scan rate study for each system was performed at 10 mV-s~! to assess electrode
behavior in terms of reversibility, to identify capacitive and pseudocapacitive processes
associated with films deposited by magnetron sputtering, and to investigate photoelectro-
chemical effects under illumination. Measurements were conducted within the potential
window of 0.0-1.0 V at a fixed scan rate of 10 mV-s~!. The shape of the voltammogram
serves as a diagnostic tool: a nearly rectangular profile is indicative of electric double-layer
capacitance [45,46], while the appearance of shoulders at specific potentials reflects redox
reactions associated with localized surface processes within the electrode [36,47]. In cyclic
voltammetry, the oxidation or reduction of adsorbed or intercalated species at the working
electrode is governed by the applied potential. As the potential increases, positive charging
of the electrode promotes oxidation; conversely, decreasing potential favors reduction
reactions [48]. These redox processes are strongly influenced by material properties such
as electronic structure and surface chemistry, which, in turn, are sensitive to synthesis
parameters including WO deposition time [49].

System reversibility is typically evaluated by the symmetry and separation of anodic
and cathodic peaks. Reversible systems display closely spaced and symmetric peaks, while
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quasi-reversible systems exhibit broader or shifted responses [50]. In our case, several
voltammograms suggest quasi-reversible behavior, due to limitations in charge transfer
kinetics and structural rearrangements during cycling. Literature on oxide-based electrodes
supports that factors such as porosity, crystallinity, and interfacial roughness critically
determine pseudocapacitive and faradaic contributions [51,52]. Thus, analysis of the
voltametric profiles enables assessment of both electrochemical activity and the kinetic
regime governing charge storage.

The representative voltammograms in Figure 10 highlight the response of the films
under dark and illuminated conditions as a function of WOy deposition time. Electrodes
consisting of TiO, /WOy bilayers exhibited higher current densities compared to bare TiO,
or isolated WOy. Figure S1 presents the voltammogram of all samples. This enhancement
arises from the built-in electric field at the TiO, /WOy heterojunction, which promotes effi-
cient charge separation and electron collection in TiO, [12,53]. In addition, WO+ /W5* redox
sites in WOy enable fast pseudocapacitive charge storage [35,54], while the microstructure
of magnetron-sputtered films (structure-zone model) increases the effective interfacial area
and surface roughness, typically lowering the charge-transfer resistance, as confirmed
by EIS [33,34]. Consistently, our EIS fits show a reduced charge-transfer resistance for
the heterostructures [55], and Mott-Schottky analysis indicates a higher donor density, in
agreement with established procedures for extracting Np [56]. The TiO, + 30 min WOy
configuration displayed distinct peaks around 0.0-0.2 V vs. Ag/AgCl under dark condi-
tions. Under AM 1.5G illumination, these peaks shifted to 0.5-1.0 V vs. Ag/AgCl and
were accompanied by a more linear slope, suggesting enhanced surface redox activity due
to photogenerated charge carriers. These carriers participate in faradaic reactions at the
electrode—-electrolyte interface, thereby amplifying pseudocapacitive contributions [45,47].
Similar light-enhanced pseudo capacitance has been reported in other metal oxide elec-
trodes, where photogenerated electron-hole pairs facilitate reversible redox transitions and
improve charge-storage performance [49].

T T T T 0.6 T T T

(a) —omin ' (b)
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04 0.6 0.8 1.0
V (V vs Ag/AgCl)

0.0 0.2 0.4 0.6 0.8 1.0
V (V vs Ag/AgCl)

Figure 10. Photocurrent voltammograms measured under (a) dark conditions and (b) simulated solar
illumination (AM 1.5G) for pure TiO, (0 min), and TiO, /WOy heterostructures with WOy layers
deposited for 10 and 30 min.

In the TiOy /WOy electrode with the longest WOy deposition (30 min), the density
of redox-active sites is higher than in thinner films or monolayers, leading to greater
current density and charge-storage capacity [57]. Consequently, the TiO, + 30 min WOy
sample showed the highest current density of all specimens, a result attributed to its larger
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electrochemically accessible surface area, which provides more sites for both faradaic
reactions and double-layer formation [58].

Reversible reactions occur when charge transfer at the electrode—electrolyte interface is
sufficiently fast to establish dynamic equilibrium, with mass transport as the main limiting
factor. Under these conditions, the Nernst equation describes the system [59]. In an ideal
reversible case, the reduction and oxidation peaks occur at the same potential (Epc = Epa),
the ratio of anodic to cathodic peak current equals unity (Ipa/Ipc = 1), and peak currents
scale linearly with the square root of the scan rate [50]. Most systems, however, deviate
from this ideality. Quasi-reversible systems exhibit slower charge transfer, with both mass
transport and kinetic factors affecting current response, leading to peak shifts between
oxidation and reduction [60].

In the present study, not all samples displayed well-defined redox peaks. Nonetheless,
inflections and shoulder-like features emerged within 0.0-0.2 V vs. Ag/AgCl, depending on
deposition time and illumination. These asymmetric features, often confined to one branch
of the voltammogram, may arise from preferential stabilization of a specific oxidation state.
Such asymmetry suggests kinetic limitations in charge transfer or selective stability of the
oxide, consistent with pseudocapacitive behavior in transition-metal oxides [56,61].

The lack of symmetric peak pairs should not be interpreted as electrochemical in-
stability. A system can exhibit quasi-irreversible characteristics while maintaining stable
long-term performance. In fact, the studied electrodes retained reproducible profiles across
six cycles, consistently showing a recurring anodic peak near 0.3 V vs. Ag/AgCl, associated
with partial WOy oxidation. This distinction between kinetic reversibility and operational
stability is critical when interpreting cyclic voltammetry results.

The semiconducting nature of TiO; and WOy inherently limits the appearance of fully
reversible voltametric features. WOy, with its multiple oxidation states (WO /W JW4H),
undergoes pseudocapacitive redox processes that are rarely fully reversible due to
metastable intermediates and the complexity of ion intercalation [45]. TiO;, mainly
anatase, contributes primarily via electric double-layer capacitance due to its wide band
gap (~3.2 eV). Despite these constraints, the voltammograms remained stable over re-
peated cycling, confirming that TiO, /WOy electrodes exhibit reliable and reproducible
electrochemical performance under both dark and illuminated conditions.

3.8. Energy and Power Density Evaluation

To benchmark, on an aerial basis, the energy power trades off these thin film electrodes
and to compare dark vs. illuminated operation, we extracted specific power (Ps) and
specific energy (Es) were calculated using Equations (2) and (3):

I1dv

LVdt
Es= [ == 3)

where [ is the instantaneous current, V is the potential, ¢ is time, and A is the geometric
area of the electrode [62]. A scan rate of 10 mV-s~! was selected, as it provides a suitable
compromise between resolving redox peaks and minimizing ohmic losses, while also ensur-
ing reliable integration of the curve area for charge estimation [63]. The applied potential
window was set to 1.0 V (0.0-1.0 V vs. Ag/AgCl), with all electrode areas standardized to
1 cm?. Each sample was tested in triplicate to guarantee statistical consistency.

As shown in the Ragone plot (Figure 11), the TiO, /WOy bilayer with 30 min of WOy
deposition exhibited the highest values, reaching 0.19 Wh-cm™~? in specific energy and
0.16 W-cm ™2 in specific power under illumination. This enhancement is attributed to the
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greater film thickness and higher density of electrochemically accessible redox states. The
performance values place these electrodes within the region of hybrid pseudocapacitors,
which exhibit intermediate energy—power characteristics between electric double-layer
capacitors and batteries [64,65].
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Figure 11. Ragone plot of specific power density and specific energy density for WO and TiO, /WO
samples, as well as the bare FTO substrate, under dark conditions and simulated solar illumination.
Illumination shifts the data points to higher energy and power regions, evidencing the photo-assisted
enhancement of capacitive performance. Figure adapted from Shen et al. [65].

3.9. Semiconductor Properties from Mott—Schottky Analysis

Mott-Schottky (MS) analysis is a widely employed method for the electrochemical
characterization of semiconductors, as it enables the extraction of key electronic parameters
such as majority carrier densities (N;) and flat-band potential (V). These parameters are
essential for assessing the photoelectrochemical behavior of materials since they directly
affect charge separation, the formation of potential barriers, and the efficiency of electron
transfer at solid/electrolyte interfaces [66,67].

The MS curves were obtained under dark conditions using a 0.5 mol-L~! Na,SO,
electrolyte, within a potential range of —0.5 V to 1.5 V vs. Ag/AgCl. The space-charge
capacitance (CSC) was extracted from impedance measurements at high frequency (fixed
at 1.0 kHz). The plots of 1/C? as a function of applied potential (Figure 12) display the
expected linear regions at more positive potentials, characteristic of n-type semiconductors
such as TiO, and WOy in partially oxidized states [68].
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Figure 12. Mott-Schottky plots (1/ C2 vs V) obtained in the dark for FTO, WOy, TiO, (0 min), and
TiO, /WOy heterostructures with different WOy deposition times (5, 10, 20, and 30 min). Linear
regions were used to extract flat-band potential (Vp) and carrier densities (N;).

The Mott-Schottky equation for n-type semiconductors is expressed as:

1 2 kgT
— =——(V—-Vpp— — 4
C&  eeeNyapp ( r e ) @

where Csc is the space-charge capacitance, ¢ is the relative permittivity of the material, ¢y is
the vacuum permittivity, e is the elementary charge, V is the applied potential, Vg is the
flat-band potential, kg is the Boltzmann constant, and T is the absolute temperature [69].
From the slope of the linear regions, carrier densities (Ng app) were determined, while the
intercept with the potential axis yielded the Vrp values.

It is important to note that in multilayer systems such as TiO, /WOy, the measured
capacitance may include contributions from surface states and series junctions. Therefore,
the extracted donor densities are more appropriately regarded as apparent (Ng app) values.
As highlighted in [70], “common-sense checks” must be applied, including verification of
slope sign (n-type behavior), consistency of Vpp with photocurrent onset, and correlation
of Ny,app trends with impedance results. In this work, these checks were fulfilled, sup-
porting the qualitative validity of the MS analysis while acknowledging its limitations for
absolute quantification.

Table 4 summarizes the extracted electronic parameters. The pure TiO, sample (0 min)
presented the highest flat-band potential (Vpp = 1.24 = 0.02 V) and apparent donor density
(Ng,app = 1.026 + 0.007 x 10%° cm~3), indicative of a high concentration of intrinsic defects,
particularly oxygen vacancies, which are commonly observed in sputtered TiO, films [71].



Nanomanufacturing 2025, 5, 15

18 of 35

Table 4. Electronic parameters extracted from Mott-Schottky analysis: flat-band potential (Vrp) and
apparent donor density (Ny pp)-

Samples Vig (V) Ny app (x10" cm—3)
0 min 1.24 +2 10.26 £ 7
5 min 0.074 +9 637 £3
10 min 029 +1 3.68 £3
20 min 0.56 + 2 3.30 £ 4
30 min 041 +2 832 +9
WOy 036 £1 534 +3

The reported values correspond to apparent donor densities (Ng qpp), since multilayer
heterostructures may exhibit series capacitance contributions (space-charge + Helmholtz +
interface). These values should therefore be interpreted as relative comparisons rather than
absolute quantifications [70].

The decrease in flat-band potential observed in Figure 13 can be associated with
the accumulation of positive charges at the interface, promoted by surface states and
charge transfer across layers with different band gaps [72]. The introduction of WOy led
to significant modifications in the electronic behavior of the samples. The sample with
5 min of WOy deposition showed the lowest Vg value (0.074 + 0.009 V), suggesting a
strong downward shift in the Fermi level and the possible formation of a potential well
favorable for charge separation at the heterojunction interface [1]. However, this sample
exhibited a considerably lower apparent donor density (6.37 & 0.03 x 10! cm~3) compared
to pristine TiO;.
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Figure 13. (a) Apparent donor density (N 4,,) and (b) flat-band potential (Vpp) as a function of WOy
deposition time for TiO, /WOy heterostructures. The sample with 30 min deposition exhibits the
highest N, indicating improved conductivity.

The samples with 10 and 20 min of WOy deposition displayed the lowest carrier densi-
ties (3.68 & 0.03 x 10! cm 2 and 3.30 4 0.04 x 10" cm ™3, respectively), which may reflect
a reduced density of electronic states available for conduction. This behavior could be
related to a more ordered structure with fewer defects. By contrast, the sample with 30 min
of WOy deposition exhibited a promising balance, with an intermediate Vg (0.41 £ 0.02 V)
and a relatively high apparent donor density (8.32 + 0.09 x 10! cm~3). This combination
suggests favorable band alignment together with good electrical conductivity, which sup-
ports both charge separation and transport. Such characteristics highlight the potential of
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this sample for applications in PEC water splitting [57] and in hybrid supercapacitors with
enhanced performance [65].

The recurrence of higher apparent donor density (Ng,4pp) in the 30 min sample can be
explained by a larger population of shallow donor states associated with oxygen vacancies
and W>* centers, which are well known to enhance n-type conductivity in substoichiomet-
ric WO3_4 [71,73]. In addition, thermal annealing promotes more efficient percolation of
conductive pathways and microstructural coarsening. The moderate crystallite growth
observed by XRD suggests a reduced density of grain boundaries, which lowers carrier scat-
tering and consequently decreases resistivity, an effect already reported for polycrystalline
WOj thin films [74] and in other conducting oxides [75]. Consistently, electrochemical
impedance spectroscopy (EIS) fittings show a decrease in the charge-transfer resistance
(Rp), in line with the standard interpretation of the high-frequency semicircle in Nyquist
plots [76]. Taken together, these results support the qualitative validity of the apparent
donor density (Ng,qpp) values extracted from Mott-Schottky analysis, provided that the
usual methodological caveats such as frequency dependence, surface state contributions,
and multilayer capacitance effects are considered [56].

3.10. Semiconductor Properties from Electrochemical Impedance Spectroscopy

Impedance spectra were recorded in 0.5 mol L~! Na,SOy at open-circuit potential
(OCP) over the frequency range of 0.1-100 kHz. Measurements were performed both in
the dark and under solar-simulator illumination to evaluate the influence of light on the
electrochemical response of TiO, /WOy films and their heterostructures. The resulting
Nyquist plots are presented in Figures 13 and 14, corresponding to dark and illuminated
conditions, respectively. The spectra display in [71,73] complete or inclined semicircles,
which are characteristic of pseudocapacitive behavior and dispersive processes typically
associated with nanostructured films and rough interfaces [35], and contributions from
pseudo-double-layer capacitance [54].

In the dark (Figure 14), samples with thicker WO layers (20 and 30 min) exhibit
smaller semicircle diameters, corresponding to reduced charge transfer resistance (Rp).
This behavior suggests improved conductivity and facilitates redox processes, likely due to
the higher density of active states and better connectivity between conductive domains [45].

Under illumination (Figure 15), all films displayed a significant reduction in impedance
compared to the dark conditions. This effect is attributed to photon-induced generation of
electron-hole pairs, which increases apparent donor density and enhances charge transfer
at the semiconductor/electrolyte interface [47]. Among the tested films, TiO, /WOx het-
erostructures with longer WOy deposition times, particularly 30 min, showed the lowest
impedance values, in agreement with the superior photoelectrochemical response observed
in cyclic voltammetry (CV).

The equivalent circuit model employed consisted of a solution resistance (Rg), a charge-
transfer resistance (Rp), and a constant phase element (CPE). The use of CPEs instead of
ideal capacitors accounts for the heterogeneous distribution of relaxation times and the
rough surface of the films [36,70]. The consistent trend of reduced Rp under illumination
highlights the relevance of WOy thickness and heterostructure engineering for optimizing
photoelectrode performance.
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Figure 14. Nyquist impedance spectra obtained in the dark for FTO, WOy, pure TiO; (0 min), and
TiO, /WOy heterostructures with different WOy deposition times (5, 10, 20, and 30 min). To aid
visualization, the spectra are presented at different scales: (a) 80k/80k, (b) 10k/10k, (c) 6k/6k, and
(d) 4k/4k. The inset in panel (a) illustrates the equivalent circuit models used to fit the data: Circuit
I was applied for WOy, whereas Circuit II was employed for FTO, TiO, (0 min), and TiO, /WO

heterostructures (5-30 min).

Analysis of the spectra revealed distinct electrochemical responses depending on the
film composition and measurement condition. In the dark, only the WOy film exhibited
two semicircles (circuit I in Figure 13a inset). Under illumination, two semicircles were
observed for WOy, TiO,, and the TiO, /WOy heterostructure with 10 min WO, deposition,
whereas the other samples were represented by a single semicircle (circuit II). The high-
frequency semicircle corresponds to rapid interfacial charge-transfer processes, while the
low-frequency semicircle is associated with slower phenomena such as intermediate charge

storage or transport within the films [77].
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Figure 15. Nyquist impedance spectra obtained under solar illumination for FTO, WOy, pure TiO,
(0 min), and TiOp / WOy heterostructures with different WO, deposition times (5, 10, 20, and 30 min).
To aid visualization, the spectra are presented at different scales: (a) 80k/80k, (b) 10k/10k, (c) 6k/6k,
and (d) 4k/4k. The inset in panel (a) illustrates the equivalent circuit models used to fit the data:
Circuit I was applied for WOy, 0 min, and 10 min samples, whereas Circuit II was used for FTO,
5 min, 20 min, and 30 min samples.

To further support these observations, the quantitative parameters obtained from
circuit fitting are presented in Tables 5 and 6. These results confirm the trends identified
in the Nyquist plots: under dark conditions, all TiO, /WO bilayers exhibited a single
relaxation process with Rp values dependent on WOy thickness, whereas the pure WOy
film required two time constants, consistent with its more complex charge dynamics [54,77].
Under illumination, a pronounced decrease in Rp and an increase in Y, were observed for
all samples, particularly for the 10 min bilayer, which displayed an extremely low Rp, and
the need for a second RC branch in the fitting. These findings quantitatively reinforce the
enhanced charge-transfer efficiency induced by photoexcitation [46,78].
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Table 5. Equivalent circuit fitting parameters from EIS measurements in the dark.
CPE CPE
.cm?2 .cm? .cm? .cm? 1 2 2

Samples Rs; (-cm?) Rp; (kQ-cm?)  Rs; (Q-em?)  Rp, (kQ-cm?) Yo (uS-s") n Yo (uS-s™) n X

0 min 223 144 - - 15.2 0.933 - - 0.300

5 min 17.3 83.2 - - 17.80 0.940 - - 0.135
10 min 17.70 13.2 - - 25.00 0.918 - - 0.233
20 min 16.70 1.51 x 10° - - 22.40 0.933 - - 0.231
30 min 13.90 355 - - 27.30 0.946 - - 0.052

WOx 1.49 17.4 7.93 232 46.7 0.604 62.70 0.965 0.022

Table 6. Equivalent circuit fitting parameters from EIS measurements under AM 1.5G illumination.
CPE CPE
.cm? .cm? .cm? .cm? 1 2 2

Samples Rs; (Q:cm?) Rpg (kQ-cm®)  Rs; (Q-cm?)  Rp, (kQ-cm?) Yo (uS-s") n Yo (uS-s") n X

0 min 20.5 0.658 1.49 7.51 x 1073 46.1 0.964 111.0 0.807  0.060

5 min 16.40 9.15 - - 313.0 0.741 - - 0.436
10 min 3.66 7.66 x 1073 9.54 6.20 59.0 0.703 340 0.807 0.005
20 min 16.40 14.2 - - 323.0 0.832 - - 0.019
30 min 13.7 8.05 - - 386 0.866 - - 0.009

WO 6.76 15.8 3.04 15.7 36.5 0.629 172.0 0.895 0.005

The appearance of two semicircles under illumination indicates activation of an ad-
ditional photoinduced mechanism, involving the generation, separation, and migration
of charge carriers. This effect was particularly evident for pure TiO, and the heterostruc-
ture with 10 min of WOy deposition, suggesting that intermediate thicknesses enhance
interfacial charge dynamics [57]. The combined results confirm that experimental condi-
tions (illumination or dark), material composition, and WOy thickness critically influence
charge-transfer kinetics and interfacial mechanisms.

The electrochemical results consistently demonstrated that TiO, /WOy heterostruc-
tures outperform individual TiO, and WOy films, establishing them as promising photoan-
odes for photoelectrochemical (PEC) water splitting [45,57]. Cyclic voltammetry revealed
a significant increase in current density, specific energy, and specific power for samples
with longer WOy deposition times, particularly under illumination. This improvement is
attributed to the higher density of redox-active states and more efficient charge separation
and transport, consistent with pseudocapacitive contributions [65,78].

Mott-Schottky (MS) analysis showed marked changes in flat-band potential (Vip)
and majority apparent donor density (Ngapp), with the 30 min WOy sample exhibiting
favorable band alignment and higher apparent donor density. These characteristics indicate
optimal conditions for photoinduced charge separation and electronic transport [45,47].
Complementarily, EIS results corroborated the reduction in charge-transfer resistance in
heterostructures under illumination, underscoring the role of band alignment and film
architecture in improving photoelectrochemical response. The activation of multiple pro-
cesses, as evidenced by two semicircles in some Nyquist plots, reinforces the contribution
of photoinduced carriers to charge-transfer dynamics [46].

The findings demonstrate that the synergistic combination of TiO, and WOy, together
with controlled deposition time, substantially enhances the electronic and photoelectro-
chemical properties of the films. This strategy proves highly effective for designing ad-
vanced electrodes for hydrogen generation through PEC water splitting, supporting the
development of sustainable solar-to-fuel technologies [45,78].
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3.11. Quantification of the Interfacial Capacitive Contribution and
Photoelectrochemical Implications

The quantification of the capacitive contribution of the electrode/electrolyte interface
is an essential parameter to distinguish purely geometric effects from intrinsic electronic
gains in semiconductor materials. In this context, the double-layer capacitance (C; ) was
determined by cyclic voltammetry in the non-faradaic region (50 mV around the open-
circuit potential, OCP), avoiding overlap with faradaic processes performed at scan rates
of 10, 25, and 50 mV-s~!. Under these conditions, the capacitive current (i;) exhibits a
first-order linear relationship with the scan rate (v) [79], as expressed in Equation (5) and
experimentally confirmed in Figure 1 for the 30 min sample measured under dark and
illuminated conditions:

i= Cdl'U

Ai = Z'Cdl'U (5)

The origin of the factor 2 arises from the definition of the capacitive current as
i = Cy -v. During the anodic scan, this current assumes positive values, and during
the cathodic scan, negative values. When calculating the difference between anodic (i,) and
cathodic (ic) currents at the same potential, the following expression is obtained, which
also corresponds to the slope of the linear plots in Figure 16:
AN = ia - ic = Cdl ‘L — (_Cdl ~U) = Z'Cdl By (6)
where i. and i; denote the measured current (A), Cy is the double-layer capacitance (F),
and v is the scan rate (V-s~1). The linearization was performed by fitting the experimental
Ai versus v data using linear regression, and the slope directly yields Cj according to
Equation (5) (see also Equation (6)). This procedure allows evaluating interfacial capaci-
tance without interference from faradaic currents. This procedure allows evaluating the
interfacial capacitance without interference from faradaic currents, as exemplified in the
cyclic voltammograms in Figure 17.
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Figure 16. Linearization of the capacitive current difference (A7) as a function of scan rate (v) for the
30 min sample: (a) in the dark and (b) under simulated solar illumination. The slope of the linear fit
corresponds to the double-layer capacitance (Cy;), obtained from Equation (5).
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Figure 17. Cyclic voltammograms acquired at different scan rates (10, 25, and 50 mV-s~!) for
the 30 min sample under (a) dark and (b) simulated solar illumination.

The electrochemically active surface area (ECSA) was estimated using literature values
of the specific capacitance (Cs = 25, 40, 45 puF cm~2) for ideally smooth oxide surfaces [80-82]
under well-defined electrolytic and potential conditions, since Cs quantifies the capacitive
charge stored per unit geometric area when the oxide/electrolyte interface is polarized
within a potential window where only the double layer and at most a marginal pseudoca-
pacitive contribution are involved. Varying Cs across these three values yields a range for
ECSA that operates as a confidence interval for the accessible surface area. And the results
for the 0- and 30 min samples under dark and illuminated conditions are summarized in
Table 7.

Table 7. Double-layer capacitance (Cy;) and electrochemically active surface area (ECSA). Calculated
using Cs = 25, 40, 45 uFcm 2.

Samples

Cdl (uF) ECSA (Cs=25) ECSA(Cs=40) ECSA (Cs=45)
(Without Lighting) H cm? cm? cm?
0 min 417 x 1072 1.67 x 1073 1.04 x 1073 9.26 x 1073
30 min 79.2 3.17 1.98 1.76
Samples Cdl (uF) ECSA (Cs=25) ECSA(Cs=40) ECSA (Cs=45)
(With Lighting) H cm? cm? cm?
0 min 70.5 2.82 1.76 1.57
30 min 215.1 8.6 5.37 4.78

Without illumination, the initial sample (0 min) exhibits an extremely low Cy; (S2),
reflecting a negligible ECSA (<0.002 cm?) and an essentially null roughness factor. After
30 min of deposition, Cy; increases by three orders of magnitude, yielding an ECSA of up to
3.17 cm?, consistent with the formation of a rougher, more porous surface [83]. Under illumi-
nation, these effects become even more pronounced. The 0 min sample shows Cy; = 70.5 puF,
whereas the 30 min sample reaches 215.1 pF, approximately three times higher; this trans-
lates into an ECSA of 8.60 cm?, indicating not only a geometric gain but also an electronic
contribution arising from the TiO,/WOx heterostructure. The Cyj jigtn/ Ca dark ratio for
the 30 min sample (~2.72x) evidences a strong photocapacitive effect. This behavior is
consistent with previous studies in different systems [84]. For TiO, /WO,, in addition to
the increased surface roughness, additional electronic effects contribute to the observed
performance. Oxygen vacancies act as shallow donors, increasing conductivity and nar-
rowing the depletion region width [85], thereby favoring in excess; however, these defects
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generate deep states that act as recombination centers, thus impairing the photocurrent.
Therefore, the analysis of Cy;, ECSA, and Rf provides a quantitative understanding of both
capacitive and structural contributions to the photoelectrochemical activity. The results
demonstrate that the synergy between the TiO, /WOy structures yields combined gains in
active area and electronic optimization, which are essential for photocatalytic applications.

3.12. Capacitive vs. Faradaic Decomposition by the Dunn Method

In voltammetry, the instantaneous current can be decomposed as [86]:
i(V) = klv + k20'/?, ?)

where klv represents the contribution controlled by fast surface processes (capaci-
tive/pseudocapacitive at high rate), and k20'/2 corresponds to diffusion-limited processes
(classical faradaic). Operationally, a family of CVs curves is recorded at different scan
rates; for each potential (V), i(V)/0'/? is plotted as a function of v!/2. A linear fit yields
the intercept k1 (capacitive component per unit scan rate) and the slope k2 (faradaic com-
ponent). By integrating icsp (V) = k10 for if,, (V) = k20'/? over the potential range, the

corresponding charges Qcsp and Qy,, per cycle are obtained. The average faradaic fraction

is then expressed as fr = Q far/ (chp + Q far) , and the relative contributions of capacitive
and faradaic processes were quantified for different scan rates (Figure 18).

(a) b
Capacitive portion I Faradaic parcel Capacitive portion (®) I Faradic parcel
50 92%
Q Q
> >
E E
=l =l
g 25 90% 5]
Q. Q.
a a
c c
[+ [+
j*3 j=3
a a
10 84%
T T T 1
[ 20 40 60 100
(%) (%)
— (S . ) )
Capacitive portion © I Faradic parcel .| Capacitive portion I Faradic parcel
50 50
Q Q
> S
E £
3 3
o 2 8 25
Q. Qo
7 a
[ =4 c
[+ ©
j*3 [*3
a a
10 10
0 0
(%) (%)

Figure 18. Capacitive vs. faradaic decomposition (Dunn method) for TiO, on FTO (0 min) under
dark (a) and illuminated (b) conditions, and for TiO, /WOy (30 min) under dark (c) and illuminated
(d) conditions, at scan rates of 10, 25, and 50 mV-s—L.

The TiO, /FTO electrode (0 min) exhibits, in the absence of light, a predominantly
capacitive behavior (=84-95%), with only a residual faradaic contribution. Under illu-
mination, however, the relative balance is inverted, and the faradaic fraction becomes
dominant [87], while maintaining the canonical trend of the Dunn method, in which the
relative contribution of the capacitive component increases with the scan rate (v). It is
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important to emphasize that such changes are expressed in percentage terms and, therefore,
do not directly translate into the absolute current gain. As demonstrated by the ECSA
extracted from Cdl (Table 7), this sample exhibits a much smaller active area compared to
the heterostructure, which limits the effective performance even when the faradaic fraction
increases under illumination.

For the TiO,/WOy heterostructure (30 min), the decomposition diagrams show
faradaic dominance across the entire scan rate range (v, 10-50 mV-s_l), both in the dark
and under illumination. In the dark, the capacitive fractions evolve from 23% — 32% —
40% with increasing scan rates, while under illumination they increase from 21% — 29%
— 37%. Correspondingly, the faradaic fractions decrease from 77% — 68% — 60% (dark)
to 79% — 71% — 63% (light). This evolution with v is consistent with the Dunn model:
the capacitive term scales linearly with v (fast surface processes), while the faradaic term
is diffusion-limited and scales with v 1/2; therefore, increasing v enhances the capacitive
contribution and reduces the faradaic fraction. Furthermore, illumination systematically
shifts the balance toward the faradaic component without altering the fundamental physics
of the double layer: the capacitive contribution maintains its linear dependence on v,
though with slightly reduced values. From a mechanistic standpoint, the photoexcitation
of TiO; (generation of e~ /h* pairs) and the electronic coupling with WOy states increase
the availability of carriers for redox steps and reduce interfacial recombination, thereby
enhancing the faradaic fraction, particularly at slower scan rates, where diffusion processes
have more time to manifest.

Thus, the combined analysis of Dunn percentages and absolute parameters (ECSA
from Cdl) is essential, since although TiO, /WOy (0 min) exhibits a more pronounced
variation in the faradaic fraction under illumination, its ability to convert this balance
into useful current is limited by its much smaller ECSA. In contrast, TiO, /WOx (30 min)
combines a high faradaic fraction with a substantially larger ECSA, resulting in a more
favorable overall performance.

3.13. Stability Monitoring of TiO»/WOy by EIS Before and After Chronoamperometry

The operational stability of the 30 min sample, selected for presenting the best photo-
electrochemical performance, was evaluated by chronoamperometry (CA) coupled with
electrochemical impedance spectroscopy (EIS) [88]. The experimental protocol consisted
of: (i) initial acquisition of the EIS spectrum (EIS-1), aimed at characterizing the interfa-
cial properties before polarization; (ii) application of chronoamperometry at 0.61 V vs.
Ag/AgCl under AM 1.5 G illumination for 1 h, followed by acquisition of a second EIS
spectrum (EIS-2); (iii) a second CA step for an additional hour, totaling 2 h of continuous
operation; and finally, (iv) acquisition of the third spectrum (EIS-3). A potential of 0.61 V
vs. Ag/AgCl was adopted, which corresponds to a reversible potential of Erpyg ~ 1.23 V at
pH =~ 7, according to the reference conversion at 25 °C:

Erne = Eagyagcr +0.210 4+ 0.059 x pH ®)

This potential coincides with the thermodynamic limit of the OER and constitutes the
standard benchmarking condition for photoanodes [50,89,90]. In addition, cyclic voltam-
metry of the 30 min sample consistently revealed an onset potential of approximately
—0.55to —0.60 V vs. Ag/AgCl; therefore, applying 0.61 V ensures operation near the onset
photocurrent region, where the photoelectrode exhibits significant stability before the onset
of degradation-related processes. In all cases, the EIS measurements were performed in the
100 kHz to 0.1 Hz range, with an amplitude of 10 mV (rms), and the results are presented
in the form of Nyquist plots (Figure 19).
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Figure 19. Nyquist plots at t = 0 (EIS-1), 1 h (EIS-2), and 2 h (EIS-3). Inset (I): schematic representation

of the equivalent circuit.

The chronoamperometric response (Figure 20) showed a current peak in the initial
seconds, reaching approximately 5.0 x 10~ A in the first hour and 4.0 x 10~* A in the
second hour, followed by the characteristic exponential decay until stabilization in a quasi-
stationary regime, around (2.6-2.8) x 104 A.
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Figure 20. Chronoamperogram at 0.61 V vs. RHE (AM 1.5G) for the 30 min sample: curves in the first
hour (black) and in the second hour (red).

The difference observed between the initial currents can be attributed to an electro-

chemical pre-conditioning effect of the electrode. During the first hour of polarization, the
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initial current density is higher due to the rapid occupation of surface electronic states and
the initial contribution of interfacial capacitance, which results in a more intense transient
charge flux. After this period, part of the active surface sites becomes reorganized or
saturated, reducing the number of accessible states for immediate charge transfer in the
second hour.

From a kinetic perspective, this difference can also be associated with an adjustment
of the transport dynamics: the first stage promotes the stabilization of the equilibrium
between proton insertion/extraction in WOy and the filling of sub-band gap states (oxygen
vacancies or intermediate states in the lattice), thereby reducing the density of available
carriers to contribute to the subsequent initial peak [91,92]. In addition, the formation of a
stable charge layer at the semiconductor/electrolyte interface after the first hour minimizes
rapid recombination of photogenerated carriers, resulting in a less intense initial peak in
the second hour.

The maintenance of current density at similar values after 1 h and 2 h of operation
indicates the absence of significant degradation of the material under continuous photo-
electrochemical conditions. This behavior reflects both the stabilization of charge transport
and the structural robustness of WOx under prolonged polarization [90,93]. Moreover,
the comparative analysis of the EIS spectra before and after operation confirms discrete
variations in the charge-transfer resistance (Rct) and in the double-layer capacitance [94],
reinforcing the stability of the system.

The impedance data (Figure 19 and Table 8) corroborate this transient behavior ob-
served in CA. The increase in Rs from 11.1 to 18.0 Q-cm? (EIS-1 — EIS-3) is related not only
to electrolyte fluctuations but mainly to the formation and release of oxygen (O,) bubbles
during the oxygen evolution reaction (OER), which temporarily reduce the effective elec-
trode/electrolyte contact area [12]. The polarization resistance (Rp) increased from 377 to
420 O)-cm? after 2 h, indicating a charge-transfer conductance retention of approximately
90%, in agreement with the maintenance of quasi-stationary current density observed in
CA. The Y parameter of the CPE increased from 95.7 to 130 uS-g™ after 1 h, stabilizing at
120 uS-g" by the end of the test. This evolution is consistent with the larger current peak in
the first hour, reflecting an initial process of electrochemical surface activation, possibly
associated with the transient formation of HyWOj3 species [95], followed by structural
reorganization and stabilization in the second cycle [12,92]. Finally, the constant-phase
exponent (~0.87) remained essentially unchanged, indicating preserved homogeneity of
the capacitive response, consistent with the absence of significant structural degradation of
the material over time [90,96].

Table 8. Equivalent circuit fitting parameters obtained from EIS measurements under AM 1.5G
illumination after chronoamperometry.

CPE

.cm? -cm? 2
Samples Rs (Q-cm?) Rp (Q2-cm?) Yo (uS-s™) " X
30 min-EIS (1) 111 377 95.7 0.867 0.003
30 min-EIS (2) 12.5 395 130 0.868 0.001
30 min-EIS (3) 18.0 420 120 0.869 0.009

To contextualize our findings, Table 9 compares the performance of our sputtered
TiO, /WOy bilayers with representative state-of-the-art heterostructures reported in the liter-
ature. Typical photoanodes such as WO3 /BiVOy [97], TiO, /BiVOy [98], or WO3/Fe;O3 [99]
exhibit photocurrent densities in the range of 0.2-2.0 mA-cm 2 at 1.23 VRyg, depending
on the architecture and electrolyte. Our TiO, /WOy electrode (30 min WOy) achieved a
photocurrent density of ~0.19 mA-cm ™2 at 1.23 Vgyg under AM 1.5G illumination, accom-
panied by a flat-band potential of 0.41 VRHE and a donor density of 8.32 x 10! em~3.
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Although the absolute photocurrent remains lower than that of BiVO4- or Cuy;O-based
systems, the favorable band alignment, reduced charge-transfer resistance, and enhanced
pseudocapacitive response highlight TiO, / WOy bilayers as competitive photoanodes. Their
stability and tunable capacitive behavior provide a unique advantage rarely addressed in
conventional PEC benchmarks.

Table 9. Comparison of representative TiO, /WOy bilayers developed in this work with state-of-the-
art photoanode heterostructures reported in the literature.

VB Np/N A
System Electrolyte (1.23 Vg (mA-cm-2)) (Vaag) (cm—?) Reference
TiO, /WOy 0.5 M NaySO4 ~0.19 0.41 8.32 x 10" This work
WO, /BiVO, 0.5 M Na,SO;4 ~1.0 - — [97]
TiO, /BiVOy (Ta:TiO, TiO, ~ 0.19; BiVOy ~ e 2
NWs) 0.5 M NaySOy4 21 0.08 Ta:TiO, ~1 x 10 [98]
CuWO4/WO3/Ag 0.5 M phosphate 0.205 -0.045 1 vs. single phases [100]
WO;/Fe203 20
(nanorods, PVD/RF) 0.1 M phosphate 0.588 0.49 ~9.57 x 10 [99]
. Cu,0: 5.36 x 10'8;
TiO,: 0.76; CuyO: T?(Z)Z. Do " 10
Cu,O/TiO; (p—n) 1M NaOH 0.139 0.54; Cuy /TiO, N A ’ [101]
—0.72; T1OZ+C-11?]I}/3/. 1.30 x
BiVO,/Zn0O
(3D bicontinuous) 0.5 M Na;SO, 41 o o [102]
Fe;03/TiO, 1M NaOH ~5.8 — — [103]

4. Conclusions

This work systematically investigated WOy /TiO, heterostructures fabricated by re-
active DC magnetron sputtering, focusing on the effect of WOy layer thickness on their
structural, optical, and photoelectrochemical properties.

Ellipsometry and FE-SEM analyses confirmed a controlled bilayer growth, with WOy
thickness increasing almost linearly with deposition time, while the TiO, overlayer re-
mained essentially constant. The results demonstrate that the bilayer architecture can be
reliably tailored through deposition parameters. The microstructural evolution revealed
pinhole-free, continuous films with grain coarsening at higher WOy thicknesses, consistent
with the Structure Zone Model for reactive sputtering.

Optical characterization by UV—vis transmittance and Tauc analysis indicated that
the apparent band gap evolves non-monotonically with WOy thickness. Thin WOy layers
initially induced a slight blue-shift in the TiO, band edge due to interfacial oxidation and
stress effects, while thicker WOy overlayers progressively red-shifted the absorption edge,
reflecting the increasing contribution of monoclinic WO3 and defect-related states. These
trends highlight the competing roles of interface passivation and sub-band gap absorption
in defining the optical response of the bilayers.

Electrochemical characterization further established that the WOy layer significantly
modifies the semiconductor/electrolyte interface. Mott-Schottky analysis revealed shifts in
flat-band potential and changes in donor density, confirming the influence of WOy thickness
on the electronic structure. Cyclic voltammetry and impedance spectroscopy demonstrated
enhanced charge transfer and pseudocapacitive contributions for thicker WOy layers, while
photocurrent measurements showed up to a threefold increase compared to bare TiO,, with
stable performance under repeated illumination cycles.

Together, these findings provide clear evidence that sputtered WOy /TiO, heterostruc-
tures form type-II junctions that improve charge separation and interfacial properties. The
correlation between deposition conditions, structural/optical evolution, and electrochemi-
cal behavior establishes a valuable framework for the rational design of these systems in
photoelectrochemical and hybrid energy applications.
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Nevertheless, this study should be viewed as an initial step toward understanding
such heterostructures. A more comprehensive mapping of WOx and TiO, thickness combi-
nations, complemented by advanced spectroscopic and time-resolved techniques, will be
necessary to fully capture the structure-property relationships and unlock the potential of
this material platform for solar-driven hydrogen generation and related applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nanomanufacturing5040015/s1, Figure S1: Photocurrent voltam-
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Abbreviations

The following abbreviations are used in this manuscript:

WOy Tungsten oxide

TiO, Titanium dioxide

PEC Photoelectrochemical

DC Direct current

FTO Fluorine-doped tin oxide

FE-SEM  Field-emission scanning electron microscopy
XRD X-ray diffraction

ocrp Open-circuit potential

EIS Electrochemical impedance spectroscopy
cv Cyclic voltammetry

MS Mott-Schottky

ND Majority donor density

ND,APP  Majority apparent donor density

Vg Flat-band potential

Rs Solution resistance

Rp Charge transfer resistance

CPE Constant phase element

x2 Goodness of fit (chi-squared)

Eg Optical band gap

Ny Donor density
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Ps Specific power

Es Specific energy

AM 1.5G  Air mass 1.5 global (solar illumination standard)
Rug Reversible hydrogen electrode

OER Oxygen evolution reaction

CA Chronoamperometry

Cdl Double-layer capacitance

ECSA Electrochemically active surface area
Cs Specific capacitance

Rf Roughness factor

fF Faradaic fraction

FRA Frequency Response Analyzer

sccm Standard cubic centimeters per minute
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