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This work explores the use of WOs nanostructures as an effective solution for the removal of emerging con-
taminants from water, specifically focusing on the degradation of diethyl phthalate (DEP), a widely recognized
environmental pollutant. A key aspect of the study is the scaling of the electrochemically active area and surface
modification of WOs nanostructures, progressing from 0.5 cm? to 2.5 cm? followed by a surface reduction
treatment that induces amorphization and enhances their photoelectrocatalytic activity after applying a 5-minute
reduction treatment. Scaling was further extended to 15 cm? with the 15 cm? nanostructures exhibiting the
highest DEP degradation rate, achieving a degradation constant of 0.0988 h'. The study also investigates the
effect of key operational parameters such as applied voltage (1 V and 1.5 V), contaminant concentration (10
ppm, 25 ppm and 100 ppm). Reusability was also tested, with optimal conditions identified as 10 ppm DEP, 1 V,
and the ability to reuse the nanostructures up to three times. Finally, under these optimal conditions, the
degradation of DEP was monitored, leading to the identification of ten intermediate products and the proposal of
a degradation pathway, highlighting the potential of WOs for sustainable and efficient water treatment

applications.

1. Introduction

The increasing prevalence of organic pollutants in water resources
presents a critical environmental challenge, particularly due to the
limited efficacy of conventional water treatment methods [1]. This issue
has raised concerns about the long-term impact on both ecosystems and
human health [2,3].

Among these contaminants, phthalates, widely used as plasticizers,
have been identified as emerging pollutants due to their persistence and
potential toxic effects [4]. Diethyl phthalate (DEP) was selected for this
study due to its extensive use as a plasticizer and its classification as a
high-priority pollutant. DEP is a short-chain phthalate commonly found
in vinyl flooring, resins, lubricating oils, and a variety of personal care
products, including cosmetics and fragrances [5]. This widespread
application has led to DEP’s persistent presence in aquatic environ-
ments, where it poses significant ecological and health risks [6].
Furthermore, DEP has been identified as an endocrine disruptor, capable
of interfering with reproductive functions and inducing various health
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issues, such as developmental and hormonal imbalances in both human
and wildlife populations [7-9]. Due to its endocrine-disrupting proper-
ties, DEP has been classified as a priority pollutant by the United States
Environmental Protection Agency (USEPA) and is a listed as a substance
under review by the European Chemicals Agency (ECHA) [8,10].

Given DEP’s environmental persistence and resistance to conven-
tional water treatment processes, advanced degradation methods such
as advanced oxidation processes (AOPs) have been studied for its
degradation [11]. Photoelectrocatalysis (PEC) has emerged as a prom-
ising AOP due to its potential for efficient degradation of organic pol-
lutants [12,13]. It combines electrolytic and photocatalytic processes in
which there is a control of the system potential which allows enhance
the efficiency of the process. Several studies have reported that the
combination of photocatalysis and electrocatalysis in photo-
electrocatalytic systems results in a synergistic effect that enhances
degradation efficiency beyond the sum of the individual processes [14,
15]. This synergy becomes particularly relevant for large-scale appli-
cations, where process efficiency and stability are critical.
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In the photoelectrocatalytic (PEC) process, electron-hole pairs are
generated when the semiconductor is irradiated with light energy
greater than its band gap. The application of an external bias potential
facilitates the separation of these charge carriers, with electrons moving
toward the cathode. At the semiconductor surface, the holes (h*) oxidize
water or hydroxide ions (OH") to produce hydroxyl radicals (-OH). These
highly reactive radicals serve as powerful oxidizing agents, breaking
down organic pollutants in the solution.

Tungsten oxide (WOs) has shown excellent properties to use as a
photoanode owing to its stability, narrow bandgap, and visible light
absorption capabilities [16]. Previous research has demonstrated the
effectiveness of WOs nanostructures for degrading various organic pol-
lutants highlighting its potential for advanced water treatment appli-
cations [17-19]. In this study, the tungsten trioxide (WOa)
nanostructures have undergone significant modifications to enhance
their photoelectrocatalytic performance.

To address the challenge of applying photoelectrocatalysis at an in-
dustrial scale the electrode area was scaled up from 0.5 cm? to 15 cm?
[20]. This scale-up is a critical step for bridging the gap between
laboratory-scale experiments and industrial applications, aiming to
maintain or enhance the photoelectrocatalytic efficiency of WOs for
larger-scale water treatment processes. In addition to scaling up the
electrode area, the surface of the WO3 nanostructures was modified in
order to enhance their photoelectrocatalytic properties. Previous studies
have demonstrated that the material’s crystal structure significantly
affects its electrochemical properties, particularly the interplay between
amorphous and crystalline phases [21-23]. Consequently, the effect of
the crystallinity of the nanostructure is studied, and the nanostructures
are optimized by introducing an amorphous phase on the crystalline
surface of WOj3 through a reduction treatment. This surface modification
introduces a disordered, amorphous layer, which enhances the photo-
electrocatalytic performance by increasing the density of oxygen va-
cancies and surface defects. These defects serve as active sites,
promoting charge separation and improving the adsorption of reactant
molecules, thereby reducing the recombination rate of photogenerated
electron-hole pairs. Therefore, the amorphous-crystalline WO3 nano-
structure combines a crystalline phase that promotes charge separation
with an amorphous WO3 disordered structure that increase the surface
defects, thereby increasing the number of active sites for (-OH) [21-25].
This novel approach aims to boost the efficiency of WOs-based photo-
anodes, making them more effective for the degradation of persistent
organic pollutants in water treatment applications [26,27].

The effectiveness of the modified WOs electrodes was evaluated in
the degradation of DEP as a model pollutant. Additionally, the influence
of initial DEP concentration and applied voltage during the degradation
process was systematically investigated. The degradation intermediates
were identified using high-performance liquid chromatography coupled
with mass spectrometry (HPLC-MS), providing insight into the degra-
dation pathways.

In this framework, this study presents a novel approach for the
degradation of DEP through photoelectrocatalytically modified WOs
nanostructures. Our work not only demonstrates the feasibility of
scaling up the WOs photoelectrocatalytic electrodes but also highlights
the improved performance achieved through surface modification. This
dual optimization represents a significant advancement in adapting
WOs-based photoelectrocatalysis for industrial-scale water treatment
applications. Additionally, the study systematically evaluates key
degradation parameters, such as initial DEP concentration and applied
voltage, providing a comprehensive insight into DEP degradation
pathways and contributing to the development of more effective and
sustainable water remediation technologies.

Electrochimica Acta 535 (2025) 146706
2. Experimental section
2.1. Synthesis of WO3 nanostructures

The synthesis of WO3 nanostructures was performed via electro-
chemical anodization under hydrodynamic conditions. This method al-
lows the production of nanostructures with high surface area,
significantly enhancing their properties for photoelectrocatalytic ap-
plications [28]. First, the tungsten surface was conditioned by polishing
and cleaning with ethanol. After that, the anodization was conducted in
a two-electrode cell using a platinum wire as counter electrode. The
electrolyte consisted of 1.5 M methanesulfonic acid and 0.1 M citric acid
maintained at 50 °C. A constant voltage of 20 V was applied for 4 h while
maintaining electrode rotation at 375 rpm to ensure uniform growth of
the nanostructures. Finally, the samples underwent thermal treatment at
600 °C for 4 h in an oxidizing atmosphere to convert the amorphous
structures into a crystalline phase. All the chemicals employed possessed
an analytical grade and were acquired from Panreac and ultrapure water
of 18.2 MQ-cm resistivity was used to prepare all the experiments.

2.2. Scaling of WO3 nanostructures

The scalability of WOs nanostructures was evaluated by increasing
their anodization area from 0.5 cm? to 15 cm?. Initial nanostructures
synthesized on tungsten rods (99.5 % purity, 10 cm in length, and 8 mm
in diameter) with a 0.5 cm? active area were scaled up to 2.5 cm? using
tungsten foil as the substrate (>99.9 % purity, thickness 0.25 mm). After
confirming that the properties were maintained at 2.5 cm?, the electrode
area was further scaled up to 15 cm?, also using tungsten foil. To achieve
the specific area, a mold was used to electrochemically anodize only the
desired area.

2.3. Surface modification

To enhance the photoelectrocatalytic performance of the WOs
nanostructures, a surface modification was performed by applying a
reduction potential of —0.16 V (vs. Ag/AgCl) to the synthesized WO3
nanostructures. The potential of —0.16 V (vs. Ag/AgCl) was selected to
induce surface reduction, creating oxygen vacancies and electronic de-
fects that enhance charge carrier dynamics and reactivity. This value
ensures controlled amorphization without compromising the structural
integrity of the WOs nanostructures [24]. The process was initially
conducted on the 2.5 cm? nanostructures, with reduction times of 2, 5,
and 15 min to identify the optimal conditions for defect generation.
Given the promising results obtained at 5 min of reduction, the same
treatment was applied to the scaled-up 15 cm? nanostructures, ensuring
the preservation of enhanced activity at larger scales. This two-step
scaling and optimization approach demonstrates the potential of WOs
nanostructures for practical, large-scale environmental applications.

2.4. Characterization

The crystalline WOs nanostructures synthesized on 0.5 cm? tungsten
rods have been extensively characterized in previous studies [17].
Instead, this study focuses on evaluating the impact of the surface
modifications applied to the scaled-up nanostructures. To this end, field
emission scanning electron microscopy (FE-SEM) was employed to
analyze the surface morphology induced by the reduction treatment.
The equipment used was a Zeiss Ultra 55 Scanning Electron Miscroscope
at an acceleration potential of 3 kV. Additionally, X-ray diffraction
(XRD) was used to assess the crystalline properties of the nanostructures
after the surface modification. The equipment used was a Bruker
D8AVANCE (Bruker, Billerica, MA, USA) diffractometer with a Cu ra-
diation operating at 40 kV from 5 °C to 80 °C.

To determine the optimal reduction time, linear sweep voltammetry
measurements were performed using an Autolab PGSTAT302N
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potentiostat (Metrohm, Herisau, Switzerland) and a solar simulator (AM
1.5 conditions at 100 mW cmz). A three-electrode cell setup was used,
using an Ag/AgCl (3 M KCl) as a reference electrode, a platinum wire as
a counter electrode, and the WO3 nanostructures as a working electrode.
The electrolyte used was 0.1 M H3SO4, to ensure the photostability of the
electrode [29]. The potential was scanned from 0.2 V (vs. Ag/AgCl) to
1.5 V (vs. Ag/AgCl) at a scan rate of 2 mVs~! under pulsed light con-
ditions (60 s light off, 20 s light on). Additionally, stability tests were
performed at 1.5 V (vs. Ag/AgCl) for 1 h to evaluate the long-term
electrochemical performance of each nanostructure. This approach
allowed for the identification of the optimal reduction time by deter-
mining which nanostructure exhibited the most pronounced photo-
response. Photoelectrochemical impedance spectroscopy (PEIS)
measurements were carried out applying 1 VAg/AgCl in the frequency
range varied from 100 kHz to 10 mHz with a 10 mV of amplitude.

2.5. Photoelectrochemical degradation

Photoelectrochemical (PEC) degradation tests were performed in a
photoelectrochemical quartz reactor, maintaining a constant ratio of
nanostructure area to reactor volume (0.004 mz-L’l) as the area of the
nanostructures was scaled up.

The electrochemical cell configuration includes the WO3 nano-
structures as an anode (with an exposed area of 0.5 cm?, 2.5 em?and 15
cm?. Different potentials (1 V and 1.5 V vs Ag/AgCl) were applied and A
1000 W Xenon lamp provided light at an intensity of 100 mW/cm?,
positioned 30 cm from the photoanode.

The degradation experiments were conducted using Diethyl phtha-
late (DEP) as the target contaminant at initial concentrations of 10 ppm,
25 ppm, and 100 ppm in 0.1 M H2SO. to ensure acidic conditions and
stability of the nanostructures. The degradation process was carried out
at room temperature with magnetic stirring, and samples were taken
hourly for 24 h.

To further evaluate the durability and reusability of the WOs nano-
structures, their reuse was also assessed. After each degradation cycle,
the nanostructures were thoroughly rinsed with deionized water, dried,
and subjected to a subsequent degradation experiment under identical
conditions.

Degradation was monitored using an Agilent 1290 Infinity Ultra-
High-Performance Liquid Chromatography coupled with Time-of-
Flight Mass Spectrometry (UHPLC-MS-Q-TOF). The UHPLC system
used a C-18 column (50 mm x 2.1 mm, 1.8 um particle size) in positive
ionization mode (ESI+). The separation was achieved using solvent A
(water with 0.01 % acetic acid) and solvent B (methanol) at a flow rate
of 0.8 mL/min. The gradient was as follows: from O to 25 min, the
composition was gradually changed from 80 % A to 10 % A; at 25-26
min, the composition was maintained at 10 % A; from 26 to 26.50 min,
the conditions were returned to the initial state; and from 26.50 to 28
min, the system was equilibrated.

The total run time was under 30 min, with a column temperature of
30 °C and a sample volume of 2 pL. The mass spectrometer analyzed
spectra within the m/z range of 50-1700, with optimized parameters:
capillary voltage 4000 V, nebulizer pressure 45 psi, drying gas flow rate
11 L/min, and gas temperature 350 °C. Data analysis was performed
using Agilent MassHunter Qualitative Analysis software.

3. Results and discussion
3.1. Scaling of WO3 nanostructures and surface modification

To evaluate the scalability and efficiency of WOs nanostructures for
degradation of contaminants, an initial scale-up was conducted,
increasing the surface area of nanostructures from 0.5 cm? to 2.5 cm?. As
the WOs nanostructures initially synthesized on a tungsten bar with 0.5
cm? surface area were effective for contaminant degradation in previous
studies [17], the scaling of these nanostructures was pursued to explore
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their viability for larger-scale applications. The objective of scaling is to
confirm that the performance observed at smaller scales can be main-
tained or improved when applied to larger surface areas, which is
essential for practical environmental applications such as wastewater
treatment.

Consequently, nanostructures of 2.5 cm? surface area were synthe-
sized and the photoelectrocatalytic degradation using these nano-
structures was carried out for the degradation of the contaminant
diethyl phthalate (DEP) under an applied voltage of 1 V and an initial
contaminant concentration of 10 ppm.

The results of the degradation are shown in Table S1 and Fig. 1. The
final degradation percentages achieved for both nanostructures, 0.5 cm?*
and 2.5 cm?, are very similar (70 % with 0.5 cm? and 67 % with 2.5 cm?)
This result indicates that the larger 2.5 cm? surface area successfully
retains a comparable degradation capacity, confirming that the scaling
process did not adversely affect the catalytic efficiency of the
nanostructures.

Fig. 1 shows the kinetic analysis of the degradation reaction for each
nanostructure size, where the pseudo-first-order rate constants are
derived from the linear fit of In (C/Co) over time. The rate constants are
k = 0.0988 h™! for the 0.5 cm? nanostructure and k = 0.062 h™! for the
2.5 ecm? nanostructure. While the kinetic rate constant is slightly lower
for the larger surface area, the comparable final degradation percent-
ages demonstrate that the scaled-up nanostructure remains highly
effective, as the constant area-to-volume ratio (4 m~1) ensures that
differences arise from intrinsic properties of the material rather than A/
V variations.

The successful replication of degradation performance at a larger
scale confirms the feasibility of scaling up WOs nanostructures for po-
tential pilot-scale applications. This effective scaling is a promising step
towards using these nanostructures in practical environmental applica-
tions, where larger surface areas are required to treat substantial vol-
umes of contaminated water.

After increasing the surface area of the electrode, an optimization
process was conducted to enhance their photoelectrocatalytic perfor-
mance. This optimization involved studying the effect of crystallinity on
the catalytic properties of the nanostructures by introducing an amor-
phous layer over the crystalline WOs surface through a reduction
treatment. This involved applying a reduction potential of —0.16 V vs.
Ag/AgCl (3 M KCD to induce surface defects on the crystalline WOs
structure [24]. This amorphization introduces a higher density of oxy-
gen vacancies and electronic defects, which act as active sites and

Time (h)
4 6 10

0,00

-0,10

® 0.5cm?

-0,20 e
: ® 25cm?

-0,30

-0,40

Ln C/Co

0,50 g )
-0,60

-0,70

y =-0,062x
R =0,9972

-0,80 y =-0,0988x
R2=0,9893

-0,90

Fig. 1. Comparison of the photoelectrocatalytic degradation kinetics of DEP
with nanostructures with 0.5 cm? surface are and 2.5 cm? applying 1 V and
using 10 ppm as initial concentration.
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improve charge carrier dynamics in the material. Oxygen vacancies are
particularly beneficial because they can enhance the adsorption and
activation of oxygen-containing species, thereby facilitating the degra-
dation of contaminants like diethyl phthalate (DEP) [21,25-27].

The effect of the reduction treatment was studied at varying appli-
cation times (2, 5, and 15 min) to determine the optimal conditions for
defect generation. Fig. 2 presents the linear sweep voltammetry (LSV)
curves of each nanostructure before and after applying a reduction po-
tential of —0.16 V for different durations (2, 5, and 15 min), while
Table 1 summarizes the current density differences, and percentage in-
crease in current density for each nanostructure after the treatment [24].
The potential value of 1 V was chosen because this voltage corresponds
to the saturation region for the photoanode in terms of photocurrent, as
observed in the LSV curves shown in Fig. 2. This ensures that the mea-
surements are representative of the material’s maximum photocatalytic
activity under the given conditions.

In the initial, untreated state, the photocurrent density reaches 0.200
mA/cm?. After a 2-minute reduction treatment, the current increases to
0.283 mA/cm?, achieving an improvement of 41.57 %, suggesting that
the introduction of surface defects—along with potential changes in
specific surface area—enhances photoelectrocatalytic activity. The best
response is obtained with a 5-minute reduction treatment, where the
current reaches 0.349 mA/cm? representing a 74.59 % improvement
compared to the untreated sample. This suggests that a moderate defect
formation optimally enhances charge separation and increases the
number of active sites on the WOs surface, thereby boosting its photo-
electrochemical performance. However, extending the reduction to 15
min results in a decrease in performance, with a photocurrent density of
0.146 mA/cm?, a 26.96 % reduction compared to the initial state. This
decline could be attributed to excessive defect formation, which may
hinder charge transfer efficiency by introducing an unfavorable defect
density or may deteriorate the surface of the nanostructure [30].

Additionally, stability tests over 1 h (Figure S1) show that the 5-min-
ute reduction treatment not only provides the highest photocurrent but
also maintains stable performance throughout the duration of the test. In
contrast, the 15-minute treatment results in a decrease in photocurrent,
confirming the optimal stability and electrochemical response for the 5-
minute treatment.

In summary, a 5-minute reduction treatment at —0.16 V optimally
enhances the photoelectrochemical response of WOs nanostructures,
striking a balance between defect formation and structural integrity.
This optimized treatment significantly improves the material’s
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Table 1
Maximum photocurrent achieved (applying 1 V) for each nanostructure and
improvement (%) of the photocurrent density with respect to the initial sample.

Sample Photoelectrocatalytic Current (mA/  Current density
cmz) improvement (%)
No 0.200 00.00
reduction
2 0.283 41.57
0.349 74.59
15 0.146 —26.96

suitability for photoelectrocatalytic applications, such as organic
contaminant degradation, by maximizing charge carrier efficiency and
catalytic activity.

To further analyze the effect of the reduction treatment over the
surface of the nanostructures, the morphology of the WOs nano-
structures was analyzed using Field Emission Scanning Electron Micro-
scopy (FE-SEM), as shown in Fig. 3. The surface structure was examined
in its initial state (without reduction) and after applying a reduction
potential for different durations (2, 5, and 15 min).

The as-synthesized WOs nanostructures present a homogeneous layer
of well-defined nanorods uniformly distributed across the surface. This
initial morphology, with closely packed nanorods, reflects the crystal-
line structure typical of WOs before any reduction treatment [17]. After
applying a reduction potential for 2 min, the morphology of the nano-
structures begins to change. The nanorods appear to start aggregating,
resulting in a slightly less uniform distribution. This initial modification
indicates a trend towards a more porous morphology, which could
potentially enhance the surface area. At 5 min of reduction, the WOs
nanostructures undergo a significant morphological transformation. The
surface becomes visibly more porous, with interconnected nanorods
creating a rougher and more open network. This enhanced porosity, in
conjunction with the partial disruption of the crystalline structure, is
likely to improve the photocatalytic and electrochemical activity by
increasing the active surface area and facilitating greater interaction
with the diethyl phthalate (DEP) molecules. Finally, extending the
reduction time to 15 min leads to visible degradation of the surface
structure. The nanostructures lose much of their porosity, and the
morphology appears deteriorated, with less defined features and fewer
interconnected nanorods. This deterioration suggests a collapse or
excessive reduction of the nanostructures, resulting in a decrease in the
active surface area.
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Fig. 2. LSV curves with light and dark pulses of each nanostructure (initial nanostructure and after the reduction treatment applied for 2 min, 5 min and 15 min)

obtained with a surface area of 2.5 cm?
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Fig. 3. FE-SEM images of the WO3 nanostructures obtained with an area of 2.5cm? (a) crystalline structure — original and after the reduction treatment for (b) 2 min,

(¢) 5 min and (d) 15 min.

Additionally, FE-SEM analysis of electrodes with different geometric
areas (0.5 cm? and 15 cm?), shown in Figure S2, confirmed that the
nanostructure morphology remains consistent across scales when syn-
thesized and treated under the same conditions, supporting the repro-
ducibility and scalability of the process.

These observations are consistent with the results of the LSV, indi-
cating that a reduction time of 5 min is optimal for enhancing the surface
morphology of WOs nanostructures for photoelectrocatalytic degrada-
tion applications. At this duration, the nanostructures achieve a
morphology with an ideal balance of porosity and surface area, maxi-
mizing their catalytic efficiency. Therefore, from the results obtained so
far, the nanostructure with 5 min of reduction treatment (amorphous
nanostructure) will be further studied and compared with the initial
nanostructure without reduction treatment (crystalline nanostructure).
For clarity throughout the manuscript, we will refer to the initial

nanostructure as the crystalline nanostructure, and to the electro-
chemically reduced one as the amorphous nanostructure

X-ray diffraction (XRD) has been carried out to identify the crystal-
linity of the samples. XRD patterns of the crystalline and the amorphous
(after 5 min of reduction) nanostructure are presented in Fig. 4.

The original WOs sample exhibits a mixed-phase structure charac-
teristic of monoclinic WOs. This is evidenced by prominent diffraction
peaks at approximately 23.1°, 23.52° and 48.10° in the original sample,
corresponding to the (002), (020) and (220) planes, respectively
[31-33]. Upon reduction (amorphous nanostructure), the XRD pattern
of the sample reveals significant structural changes, the peaks corre-
sponding to the monoclinic WOj5 still appear but, only the (020) and
(220) at 23.2°and 47.7°, with a shift in the primary diffraction peaks,
consistent with the transformation to a hydrogenated tungsten oxide
phase [24]. The reduced sample displays diffraction peaks that are
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Fig. 4. XRD patterns of the original sample (crystalline) and the reduced WO3 sample for 5 min (amorphous).
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characteristic of the tetragonal Hy 23WOs phase, particularly evidenced
by the shift of the main peak to align with the (020) plane [34]. This shift
is attributed to the electrochemical insertion of H* ions into the WOs
lattice, a process which fills the oxygen vacancy sites and further in-
creases the charge carrier concentration within the material [24].
Furthermore, the comparison of relative peak intensities between the
original and reduced samples further supports the transformation from
the crystalline to the amorphous phase. Notably, several characteristic
peaks of monoclinic WOs present in the original (crystalline) sam-
ple—highlighted in red—corresponding to the (002), (200), (112),
(022), and (221) planes, disappear in the reduced sample. This loss of
distinctive monoclinic WOs peaks confirms the transition to an amor-
phous structure upon reduction, reflecting significant structural reor-
ganization. This structural modification is essential for optimizing the
material’s photoelectrocatalytic performance, as hydrogenation of WO3
has been shown to significantly increase both surface reactivity and
photoelectrochemical response due to the introduction of additional
charge carriers [34,35].

The XRD results confirm that the reduction process induces a tran-
sition from a well-ordered monoclinic crystalline structure to a partially
amorphous hydrogenated phase, introducing significant structural
reorganization. This transition is closely linked to the observed
morphological changes, where the formation of a more porous structure
(as seen in FE-SEM images, Fig. 3) corresponds to a progressive loss of
long-range crystallinity. The increased porosity and the loss of distinct
monoclinic peaks suggest the generation of a higher density of surface
defects, which can enhance the specific surface area. These defects,
particularly oxygen vacancies, act as active sites for charge transfer and
catalytic reactions, improving the material’s overall photo-
electrocatalytic (PEC) efficiency.

In addition, photoelectrochemical impedance spectroscopy (PEIS)
measurements were performed to further investigate the charge transfer
characteristics of the different WOs structures. The results, shown in
Figure S3 and discussed in the Supplementary Material, reveal a
noticeable decrease in charge transfer resistance for the amorphous
WOs, consistent with the presence of more active sites and improved
interfacial kinetics.

To validate these hypotheses, the optimized WOs nanostructures
were tested as photoanodes for the photoelectrocatalytic degradation of
DEP under an applied potential of 1 V and an initial contaminant

Time (h)
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Fig. 5. Photoelectrocatalyc degradation kinetics with the 2.5 c¢m? nano-
structure and comparison of the initial nanostructure without reduction treat-
ment (crystalline) and the nanostructure after 5 min reduction treatment
(amorphous) under an applied potential of 1 V and an initial concentration of
10 ppm.
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concentration of 10 ppm. Fig. 5 compares the degradation performance
of the crystalline and amorphous WOs nanostructures, providing direct
evidence of the beneficial impact of increased defect density and specific
surface area on photocatalytic activity.

The degradation results reveal a clear difference between the crys-
talline (without reduction treatment) and amorphous (after 5 min of
reduction) WOs nanostructures. The amorphous nanostructure demon-
strates a significantly higher initial degradation rate, achieving nearly
90 % degradation after 24 h. This suggests that the amorphous structure,
enriched with surface defects and oxygen vacancies due to the reduction
process, provides more active sites, facilitating faster degradation re-
actions. In contrast, the crystalline structure shows a slower degradation
rate, reaching around 70 % degradation after 24 h. Fig. 5 shows the
kinetic analysis adjusted to a pseudo-first order kinetic. The amorphous
structure has a steeper slope, with a rate constant of —0.124 h™?,
compared to —0.062 h™? for the crystalline one. This further confirms
the superior efficiency of the amorphous nanostructure in the photo-
catalytic degradation process, likely due to enhanced charge separation
and increased catalytic activity from the defect-rich surface.

Following the scaling process of the nanostructures, the area has
been increased from 2.5 cm? to 15 cm?. Consequently, nanostructures of
WO3 with an active area of 15 cm? have been synthesized and the
process included the application of a reduction treatment for 5 min at a
potential of —0.16 V, in order to induce defects in the WOs structure.
These WOs nanostructures were used as photoanodes in the DEP
degradation process.

Fig. 6 presents the comparative graphs of DEP degradation
employing amorphous WOs nanostructures of 2.5 cm? and the scaled-up
area of 15 cm? showing the degradation percentage and kinetic
behavior as a function of reaction time. For the 2.5 ¢m? amorphous
nanostructure, it was observed that DEP degradation reached 85.44 %
after 24 h of reaction, with a rate constant (k) of 0.0988 h’l, while for
the degradation with 15 cm?, DEP degradation reached 97.18 % after 24
h, with a rate constant (k) of 0.0995 h~". These results indicate that, as
the area of the photoanode increased, with the A/V ratio kept constant,
the efficiency of the degradation process was maintained and even
slightly improved, which is evidence that the scaling of the nano-
structure does not compromise the effectiveness of the treatment.

Time (h)
0 1 2 3 4 5 6 7 8 9 10
0,00 X- t t t t t t t t t 1
-0,10 § X 2.5cm?
-0,20 % x 15cm?
-0,30 Y
X ™
8 -040 .,
I3 X N -
5 -0,50 %\ y—'0,0992X
Rz =0,9995
-0,60 %,
-0,70 S
y=-0,0988x N X
-0,80 Re=0,9893 x
-0,90

Fig. 6. Photoelectrocatalyc degradation kinetics of DEP with an initial con-
centration of 10 ppm applying 1 V with the amorphous nanostructure synthe-
sized at different areas: 2.5 cm? and 15 cm?.
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3.2. Photoelectrochemical degradation of DEP varying different
parameters

After achieving the successful scaling of WOs nanostructures to 15
cm? and the modification of the surface, we proceeded to investigate the
degradation efficiency of diethyl phthalate (DEP) varying different pa-
rameters to evaluate their influence on the degradation percentage after
24 h and the reaction rate constant. We choose as our study parameters
the initial contaminant concentrations (10 ppm, 25 ppm and 100 ppm)
and the applied voltage during degradation (1 V and 1.5 V).

Different degradations were carried out varying these parameters.
Fig. 7 presents the degradation results for three initial concentrations of
DEP (10, 25, and 100 ppm) with varying voltage (1 V and 1.5 V).
Table S2 summarizes the kinetic coefficients obtained under each
condition.

Comparing the effect of applied voltage and initial DEP concentra-
tion, we observe distinct trends. At lower concentrations (10 and 25
ppm), increasing the voltage from 1.0 to 1.5 V slightly reduces the re-
action rate constant: for 10 ppm, k decreases from 0.1301 h! to 0.0992
h!, and for 25 ppm, from 0.1274 h™! to 0.0969 h~!. This suggests that 1.0
V is optimal, as a higher voltage does not enhance degradation efficiency
and may introduce overpotential effects that lower performance.

As reported in the literature for similar systems, the mass transfer
coefficient (akm) value can be assumed to be 0.072 h™', confirming that
for diluted solutions, akm is always lower than the kinetic constant [36].
At these low concentrations, the system operates under mass transfer
control, meaning that the process is limited by the availability of reac-
tive species rather than by the applied voltage. While increasing the
voltage raises the current density, it does not significantly impact the
degradation rate because the system is already constrained by mass
transfer limitations. In diluted solutions, the concentration of oxidizing
agents on the anode surface is much higher than the amount of DEP
reaching it. Additionally, the short lifetime of hydroxyl radicals pro-
motes the formation of hydrogen peroxide or the oxygen evolution re-
action, leading to a subsequent reduction in current efficiency. This
behavior is consistent with previous studies, which have shown that in
electrochemical systems with low pollutant concentrations, the removal
process is mainly limited by the availability of reactive species (ROS)
rather than operational parameters [37,38].

On the other hand, in concentrated solutions (100 ppm), the process
is kinetically controlled: the degradation rate constant is significantly
lower than at lower concentrations, but it improves when the voltage
increases from 1.0 to 1.5 V (from 0.0409 h™* to 0.0708 h*). This suggests
that at high pollutant loads, the system may experience a saturation
effect due to limited ROS availability, and applying a higher voltage
helps partially overcome this limitation. Therefore, while 1 V is optimal
for moderate DEP concentrations, 1.5 V enhances degradation efficiency
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in highly contaminated scenarios.

This phenomenon aligns with previous findings on phenol degrada-
tion, which indicate that at higher contaminant concentrations, the
cell’s electrical resistance increases due to the saturation of active
oxidation sites [37]. The saturation effect occurs because the contami-
nant occupies the active sites on the electrode, reducing the efficiency of
the oxidation process. Increasing the voltage boosts the current density,
which partially compensates for the ROS depletion, improving
contaminant degradation. Similarly, in the present study, increasing the
voltage from 1 V to 1.5 V at an initial concentration of 100 ppm helps to
enhance ROS availability, improving degradation efficiency despite the
high pollutant load.

Overall, while DEP degradation at 10-25 ppm follows pseudo-first-
order kinetics with minimal influence from initial concentration, at
100 ppm, ROS depletion becomes a critical factor. In this photo-
electrochemical system, the balance between pollutant load and ROS
availability dictates the optimal operational conditions: 1.0 V is suffi-
cient for lower concentrations, whereas 1.5 V enhances degradation at
high pollutant loads.

Furthermore, to clarify the role of light and applied potential,
additional control experiments were performed under dark conditions
(electrocatalysis) using an initial concentration of 100 ppm of diethyl
phthalate, at both applied potentials 1.0 V and 1.5 V vs. Ag/AgCl. The
results are included in the Supplementary Material as Figure S4. The
results confirmed that photoelectrocatalysis leads to significantly higher
degradation efficiency than either process alone, demonstrating a syn-
ergistic effect between light and potential [14,15].

3.3. Reusability tests

To further evaluate the stability and reusability of the synthesized
WOs nanostructures, a reusability test was conducted by repeating the
DEP degradation process three times with the same nanostructure and
measuring the degradation percentage and kinetic constant after each
cycle. The test was performed using the optimized WO3 nanostructures,
those with a 5-minute reduction treatment and a surface area of 15 cm?,
which provided the ideal properties for the degradation process. The
degradation was carried out using the optimum conditions: 10 ppm as
initial concentration of DEP and applying 1 V (Fig. 8).

The reuse study of the WOs3 nanostructured anodes demonstrates
promising stability and reusability in the photoelectrochemical degra-
dation of DEP. Analyzing the results of each reuse cycle, observed that it
has been achieved 100 % degradation in every case, indicating that the
nanostructures remain effective without significant loss of performance.
Furthermore, in terms of degradation kinetics, the coefficient obtained is
k=0.1301 h™!, k =0.2287 h™! and k = 0.1792 h™* for each respective
cycle.

Time (h) Time (h)
4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
e s 0.00
S -0.10 10ppm
o e -0.20 4 A25ppm
Tele -0.30 4100 ppm
-0.40
10 ppm (\‘3 X
. ®25ppm 2'0-50 T . S
© 100 ppm 060 1 e N )
Re=0.9973 4 PP Re=0.9995
-0.70 a0 L .
'8,
-0:80 \ -0.80 | 2
pN_J
-0.90 090 L
N [ ]
-1.00 . 00 |

(a)
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Fig. 7. DEP photoelectrocatalyc degradation kinetics varying the initial concentration of DEP (10 ppm, 25 ppm and 100 ppm) (a) at 1 V and (b) at 1.5 V.
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Fig. 8. DEP photoelectrocatalyc degradation kinetics re-using the WO3 nano-
structures three times applying 1 V during the degradation and using 10 ppm as
initial concentration of DEP.

To contextualize the number of reuse cycles, it is worth noting that
many studies on metal oxide-based photocatalysts report 3 to 5 cycles as
standard. For example, TiO: films [39], K20/SiOz [40], and WQs/SiO2
monoliths [41] have shown stable performance within this range. Our
choice of three cycles is thus consistent with common practice and
sufficient to demonstrate the material’s good initial reusability. Addi-
tionally, a 1-hour continuous operation test (Figure S1, Supporting In-
formation) further confirms the stability of the WOs nanostructures
under extended photoelectrocatalytic conditions.

Overall, these findings suggest that WO3 nanostructures are both
stable and reusable over multiple cycles, maintaining high degradation
efficiency with minimal impact on the rate constant. This reusability
makes WOs3 a viable candidate for sustainable pollutant degradation
applications.

3.4. Degradation intermediates of diethyl phthalate (DEP)

Apart from assessing the degradation efficiency and kinetics for the
degradation of DEP, thanks to the UHPLCS-MS/MS intermediate com-
pounds formed during its degradation could be identified. These com-
pounds were identified based on the mass spectra obtained from the
Base Peak Chromatogram (BPC) of the degradation process (Figure S5)
and bibliographic references [38,42-44]. Figure S5 shows the BPC of the
samples taken during the 24 h degradation. The peak corresponding to
DEP is observed (tr = 12.4 min) and different peaks that are associated
to degradation intermediates of DEP. Table 2 shows the intermediate
compound identified and its characteristics and Fig. 9 shows the exact
ion chromatogram (EIC) of the different intermediates of degradation
found.

Using the EIC data, the concentration trends of each identified in-
termediate compound were plotted over the DEP degradation process
(Figure S6). It was observed that only Intermediate 1 disappears after 5h
of testing. In contrast, the other intermediates could be considered as
final degradation products since they remain in the sample after 24 h of
degradation. More specifically, Intermediates 2, 3, 5, 7, 8, and 9 display
a decreasing trend, suggesting that they would eventually disappear if
the photoelectrochemical degradation process were prolonged. How-
ever, Intermediates 4, 6, and 10 exhibit either a stable or increasing
trend in the 24-hour sample, suggesting that they could be considered as
final degradation products. After conducting this study, a degradation
pathway for DEP was proposed, as shown in Fig. 10.

The DEP degradation pathway involves hydroxylation, structural
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Table 2
Intermediate compounds identified in the photoelectrochemical degradation of
DEP.

Component Component Molecular Retention m/z

identifier formular time (min) value

1 diethyl 4- Ci12H1405 11 239,0965
hydroxyphthalate

2 diethyl 4,5- C12H1406 16,8 255,1350
dihydroxyphthalate

3 diethyl 3,4,5- Ci12H1407 19 272,2580
trihydroxyisobutylate

4 5- CgH,404 27,5 163,9686
Hydroxyisobenzofuran-
1,3-dione

5 5,6- CsH40s 28 181,0613
dihydroxyisobenzofuran-
1,3-dione

6 3,4-dihydroxybenzol[c] C10HgO3 12,4 177,0546
oxepin-1,5-dione

7 7-oxabicyclo[4,2,0]octa- C;H404 12,5 120,9708
1,3,5-trien-8-one

8 3,4,5,6-tetrahydrobenzo C12H1204 24,1 221,1386
Benzoic acid C;HgOo 27,4 122,9420

10 Succinic acid C4HgOy4 1 118,0862

rearrangement of the aromatic ring, and oxidation of specific com-
pounds, ultimately leading to the formation of smaller compounds. The
degradation pathway is described in detail below. DEP initially un-
dergoes hydroxylation through the addition of a hydroxyl group to the
phthalate ring, forming Intermediate 1. Next, Intermediate 1 undergoes
a second hydroxylation, resulting in Intermediate 2, where an additional
hydroxyl group is added to the ring. Intermediate 2 then undergoes a
final hydroxylation, producing Intermediate 3 with a third hydroxyl
group in the structure.

Following the initial hydroxylation (Intermediate 1), the alkyl
groups are cleaved, and the atoms rearrange to form a new cyclic
structure consisting of a benzofuran ring (Intermediate 4). Intermediate
5 is produced through further hydroxylation of Intermediate 4. Subse-
quently, Intermediate 6 forms from Intermediate 5 through an intra-
molecular cyclization, creating a new ring and resulting in an
oxepinone-dione system. This process may involve the elimination of a
hydroxyl group and the formation of a new carbon-carbon bond to
stabilize the oxepinone structure. The degradation process of DEP con-
tinues through cyclization and formation of oxygenated compounds.
Intermediate 7 may arise from ring contraction of Intermediate 6, as
Intermediate 6 is relatively unstable.

Intermediate 8 retains the original structure, suggesting it could be
formed directly from DEP or from the hydroxylated compounds (In-
termediates 1, 2, and 3). The formation of Intermediate 8 involves the
loss of hydroxyl groups in Intermediates 1, 2, and 3, and closure of the
ring through the binding of alkyl chains.

Finally, as the degradation advances, intermediate products frag-
ment into smaller carboxylic acids and simpler molecules, such as In-
termediate 9 and Intermediate 10.

4. Conclusions

This work supports defect engineering as a viable approach to
improve the efficiency of WOs nanostructures for environmental appli-
cations, such as wastewater treatment. Scaling of the WOs nanostructure
from 0.5 cm? to 15 cm? has been successful, maintaining and even
improving the DEP degradation efficiency. The introduction of defects
by controlled reduction for 5 min has proven to be an effective method
to optimize the photoelectrocatalytic activity, allowing the material to
scale up without loss of performance. This is a significant advance for
large-scale environmental applications, as it confirms the feasibility of
amorphous WOs nanostructures for organic pollutant treatment pro-
cesses on larger surfaces.
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Fig. 9. Identified intermediates EIC for the degradation of DEP. (a) Intermediate 1 (m/z = 239,0965) (b) Intermediate 2 (m/z = 255,1350) (c) Intermediate 3 (m/z =
272,2580) (d) Intermediate 4 (m/z = 163,9686) (e) Intermediate 5 (m/z = 181,0613) (f) Intermediate 6 (m/z = 177,0546) (g) Intermediate 7 (m/z = 120,9708) (h)
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Fig. 10. DEP degradation pathway.

The photoelectrochemical degradation conditions were optimized at
1V and an initial contaminant concentration of 10 ppm (DEP), resulting
in a degradation constant (k) of 0.1301 h™'. Additionally, the reusability
tests confirmed the high stability of the nanostructures achieving 100 %
degradation across three cycles with only minor variations in kinetic
constants (k = 0.1301 h™!, 0.2287 h™!, and 0.1792 h™!), reinforcing the
suitability of WOs nanostructures for sustainable, long-term pollutant
degradation. Compared to conventional photocatalysis or electro-
catalysis using WOs, the photoelectrocatalytic system offers enhanced
charge separation, improved radical generation, and better degradation
kinetics under moderate conditions. These features make PEC a more
efficient and scalable approach for pollutant removal using WOs-based
materials.

Additionally, UHPLC-MS analysis identified 10 intermediate com-
pounds formed during the DEP degradation process. The proposed
degradation pathway involves hydroxylation, structural rearrangement
of the aromatic ring, and oxidation of specific compounds, leading to the
formation of smaller degradation products. The findings offer valuable
insights into the degradation mechanism of DEP and highlight the po-
tential of WOs nanostructures for efficient and sustainable water
treatment.

Future work will focus on applying this system to real wastewater
matrices and on post-treatment characterization of the nanostructures to
evaluate structural changes during degradation.
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