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Efficient Anodized WOs; Photoanode for Photoelectrocatalytic
Applications: Hydrogen Production and Reduction of CO,

Alberto Pérez-Calvo,® Ginebra Sanchez-Garcia,'?! Gemma Rosell6-Marquez,[@!
Encarna BIasco-Tamarit,[b] Ramoén M. Fernandez-Domene, 2] Rita Sanchez-Tovar,*2!

and Benjamin Solsona*!!

In this work, a nanostructured WO; photoanode has been used
for photoelectrochemical H, production and CO, reduction. In
particular, we provide a novel method to synthesize tungsten
oxide catalysts by anodization of tungsten using an ionic liquid,
[EMINI][BF,], as electrolyte in hydrodynamic conditions. We found
that the use of appropriate hydrodynamic conditions (200-
400 rpm) provides larger and more homogenous nanostructures
with higher surface area. All this leads to better morphological
and electrochemical properties. An excessive rotation during the
synthesis (600 rpm) breaks the uniformity of the morphology
of the nanostructures, thus hindering the photoelectrochemical
performance. This way, the use of an optimized WOs; pho-

1. Introduction

In the last century, the growth of the human population and the
increase in the use of fossil fuels have produced an increase in
the emission of greenhouse gases, this one being the main cause
of global warming.!! Carbon dioxide (CO,) is the major green-
house gas, well above the following ones, methane (CH;) and
nitrous oxide (N,0)."?! Consequently, due to the need for reduc-
ing anthropogenic CO, emissions into the environment, various
techniques have been studied in order to promote the decar-
bonization economy.>* Inside the line of carbon capture and
utilization (CCU), a very interesting approach is the photoelectro-
catalytic transformation that allows producing high added value
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toanode has shown excellent potential for photoelectrocatalytic
water splitting. Moreover, these nanostructures also present
good performance in the photoelectrocatalytic CO, reduction,
leading to the main formation of acetic acid, formic acid, and
methanol. In fact, after only 6 h in continuous mode, a remark-
able formic acid concentration of 190 pmol/L at 6 h has been
obtained. Moreover, we have illustrated the great importance
of the anode during the PEC reaction, significantly influenc-
ing the concentration of the obtained products owing to the
electrons and protons transferred from the oxygen evolution
reaction (OER).

products from CO, such as methane, methanol, formic acid,
acetic acid, and so on, depending on the electrolyte and the cat-
alysts used.[*8] This method is based on the reduction of carbon
dioxide in the cathode by applying a small external potential
and illuminating the semiconductor (cathode or anode), pro-
moting pairs of electrons (e~)/holes (h™), which are responsible
for carrying out redox reactions producing the desired products
(Figure 1A).°™ In addition, the possibility of combining electro-
and photocatalytic approaches allows increasing the formation
of charge carriers (e/h*) and reducing their recombination,
improving the efficiency of the process and managing better
yields.!7211

Unfortunately, the CO, molecule is very stable due to its
strong bonds. Therefore, it takes a lot of energy to break those
bonds and transform CO,.®! Moreover, the solubility of CO, in
aqueous solutions is low, and its absorption and activity are
lower than water, leading to low selectivities to the desired car-
bonaceous products.™ To improve this, an important factor to
be controlled in the CO, reduction process is the nature of the
catalyst. Thus, the type of the nanostructure and the morphol-
ogy determine the catalytic performance.l™! Therefore, it is
important to use a method that allows modifying many param-
eters during the synthesis, such as electrochemical anodization.
This technique works at atmospheric pressure and suitable tem-
perature and can produce materials with different properties by
adjusting a variety of operation factors, such as the temper-
ature, electrolyte composition, and the applied cell potential.
For this reason, anodization is a very useful process with little
effect on the environment.!”'®! Moreover, this technique per-
mits the nanostructure to be obtained directly adhered to the

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

European Chemical
Societies Publishing


www.chemcatchem.org
https://orcid.org/0000-0003-4839-8225
https://orcid.org/0000-0002-6811-5854
https://orcid.org/0000-0001-7235-2038
mailto:rita.sanchez@uv.es
mailto:benjamin.solsona@uv.es
https://doi.org/10.1002/cctc.202500738
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.202500738&domain=pdf&date_stamp=2025-06-28

Chemistry

Research Article Europe
ChemCatChem doi.org/10.1002/cctc.202500738 Soeues Publiahg
n - @ -
e’ e’
Reference
‘ electrode
e o e
@ C - Input
: : : 0; MeOH, EtOH, Cationic Co
RECEOMISEINAT;ON Q HeooH nemene ’
Cor H:0 N co,
\ \ Collector
v v v
VB ht o
Q t J
@ CATHODE g\i\:;z |

PHOTOANODE

Photoanode Cathode

Figure 1. (A) Schematic CO, photoelectroreduction irradiating the anode and (B) H-type cell used for the PEC CO, reduction.
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Figure 2. (A) FESEM images of the WO3 nanostructures in the presence of agitation at different rotation speed. 1) 0 rpm, 2) 200 rpm, 3) 400 rpm, and 4)
600 rpm. (B) Transmission electron microscopy (TEM) images of the WO5; samples synthesized with ionic liquid during the anodization process: 1) static
conditions, 2) hydrodynamic conditions (600 rpm), 3) and 4) hydrodynamic conditions (400 rpm), 4) hydrodynamic conditions (400 rpm) with different
magnification. (C) XRD patterns of WO3 nanostructures synthesized at 0, 200, 400, and 600 rpm. (D) DR-UV-vis spectra of WO3; samples anodized at

different hydrodynamic conditions (0, 200, 400, and 600 rpm).

metallic substrate, without any intermediate step. This improves
conductivity and decreases e /h* pair recombination."®!

To enhance the process performance, significant efforts must
be made to lower the reaction overpotential and to improve
the transformation of CO,."”! Different metal semiconductors
have been used to transform CO, into new valuable products

ChemCatChem 2025, 17, 00738 (2 of 11)

such as TiO,,["! BiVO,,?® W05, Fe,0;, and so on, as the
anode material and CuOy,@! InP!?Y GaN™®! as cathodes. Copper-
based materials exhibit unique properties in converting CO, into
multi-carbon products such as ethanol and acetic acid.?®’ Exten-
sive research has been devoted in order to improve the design
of photoelectrocatalysts and enhance CO, conversion efficiency,
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particularly through the development of nanostructured anodes
for the photoelectroreduction of CO, using solar energy. In the
case of the anode, although it does not interfere with the direct
reduction of carbon dioxide, several studies show its impor-
tance during the reaction of CO,.”?®! Hence, it plays a very
important role, providing protons and electrons from the water
oxidation to facilitate the reduction of CO, and increasing the
extra negative potential to the cathode, converting light into
electricity.

One promising alternative to fossil fuels as a strategy for
reducing CO, emissions is hydrogen, which presents a wide
range of beneficial applications. For instance, hydrogen can be
used in fuel cell technologies for electricity generation and also
serves as a fuel in internal combustion engines or turbines.!?”!
Photoelectrochemical (PEC) hydrogen production is a highly
efficient and environmentally friendly approach that uses solar
energy (and a small potential bias) to generate hydrogen.
This method addresses a major challenge in the transition to
renewable energy. In PEC systems, light exposure drives electro-
chemical reactions, with photons playing a central role. Among
the different hydrogen production processes, PEC stands out for
its ability to generate high-purity hydrogen from water with-
out carbon emissions, using low-cost materials under very mild
ambient conditions.®® However, as hydrogen gains attraction
as a clean energy alternative, there is an increasing demand
for effective and economical methods of its storage and trans-
portation. In this context, materials like formic acid and acetic
acid have recently attracted interest as hydrogen carriers. These
compounds are especially compelling because they can be syn-
thesized from CO,, offering the potential for a closed-loop
carbon system.?”]

Tungsten trioxide (WO;) is an n-type semiconductor that
can act as a photoanode with a suitable banggap of 2.5-
2.8 eV (high visible-light activity), which presents good stability
in acidic solutions and large hole diffusion (150 nm).’" For
these reasons, it has been used in many electronic and envi-
ronmental applications.®?’ However, its practical performance
remains significantly below the theoretical potential, since WO;
photoanodes face several challenges, including a short excited-
state lifetime, unfavorable band-edge alignment, sluggish oxy-
gen evolution reaction (OER) kinetics, and susceptibility to
photocorrosion.”! In order to improve their photoelectrocat-
alytic performance, some methods, such as solvothermal,3¥
combustion,’®! hydrothermal,*¢! chemical vapor deposition,*”!
electrodeposition,'®! and sol-gel,*®! have been used to man-
age different morphologies (nanoplates, nanoflakes, nanowires,
etc)® and to get nanostructures with high surface area, low
bandgap, and short diffusion lengths. Most of these methods
result in powders with a variety of morphologies (nanoplates,
nanosheets, etc.), but on many occasions, they use corrosive
chemicals, nonreusable solutions, or a lot of energy during
fabrication."! Thus, the use of ionic liquids (ILs) as electrolytes
in the anodization could be a solution thanks to their good
environmental characteristics and their nonvolatility, very good
recyclability, and non-flammability.[*2#! It is well known that
these types of liquids are effective in controlling the morphol-
ogy, size, and structure of the nanomaterials, improving their
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performance.l*#* Besides, it has been proven that their action
during synthesis is better than that of deep eutectic solvents
(DES) for some nanostructured semiconductors, such as TiO,.l*!
Thus, the ionic liquid [EMIM][BF,] can interact between precip-
itated particles of tungsten and fluoride anions generated in
situ, forming stronger bonds and nanostructures with better
photoelectrocatalytic behavior.!*!

Recently, tungsten trioxide (WO;) has gained special atten-
tion as a promising photoanode material for several applications.
However, despite the progress and the interesting opportuni-
ties presented by the photoelectrochemical transformation
of carbon dioxide or the photoelectrochemical water split-
ting, adequate results have not been obtained yet, and the
proposed methods have low scalability. Therefore, in this
study, we synthesized WO; nanostructures by anodizing tung-
sten sheets, with the aim of using them as photoanodes
under solar illumination in two applications of paramount
importance: PEC-water splitting and the continuous pho-
toelectroreduction of CO,, to enhance both the selectivity
and conversion efficiency toward formic acid and related
compounds.

2. Results and Discussion
2.1. WO3 Nanostructures (photoanodes)

Tungsten anodization follows the typical dissolution—
precipitation mechanism.[*#! During this process, a compact
layer of WO; is formed on the substrate due to the applied
potential between the anode and cathode (Equation 1). Then,
the previously generated oxide layer dissolves as a result of the
presence of cations (H™) in the methanesulfonic acid solution
(Equation 2). Since ionic liquids have a low dielectric constant,
they decrease the ionic mobility in the solution during this
second step. According to this fact, WO,2* formed in the solu-
tion are easily precipitated on the anodized tungsten. This
mechanism is increased due to the BF~ anions that tend to
form soluble complexes with tungsten and further favor the
dissolution of the oxide layer (Equation 3).*! The nanostruc-
tured layer is created when the soluble tungsten species that
have been dissolved in the solution finally achieve saturation
and precipitate on the substrate surface as a hydrated tungsten
oxide (Equation 4).

Field emission scanning electron microscope (FESEM) images
of the anodized samples at different speeds are shown in
Figure 2A. There it can be observed a nanostructured surface
with a morphology similar to nanoplates.

Table 1 shows the length (L) and thickness (th) of the
tungsten nanostructures anodized at different rotation speeds.
According to Table 1, rotating the electrode during anodiza-
tion increases the length of the nanostructures. Additionally, for
higher rotation speeds variation in the size and uniformity of the
anodized surfaces become more apparent. That is, an increase
in the length of the nanoplates from 0.40 um at 0 rpm until a
maximum of 0.71 um at 400 rpm. However, when rotation speed
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Table 1. Length, width, and thickness measures for the WO; nanostruc- WO; + 6H" + nBF, — [W(BF4)n]( "+ 3H,0 3)

tures anodized at different revolutions.

WO3; Sample (rpm) Length (um) Width (um) Thickness (um)

0 0.40 =+ 0.05 0.11 + 0.04 0.65 + 0.06 WO3" 4 3H,0 — WOs - 2H,0 + 2H* (4)

200 0.58 + 0.02 0.08 =+ 0.01 0.88 =+ 0.07

400 071 £ 0.01 0.10 £ 0.01 1.91 + 0.07 This graph shows that all samples display a pattern with

600 0.57 + 0.05 0.14 4+ 0.04 230 + 0.10 peaks at ca. 20 = 23° 34° 35°, 49°, and 58° characteristic of

is increased to 600 rpm the length of the nanoplates decreases
since they get stacked.

Table 1 also shows that when rotation speed is increased, the
width (w) of the nanostructures is enhanced from 0.08 um at
200 rpm to 0.14 um at 600 rpm. This is related to the interaction
between the electrode surface and the complex soluble species
in hydrodynamic conditions. Moreover, increasing the rotation
speed of the electrode, the thickness of the nanostructured layer
increases from 0.65 um at 0 rpm to 2.30 um at 600 rpm. There-
fore, it can be elucidated that rotation speed during anodization
of tungsten until 400 rpm might enhance the specific surface
area of the nanoplates. However, if rotation speed is increased
over 400 rpm small packed clusters are obtained over a het-
erogeneous WO; nanostructure, thus, hindering light harvesting
(Figure 2A.4).

These tungsten oxide samples have been also studied by
transmission electron microscopy (TEM) to gain additional infor-
mation complementary to that provided by the FESEM study.
Unlike the FESEM study, the TEM analysis was performed over
the material collected through the scratching of the outer WOx
layer. As mentioned before, the FESEM study showed similar
morphology for all the samples although with significant dif-
ferences in the width, length, and thickness of the nanoplates.
Interestingly, the TEM analysis will provide additional notorious
differences. According to the TEM images, the sample prepared
in static conditions (0 rpm, Figure 2B.1) and that with an exces-
sive rotation (600 rpm, Figure 2B.2) presented a compact aspect
with scarce nanoporosity. Moreover, a rather flat surface was
observed in both cases.

The optimal sample (400 rpm, Figure 2B.3,B.4) has been stud-
ied in detail, showing a more elongated shape than the others
and a rougher surface. The most noteworthy aspect of this
sample is the outer part, which is fully covered by small nanopar-
ticles (most of them in the 5-10 nm range) strongly attached to
the nanostructure. This way the active area of the surface of this
nanostructure must be remarkably higher than that of the other
samples.

To investigate the potential impact of hydrodynamic condi-
tions on the crystallinity of WO; nanostructures, XRD examina-
tion was performed. The XRD patterns for the samples anodized
at 0, 200, 400, and 600 rpm are shown in Figure 2C.

W+ 3H,0 — WOs + 6H' + 6e” m

WO; 4 2H" — WO3" + H,0 v)
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monoclinic WO5; (JCPDS Card No. 43-1035). The (002), (020), and
(200) planes of the monoclinic WOs are associated to the triplet
that constitutes the major peak at 260 = 23.15°, 23.48°, and
24.25°!41 The presence of diffractions of metallic tungsten can-
not be appreciated.*! In order to compare the crystallite size
(D) of the different samples Scherrer’s equation has been used
(Equation 5).14%]

KA

D=————"
FWHM - cos (0)

)

where the shape factor IC is 0.9, the X-ray wavelength A is
0.15406 nm, the full-width at half maximum (FWHM) intensity
is obtained from each peak (in rad), and 6 (rad) is the Bragg
angle.*?! Crystallite sizes of WO; nanostructures anodized at 0,
200, 400, and 600 rpm are shown an on inset in (Figure 2C).

The results show that the size of the crystallite decreases
when rotation speed is used during anodization. This fact could
benefit the sample with the smallest crystal size (400 rpm),
since a smaller crystal size can increase the photoelectrochemi-
cal behavior of the samples by improving the surface area and
leading to better separation of charge carriers.®*"! However,
when increasing excessively the agitation up to 600 rpm, the
crystal size slightly increases again.

Figure S1 shows, for comparison, the XRD study comparing
the effect of calcination in the crystallinity for a WOs nanos-
tructure anodized at 400 rpm. It is noticeable that the two XRD
patterns are very similar, except for minor variations in the inten-
sities of some peaks associated with the lower crystallinity of
the uncalcined samples. This increased crystallinity is related to
better conductivity and improved charge pairs generation.

Figure 2D shows the DR-UV-vis spectra of WO;3; samples
anodized at different hydrodynamic conditions. For all samples,
the optical absorption increases sharply around 450 nm, which is
consistent with monoclinic WO3.°2%3! The absorbance in the UV
range (200-400 nm) is higher when the rotation speed increases
until 600 rpm, displaying the nanostructure synthesized under
static conditions the lowest intensity in this range.

The nanostructure anodized at 400 rpm presents the higher
absorption in the UV range. However, in the visible range it can
be observed that the 0 rpm sample shows better absorption,
which could be beneficial in the photoelectrochemical appli-
cations with sunlight. Despite that, the more heterogeneous
surface distribution of the nanoplates in the 0 rpm anodized
WO; can lead to some recombination of the electron-hole pairs
generated.

For a better understanding of the possible interaction of the
samples with light radiation, the direct bandgap of WO; was cal-
culated from the Tauc equation (Equation 6) by extrapolating the
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Figure 3. EIS data for the WO5 nanostructures synthesized at different hydrodynamic conditions (0, 200, 400, and 600 rpm). (A) Nyquist, (B) Bode-module,
(C) Mott-Schottky plots, (D) Representative (at 0 rpm) cyclic voltammetry of the WO; catalysts measured in a non-Faradaic region at different scan rates
(0.01, 0.02, 0.05, 0.10, and 0.20 V s~') and (E) Anodic charging currents of the catalysts synthesized at different rpm measured at OCP as a function of scan

rate.

linear section close to the onset versus “hv” (Figure S2).[°3°%
(Ahv)" =K (hv — E) (6)

According to the Tauc equation, “A” is the absorbance, “hv”
is the photon energy, n is 0.5 for the indirect transition,®> “Eg" is
the bandgap energy, and “K” depends on the material. The cal-
culated bandgaps are shown in Figure 2D. The bandgap for the
nanostructure anodized under static conditions is similar to the
values presented in literature as typical for WO;.*" Additionally,
the bandgap values calculated for the WO; samples synthetized
rotating the electrode during anodization decrease.

It is clear that the bandgap decreases with increasing agi-
tation, although the values are similar ranging from 2.12 to
2.50 eV. Therefore, the use of controlled hydrodynamic condi-
tions during anodization allows modifying the bandgap into a
narrower one (2.12-2.20 eV) and allowing better mobility of the
photogenerated charge carriers.™

Electrochemical processes at the nanostructure/electrolyte
interface were examined using electrochemical impedance spec-
troscopy (EIS) measurements. The Nyquist and Bode plots are
shown in Figure 3. Figure 3A shows two incomplete semicircles,
one at medium frequencies and one at low frequencies. The
second semicircle, which is considerably larger, explains the elec-

ChemCatChem 2025, 17, €00738 (5 of 11)

trical behavior of the remaining compact oxide layer below the
nanostructure. On the other hand, the first semicircle, which is
smaller, can be associated with the interfacial charge transfer of
the nanostructures.*! Hence, it is evident that the two anodized
samples at 400 and 600 rpm have the lowest second semicircle,
while the samples at 0 and 200 rpm show a higher semicircle,
which is associated with a higher charge transfer resistance.
Bode-module plot represented in Figure 3B is used to deter-
mine the resistance of the electrolyte (Rs) at the maximum
frequency value and the total resistance of the nanostructure
from the minimum frequency value (Rr). Consequently, in order
to quantitively discuss EIS results, the values  of the resistances
have been determined (Table S1). Since the electrolyte and the
experimental set up were constant, Rs values are very similar for
all the samples. Comparing the different values of total charge
resistance (Rr), a decrease with increasing agitation speed can
be observed. Therefore, nanostructures formed under hydrody-
namic conditions possess higher electrical conductivity, which
leads to better photoelectrochemical performance. This fact may
be related to agitation by improving the diffusion of ions along
the electrolyte onto the surface of the tungsten substrate dur-
ing anodization. However, the nanostructure anodized rotating
the electrode at 600 rpm exhibits higher total resistance than
the one synthesized at 400 rpm. This is likely due to the het-
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Table 2. Donor densities values obtained for the WO; nanostructures
anodized at different rpm.

WO; Sample (rpm) Np (cm™3)

0 8.06:10%°

200 8.19-10%

400 114107

600 1.01107

erogeneous structure of the 600 rpm nanostructure (Figure 2A.4)
caused by an excessive rotation speed, which lowers electron
mobility.*¢!

Mott-Schottky analysis was also performed to study the
semiconducting behavior of the WOs; nanostructures. Thus,
Figure 3C shows the Mott-Schottky plots of the different nanos-
tructures observing clearly a linear region with positive slope
for all the samples, indicating an n-type semiconductivity.>”!
Furthermore, from the different slopes using the Mot-Schottky
equation (Equation 7) the donor density (Np) values of the
WO; nanostructures can be calculated, which are mainly oxygen
vacancies in tungsten oxide.!¥*!

1,2 fop kT )
CC " eeoeNp T e

where Cy is the capacitance of the Helmholtz layer, e is the ele-
mentary charge (1.60-107"° C), Egg (V) is the flat-band potential, kg
is the Boltzmann constant (138-1072 J K™, T (K) is the absolute
temperature, ¢, is the relative permitivity of dielectric constant
of WO; (50), and &, is the vacuum permittivity (8.85-107" F
cm~).[37:58]

Thus, donor densities (Np) of the different WO; nanostruc-
tures anodized at 0, 200, 400, and 600 rpm are shown in
Table 2.

Table 2 shows that the introduction of agitation during
anodization increases the concentration of oxygen vacancies.
The anodized sample at 400 rpm presents the highest Np value
as a result of its homogeneous morphology (Figure 2A.3) with
high specific surface area favoring electron transfer processes. In
addition, the values of donor densities (Np) obtained are con-
sistent with the total charge-transfer resistances in Table S1 (Ry),
since a higher oxygen vacancy density leads to greater electron
mobility within the nanostructure and therefore, to higher con-
ductivity (lower resistance).!® This way, this enhancement in Np
values leads to an improvement in the activity of the catalysts.

Figure 3D shows representative cyclic voltammograms of the
WO; catalyst anodized at 0 rpm measured in a non-Faradic
region at different scan rates. At these conditions, the deter-
mined currents are assumed to be due to capacitive charging.
Figure 3E presents the determined double-layer capacitance (Cq))
of the catalysts taken as the average of the absolute value of
the slope (anodic and cathodic). Double layer capacitance values
were taken as a qualitative estimation of the electrochemically
active surface area (ECSA) of the samples (Equation 8) [°%);

Cou

ECSA = — (8)
s
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where C; is the specific capacitance of the sample.

After analyzing the results from all the synthesized catalysts
(Figure 3E), it can be concluded that the sample synthesized
at 400 rpm shows the highest double-layer capacitance value
and the largest electrochemical surface area (ECSA). The catalyst
anodized at 200 rpm exhibits the second highest Cy;, followed
by the electrode synthesized at 600 rpm. The sample anodized
under static conditions shows the lowest Cy value.

According to the detailed characterization undertaken, the
catalyst synthesized at 400 rpm presents the highest number
of electrochemically active sites and, as a result, is the most
promising for photoelectrochemical applications.

2.2. Photoelectrochemical Water Splitting

Photoelectrochemical H, production using WO; photoanodes
under solar light irradiation was tested using light and dark
pulses measuring their photocurrent densities in a 0.1 M H,SO,
solution. Figure 4A shows positive photocurrent densities (n-type
semiconductor), the highest being achieved by the photoanode
synthesized at 400 rpm (0.58 mA cm~2 at 1.00 V versus Ag/AgCl),
while the sample anodized at 0 rpm showed a photocurrent
density of 0.29 mA cm~2. This better photoelectrochemical per-
formance is in agreement with its better electrochemical and
physicochemical characteristics.

Hydrogen production is interrelated with photocurrent den-
sity and Faraday’s law can be used to calculate PEC H,-gas
production at 0.5 and 1.0 V versus Ag/AgCl. It is shown that
a higher photocurrent density led to a higher production
rate. Thus, the hydrogen production can be arranged in the
sequence 400 > 200 > 600 > 0 rpm (Figure 4B). In accor-
dance with the obtained results and the morphological and
physical characteristics, different agitation speed during anodiza-
tion affects the distribution of the nanoplates producing an
increase in the photoelectroactivity of the catalyst. Further-
more, the nanostructure anodized at 400 rpm presents the
lowest resistance, which allows a better mobility of the elec-
tron/hole pairs, reducing their recombination and increasing
solar-to-hydrogen conversion efficiency, resulting in the gener-
ation of high amount of H,. However, if rotation speed during
anodization is increased to 600 rpm the photocurrent values are
lower. This fact is associated with the more heterogeneous sur-
face of this nanostructure (Figure 2A.4) and its higher crystallite
size.

Table 3 compares the performance in the water splitting reac-
tion of different WOz nanostructures reported in the literature
with the best one synthesized in the present work (400 rpm).
By analyzing the obtained photocurrent density, which is cor-
related with the hydrogen generated, it can be concluded that
our nanoplates obtained by anodization (400 rpm sample) have
better performance during water splitting than other WO;-based
nanocomposites. Actually, our nanostructure presents the high-
est thickness and nanoplate length (Table 3), therefore a higher
surface/area is achieved. This fact is very important, as our fabri-
cation method is very simple, requires mild conditions and does
not use hazardous chemicals. It must be also noted that our
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Figure 4. (A) Photocurrent density curves using a solar simulator irradiating the different WO; nanostructures anodized at 0, 200, 400, and 600 rpm and (B)
Generated hydrogen by photoelectrochemical water splitting using the different WO5; nanostructures.

Table 3. Water splitting efficiency of various WOs catalysts used in the literature.

Size: 710 x 100 nm

Photoanode Morphology Nanostructure Light Source Pec-ws Efficiency Ref.
Dimensions

WO3 NH4OH treatment Nanoporous Thickness: 1220 nm 300 W Xe lamp (AM 1.5G solar 0.45 mA/cm? at 1.00 [62]
Pore size: ~146 nm light) Vag/agal

WO; deposited by Sub-micrometric Thickness: - 450 W Xe lamp (AM 1.5G solar 0.05 mA/cm? at 1.23 [63]

sputtering columnar Size: ~ 94 x 62 nm light) Vag/agcl

structures

WO; hydrothermal Nanofiber Thickness: 500 nm 300 W Xe lamp (AM 1.5G solar 0.10 mA/cm? at 1.23 Vgue [64]

synthesis Pore size: 600 nm light)

Anodized WO;3 Nanocoral Thickness: 610 nm 300 W Xe lamp (AM 1.5G solar 0.09 mA/cm? at 1.23 Vpue [65]
Length: 550-600 nm light)

WO; sol-gel method Nanoporous Thickness: - 300 W Xe lamp (AM 1.5G solar 0.97 mA/cm? at 123 Vgue [66]
Pore size: 500 nm light)

WO; Hydrothermal Nanoplates Thickness: - 300 W Xe lamp (AM 1.5G solar ~0.30 mA/cm? at 123 Vpue  [66]

synthesis Size: ~ 194 x 135 nm light)

Anodized WO3 Nanoplates Thickness: 1910 nm 300 W Xe lamp 0.58 mA/cm? at 1.00 This work

(AM 1.5G solar light) Vag/agcl

nanostructure is composed solely of WO;, without any type of
promoter or co-catalyst such as other metallic nanoparticles or
noble metals. A next step in the optimization of water splitting
catalysts could be the selection of other metals to be deposited
on this optimized WO; nanostructure as a basis.

2.3. Photoelectrochemical CO, Reduction

To transform carbon dioxide into valuable products through a
photoelectrochemical approach, two of the WO; nanostructures
synthesized have been used as photoanodes, which have been
irradiated with solar light. After the careful electrochemical study
carried out, the WOz nanostructure anodized at 400 rpm was
selected since it presented the best morphological and electro-
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chemical characteristics. Additionally, for comparative purposes,
the WO; anodized without agitation was also tested. The cath-
ode employed in all cases has been simple Cu.

The experiments undertaken led to the formation of differ-
ent products such as formic acid, acetic acid, and methanol
as a minority. Figure 5A shows the evolution of formic acid
(black), methanol (red), and acetic acid (blue) concentration with
the reaction time using the catalyst prepared at 400 rpm. At
the beginning of the reaction, the concentration of the reac-
tion products slowly increased. This fact corresponds mainly to
the activation of CO,, a step that is considered the limiting of
the reaction."*®" After this period of approximately 1-2 h, an
increase is observed in the formic acid concentration reaching
the maximum at 6 h (~190 pymol/L). It seems that methanol
formation competes with acetic acid production during the reac-
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Figure 5. (A) Catalytic performance of nanostructured WOs in the CO, electroreduction. (A) Evolution of the production of formic acid (.), methanol (¢), and
acetic acid (A) with the reaction time for the 400 rpm sample. (B) Evolution of the moles of C-products detected with the reaction time for the 400 rpm
sample, (C) Production of formic acid (black), methanol (red), and acetic acid (blue) for the reference W1 (0 rpm) and the optimal W3 (400 rpm) samples
after 3 and 6 h of reaction. Notes: Reaction conditions shown in text. (D) The lower part of the figure shows the possible photoelectrochemical CO,

reduction pathways to obtain acetic acid, methanol, and formic acid.

tion. Importantly, we obtain a significant concentration of acetic
acid after 8 h of experiment. We must mention that the sys-
tem was left for 8 h without applying any type of external force,
observing that there was no conversion to any of the prod-
ucts. This indicates, as well, that the cationic membrane was
an excellent barrier separating anodic and cationic electrolytes.
Figure 5B shows that the overall concentration of C-containing
compounds detected in solution increases with the reaction
time. This increase is accompanied by the acidification of the
solution from 6.57 (time = 0 h) to 2.01 (time = 8 h), favored by
the formation of acidic compounds. On the other hand, Figure 5C
compares the performance of the optimized 400 rpm sample
with that prepared without agitation. Interestingly, a remarkably
higher production of C-compounds has been observed in the
case of the sample prepared in dynamic conditions. Therefore,
the use of optimized WO; nanostructures as photoanodes can
be a highly interesting option, since it can absorb light more
efficiently, increasing the photogenerated charges (e7) in the
surface.*®! Hence, the electrons in the CB are transferred to the
cathode, increasing the availability of electrons to reduce CO,
to acetic acid. Moreover, favoring the water oxidation reaction
allows increasing the amount of available protons necessary for
the transformation of CO,.

ChemCatChem 2025, 17, €00738 (8 of 11)

In accordance with the obtained results, a possible simpli-
fied reaction pathway to obtain formic and acetic acid that
has occurred during CO, electrochemical reduction in an acid
medium is illustrated in Figure 5D. It is important to mention
that, although the HER reaction (H,O/H,) is always present,”™!
CO, reduction is the main reaction in the present study. More-
over, we have seen that the mechanism involves the formation
of methanol as well.

After the accumulation of sufficient protons and electrons,
the CO, electrochemical reduction begins with the absorption
of the molecule and the subsequent activation in the cat-
alyst surface by transferring an electron, forming the CO,~
intermediate."*"%”] Then, when CO, is adsorbed and activated,
the formate intermediate is produced in acid pH(®*®! (Equa-
tion 9).

CO; + H* + e~ — HCOO™ 9)

Due to the high stability of CO,, the anode reaction (OER)
is very important since it provides a large number of protons
and electrons that can facilitate this first step (Figure 5D). More-
over, when CO; is introduced into the solution, it is dissociated,
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producing protons (Equation 10).
CO, — H* +HCO3 (10)

Then, a sequence of reactions involving H* occurs. First, the
formate produced from the activation of CO, is hydrogenated,
thus generating formic acid, as shown in Equation (11).15%7!

HCOO™ +H" — HCOOH (aq.) (11)

Thereafter, formic acid could be reduced to methanol with
the interaction of 4e~ and 4H* (Equation 12).[8! This step is less
common, and it needs the presence of a high concentration of
protons in the solution.

HCOOH + 4H" +4e~ — CH3;0H + H,0 (12)

During this process, the formation of acetic acid might also
occur more slowly due to the interaction of more radical species
(), as explained below. Owing to the capability of copper to
adsorb carbon species, the C—0O bond can be stabilized, and
it could be broken, forming a -CHO intermediate.””! This can
undergo further reduction to -CH,OH, which may either des-
orb to form methanol or continue the reduction on the copper
surface.” This process is shown below (Equations 13-15):

.CHO + H* + e~ — -CH,0 {E)
CH,0 + H* +e~ — -CH,OH (14)
.CH,OH + H' + e~ — CH;OH (aq.) (15)

Whether the reduction process continues, the second C—0O
bond of the -CH,0OH radical can be broken into -CHs. Then, due
to the presence of a large CO, concentration, formed methyl
species are susceptible to nucleophilic attack by unadsorbed
CO,™, leading to the formation of acetic acid.l*7?!

Moreover, we observe a decrease in the concentration of
formic acid as opposed to the increase in acetic acid. Therefore,
formic acid could interact as an intermediate, forming unstable
-OCH,OH species by its protonation (Equations 16 and 17),"" and
it might be reduced, obtaining H, as a subproduct.

HCOOH + H* + e~ — -OCH,OH (16)

.OCH,0H + H" + e~ — H, + -OCH,0 (17)

Thereafter, OCH,O~ may be reduced, forming water, as
shown in Equation 18:3]

OCH2C07 + HJr e d Hzo + CHZ (18)
Finally, -CH, interacts with the CO,~ adsorbed on the surface,

giving -CO-CH,"?7! and that intermediate is responsible for the
production of acetic acid.
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3. Conclusion

In conclusion, highly photoelectrochemically active tungsten
oxide nanoplates (WQO;) can be synthesized in mild conditions
by electrochemical anodization with ILs [EMIM][BF4] and using
hydrodynamic conditions. Moreover, the rotation speed during
the preparation must be controlled to achieve the optimal per-
formance and maximize the specific area, the sample prepared
at 400 rpm presenting the best behavior. The 400 rpm sample
shows a more elongated shape than the others and a rougher
surface, leading to a remarkable active area. This fact is very
important since a higher active area means more charge pairs,
and it successfully prevents the recombination of photogen-
erated charge carriers. The optimized tungsten oxide sample
presents promising results for both i) the evolution of hydro-
gen and ii) the activation/reduction of the CO, molecule, mainly
yielding formic acid, methanol, and acetic acid. The optimal
sample (400 rpm) presents better morphological and photoelec-
trochemical characteristics than the sample anodized at 0 rpm,
producing more hydrogen in the water splitting process and
more C-containing compounds in the CO, reduction.

4. Experimental Section

4.1. Synthesis of Nanostructures

The anodization technique was used for the formation of nanos-
tructures on the metal surface. Tungsten (99.95%, 0.125 mm thick)
sheets were cut in a circular shape of 13 cm? and then ultra-
sonically washed with acetone, ethanol, and deionized water for
2 min. An electrolyte of 1.5 M methanesulfonic, 95% (v/v) water,
and 5% (v/v) [EMIM][BF4] was used. During anodization, 20 V were
applied between tungsten (anode) and platinum (cathode), sub-
merging both in the electrolyte for 4 h at 50 °C. These conditions
have been selected based on previous work.[””! The hydrodynamic
conditions were modified between 0, 200, 400, and 600 rpm. As far
as we know, this is the first time that anodization of tungsten in this
type of electrolyte is carried out rotating the electrode during the
synthesis. After anodization, the samples were washed in deionized
water and then calcined at 600 °C for 4 h in air in order to obtain
ordered crystalline structures.

4.2. Morphological and Physical Characterization

The study of the structural, morphological, and crystalline structure
of the oxides obtained was performed using different techniques.
Field emission scanning electron microscopy (FE-SEM) operating
at 5 kV and transmission electron microscopy (TEM) utilizing a
high-contrast transmission electron microscope JEOL jem 1010 have
been used to examine the morphology of the anodized tungsten.
The samples were sonicated in pure ethanol for 5 min before the
microscopy analysis. A drop of the resultant suspension was then
put on a holey carbon film supported by a copper grid and left
to dry. For the analysis of the crystallinity and phase identifica-
tion, X-ray diffraction (XRD) has been used with a Philips X'Pert
diffractometer equipped with a graphite monochromator operating
at 40 kV and 30 mA and employing nickel-filtered Cu Ko radia-
tion (A = 0.1542 nm). Moreover, the study of photoresponse of the
samples and their bandgap was calculated using a UV visible spec-
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trophotometer (Shimadzu) operating in the 200-800 nm wavelength
range.

4.3, Electrochemical Characterization

Electrochemical characterization was conducted in a three-electrode
cell with the anodized tungsten film as the anode, platinum as the
cathode, and Ag/AgCl (3 M KClI) as the reference electrode, and an
electrolyte of 0.1 M H,SO, solution was employed for all the essays.

To analyze the electrochemical properties of samples, electro-
chemical impedance spectroscopy (EIS) tests were performed at 1
Vag/agal scanning frequencies from 100 kHz to 0.01 Hz. In addition,
the specific capacitance (Cq) of the catalysts anodized at the dif-
ferent rotation speeds was measured. The procedure involved per-
forming cyclic voltammetry within a potential range that excludes
faradaic processes, ensuring that only capacitive charging was mea-
sured. The potential was cycled from OCP + 0.1V (based on tests
carried out in a wide range of potentials from the OCP as shown
in Figure S3) for three cycles at scan rates of 0.01, 0.02, 0.05, 0.10,
and 0.20 V s~'. Moreover, to determine the semiconductor charac-
ter of the samples and to calculate the number of charge carriers,
Mott-Schottky (MS) plots were obtained at a frequency of 5000 Hz,
scanning the potential from 0.0 to 1.0 Vag/agci (WOs).

4.4. Photoelectrochemical H, Production and CO, Production

The photoelectrochemical analysis was carried out using a solar
simulator equipped with a 300 W Xe lamp and an AM 1.5G filter.

The evaluation of the hydrogen production from the water split-
ting using the WO3 nanostructures was carried out with the same
configuration three-electrode cell and an electrolyte of 0.1 M H,SO4
solution. Thus, the samples were subjected to light/dark conditions
(16 s light, 4 s dark), applying a potential from 0 to 1.0 Vag/agci at 100
mW cm~2,

For the photoelectroreduction of carbon dioxide, an H-type
cell”™ with two compartments separated by a cationic mem-
brane (thickness of 0.180 mm Nafion N-117 membrane) was used
(Figure 1B). One compartment was composed of a cathode (cop-
per) and the Ag/AgCl reference electrode of 3 M KCl, and the other
compartment contained the WOs nanostructured sample working
as the photoanode. In the cathode compartment, for the purpose
of promoting the chemical stability of the acid species formed dur-
ing the reaction (formic and acetic acid), a solution of 0.1 M Na,SO4
(pH = 6.58) was used.”) On the other hand, a solution of 0.1 M
H,S0O, was used for the anode to assure the stability of WO3.[4”!

The reaction was carried out in continuous mode in order to
treat larger volumes of CO, and try to improve its scalability.l’”!
During the reaction, the solution of the cathodic compartment was
saturated with N, for 15 min at a flow rate of 20 mL/min. After this
purge, CO, was fed for 30 min (20 mL/min), saturating the electrolyte
completely, and thereafter, it was fed at a flow rate of 10 mL/min
for the entire duration of the experiment (8 h). In addition, to study
the advantage of using photoelectrocalytic technique by illuminat-
ing the photoanode, different experiments were carried out with
the different nanostructures synthesized. The photoelectrocatalytic
approach was carried out at a potential of 1 Vag/agci and irradiating
with the solar simulator at a distance of 10 cm.

Carboxylic acid products of PEC CO, were analyzed employ-
ing an ion chromatograph (Metrohm 883 Basica IC Plus lonic
Chromatograph) at room temperature using an eluent of 3.2 mM
Na,CO; + 1.0 mM NaHCOs aqg. (column flow: 0.7 mL/min). Alcohol
products were measured by gas chromatography (Shimadzu) using
helium as a gas carrier (column flow: 1.04 mL/min).
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