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Abstract: Advanced oxidation processes are emerging technologies for the decomposition of organic
pollutants in various types of water by harnessing solar energy. The purpose of this study is to
examine the physicochemical characteristics of tungsten(VI) oxide (WOj3) photoanodes, with the
aim of enhancing oxidation processes in the treatment of water. The fabrication of WO3 coatings on
conductive fluorine-doped tin oxide (FTO) substrates was achieved through a wet coating process
that utilized three different liquid formulations: a dispersion of finely milled WOj3 particles, a fully
soluble WO3 precursor (acetylated peroxo tungstic acid), and a combination of both (applying a
brick-and-mortar strategy). Upon subjecting the WO3 coatings to firing at a temperature of 450 °C,
it was observed that their properties exhibited marked variations. The fabricated photoanodes
are examined using a range of analytical techniques, including profilometry, thermo-gravimetric
analysis (TGA), X-ray diffraction (XRD), and voltammetry. The experimental data suggest that the
layers generated through the combination of particulate ink and soluble precursor (referred to as the
brick-and-mortar building approach) display advantageous physicochemical properties, rendering
them suitable for use as photoanodes in photoelectrochemical cells.

Keywords: electrophotocatalysis; tungsten trioxide; photoanodes; brick-and-mortar; wet coating;
advanced oxidation process

1. Introduction

The urgent requirement to confront the pervasive pollution of groundwater, surface
water, and drinking water by toxic and long-lasting organic chemicals stemming from
industrial and domestic sources demands an increased emphasis on the development
of wastewater treatment technologies [1,2]. Advanced wastewater treatment typically
involves the use of physicochemical and combined physical and biological methods, which
are categorized into three main groups: physical, chemical, and biological treatments [3,4].
Commonly used physical methods for water treatment include sedimentation, adsorption,
and membrane separation [5]. Biological treatments can be an effective solution for re-
moving organic matter from water, as conventional physical processes have limitations in
this area. However, even though there have been advancements in membrane bioreactors,
they have not yet been successful in removing micropollutants from wastewater. This is
because the membrane components of these technologies become clogged with particles
from previous processes, which hinders the separation process [6]. Advanced Oxidation
Processes (AOPs) are widely regarded as the most effective method for rapidly degrading
and oxidizing organic pollutants in water treatment, with chemical methods demonstrating
high efficiency, especially for addressing organic wastewater [7].

Advanced oxidation processes possess several advantages, such as a high mineraliza-
tion efficiency, rapid reaction rates, and minimal secondary pollution [8]. Organic products
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are highly susceptible to oxidation by hydroxyl radicals, which are generated by holes and
other reactive oxygen species (ROS) that exist between electrons and molecular oxygen [9].
AOPs rely on efficient ROS generation and reduced mass transfer resistance to determine
their oxidation capacity. Unlike other AOPs, electrochemical oxidation breaks down pollu-
tants without producing secondary products at a relatively low cost. The anodic reaction is
influenced by the organic compounds’ affinity for the oxidant and results in the formation
of active oxygen, which can lead to either the complete degradation or simplification of
pollutants [7,8,10]. Photochemical AOPs offer a promising solution for both water treat-
ment and energy production due to their capacity to break down persistent compounds
using sunlight. Nevertheless, their relatively low efficiency in harnessing light energy and
the rapid reunion of electron-hole pairs at the photocatalyst’s surface present substantial
obstacles to their practical implementation [11]. By integrating multiple advanced oxidation
processes (AOPs), the oxidation efficiency of treating organic wastewater can be enhanced.
This method aims to overcome the drawbacks and high operational costs of individual
treatment technologies, by leveraging synergistic effects to improve the efficiency of organic
degradation. PEC facilitates the separation of electron-hole pairs, thereby promoting the
mineralization of organic pollutants in wastewater [8,9,12]. The conductivity of urban and
industrial wastewater is adequate due to the presence of electrolytes [13]. The majority of
PEC research has typically utilized synthetic wastewater composed of ultrapure water and
electrolytes [12,14-17]. The process-specific parameters, system design, and water quality
all play a role in determining the formation of radicals [4,18,19]. The efficiency of con-
taminant destruction in surface-based advanced oxidation processes (AOPs) is influenced
by several factors, including radical scavenging, radical transfer, and hydrodynamics [8].
Optimal performance of a photocatalyst depends on effective morphology control, as it
impacts the photocatalytic properties, specific surface area, quantum efficiency, and poros-
ity [7]. Oxidation of these organic pollutants at the surface of photocatalyst is of the utmost
importance [20]. The photocatalytic approaches have been the latest developments for
the degradation of organic pollutants, based on semiconductor materials as catalysts in
conjunction with the advanced oxidation processes (AOPs) under the irradiation of solar
light [21].

In tungsten(VI) oxide (WO3), the lower size of the bandgap starts at 2.6 eV, and
photocatalysis can be excited by blue radiation of the visible spectrum, which has an edge
for WO;3 over titania [22]. There are different mechanisms through which tungsten oxides
act. One includes the bandgap value and band edge positions, allowing carrier generation
in the healthcare system [23]. The energy of the bandgap can vary depending on the
crystalline phase of the photocatalyst [24]. Photocatalysts face a significant challenge due to
faster electron—hole recombination time, making it difficult in PEC cell activity [25-27]. The
photoelectrochemical cell comprises a photoanode and a cathode immersed in an aqueous
electrolyte, as shown in Figure 1. The smaller the photocatalytic particles, the greater
the total number of charge separations [28-30]. Combining band structure engineering,
geometric engineering, and heterostructure engineering may enhance the photocatalytic
activity. The setup comprises a photoanode and a cathode immersed in an aqueous
electrolyte, as shown in Figure 1. In the n-type photoanode, photogenerated holes move to
the semiconductor interface to oxidize organic pollutants to carbon dioxide.

The nanomaterial preparation can be divided into two basic procedures: top-down and
bottom-up. In the top-down procedure, the bulk material is broken down into nanosized
particles by different physical, chemical, and mechanical processes. Various synthetic
methods can be utilized under this approach such as mechanical milling, laser ablation,
and ion sputtering [31]. Mechanical mills of various types include planetary, attrition,
vibration, low-energy ball, and high-energy ball mills [32]. Using the bottom-up procedure,
larger layers can be prepared from soluble precursors and such processes include the
sol-gel method. The precursors utilized in the sol-gel method are heated to a very high
temperatures to achieve one of the immobilization conditions, namely, adhesion to the
substrate [32].
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Figure 1. Schematic overview of photoelectrochemical cell.

1.1. Tungsten(V1) Oxide Layers Prepared by Top-Down Approach

Ball milling is commonly used in industrial mass production for ores, ceramics, and
pigments [33]. The milling technique is quite suitable for morphological modifications
of nanostructures and It comes with an advantage of low-cost preparation can use it at
room temperature [34]. Ball milling is advantageous over laser ablation in terms of large-
scale production [35]. Ball milling is a widely used technique for synthesizing amorphous
materials [36]. A miller setup was designed to reduce WOj3 to metallic tungsten [37,38].

1.2. Tungsten(VI) Oxide Layers by Bottom-Up Approach

Different tungsten precursors were used in the literature for formation of tungsten(VI)
oxide films via the sol-gel method. Suitable structure-directing agents and binders help in
tailoring the morphology of WOj3 thin films. The peroxotungstic acid (PTA) derivatives
are widely reported for casting tungsten(VI) oxide films in the sol-gel route. De Moura,
D.S. et al. reported on a system to synthesize WO3 powders via PTA and polyvinyl alcohol
as precursor [39]. Fang, Y. et al. reported WO3 films derived from the sol-gel synthesis of
acetylated peroxotungstic acid (APTA), and polyethylene glycol layers deposited by spin
coating [40]. Isik et al. reported the influence of tungsten(VI) oxide microstructures on
the electrochromic properties obtained from tungsten peroxo complexes via the sol-gel
method for the application of tungsten coatings [41]. The authors of article [36] published a
study on the formation of thin oxide layers of modified tungsten chloride by the sol-gel
method. Zhang et al. reported on the formation of thermally stable mesoporous tungsten
oxide films by the sol-gel method using a surfactant [42].

1.3. Fabrication of WOj3 Layers by Brick-and-Mortar Approach

The brick-and-mortar approach serves as a connection matrix, combining the two
aforementioned methodologies, as shown in Figure 2. The authors of [43] used an inno-
vative brick-and-mortar approach to prepare WO3 nanoparticles and the photoanodes
showed high photocurrents of 3.04 mA cm™2.
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Figure 2. Illustration of top-down, bottom-up, and brick-and-mortar methods.

1.4. Wet Coating Techniques—Deposition of Liquid Formulations onto Substrates

Meyer rod coating is utilized in the production of the prepared inks for the larger
electrodes to achieve uniform thickness, without the need for any additional processes.
Ojeda, M. et al. reported on the fabrication of WOj3 thin films using a simple spin-coating
route [44]. Sadale and Neumann-Spallart drop-casted WOj films to study the degradation
of azo dyes [45]. Wang et al. [46] studied the deposition of tungsten trioxide films with
photocatalytic and electrochromic properties by synthesizing a precursor solution with
WOj3; powder in hydrogen peroxide. Table 1 summarizes the comparative analysis of wet
coating methods used for depositing liquid formulations on substrates.

Table 1. Presents a comparison of the advantages and disadvantages of using wet coating techniques

for depositing liquid formulations.

S. No Technique Advantages Disadvantages
1. Screen Printer Low cost [47,48] One of the principal
drawbacks of this method is
the lack of flexibility in

modifying the morphology
and film thickness [49].

2. Inkjet Printer Inkjet printing offers several Nozzle clogging, wetting
advantages, including behaviour, and film
non-contact, maskless, and homogeneity [52-56].

combinatorial processing. It
also consumes minimal
materials and generates
minimal waste [50,51].

3. Spin Coater A primary factor contributing ~ The utilization of spin-coating
to the popularity of spin for automated fabrication is
coating is its ease of handling  not feasible and lacks the
and rapid processing [57]. capability to pattern substrates

selectively. Furthermore, it has
high material waste
consumption [58,59].

4. Meyer rod The technique referred to as The thickness of the
bar coating does not involve laminating layer varies and
any additional processes such ~ depends on the range of
as pre-patterning of the possible bar diameters [61].

substrate. Its purpose is to
achieve a uniform,
homogeneous coating with
efficient processing [60].

In this study, the authors synthesized three distinct types of coatings from two precur-
sors. The aim of the study is to investigate the physicochemical properties of fabricated
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tungsten(VI) oxide photoanodes for the purpose of advanced oxidation processes in water
treatment. The two different types of AOPs (photocatalysis and electrocatalysis) are utilized
in this study to minimize the operational costs of the process and increase the efficacy of
the pollutant degradation. The preparation methods used include ball milling, sol-gel,
and brick-and-mortar methods, and wet coating deposition techniques for fabrication. The
photocatalytic performance of the coated compositions is examined in tap water.

2. Materials and Methods
2.1. Materials

The following precursors and solvents were utilized:

Tungsten(VI) oxide, Sigma Aldrich, Billerica, MA, USA;

Isobutyl alcohol p.a, Penta, Prague, Czech Republic;

Tungstic acid (99%), Sigma Aldrich, Billerica, MA, USA;

Tungsten fine powder, Sigma Aldrich, St. Louis, MO, USA;
Hydrogen peroxide (15%), Penta, Prague, Czech Republic;
Distilled water;

Acetic acid (98%), Chemapol, Prague, Czech Republic;

Dowanol® PM (1-methoxy-2-propanol, >99.5%), P-LAB, Prague, Czech Republic;
Neodisher® LM3, Dr. Weigert, Hamburg, Germany;

Perchloric acid (60% solution), Sigma Aldrich, Billerica, MA, USA;
Hexanol (98%), Chemapol, Prague, Czech Republic;

Ethanol, (absolute), Sigma Aldrich, Billerica, MA, USA;

Isopropyl alcohol (>98%), Sigma Aldrich, Billerica, MA, USA;
Glycerol, Penta, Prague, Czech Republic;

Tap water;

Acetylated peroxotungstic acid (APTA).

2.2. Preparation of Precursor Stock Solution/Dispersions/Mixture
2.2.1. WO3 Nanoparticles Stock Dispersion:

The mixture to be milled was a 20% dispersion of WOj3 in isobutanol. We placed 11.2 g
of tungsten(VI) oxide powder into a 150 mL beaker with 56 mL of isobutanol and 45 g of
glass beads with a diameter of 1 mm. The assembled ball mill was turned on at 850 RPM
and allowed to grind for 96 h. After grinding, the dispersion was poured through a nylon
sieve into a reagent bottle and stored for future use.

2.2.2. APTA Stock Solution

We poured 10.4 g of tungsten powder into a flat bottom flask. The flask was mounted
on a rack and placed in an ice bath where the temperature was maintained at 10 °C.In a
beaker, 64 mL of 30% hydrogen peroxide was mixed with 6.4 mL of distilled water. This
solution was slowly added dropwise to the tungsten powder. After all the peroxide had
been added dropwise with the distilled water, the tungsten was filtered to give a colorless
peroxo-tungstic acid (PTA) solution. This solution was refluxed in the presence of 98%
acetic acid for 48 h at 55 °C. The resulting yellowish solution was evaporated in a vacuum
to give powdered APTA. The APTA stock solution is prepared by mixing powdered APTA
in isobutanol.

2.2.3. WO3-APTA Stock Mixture

From the prepared 20% WOj stock dispersion and 20% APTA stock solution, a coating
formulation was prepared by first mixing 0.4 g of powdered APTA with 1.6 g of isobutanol.
This mixture was dissolved at 60 °C, and, after dissolution, 2 g of 20% WOj3 suspension
was added to this mixture.
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2.3. Coating
2.3.1. Substrate Preparation

Conductive FTO substrates are used as substrates for depositing the stock disper-
sion/solution/mixture. The substrates had to be degreased and dirt-free before applying
the layers to ensure good surface wettability. The solution of demi-water was prepared with
a ratio of one part Neodisher and nine parts of water. After the ultrasonic bath, we rinsed
the slides in a beaker with the demi-water. When preparing the substrates for coating, we
dried the substrate with a stream of air as the last step. The resistance of the FTO substrate
was 10-15 ohms per sq.

2.3.2. Inkjet Printing

L Particulate ink: The coating ink was made by mixing 2 mL of each 20% WO3 stock
dispersion and hexanol.
IL. Soluble precursor ink: The coating ink was made by mixing 20% APTA stock

solution (0.6 g of powdered APTA in 2.4 g of isobutanol) in 1 mL of hexanol.

I Brick-and-mortar ink: The coating ink was made by mixing the WO3;-APTA stock
mixture and hexanol in a 1:1 ratio. For each prepared formulation, 2 mL was taken
and injected into the cartridge. Then, two layers of the composition (1 cm?) were
printed on the prepared glass substrates.

2.3.3. Meyer Rod Coating

The coating formulation for the particulate, soluble precursor, and brick-and-mortar
inks was prepared by mixing 1 mL of each stock dispersion, solution, and mixture, re-
spectively, with 1 mL of ethanol and 1 mL of isopropanol. From each formulation, 80 puL
was deposited onto the FTO substrates using a spiral rod of 30 microns thickness with a

working speed of 5 cm s~ 1.

2.4. Post-Deposition Treatment

The glass substrates printed with particulate ink were annealed at 300 °C, the soluble
precursor at 500 °C, and the brick-and-mortar ink at 400 °C for a duration of 30 min. The
Meyer rod-coated FTO substrates of the particulate, soluble precursor, and brick-and-mortar
inks were annealed at 450 °C to remove any excess residue. The annealing temperatures of
the particulate ink, soluble precursor, and brick-and-mortar ink were decided according to
the highest photocurrents obtained for all three different inks when annealed at different
temperatures ranging from 0 °C to 500 °C, as shown in Figures 5-7.

2.5. Characterization
The characterization techniques can be seen in Supplementary Materials.

3. Results
3.1. Thermogravimetric Analysis

Thermogravimetric analysis of the APTA was performed to analyze the behavior
of the soluble precursors at different calcination temperatures. After 300 °C, 75% of the
composition was left, while the remaining amount was evaporated with an increase in
temperature. This can be attributed to the decomposition of the organic component (acetate
group) present in the soluble precursor, as shown in Figure 3.
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Figure 3. Record from APTA thermogravimetric analysis.

3.2. X-ray Diffraction

Figure 4 shows the overall overview together with the APTA, which appears quite
amorphous [62-66]. From the figure, three main positions can be seen where separate
phases are located at 33.0°, 41.5°, and 49.5°, and the anorthic phase forms at the 33.0° and
34.7° positions where these diffractions widen. Furthermore, the epsilon phase itself can
be seen overlapping with the monoclinic phase at position 33.2°. A separate diffraction of
the anorthic phase can be seen at 41.2°, and a separate diffraction of the monoclinic phase
can be seen at 41.5°. A separate epsilon phase can be observed at position 49.3°. The other
phases overlap again.

* WO, monoiclinic [~ WO, ground
. . WO, ground + fired at 300 °C
0 WO, monoclinic epsilon APTA fired at 500 °C
+ WO, anorthic = WOy raw
WO, ground + APTA fired at 400 °C|
100,000 - .
N\
il ¢
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3
8
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Figure 4. Detailed spectra of three selected diffraction patterns of WO3, APTA, and the WO3-APTA
stock mixture.

7

The WOj3 raw powder had high intensities, indicating that it has the best “grown”
crystals. After semi-aging, the crystals will break, and thus the intensity will decrease.
In terms of abundance, the raw sample had a majority of the basic monoclinic phase
(67%) (JCPDS No: 043-1035), a smaller amount of the anorthic phase (25%) (JCPDS No:
071-0305), and a complete minimum of the epsilon phase (9%) (JCPDS No: 087-2392). This
can be observed in Figure 4, shown with circles/crosses. When the raw WOj3 sample was
ground/milled, a mechanochemical modification took place, and the representation of the
different phases was reversed, as there was a transformation from the basic monoclinic
phase, which was 57%, to the epsilon (15%) and anorthic (27%) phases. This can be observed
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Photocurrent (uA)

350

in the same figure. When the WO3 was ground and fired at 300 °C, energy was supplied
by sintering, and the crystals recrystallized. The transformation from the basic monoclinic
phase, which was reduced to 49%, to the anorthic phase (12%) and especially to the epsilon
phase (39%) was under way:.

Subsequently, the stock amorphous APTA was taken and fired at 500 °C. The stock
APTA was completely transformed to the monoclinic phase after firing. The last sample
was a mixture that was fired at 400 °C. The WO3-APTA stock mixture contained a basic
monoclinic phase (68%), an anorthic phase (17%), and an epsilon phase (15%). The epsilon
phase was not peak shaped, but it is widespread as it is a very small crystal. It can be
observed at position 49.3°. The types of crystalline phases present in the stock mixtures are
summarized in Table 2.

Table 2. Summary of the type of crystalline phases present in the stock mixtures with semiquantitave
analysis.

. Crystalline Phase
S.No Type of Stock Mixture
Monoclinic  Monoclinic Epsilon Anorthic
1. WO3 raw +++ ¥ +* +
2. WO; ground ++ ¥ + +++
WOj3; ground + fired at

3. 300 °C ++ ++ +

4. APTA fired at 500 °C +++

5 WO3; ground + APTA i N N

’ fired at 400 °C

* +4+ = 50-100%, ++ = 25-50%, + = 0-25%.
3.3. Inkjet Printer Sample Series
3.3.1. Particulate Ink

From Figure 5a, it was possible to obtain the dependence of the photocurrent values
on the sintering temperature.
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Figure 5. Cont.
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Figure 5. (a) Example of linear chopped voltammetry for inkjet-coated composition sintered at
300 °C. (b) The plot of photocurrent dependence at different temperatures. (c) The measurement of
photocurrents as a function of the number of layers for inkjet-coated composition. (d) The thickness
of inkjet-coated composition as a function of temperature.

Due to the curve at 1 volt being very similar, the evaluation was also performed at
0.1 volt, where it was already possible to observe differences in the initial “on set”. By
default, samples are evaluated at 1 volt. It was already clear that the highest photocurrent
was reached at a firing temperature of 300 °C. Samples of the particulate ink were measured
in 0.1 M HCIOy at the intensity of irradiation 1.5 mW cm 2. The results are summarized in
Figure 5b. After measuring the photocurrent, the thicknesses of the applied composition
were measured depending on the sintering temperature. From the results, it was evident
that the thickness of the particulate layers does not change systematically with the sintering
temperature, as seen in Figure 5d. Figure 5c shows the relationship between the number of
layers and the photocurrent.

3.3.2. Soluble Precursor Ink

Figure 6a shows the typical behavior of a sample of two layers at linear chopped
voltammetry. At the beginning of the curve (0.25-0.75 V), it is possible to observe that a
“belly” is formed. Only after the input potential has been increased above 0.8 V does the
chopped exposure response appear in the current record.

From this, it can be concluded that the layer was reduced to lower oxidation states
around the lower potentials with simultaneous intercalation of H+ cations and the forma-
tion of a characteristic blue color. In the region above 0.8 V, the layer is re-oxidized back to
WO3;, accompanied by discoloration and photocurrent generation during irradiation. The
second printed composition used soluble precursor ink (Figure 6b). First, it was necessary
to determine its sintering temperature. The result of the dependence of the photocurrent
on the applied voltage is shown in Figure 3. The measurements were performed at tem-
peratures of 200 °C, 300 °C, 400 °C, and 500 °C. Figure 6¢c shows a graph evaluating all
the layers’ elongated linear chopped voltammetry. The photocurrent increases with each
additional layer, which can be observed in both modes of exposure. They developed a
stable plateau at 1.5 V, and Figure 6d shows that the layer thickness decreases slightly with
the increasing temperature.
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Figure 6. (a) Example of linear chopped voltammetry for soluble precursor ink electrodes sintered
at 500 °C. (b) The plot of photocurrent dependence at different temperatures. (c) The measurement
of photocurrents as a function of the number of layers for soluble ink-coated electrodes. (d) The
thickness of the electrodes is a function of temperature.

3.3.3. Brick-and-Mortar Ink

The plot in Figure 7a shows an example of linear chopped voltammetry for the brick-
and-mortar ink sample. The values are plotted at 1.7 V, as a stable plateau is formed.
Figure 7b describes the best sintering temperature obtained for the sample with the inkjet
printer method. The photocurrent increases with the increase in the number of layers, as
shown in Figure 7c. In Figure 7d, it can be seen that the thickness of the layer decreases
with an increase in temperature due to the presence of the soluble precursor in the printed
composition.

All the coated compositions are measured in 0.1 M HCIOy at 1.5 mW cm 2. From the
properties of the inkjet printing method, the determination of sintering temperature for
the particulate ink composition was evaluated as 300 °C, from Figure 5b, as the highest
photocurrent was achieved. When measuring the electrical properties of particulate ink pho-
toanodes (1-5 layers), which were printed on FTO glass and fired at 300 °C, the photoanode
consisting of three layers showed the best results. At1V, when a stable plateau was formed,
the photocurrent reached 1.35 x 107> A at front exposure and 1.12 x 107> A in backlight.
The second composition used the soluble precursor ink. The sintering temperature was
chosen to be 500 °C due to the highest achieved photocurrent from the linear chopped
voltammetry measurements. When measuring the electrical properties of the photoanodes
with the soluble precursor (1-5 layers), the best photoanode was with five printed layers of
the composition. During frontal exposure, the photocurrent reached 1.43 x 10~* A and in
backlight reached 1.24 x 10~ A. These values were read at 1.5 V as a stable plateau was
formed. The last composition studied was the brick-and-mortar ink. Here, a temperature
of 400 °C was chosen as the best sintering temperature. This temperature was evaluated as
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the best by measurement, as in the previous two cases. At 1.7 V, the measurement reached
its maximum in most of the layers. The best results were achieved by a photoanode with
five printed layers of the composition. At anterior exposure, 1.9 x 10~* A was achieved at
front exposure and, at rear exposure, values of 7.24 x 107> A at 1.7 V were achieved.
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Figure 7. (a) Linear chopped voltammetry plot for an inkjet-coated composition of brick-and-mortar
ink sintered at 400 °C. (b) The resulting plot of photocurrent dependence for coated composition
as a function of temperatures. (c) The measurement of photocurrents as a function of a number of
layers for inkjet-coated electrodes. (d) The thickness of inkjet-coated composition is fired at different
temperatures by a profilometer.

3.4. Meyer Rod-Coated Sample Series

The second set of samples was fabricated with the Meyer rod coating technique. While
the inkjet was very useful for enabling us to fabricate multilayered samples and allowed us
to investigate the influence of variable thickness, the Meyer rod technique was adopted for
the larger format sample series for two particular reasons: first, we wanted to confirm if
the mixed ink would perform equally well when much thicker coatings are deposited, and
second, we wanted to fabricate larger photoanodes which would be employed in a pilot
electrochemical cells study with tap water as the electrolyte. Generally, the Meyer rod is
more suited to the deposition of coating formulations on bigger electrodes as compared
to the inkjet printer samples of photoanodes. With simple motorized coating machines,
sheet substrates up to an approximate A3 size can be coated with reasonable evenness
and repeatability. Once the Meyer rod samples were coated and processed, we observed a
similar trend of the highest photocurrents for the brick-and-mortar ink, when coated using
the Meyer rod technique for a single layer electrode, in comparison to the inkjet-coated
photoanodes based on voltammetric measurements of the conductive electrolyte (perchloric
acid), as shown in Figure 8.
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Figure 8. Resulting graph of the photocurrent dependence of the printed composition single layer,
1 cm?. Particulate ink, soluble precursor, and mixture samples were measured in 0.1 M HCIOy at an
intensity irradiation of 2.0 mW cm—2.

When compared to the particulate ink and soluble precursor alone, the brick-and-
mortar ink coated using the Meyer rod demonstrated the highest photocurrents for single-
layer deposition. It developed a stable plateau between +1.5 and +2.5 volt bias. It can be
assumed that the synergistic effect of the coexistence of the crystalline and amorphous
phases in the layer contributed to this result, where the crystalline phase contributes to the
absorption of incident radiation and the generation of charge carriers, and the amorphous
phase contributes to the transport of the photogenerated electrons to a conductive substrate.

Furthermore, we carried out a simple proof-of-concept experiment and evaluated
the photocurrent delivered by the fabricated photoanodes in a scenario closely matching
their practical application. As suggested in the introduction section, the photoanodes
described in this work may be employed in electro-assisted photocatalytical cells for water
remediation purposes (either potable water, swimming pool water, or wastewater). The
photocurrent delivered by the cell is the crucial quality factor because it directly reflects
the rates of oxidation and reduction reactions taking place on the anode and cathode,
respectively. At the same time, it is important to realize that the photocurrent magnitude is
limited by many other material and construction factors of the cell (electrolyte conductivity,
the concentration of hole and electron scavengers, effective interface area of the electrodes,
and, in the case of low-conductivity electrolytes, also the distance between electrodes).
In order to investigate the properties of the bigger Meyer rod-coated electrodes, the best
performing mixture-coated ones were used to assemble a model electrophotocatalytic cell
with gold and carbon cathodes. Tap water with various amounts of glycerol was used as
an electrolyte.

From Figure 9a showing the photocurrent vs. time dependence, it is evident that
mass transfer is limiting the photocurrent. At 30 s, when the UV lamp is switched on, the
current immediately jumps to 0.045 mA cm~2 but quickly decays down to 0.025 mA cm™2.
Apparently, it is the cathodic reaction (i.e., the electron scavenging process) that limits the
photocurrent because no significant influence of glycerol concentration is apparent at this
stage. However, once air bubbling is switched on at 60 s, the current jumps almost to the
initial peak level and eventually decays down after 90 s, when bubbling is stopped. This
behavior clearly indicates that with the golden cathode, electron scavenging by oxygen is
the rate-determining step establishing the bottleneck for the photocurrent. This explanation
is further supported by Figure 9b, which depicts the photocurrent delivered by a cell con-
sisting of a carbon cathode. Carbon is well known for its good oxygen-reducing properties,
which manifest themselves in significantly higher magnitudes of the photocurrent (app.
0.055 mA cm~?2), and which is not further influenced by bubbling air. Glycerol was adopted
as an oxidizable solute for the electrophotocatalytic experiment. Although glycerol can
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hardly serve as a model pollutant for photocatalytic remediation experiments because its
chemical structure is much different from typical real aqueous pollutants (dyes, aromatic
hydrocarbons, antibiotics, hormones etc.), it is still a very popular oxidizable solute for
both photocatalytic and electrocatalytic experiments. It is a very efficient photogenerated
hole scavenger [67] and recently it has drawn much attention as a green raw material for

photocatalytic valorization into many products of commercial value [68].
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Figure 9. (a) The mixture photoanode is illuminated from the front side at a voltage of 1.5 volts
with a gold electrode as the counter electrode in tap water along with 0.1%, 1%, and 10% glycerol
concentrations using 365 nm UV point, source at a radiation intensity of 2 mW cm 2. (b) The mixture
photoanode is illuminated from the front side at a voltage of 1.5 volts with a carbon—stainless steel
electrode as the counter electrode in tap water along with 0.1%, 1%, and 10% glycerol concentrations
using a 365 nm UV point source at a radiation intensity of 2 mW cm 2.

Similar trends but different magnitudes of photocurrent were observed when back-
side irradiation (i.e., through the substrate) was used. We again observed an overshoot
in photocurrents for the gold counter electrode, shown in Figure 10a, upon switching the
UV lamp on. However, this time, both the initial peak and the stabilized photocurrent
magnitude were much higher, peaking at up to 0.14 mA cm 2 and leveling at around
0.06 mA cm~2. Air bubbling still contributes to an increase in the photocurrent magnitude,
but not as prominently. Apparently, with the back-side irradiation (Figure 10b), the electrons
are generated close to the current collector, and therefore there is much less resistance on
their way to the collector, which results in higher photocurrent values despite the fact that
a significant amount of the incident radiation is attenuated on its way through the glass
substrate. However, this time, it looks as if the anodic reaction is the bottleneck for limiting
the photocurrent, as the bubbling has less effect, and we expect that the lack of porosity
hinders the penetration of the oxidizable solute deep into the anodic layer, resulting in
limited hole scavenging.



Photochem 2024, 4

124

Current denisty (mA cm'z)

0.30
Tap water 0.30 Tap water
0.254 0.1% glycerol in tap water — 0.1% glycerol in tap water:
' 1% glycerol in tap water (\"E 0.25 1% glycerol in tap water
10% glycerol in tap water 2 uv 10% glycerol in tap water
0.20- £ ol
z UV+air
0.15 uv c 0.15 w
o
0.10- § 0.10+4 | S
UV+air 5
o 3 0,05
0.05- Rt \ dark
—_— dark
dark ek 0.00
0.00 7 T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (s) Time (s)

Figure 10. (a) The mixture photoanode is illuminated from the back side at a voltage of 1.5 volts with
a gold counter electrode in tap water along with 0.1%, 1%, and 10% glycerol concentrations using
a 365 nm UV point source at a radiation intensity of 2 mW cm~2. (b) The mixture photoanode is
illuminated from the back side at a voltage of 1.5 V with a carbon-stainless steel counter electrode in
tap water along with 0.1%, 1%, and 10% glycerol concentrations using a 365 nm UV point source at a

radiation intensity of 2 mW cm 2,

4. Conclusions

The presented work gives a side-by-side comparison of three distinct fabrication
approaches to wet-coated WO3 films. The soluble APTA is representative of the bottom-up
synthetic route, the dispersion of milled particles represents the top-down strategy, and
their combination is often termed the brick-and-mortar approach. By analogy with the
macroscopic building process, small crystalline particles are bonded together by a phase
originating from the soluble precursor. In this way, a bi-phase system is created made of
two WOj3 phases. The TGA analysis is used to study the behavior of the soluble precursor
at different calcination temperatures and also to understand the thermal stability of the
soluble precursor for the preparation of brick-and-mortar ink.

The photoanodic layers reported in this study are therefore classified as originating
from particulate ink, soluble precursor ink, and mixture ink. The particulate ink was
thought to contain varied shaped nanoparticles that were distributed in an irregular manner,
and the brick-and-mortar ink showed the combination of bricks and compact layers. On
the other hand, the soluble precursor ink was discovered to be present as compact layers,
and cracks were observed in the layers when they were analyzed using scanning electron
microscopy (as seen in the supporting information). The poor charge transfers of the
compact layers and lack of porosity at the nanoparticulate surfaces were reflected in
voltametric studies of the soluble precursor, followed by the particulate ink, which revealed
low current densities among all three photoanodes. The brick-and-mortar theory was
proven true by electrocatalytic measurements performed on the mixer ink, demonstrating
very high photocurrents among all three created photoanodes. It can be assumed that
the synergistic effect of the coexistence of the crystalline and amorphous phases in the
layer contributed to this result, where the crystalline phase contributes to the absorption
of incident radiation and the generation of charge carriers, and the amorphous phase
contributes to the transport of the photogenerated electrons to a conductive substrate.
The mixture ink proved the brick-and-mortar theory by breaking down contaminants in
municipal water in a very efficient way when exposed to light. Irradiation of the UV source
from the back side of the mixture ink photoanode for the carbon-stainless steel cathode
revealed high photocurrents, surpassing the steep decrease in photocurrents shown by the
gold cathode in the chronoamperometric measurements.
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and brick-and-mortar inks.
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