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Abstract

Clean energy and water pollution are significant challenges that demand innovative
solutions. Photocatalysis, as an emerging technology, holds the potential to
address these issues. In our research, we have synthesized TiO, nanosheets
and a composite based on a TiO,-WO, heterojunction using a hydrothermal
method. Different characterization techniques were used, and the formation
of the anatase phase directly interacting with WO _ clusters was observed. In
samples prepared with WO, the presence of the W=O vibrational mode was
observed, and TEM studies confirmed the formation of the heterojunction
between TiO, and WO.,. The higher H, production is attributed to the formation
of this heterojunction, which inhibits the recombination of electrons and
holes. The bandgap of the TiO_-WO, catalysts was slightly smaller than that of
pristine TiOZ. The heterojunction formation inhibits the e /h* recombination
rate, thus favoring the separation of photoproduced carriers. The TW5 catalyst
demonstrated the highest production rate, reaching 663.54 umol-g" within 4
hours. These findings underscore the potential of TiO,-WO, heterojunctions in
the field of photocatalytic hydrogen production, inspiring further research and
development in this area.
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1. Introduction

The US Academy of Sciences report [1] indicates that global energy consumption
is projected to increase by two and three times in 2050 and 2100 compared to
2001 (13.5 TW). This forecast reflects a challenging scenario that calls for urgent
action to avoid a major energy crisis with the least possible environmental impact.
Against this background, it has become imperative to explore and develop
alternative energy sources that are clean, renewable, economically viable, and
sustainable as an alternative to traditional fossil fuels to meet the growing energy
demands of human society. In this context, hydrogen stands out as a regenerative
and environmentally friendly energy carrier, attracting significant attention from
the scientific community in recent decades. However, the current hydrogen
production process, which mainly derives from fossil fuels through natural gas
steam reforming processes, raises significant concerns regarding sustainability
and the negative environmental impact. These challenges underscore the
importance of our research in proposing a solution to these issues. Therefore,
future hydrogen generation is anticipated to be based on harnessing renewable
energy sources [2].

Solar energy is a promising option for effectively addressing global energy
challenges in this context. Photocatalytic hydrogen production through solar and
semiconductor-driven water splitting has emerged as a key strategy to address
both solar energy storage and green hydrogen production [3 - 5]. However, this
approach presents significant challenges, particularly in identifying highly efficient
and stable visible-light active photocatalysts capable of providing excited charge
carriers for H, or O, evolution reactions under visible light irradiation.

In this regard, tungsten trioxide (WO, ) has emerged as a promising co-
catalyst due to its light absorption properties at wavelengths up to 480 nm, its
relatively narrow bandgap (approximately 2.8 eV), and its stability and safety
under acidic and oxidative conditions [5, 6]. Furthermore, tungsten oxide (WO )
exhibits a high gap mobility of 10 cm® V' s and a gap migration distance of
150 nm. This facilitates charge separation in the TiO,-WO, heterojunction.
The combination of these materials forms a perfect interface, thanks to the
similarity in ionic radius (Ti*": 0.0605 nm; W: 0.0600 nm) and metal-to-metal
distance (Ti-Ti: 3.78 A; W-W: 3.84 A) [7].

This study is focused on optimizing the interaction between titanium oxide
and tungsten oxide by forming nanosheets and/or nanobelts to increase the



132 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

charge transport efficiency. The optimization is based on the morphology, which
allows a linear passage of the charge carriers along two-dimensional planes. This
improves the photocatalytic activity by extending the absorption range of TiO,
through heterojunction with WO .

2. Experimental Methodology
2.1. Synthesis of Titanium Dioxide (Ti0,) by the hydrothermal method

The synthesis of TiO, was carried out using a process described in [8]. Briefly,
12.5 mL of C, H, O,Ti (titanium (IV) butoxide) and 1.5 mL of hydrofluoric
acid (70 wt.%) were added, and the mixture was stirred for 2 h until a gel was
obtained. The gel was transferred to a Teflon autoclave and kept at 180 °C for 36
h. After cooling, the product was washed with ethanol and distilled water several
times. Subsequently, the product was dispersed in a 0.01 M NaOH solution and
stirred for 8h. The precipitate was recovered by centrifugation at high speed,
washed with distilled water and ethanol several times, and dried at 80 °C for 6 h.

2.2. Synthesis of TiO,-WO, catalysts (TW) by the hydrothermal method

The synthesis of TiO,-WO, was performed using a hydrothermal method.
The following materials were used: 12.5 mL of C, H, O,Ti, AMT (ammonium
metatungstate) at 5, 10, and 15 wt.% with respect to WO,, and 1 mL of
hydrofluoric acid (70 wt.%). These were added and kept under stirring for 2 h.
The gel was transferred to a Teflon autoclave and kept at 180 °C for 36 h. After
cooling, the product was cooled. Once cooled, the product was washed with
ethanol and distilled water several times. Subsequently, the product was dispersed
in a 0.01 M NaOH solution and stirred for 8 h. The precipitate was recovered
by centrifugation. The precipitate was recovered by centrifugation, washed with

distilled water and ethanol several times, and dried at 80 °C for 6 h.

2.3. Photocatalytic activity tests

The photocatalytic behavior of the samples for the generation of H, was carried
out using a water/methanol solution under UV irradiation. In a typical experiment,
0.1 g of photocatalyst is dispersed in 150 mL of water/methanol solution (1:1
volume). A Pen Ray Hg UV lamp (254 nm, 4.4 mW/cm?) is used to irradiate the
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solution. The products were identified using a Perkin-Elmer model Clarus 480
chromatograph. H, evolution was monitored by online gas chromatography.

The photocatalytic degradation of methyl orange (MO) was carried out in a
photoreactor (Photo Q 200 brand Prendo), using a concentration of 20 mg/L of
MO and 100 mg of catalyst. Before illumination, the suspension was magnetically
stirred in the dark for 30 min to establish adsorption-desorption equilibrium at
room temperature. Subsequently, the sample is subjected to UV-Vis light irradiation
(UV-C ~400 nm). Sampling was carried out at regular time intervals.

3. Results and discussion
3.1. Structural and textural properties of photocatalysts

Figure 1 shows the diffractogram of the catalysts. The TO sample exhibited
peaks at 20 = 25.33, 36.99, 37.83, 38.63, 48.07, 53.93, 55.09, 62.13, 62.73, 68.79,
70.31, 75.07 and 76.09 degrees (JCPDS No. 21-1272) [9, 10], and it is possible
to observe traces of the rutile phase (20 = 27.45°). Additionally, the sample has
been found to exhibit high crystallinity, with a crystal size of 32 nm obtained
from Scherrer’s equation (1).

p=—t g
~ Bcosd M

For TW5, TW10 and TW15 catalysts, it was observed that the anatase phase
of titania predominates, as indicated by peaks around 26 = ~25.30, 38.01, 48.01,
53.93,54.97,62.71,68.83,70.19,75.11 y 75.93 degrees (JCPDS No. 89-4921) [11].
The absence of WO, signals indicates that tungsten nanostructures may exist
in sizes smaller than 3 nm. Furthermore, the TW catalysts exhibit comparable
crystallinity, although it is less pronounced than that of T0. Concurrently, it was
observed that the crystallite size of the samples with tungsten oxide decreased as
the tungsten oxide content increased. The crystallite sizes were 13, 10, and 8 nm

for samples TW5, TW10, and TW15, respectively.

It is important to note that the catalysts were not subjected to additional heat
treatment. This is because such a process involves a higher energy consumption
during preparation. It is important to note that hydrothermal synthesis allows
for direct control of reaction conditions. Consequently, there is no need to use
calcination or other similar treatment methods to obtain crystallized products, as
this synthesis method provides crystalline and uniform products [12].
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Figure 1. Diffractogram of the TiO, and TiO,-WO, samples.

Figure 2 shows the Raman spectra of the TO samples in comparison to the
TW catalysts. In the case of the TO sample, we can observe the characteristic
vibrational modes of titania, which are 142, 196, 396, 517, and 639 cm™. The 142,
517, and 639 cm™ modes cotrespond to the O-Ti-O bond vibrations, the 196
cm! mode to O-Ti, and the 396 cm™ mode to Ti-O [13, 14]. For samples TWS5,
TW10, and TW15, we observed the characteristic vibrational modes of titania.

In the case of sample TW5, we did not observe the presence of WO_
nanostructures, but we did observe a characteristic signal at 966 cm™ only for
samples TW10 and TW15. The signal corresponds to the stretching mode of
the terminal W=O double bonds present in WO _ clusters (Figure 2b) [15]. The
966 cm signal of the TW10 and TW15 catalysts becomes broader and weaker
as the WO, content increases. This could indicate an increase in defects in the
titania crystal lattice [16], favoring the capture of photogenerated electrons and
inhibiting the recombination of e/h* [15]. At the same time, we observed a
shift towards higher frequencies of the main TiO, signal at 142 cm™, especially
in the TW catalysts. This shift could indicate the formation of a heterojunction
between TiO, and WO,, which would result in certain changes in the titania
structure due to the incorporation and increase in %owt. of WO, [11].
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Figure 2. a) Raman spectra of catalysts TO and TW; b) Magnified view of region I.

The morphologies of the TO and TW catalyst samples were observed by
SEM. Figure 3 shows the morphology of TO; we can observe a morphology of
agglomerates with irregular structures; its EDS revealed the presence of Ti, O, and
impurity of Si, which is attributable to the synthesis method of the distributor.

Figure 3. SEM images of sample T0 and EDS results.

In Figure 4, we can observe the morphology of the TW catalysts; in the case
of TW5 (Figure 4A), aggregates and agglomerates are observed, but no defined
morphology was observed for this catalyst. In Figure 4B, we can observe the
morphology of the TW10 catalyst; again, we observe agglomerates without
any type of morphology in the same way it is observed for the TW15 catalyst
(Figure 4C). We can suggest that this type of irregularly shaped aggregate is
due to the failure to develop crystals [17], and this can be observed with XRD
(Figure 1), as the crystalline phases of WO, were not observed, suggesting that
WOx may be grown from small TiO, structures. The EDS results for the TW
catalysts identified and confirmed the presence of O, F, Ti, and W. The uniform
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distribution of the O, Ti, and W elements of each TW catalyst detected by EDS
can also be seen below.

Figure 4. SEM images of A) TW5, B) TW10, and C) TW15, and EDS and mapping results (bottom).

Figure 5 shows the TEM images of the TiO,-WO, samples, it shows the
effect of the tungsten oxide on the particle size (Figures 5a-5c). It is observed
that the particle size is decreasing as the tungsten oxide is increasing. Also,
Fig 5d. shows the HAADF images of the TW5 sample showing the typical
formation of the TiO,-WO, heterojunction. The WO, phase is present as
small WOx clusters, as is observed in the HAADF images as brighter spots
corresponding to tungsten atoms deposited on the TiO, crystals ensuring
intimate contact between the two phases.

Figure 5. HRTEM images of the TW5. TW10 and TW15 samples (5a, 5b, and 5c, respectively)
and HAADF images of the TW5 sample.
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3.2. Band gap

The Tauc model was used to determine the optical band gap energy of the
catalysts (T0, TWO, TW5, TW10 and TW15). The equation is as follows [17]:

@h)" =A(w-E) @)

where o is the absorbance coefficient; /v is the photon energy; A is a Tauc
material property coefficient and an energy-independent constant; and E is the
energy gap. The optical band gaps of the semiconductors T0, TWO, and ™™
were determined by extrapolating the straight section of the plot of («h) and the
straight section of the plot of (¢hv)"/? versus photon energy (Table 1).

Catalysts A (nm) E_reported (eV) E_obtained (eV)
TO 405 3.15 [14] 3.27
TW5 414 3.25 [18] 3.11
TW10 418 2.9 [19] 3.11
TW15 411 3.18 [18] 3.16

Table 1. Band gap energy values for the catalysts.

Figure 6 shows the optical band energy of the catalysts. The TO sample has a
band gap of 3.27 eV, consistent with the findings reported in the literature [14].
In the case of the TW5 and TW10 catalysts, they have a similar optical band gap
(3.11 eV), while the case of the TW15 catalyst has an optical band gap of 3.16 eV.

The literature [20 - 22]photoluminescence, UV-Vis, and DRS spectroscopies;
and by tensile tension tests. Results showed the successful formation and
impregnation of NPs on the cotton fabric, with negligible leaching of NPs
after several washing cycles. The photocatalytic activity of supported NPs was
assessed by the degradation of methyl blue dye (MB indicates that the prohibited
band gap of a crystalline semiconductor is related to the crystallite and particle
size. When these are smaller, the energy band gap increases. This is consistent
with the results of previous XRD studies, which reported an energy band gap of
~3.1 eV for TW catalysts. H. Lin and colleagues [21]3.8-5.7 nm propose that this
is due to the spatial confinement of charge carriers, which results in the e and h*
in the semiconductor being confined in a potential well.

On the other hand, the reduction in the energy band gap suggests a potential
interaction between tungsten oxide and titania. The objective is to minimize the
recombination of e and h” in the TW photocatalysts (TiO,-WO,). This could be
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achieved by allowing electrons in the conduction band (CB) of titania to diffuse
into the CB of tungsten. This process could be observed in the TW catalysts,
potentially leading to enhanced photocatalytic activity.

—T0
En — TW5
s ——TWI10
= — TWI5
=

-

3

2.5

Energy (eV)

Figure 6. Optical band energies of the TiO, (T0) and TiO,-WO, catalysts (TW).
3.3. Photocatalytic evaluation of catalysts

The catalysts were evaluated in two photocatalytic processes: the photocatalytic
production of hydrogen and the decomposition of methyl orange (MO) (Figure
7a). The reaction kinetics of the photodegradation of organic pollutants is
described by the Langmuir-Hinshelwood model [23]electrochemistry, analytical
chemistry, radiochemistry, material chemistry, surface science, electronics, and
hopefully catalysis. Since heterogeneous photocatalysis belongs to catalysis, all the
bases of this discipline must be respected: (1. The rate constant (kapp) is the kinetics
parameter that allows the determination of the photocatalytic activity independently
of the adsorption process and the concentration of the remaining solute in the
solution. In the case of these photocatalysts applied in the decomposition of MO,
first-order kinetics was approximated and is described by equation (3):
C
In /n c - kt 3

0
The results of the analysis of the apparent reaction constant (kapp) of the
catalysts TO and TW] irradiated in UV and UV-Vis, are shown in Table 2. The
R? values indicate that these catalysts present a first-order model, which means
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that the degradation rate depends mainly on the amount of dye molecules in
the solution [19]. The photocatalytic activity is compared by the value of the
apparent rate constant, which is shown in Figure 7a. As expected, the highest
kapp value was obtained for the TW15 catalyst, with a value of 0.0266 min”,
showing a higher photocatalytic performance than the other photocatalysts in
this reaction.

The TW15 photocatalyst offers a relatively large E, small crystal size, and
large surface area (Table 1), which sets it apart from other photocatalysts; on the
other hand, it also exhibits a higher photocatalytic activity, which corroborates
the homogeneous dispersion of the titanium oxide and tungsten oxide particles.
These results demonstrate the formation of a TiO,-WO, heterojunction, which
benefits the photocatalytic activity of titania for the degradation of dyes. According
to the photoexcitation mechanism [24]1 systematically discuss the properties of
hetero junction photocatalysts in all cases. The formation of space charge regions,
built-in electric field and potential barriers at the interface regions of thermally
equilibrated heterojunctions are analyzed in details. When the heterojunctions are
used for photocatalysis, the transfer behavior and mechanism of photo-excited
non-equi librium carriers between the constituent semiconductors are discussed.
It is demonstrated that the heterojunction properties, carrier transfer behavior
and photocatalytic mechanism depend highly on the semiconductivity (Ntype or
P-type, the e from the CB of ftitania is diffusing to the CB of WO,. The WO,
acts as an acceptor of e from the CB of titania, while the photogenerated h*
from WO, migrates to the VB of titania, separating the electron-hole pair.

0.03

(a) 0.0266

508.37

0.02
0.0175

0.0172

kapp (min™)

o
2
1

H, production (umol/g)

TW5 TW10 TW15

W5 TW10
Catalyst Catalyst

Figure 7. a) Apparent rate constant of catalysts in MO degradation; b) Catalytic evaluation of
H, evolution of T0O and TW.
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Also, Figure 7b compares the TO sample with the TW catalysts for H, evolution
using methanol (CH,OH) as a sacrificial agent under UV-Vis irradiation for 4 h of
reaction. The use of methanol as a sacrificial agent in the hydrogen production
reaction serves two main purposes: 1) It has been reported that H, production
increases considerably using methanol as a sacrificial agent, and 2) by performing
this methanol degradation, the decomposition occurs, and the methanol is
mineralized into less toxic substances [25].

This investigation demonstrates a higher H, generation in tungsten-containing
catalysts. This research used a mixture of water and methanol with a 1:1 ratio;
the methanol acted as a hydrogen ion scavenger. Figure 7b shows that the lower
activity of TO for H, generation was due to lower absorption of visible light.
It is also important to note that it has a higher recombination rate of e /h™.
Adding WO, as a co-catalyst led to an improvement in the activity of TiO,. In the
presence of 5 %owt. of WO,, an H, production of 663.54 umol/g was achieved
within 4 h, followed by the TW10 catalyst with an H, production of 661 umol/g.
This improvement can be attributed to the catalyst’s ability to produce hydrogen
rapidly. This improvement can be attributed to the fast charge separation observed
in the case of the TW5 catalyst. In this case, using a sacrificial agent reduces the
amount of WO, required in the sample, resulting in enhanced photocatalytic
hydrogen production activity.

Particle size is a crucial factor in hydrogen production. It has been observed
that smaller nanoparticles can exhibit higher photocatalytic activity compared
with larger particles. In some cases, the small size of nanoparticles can give rise
to a quantum effect. This results in the widening of the band gap [26], which, in
turn, is related to a higher number of active sites on the smaller nanoparticles,
allowing a higher exposure of these active sites to the reactant. Additionally, there
is a higher interaction with the adsorbed molecules [27].

Finally, it can be observed that as the %wt. of WO, increases, the production
of H, decreases; this can be observed in the TW15 catalyst, which catalyst has
higher photocatalytic activity. However, the same does not happen to produce
H,; this could be attributed to the fact that there is a higher WO, charge, and
it could possibly be acting as a shield effect and creating charge recombination
centers, which subsequently decreases the evolution of H,. In other words, the
decrease of the H, could be due to three factors: 1) electronic band structure [28],
2) charge recycling [29], or 3) adsorption of species on the surface of the material
[29]. The 15% wt incorporation of WO, into the heterojunction may alter these
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band structures, affecting the availability of electronic states needed to facilitate
the H, production reaction. It could also be because the tungsten could obstruct
the transfer of e or h™ across the interface between the two semiconductors.

According to the results, we can propose a reaction mechanism related to the
activation of TiO_-WO, heterojunction under UV-Vis light irradiation for MO
degradationand hydrogen evolution. To know the VB and CB of the heterojunction
between titania and tungsten, we used the Mott-Shottky diagram (Figure 8) and
calculated from empirical formulae [24]1 systematically discuss the properties of
hetero junction photocatalysts in all cases. The formation of space charge regions,
built-in electric field and potential barriers at the interface regions of thermally
equilibrated heterojunctions are analyzed in details. When the heterojunctions are
used for photocatalysis, the transfer behavior and mechanism of photo-excited
non-equi librium carriers between the constituent semiconductors are discussed.
It is demonstrated that the heterojunction properties, carrier transfer behavior
and photocatalytic mechanism depend highly on the semiconductivity (Ntype or
P-type using the equations:

E,=x-E,+05E, “

VB
E = E ;- Eg 5)

where y is the electronegativity of the material, E_ , is the VB potential, E_ is the
CB potential, E_is the bandgap energy of the semiconductor, E_is the energy of
the free electrons (4.5 V). From this it can be seen that the E_, of TiO, is 2.68
eV, and its E_ is -0.24 €V; while, for the case of WO,, its E_ is 3.64 €V and its
E.,1s 0.54 eV.

H, production

Catalyst kapp (min™) R? (umol /)
TO 0.0045 0.9764 431
TW5 0.0172 0.9712 663.54
TW10 0.0175 0.9669 661
TW15 0.0266 0.9301 508.37

Table 2. Apparent rate constant values for OM degradation and H, evolution.
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Figure 8. Mechanism of TiO,-WO, heterojunction under UV-Vis.

4. Conclusions

Catalysts with a TiO,-WO, heterojunction were synthesized by a hydrothermal
method, modifying the tungsten oxide content (WO, % wt). The structural,
morphological, and optical properties and chemical composition of the samples
were investigated using different methods such as XRD, Raman, SEM, and
UV-Vis.

XRD analysis showed that the anatase phase of TiO, predominates in samples
T0, TW5, TW10, and TW15. The presence of WO, was not observed in XRD,
so these species are smaller than 3 nm or highly dispersed on the titania surface.
Raman showed the characteristic vibrational modes of TiO, at 142, 196, 396, 517,
and 639 cm™; howevet, a shift towards higher frequencies was observed in the main
band 142 ecm™ for the case of the TW catalysts, suggesting that this shift indicates
that there could be a heterojunction between TiO, and WO,, there could be some
changes in the titania structure due to the incorporation and increase of WO,
Also, for the TW10 and TW15 catalysts, we observed the signal at 966 cm™, which
corresponded to the WO _ clusters and the W=O vibrational mode.

Using SEM, it was observed that the morphologies of the catalysts are irregular
agglomerates, which could be attributed to the acid hydrolysis in the sol-gel phase
of the synthesis and to the pH that we would obtain, since, according to the



TiO,-WO, HETEROJUNCTIONS FOR PHOTOCATALYTIC HYDROGEN GENERATION 143

literature, pHs lower than 5 are characteristic of agglomerated morphologies in
these materials. The HRTEM analyses indicated that the particle size decreases
as the tungsten oxide increases; also, by HAADFE, it was observed that WO, is
present in the form of small clusters of WOx deposited on the TiO, crystals,
showing the formation of the heterojunction.

Using UV-Vis, it was observed that TO absorbs in the UV region and, in the
case of the TW catalysts, begins to absorb towards the visible region. In turn,
the optical band energy of the catalysts was determined. The band gap energy
value for the commercial sample (T0) was obtained according to the literature
at about 3.27 eV. In the case of the TW5 and TW10 catalysts, the values slightly
diminished at 3.11 eV and TW15 with 3.16 eV, showing that the particle size
is important; the smaller the particle size, the higher the optical band energy.
For the photocatalytic H, evolution, the TW5 catalyst presented a higher H,
evolution because the band gap energy is narrow and the heterojunction between
TiO, and WO, separates the ¢ /h* pairs, however, for the TW10 and TW15
catalysts, although they presented a higher photocatalytic activity, they did not
present a higher H, evolution, this could be because there is a higher WO,
charge and possibly it would be working as a shielding effect and create charge
recombination centers which subsequently reduce the H, evolution.
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