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Abstract: In this study, Pt-M/WO3 (M = Cu, Co, and Ni) thin films are effectively synthesized by
preparing homogeneous precursor sols, spin-coating, toluene-etching, and calcination. Furthermore,
the microstructural, chemical, and electrochemical properties of the WO3, Pt-Cu/WOj3, Pt-Co/WOs3,
and Pt-Ni/WOj; thin films are also systematically compared. The results demonstrate that when
compared to the WOj thin film, the photocatalytic capability for methylene blue (MB) solution
degradation is greatly increased in the Pt-M/WOj3 thin films. Transfer routes for photogenerated
charges and an improved photocatalytic process are suggested based on the experimental results.
Due to the large difference in the work function (®) between the bimetallic alloy Pt-M and WO3, a
bending of the energy bands at the Pt-M/WO3 interface is presented. Furthermore, the introduction
of transition metals such as Cu, Co, or Ni modifies the electronic structure of Pt-M/WOj thin films,
facilitating the separation and migration of electrons and holes. Specifically, the photogenerated
electrons migrate from the CB of WO3 to Pt-Co or Pt-Ni nanoparticles in the samples of Pt-Co/WO3
or Pt-Ni/WOj thin films, while the hot electrons from the localized surface plasmon resonance (LSPR)
effect of Cu could transfer to the conduction band (CB) of WO3 and other electrons generated from
the photoexcitation of the WO3 semiconductor itself in the sample of the Pt-Cu/WOj thin film. In
summary, this work proposes a unique strategy for creating electron regulation in Pt-M decorated
WO;3 thin films for photocatalytic application.
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1. Introduction

For the possibility of using them to degrade organic contaminants, semiconductor-
based photocatalysts have been the subject of intense study during the last several
years [1-3]. With an energy bandgap (Eg) of around 3.2 eV, titanium dioxide (TiO,) is
a well-known conventional semiconducting photocatalyst [4]. Nevertheless, because of its
large bandgap, it hardly responds even weakly to ultraviolet light, which only makes up
about 4% of sunlight’s total energy. Furthermore, the easy recombination of electron-hole
pairs produced by light reduces the efficiency of photocatalysis.

As one of the n-type semiconductors and functional materials, tungsten trioxide (WO3)
has been extensively investigated in recent decades and has a wide range of potential
applications [5-7]. Due to its smaller bandgap than the popular TiO,, which possesses
a small bandgap of between 2.4 and 2.8 eV and enables it to absorb more solar energy
and produce a larger photocurrent, WO;3 has recently attracted attention [8]. In-depth
research has shown that the strongly negative charges on the surfaces of WO3; make them
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perfect for use in adsorption applications, especially for cationic dyes such as methylene
blue (MB) [9]. Due to its low conduction band (CB) level, WO3 has a low reduction
potential of its electrons, resulting in a lower light energy conversion efficacy than TiO, [10].
Researchers have suggested a number of methods for boosting the photocatalytic properties
of WO3, including supplementation with other elements [11], surface modification with
metal nanoparticles [12,13], and the creation of hybrid composites with other materials,
to bypass this restriction [14,15]. These techniques may boost the stability, photocatalytic
activity, and light absorption characteristics of WO3, as well as its photocatalytic efficiency.

Recently, it has been shown that coating WOj3 semiconductors with noble metals
is a successful way to increase their photocatalytic activity. Under UV-light irradiation,
WO3; loaded with Pt nanoparticles displayed photocatalytic activity nearly on par with
TiO, [16,17]. When compared to Pt monometallic cocatalysts, in a lack of light irradiation,
Pt-based bimetallic cocatalysts demonstrated a distinct collaborative impact and substan-
tially enhanced their catalytic efficiency. For instance, our group has demonstrated that
the Pt-Ag/WOs3 thin film has a substantially improved photocatalytic performance for
MB solution degradation [18]. There has also been research on other Pt-based bimetallic
cocatalysts, including Pt-Au [19], Pt-Ru [20], and Pt-Pd [21,22]. Non-precious metals, on the
other hand, are being thought of as the second metal to be alloyed with platinum owing to
the high price of precious metals. Notably, alloys of metals such as Cu, Co, and Ni with Pt
have shown a clear synergistic effect. The interaction between the d electron orbitals of these
transition metals and Pt leads to electron redistribution, enabling precise control over the
electronic structure of Pt. The tunability allows for the modulation of photocatalytic prop-
erties and reaction activity, ultimately enhancing the efficiency of photocatalytic reactions.
Furthermore, the incorporation of Cu, Co, or Ni within the nanoparticle architecture allows
for better utilization of Pt atoms by minimizing the core Pt wastage. This strategy enables a
significant reduction in Pt loading without compromising the photocatalytic degradation
performance, thus offering a promising avenue for cost reduction. These alloys also have
the advantages of being easily accessible and environmentally safe, which reduces the cost
of the bimetallic electrocatalysts even more [23-26]. However, there is little research on the
bimetallic Pt-M (M represents a non-precious metal element) cocatalyst-decorated WO3
thin film for photocatalytic degradation.

In this work, the Pt-M/WO3 (M = Cu, Co, and Ni) thin films were created by dip-
coating deposition of sol-gel precursors onto WOj3 as the support material and incorporating
Cu, Co, and Ni into the Pt alloy. The electrical alteration of the surface Pt atoms and the
uniform distribution of the resulting bimetallic cocatalysts led to considerable synergistic
effects and increased catalytic activity. The presence of Pt could facilitate the migration
of photoexcited electrons, and the introduction of these transition metals could result in
modifications of the electronic structure, band alignment, and surface properties of the Pt-
M/WOj3; composite. This might lead to improved charge separation, increased visible-light
absorption, and enhanced redox reactions, all contributing to the efficient photocatalytic
degradation of MB. We suggest paths for photogenerated charge transfer and photocatalytic
processes by a methodical comparative examination of the microstructural, chemical, and
photoelectrochemical properties of the WOj3, Pt-Cu/WO3, Pt-Co/WO3;, and Pt-Ni/WOj3
thin films.

2. Results and Discussion
2.1. XRD and Raman Analysis

X-ray diffraction (XRD) patterns were used to identify the crystal phases of the indium
tin oxide (ITO) glass and the thin films of WO3, Pt-Cu/WOj3, Pt-Co/WO3, and Pt-Ni/WOs3
while they were being manufactured, as shown in Figure 1a. Except for the ITO glass peaks,
the results clearly showed that all of the thin films exhibited polycrystalline structures with
peaks that corresponded to the cubic phase of WO3 (JCPDS 41-0905). Due to the relatively
thin film thickness, it was found that the ITO glass peak was detected in all the as-prepared
thin films. Additionally, no Pt-Cu, Pt-Co, and Pt-Ni diffraction peaks were seen in the
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Pt-Cu/WO;3, Pt-Co/WOs3, and Pt-Ni/WOj3 thin films, respectively, suggesting that the
composite thin films contained relatively little Pt-M (M = Cu, Co, and Ni).
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Figure 1. (a) XRD patterns (the orange symbols correspond to the diffraction peaks of ITO glass) and
(b) Raman spectra of the WO3, Pt-Cu/WO3, Pt-Co/WOj3, and Pt-Ni/WOj thin films.

Figure 1b displays the Raman spectra for all the as-prepared thin films. The peak at
269 cm~! was attributed to the W-O stretching vibrations of the monoclinic WO3 phase.
The major Raman modes seen in all thin films were found at 714 and 806 cm~ !, which
corresponded to the W-O stretching vibrations [27,28]. In the low wavenumber range, the
Raman bands at 445 and 478 cm ! were ascribed to PtO [29] and Pt-CO stretching with
on-top configurations [30], respectively. The overlapping band of the stretching vibrations
of Pt=OH and Pt-O (vpi_o(r)) was thus allocated to the bands at 560 and 597 cm~!, re-
spectively [31,32]. These findings support the XRD findings that the obtained bimetallic
Pt-M/WO3 thin films have nearly identical Raman bands.

2.2. XPS Analysis

X-ray photoelectron spectroscopy (XPS) analysis was employed to investigate the
chemical binding energies of the WO3, Pt-Cu/WOj3, Pt-Co/WOs3, and Pt-Ni/WO3 thin
films. The full spectra for all as-prepared thin films revealed the presence of C, O, W, Pt, Cu,
Co, and Ni elements, as shown in Figure 2a. The W 4f spectra in Figure 2b showed double
peaks at approximately 35.1 and 37.3 eV for WO3 thin films, which were attributed to W
4f; /5 and W 4f5 /5, respectively [33]. In comparison with the WO; thin film, the binding
energies of the W 4f;/, and W 4f5,, peaks for Pt-Cu/WOs;, Pt-Co/WOs3, and Pt-Ni/WOs3
thin films increased by approximately 0.4 eV, indicating a chemical interaction between
Pt-M (M = Cu, Co, and Ni) and WOj in the thin films, respectively. In accordance with the
Raman findings, the XPS analysis of Pt 4f for the Pt-M/WO3 (M = Cu, Co, and Ni) thin films
(Figure 2c) showed two splitting peaks that were assigned to the Pt (II) chemical state (PtO
and Pt(OH);) in all as-prepared thin films [34,35]. When compared to the typical Pt 4f peak,
the binding energies of the Pt-Cu, Pt-Co, and Pt-Ni peaks increased [36,37]. In Figure 2d, the
Cu 2p3,, and Cu 2p1 /, binding energies of Pt-Cu/WO;3; were determined to be at 932.0 and
952.0 eV, respectively [38,39]. Cu (0) was identified by the greater peak at a lower binding
energy of 932.0 eV, whereas Cu (II) and (I) were identified by the weaker peaks at higher
binding energies of 934.0 eV and 952.0 eV, respectively [40,41]. Additionally, strong shake-
up satellite features at 942.0 eV for Cu 2p3/, and 955 eV for Cu 2p;,, were observed as a
fingerprint of the Cu?* species [42]. The peaks of the Co 2p XPS spectrum in Figure 2e were
attributed to Co 2pq,, and Co 2p3,,, which represent the species of Co,O3 and CoOOH,
respectively [43,44]. In Figure 2f, the high-resolution Ni 2p XPS spectrum shows fitting
peaks at 878.0 and 859.1 eV, which belonged to Ni 2p; /, and Ni 2p3,,, respectively, and
they were ascribed to NiO and Ni(OH); [45,46]. Consequently, these findings support the
XPS analysis’ finding that the Pt-Cu (Ni, Co) alloy contains oxide species.
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Figure 2. Full XPS spectra (a), high-resolution W 4f (b), Pt 4f (c), Cu 2p (d), Co 2p (e), and Ni 2p (f)
XPS spectra of the WO3, Pt-Cu/WOj3, Pt-Co/WOj3, and Pt-Ni/WOj thin films.

2.3. Morphological Features

For the purpose of assessing the surface morphological properties of the thin films in
their as-prepared state, scanning electron microscopy (SEM) was used. Figure 3a—d reveals
that the WOs3 thin film consisted of compact spherical particles with a size of approximately
50 nm [47]. On the other hand, we demonstrated that the Pt-Cu/WOQO3, Pt-Cu/WQO3, and
Pt-Ni/WO3 thin films exhibited uniform and compact blackberry-like morphologies with
little roughness. Moreover, SEM images of the cross-section of the films are provided in
Figure 3. It was observed that the thickness of the pure WOj3, Pt-Cu/WOj3, Pt-Co/WO;,
and Pt-Ni/WOj thin films was about 66, 68, 75, and 72 um, respectively. In addition, the
corresponding transmission electron microscopy (TEM) and high-resolution TEM (HRTEM)
images of the Pt-Cu/WOj thin film are presented in Figure S1 in the Supplementary
Material. The HRTEM image revealed distinct lattice fringes corresponding to d-spacing
values of 0.371 nm and 0.220 nm (Figure Slc), which can be attributed to the (100) plane of
WOs3 and the (111) plane of the Pt-Cu alloy, respectively [34].

2.4. Optical Absorption Characteristics

Figure 4a shows the optical absorption characteristics of the different photocatalysts,
as evaluated by UV-vis diffuse reflectance absorption (DRS) spectra. The inter-band optical
transition of the WO3 thin film is responsible for the prominent peaks seen in all thin films
below 400 nm [48]. The Pt-Cu/WQO3;, Pt-Co/WQO3;, and Pt-Ni/WO3 thin films showed
an increased absorbance in the visible-light range, which could be owing to the Pt-M
particulates scattering light [49,50]. The Pt-Cu/WOs5 thin film had a significantly widened
and intense peak in the 430-550 nm range, suggesting that localized surface plasmon
resonance (LSPR) may be responsible for the photothermal effect being shown by the
Pt-Cu nanoparticles [38]. Notably, the Cu particles’ plasmon resonance absorbance was not
obvious, owing to the reduced Cu content of the Pt-Cu/WOj3 thin film. Furthermore, the
WOQO;3, Pt-Co/WOj3, and Pt-Ni/WOj thin films exhibited comparable absorption spectra to
the Pt-Cu/WOs thin film, likely owing to the weakly expressed texture and microcrystalline
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structure of the ITO films [51,52]. The following equation was used to obtain the E; of all
the thin films using the value regarding absorption:

ahv = A(hv — Eg)" )

The absorption coefficient («), absorption constant (A), and constant () are interde-
pendent and vary with the type of electronic transition involved. For direct transitions, the
value of n is 1/2, whereas for indirect transitions, # is 2. The intersection with the tangent
in the plots of (xhv)!/2 against the energy of photons, hv, was used to determine the Eq
values of the thin films since WO3; showed an indirect bandgap (Figure 4b). According to
our research, the WO3, Pt-Cu/WOj3, Pt-Co/WOs3, and Pt-Ni/WOj thin films had E, values
of 2.63, 2.54, 2.60, and 2.57 eV, respectively. Future research is required to ascertain whether
alterations in the electronic structure of the WOj film result in a reduction in the bandgap
energy of the Pt-Cu/WOj3, Pt-Co/WOj3, and Pt-Ni/WOs; thin films relative to the WOs3
film.

Figure 3. SEM images of (a-d) WO3, (e-h) Pt-Cu/WOs3;, (i-1) Pt-Co/WOj3, and (m-p) Pt-Ni/WO3
thin films.
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Figure 4. (a) UV-vis DRS spectra of the WO3, Pt-Cu/WOj3, Pt-Co/WOs3, and Pt-Ni/WOj thin films
(the inset shows the region from 400 to 800 nm). (b) Plots of (whv)1/2 versus photon energy hv of
these thin films.

2.5. Photocatalytic Degradation Performance

The adsorption isotherms before the irradiation process of Pt-M/WO3; were measured
and provided in Figure S52. It was observed that adsorption—desorption equipment was
achieved within 40 min in the darkness. Due to its low self-degradation under visible light,
the pollutant MB was selected to test the photocatalytic efficiency of the synthesized thin
films. The efficiency of the photocatalytic degradation of the MB solution measured and
plotted in the presence of WO3, Pt-Cu/WOs3, Pt-Co/WO3, and Pt-Ni/WOj; thin films is
shown in Figure 5a. With a degradation efficiency of 98.9% after 120 min, the Pt-Cu/WO3
thin film exhibited the greatest photocatalytic efficiency of all the thin films tested, whereas
the WO3 thin film only managed a 60% degradation efficiency under the same circum-
stances. Such a high photocatalytic efficiency value for the Pt-Cu/WOj3 thin film exceeded
most of the previously reported WO3-based photocatalysts (Table S1). The Pt-Co/WOs3
and Pt-Ni/WOj thin films also exhibited good photocatalytic activity, with degradation
efficiencies of approximately 88% and 90%, respectively. Despite the low initial concen-
tration of MB (5 mg L), it is crucial to remember that the total degradation of MB under
the condition of the Pt-Cu/WOj thin film required a lengthy irradiation time of nearly
120 min. This was primarily produced by placing the thin film photocatalyst on a substrate,
which resulted in reduced light absorption and pollutant-molecule interactions. As a result,
thin-film photocatalysts usually have lower photocatalytic activity than powder photo-
catalysts. While conventional powder photocatalysts could undergo laborious recycling
procedures, thin-film photocatalysts have the advantages of easy reuse and minimal loss
during photocatalytic reactions.

By employing the Langmuir-Hinshelwood model, it was found that the degradation
of dyestuffs occured through a pseudo-first-order reaction, as long as the initial concen-
tration (Cp) of the dyestuff solution was low. This model assumes that the photocatalytic
degradation proceeds via a rapid surface adsorption and reaction step, with the reaction
rate being proportional to the concentration of MB. The concentration of the Pt-M/WO3
catalyst had a minor influence on the reaction rate in this model [53-55]:

In(Co/C) = kt 2)

where C, Cy, k, and t are the remaining concentration of MB solution, the initial concentra-
tion, the rate constant of a first-order reaction, and the irradiation time, respectively. Among
them, the Langmuir-Hinshelwood model was utilized in the pseudo-first-order reaction
kinetics with a 5 mg L! initial concentration of MB in our study. The graph of In(Co/C)
vs. irradiation time is presented in Figure 5b, and a steeper slope implies a quicker rate
of MB solution degradation. Using the Langmuir-Hinshelwood model, the rate constant
of a first-order reaction was estimated. The rate constant of a first-order reaction in the
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Pt-Cu/WOs3 thin film was discovered to be approximately 6 times larger compared to
that found in the WOj3 thin film. Furthermore, the correlation coefficient (R?) was used
to evaluate the relationship between the actual practical photocatalytic reaction data and
the linear fitting model [56]. It was observed that all the fabricated thin films exhibited R?
values exceeding 0.9, suggesting that the experimental results conformed to the first-order
kinetics.
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Figure 5. (a) Photocatalytic degradation ratio of MB solution in the presence of WO3, Pt-Cu/WOs3,
Pt-Co/WOs3, and Pt-Ni/WOj thin films. (b) Plots of In(Cy/C) versus irradiation time. (c) Recycling
experiments towards MB degradation over the Pt-Cu/ WOj3 thin film. (d) Plots of photogenerated
carrier-trapping during the photodegradation of MB by the Pt-Cu/WOj5 thin film under visible-light
irradiation.

MB was degraded in numerous cycling cycles in order to evaluate the recycling
photostability of the Pt-Cu/WO; thin-film catalyst, as shown in Figure 5c. The results
showed that even after five cycles, the Pt-Cu/WOj thin film still maintained an excellent
degradation rate under light irradiation. The photocatalytic stability of the Pt-Cu/WOs3
thin film for MB degradation was remarkable, according to our unmistakable data.

It is crucial to carry out free radical and hole-trapping studies to identify these species
in order to assure the formation of active species during the photodegradation process
in photocatalytic reactions. In our study, we utilized ethylene diamine tetraacetic acid
disodium salt (EDTA-2Na), 1,4-benzoquinone (BQ), and tert-butyl alcohol (¢-BuOH) as
scavengers to trap the superoxide anion radical (¢O, ™), the hole (h"), and the hydroxy
radical (eOH), respectively [57-59]. Figure 5d illustrates how the various scavengers
affected the photocatalytic activity of the Pt-Cu/WOsj thin film for MB photodegradation
under visible light. The reaction system with the addition of BQ (1 mM) did not noticeably
inhibit the photodegradation efficiency of MB, compared to the Pt-Cu/WOj3 thin-film
system without any scavenger. However, the photodegradation efficiency of MB was clearly
decreased after adding EDTA-2Na (1 mM) to the system. Additionally, the photocatalytic
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degradation activity of the Pt-Cu/WOj thin film also showed a significant decrease after
adding +-BuOH (1 mM) to the system. These research results indicate that under visible-
light exposure, ¢OH was the primary active species that facilitated the oxidization of MB,
while h* was also one of the reactive species. Furthermore, in the Pt-Cu/WOj3 thin-film
photocatalytic degradation system, O, was produced in negligible amounts.

2.6. Photogenerated Chargers Separation and Migration

The photoelectrochemical (PEC) characteristics of the several as-prepared thin films
were assessed under AM 1.5 G exposure at 100 mW cm 2 in the 0.5 M Na,SO, solution.
The linear sweep voltammetry (LSV) curves of the as-prepared thin films are shown in
Figure 6a. The photocurrent density of the WO3 thin film was 0.65 mA cm 2 at 1.23 V vs.
RHE. In contrast, the photocurrent density of Pt-Cu/WOQOj3, Pt-Co/WOs3, and Pt-Ni/WOs3
thin films was ca. 5.81 mA cm 2, 5.01 mA cm 2, and 4.74 mA cm ™2, respectively, at 1.23 V
vs. RHE, which were almost 8.9, 7.7, and 7.3 times higher than that of the WO3 thin film.
These findings imply that the Pt-Cu/WOj3, Pt-Co/WOj3, and Pt-Ni/WOj3 thin films could
effectively reduce electron-hole recombination in the PEC reaction and increase effective
electron mobility, resulting in improved photocatalytic properties. Furthermore, the slopes
of the curves for Pt-Cu/WOQOs3, Pt-Co/WO3, and Pt-Ni/WOs3 thin films in the 0.9 to 1.2 V vs.
RHE region were significantly steeper than that of the bare WOj thin film, indicating that
these thin films had higher carrier-filling factors.
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Figure 6. (a) Comparison of LSV curves of WO3, Pt-Cu/WOj3, Pt-Co/WO3, and Pt-Ni/WO3 thin
films. (b) Transient photocurrent responses in several on-off cycles. (c¢) Nyquist plots of EIS of
as-prepared thin films with AM 1.5 G and bias of 1.23 V vs. RHE. (d) Mott-Schottky plots of all thin
films measured in the dark at 1 kHz (the inset is the enlarged part for the three thin films).

The transient photocurrent responses of the different thin films were examined under
chopped AM 1.5 G exposure with a bias of 0.2 V in order to examine the effectiveness of
charge separation, as shown in Figure 6b. The transient photocurrent density describes
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the sequence of Pt-Cu/WO3, Pt-Ni/WOQO3, Pt-Co/WO3, and WO3; among the as-prepared
thin films. The Pt-Cu/WOj3 thin film had the strongest photocurrent response in numerous
on-off cycles, which was notable. Additionally, when the light source was turned on
and off, distinct transient anodic peaks could be seen in the Pt-Cu/WO3, Pt-Co/WOs;,
and Pt-Ni/WOQs; thin films. This suggests that photogenerated holes from the WO3 thin
film may be stored in the Pt-Cu, Pt-Co, and Pt-Ni layers, preventing the recombination
of photogenerated electron-hole pairs. This result suggests that the Pt-Cu, Pt-Co, and
Pt-Ni layers could act as efficient hole storage layers for capturing and accumulating
photogenerated holes.

Through electrochemical impedance spectroscopy (EIS), a comparison of the semicir-
cular Nyquist plot diameter was performed, and the resultant Nyquist plots were matched
to assess the electron transfer resistance (R.) with an analogous circuit using Zview soft-
ware [60]. The fitting results showed that the Rt values of Pt-Cu/WO3 (47.3 Q2), Pt-Co/WOs3
(48.9 1), and Pt-Ni/WOj3 (48.5 Q) were considerably lower than that of WO3 (139.8 ()), as
presented in Figure 6c. The incorporation of Pt-Cu, Pt-Co, and Pt-Ni alloy nanoparticles
significantly improved the charge transfer because they were more efficient at capturing
electrons from the CB of WOj3, as shown by the fact that the Pt-Cu/WO3, Pt-Co/WOj3, and
Pt-Ni/WOj thin films exhibited a smaller semicircle than the WO3 thin-film electrodes.

To determine the semiconductor type and the flat-band potentials (Eg,), Mott-Schottky
plots were employed, and the findings are depicted in Figure 6d. The calculated Eg, values
of WO3, Pt-Cu/WOs3, Pt-Co/WO3, and Pt-Ni/WO3 thin films were 0.96, 1.04, 0.70, and
0.84 V vs. RHE, respectively, and were similar to each other. The positive slopes of all four
curves implied that the thin films were composed of n-type semiconductors. It should be
noted that the slope of the Pt-Cu/WOj thin-film curve was lower than that of the WOj3,
Pt-Co/WO3, and Pt-Ni/WOj; thin-film curves, which implies that the concentration of
carriers in the former was higher and the transfer rate of photogenerated electrons was
faster. This is important to note because there is an inverse correlation between the slopes
and the charge carrier density [61]. These results showed that charge transfer was better-
facilitated by Pt-Cu/WOs3, Pt-Co/WOs;, and Pt-Ni/WO3 thin films than by WOj3, and that
the photocatalytic activity was significantly increased.

Based on the information that is currently accessible, the energy-level diagram of WOs3,
Pt-Cu/WQO;3, Pt-Co/WO3, and Pt-Ni/WOj; thin films was provided. Figure 7 illustrates
the energy-level diagram obtained from the Mott-Schottky plot, where the positive slope
(Figure 6d) suggests that the material exhibited n-type semiconductor properties, and the
conduction band minimum (Ecgy) was approximately equal to the Eg,. Additionally, the
bandgaps were determined as 2.63, 2.54, 2.60, and 2.57 eV, respectively, by extrapolating
the intercept on the x-axis in the linear region of the Tauc plot (Figure 4b). Consequently,
the valence band positions (Eyg) of WO3, Pt-Cu/WO3, Pt-Co/WQOj3, and Pt-Ni/WO3 thin
films were inferred to be 3.59, 3.58, 3.30, and 3.41 V, respectively.
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Figure 7. Schematic energy-level diagram of WOj3, Pt-Cu/WOj3;, Pt-Co/WO3, and Pt-Ni/WO3
thin films.
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2.7. Photocatalytic Mechanism Analysis

Understanding the increased photocatalytic activity requires research into the im-
proved photocatalytic mechanism. We have presented a thorough description based on
the band structure and work functions in this study. The work functions (&) of the WO3
thin film, metallic Pt, metallic Cu, metallic Co, and metallic Ni were reported to be 5.7 eV,
5.65 eV, 4.65 eV, 5.0 eV, and 5.15 eV, respectively [62-65]. Moreover, the work function
of the bimetallic alloy Pt-M (M = Cu, Co, and Ni) can be calculated as the sum of the
work functions of the two metals [66], indicating that the work function of the alloy is
at an intermediate level between two monometallic Pt and Cu (Co or Ni) (4.65 eV <
Ppi.cy <5.65 eV, 5.0 eV < Pp.c, <5.65 eV, and 5.15 eV < Ppi.cy < 5.65 eV). When Pt-M
(M = Cu, Co, and Ni) came into contact with WOj3, the charges transferred from Pt-M
(M = Cu, Co, and Ni) to the CB of WOj3 to achieve Fermi-level equilibrium. Consequently,
the accumulation of excess electrons on the surface area of WO3 and the excess of pos-
itive charge by Pt-M (M = Cu, Co, and Ni) led to a bending of the energy bands at the
Pt-M/WOj; interface (M = Cu, Co, and Ni). As demonstrated in Scheme la—c, the distinc-
tion between the WO3; and bimetallic work functions (Pwo, — Pprm) at the Pt-Cu/WOs3,
Pt-Co/WOj;, or Pt-Ni/WOs juncture was merely approximately 0.05-1.05 eV, 0.05-0.7 eV,
and 0.05-0.55 eV, respectively. Under visible-light illumination, when the WO3 thin-film
catalyst was exposed, the photoinduced electrons (e™) in the valence band (VB) of WO3
were promoted to the CB, and at the same time, an equal number of photoinduced h*
were produced in the VB. The introduction of transition metals such as Cu, Co, or Ni
modified the electronic structure of Pt-M/WQOj3 thin films, facilitating the separation and
migration of electrons and holes. Specifically, the photogenerated electrons migrated
from the CB of WOj3 to Pt-Co or Pt-Ni nanoparticles in the samples of Pt-Co/WOj3 or
Pt-Ni/WOj; thin films, while the hot electrons from the LSPR effect of Cu could transfer to
the CB of WO3 and other electrons generated from the photoexcitation of the WO3 semi-
conductor itself in the sample of Pt-Cu/WOj thin films. Additionally, in the space charge
region, the rapidly occurring transport of the photoinduced electrons from WO; to Pt-M
(M = Cu, Co, and Ni) nanoparticles was rendered achievable by the downward band
bending, lowering the recombining of the photoexcited charges and holes. The low CB
energy level (1.04 V, 0.70 V, and 0.84 V) of Pt-Cu/WQOj3, Pt-Co/WOj3, and Pt-Ni/WO3 thin
films was more positive compared to the reduction potential of oxygen for one electron [16],
indicating that WOj3 is more capable of accepting electrons. Consequently, the accumulated
electrons on Pt-Cu/WOs3, Pt-Co/WOj3, or Pt-Ni/WOj3 nanoparticles may transfer to oxygen
molecules adsorbed on the surface, forming H,O, through the multi-electron reduction
of molecular oxygen [8]. In the Pt-Cu/WOj3, Pt-Co/WOs3, and Pt-Ni/WO3 thin films, an
electron donation from Cu (Co and Ni) to Pt may occur since Pt (2.28) exhibited a greater
electronegativity compared to Cu (1.93), Co (1.88), and Ni (1.91), causing an electron-rich
state in Pt atoms. In other words, the efficient transfer of two electrons for O, reduction in
the Pt-Cu/WOs;, Pt-Co/WOj3, and Pt-Ni/WOj3 thin films is believed to be promoted by the
photoexcited electrons from the CB of the WO3 being transported first to Cu (Co or Ni), and
subsequently to Pt, as demonstrated in Scheme 1d. Additionally, this mechanism caused
O, to undergo a double-electron reduction on the Pt surface rather than on Cu (Co or Ni),
thus preventing contact between O, and Cu (Co or Ni) and suppressing the oxidation of
Cu (Co or Ni) during photodegradation in the presence of the atmosphere. The presence of
these alloys increased the yield of HyO; on the Pt-Cu/WOj3, Pt-Co/WOQO3, and Pt-Ni/WO3
thin-film catalysts, similar to those observed in Au-Ag/TiO; catalysts [67]. Additionally,
surface-bound H,O or OH™ readily reacted with the departing h* to form eOH due to its
strong oxidizing potential (+3 V vs. NHE) [68], in agreement with the results of investiga-
tions using photoinduced carrier-trapping (Figure 5d). Furthermore, it has been reported
that HyO, can degrade dye molecules [69]. Thus, under the influence of reactive oxidative
species such «OH and H;O5, thin-film photocatalysts made of Pt-Cu/WOj3, Pt-Co/WOs3,
and Pt-Ni/WOj; can efficiently destroy the adsorbed MB molecules during visible-light
exposure.
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Scheme 1. Schematic energy-band diagrams for (a) Pt-Cu/WOj3, (b) Pt-Co/WOj3, and (c) Pt-Ni/WO3
thin films (Eyac, Ecs, Evs, Et, Ppi-m, and Py, denote vacuum level, Fermi level, CB level, VB level,
the work function of bimetallic cocatalysts, and the work function of WO3, respectively (in eV)).
(d) The photocatalytic mechanism for the degradation of MB on the Pt-Cu/WOj thin-film catalyst.

3. Materials and Methods
3.1. Preparation of Pt-M/WQO3 (M = Cu, Co, and Ni) Thin Films

First, the colloidal poly(methyl methacrylate) (PMMA) aqueous suspension, which
was previously prepared and described in the Supplementary Material of [70], was used to
dissolve 0.3460 g of ammonium paratungstate (NH4)sHyW12049) in order to create the
WOj3 precursor suspension. The resulting mixture was then stirred at ambient temperatures
for a few minutes in order to create a homogeneous suspension. Secondly, the aforemen-
tioned precursor solution (2 mL) was then combined with H,PtClg (0.5 mL 10 mM) and
CuCl; (or CoCl,-6H,0 or Ni(NO3),-6H,0) (0.5 mL 10 mM) in N, N’-dimethylformamide
(DMEF) solution. The combination was then agitated and blended to create a homogeneous
suspension. Next, the thin film was then dried in air for around 10 min at 60 °C after
3 mL of the suspension had been spin-coated for 50 s at 3000 rpm onto a 3 x 3 cm ITO
substrate. The aforementioned procedure was repeated 5 times, then toluene was used to
etch the thin films for 5 min, removing majority of the organic template. Finally, in order to
thoroughly break down the PMMA residue, they were then annealed at 450 °C (heating
rate 2 °C min™!) in a stream of air (80 cm® min™') for 5 h. The procedure for growing is
depicted in Scheme 2 as a diagrammatic illustration.

For the sake of comparison, without the addition of H,PtCls and CuCl, (CoCl,-6H,O
or Ni(NO3),-6H,0) to the DMF solution, the WO3 thin film was created under identical
circumstances.
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Scheme 2. Schematic illustration of the preparation process of the Pt-M/WOj3; (M = Cu, Co, and Ni)
thin films.

3.2. Characterization

The D/max-2400 diffractometer (Rigaku, Tokyo, Japan) was used to conduct XRD
tests utilizing Cu-K« radiation. Raman spectra were obtained on the Thermo Fischer DXR
by using a 532 nm laser as the light source. With the use of SEM (Nova NanoSEM 450,
FEI, Hillsboro, OR, USA), the surface morphologies were examined. TEM images were
collected with a JEM-2100F electron microscope (JEOL, Tokyo, Japan). In order to explore
the surface chemical compositions and states, XPS measurements were performed using Al
Ka X-ray (hv = 1486.6 eV) radiation (K-Alpha, Thermo Electron, Waltham, MA, USA). On a
UV-vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan), diffuse reflectance spectra
in the UV-vis range were obtained.

3.3. Photocatalytic Tests

The degradation process of MB in an aqueous solution was used to assess the visible-
light photocatalyst according to the procedure for testing photocatalytic materials for the
purification of the water solution (GB/T 23762-2009, China). In a standard photocatalytic
experiment, the as-prepared thin films employing ITO glass as the support were mounted in
a quartz frame and immersed in MB solution (5 mg L™, 100 mL). To ensure the formation of
an equilibrium between adsorption and desorption, the solution was magnetically agitated
for 40 min in the dark before irradiation. The visible-light irradiation source, a 350 W Xe
lamp with a cutoff filter of 420 nm, was used and placed 10 cm from the reactor. After
the light was turned on, 4 mL of a clear MB solution was removed at predetermined
intervals (20 min) and analyzed by noting the maximum absorbance of MB at 664 nm in
the UV-visible spectrum. C/Cy was used for determining the proportion of degradation,
where C is the concentration of leftover MB solution at each irradiated time interval, and
Cy is the initial concentration.

Utilizing the film in numerous cycles of the photocatalytic degradation of MB allowed
the researchers to examine the photocatalytic stability of the ideal Pt-Cu/WOs3 thin film.
The photocatalyst was filtered and properly cleaned with deionized water after completing
one cycle. The next cycle was then started by adding 5 mg L™! of fresh MB solution to the
photocatalyst. Each cycle took 120 min to complete, and there were 5 cycles in a row.

Experiments were performed to explore the photocatalytic process using active species
capture. The MB aqueous solution was supplemented with several radical scavengers,
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including t-BuOH (1 mmol L), EDTA-2Na (1 mmol L), and BQ (1 mmol L™1). The
subsequent experimental procedures mirrored the photocatalytic test described above.

3.4. PEC Measurements

PEC measurements were conducted using a three-electrode setup and a quartz cell
on the electrochemical workstation (CHI660E, Shanghai Chenhua Instruments Co., Ltd.,
Shanghai, China). As the electrolyte, a 0.5 M NaySOy solution was utilized. With a surface
area of 2.2 cm?, the as-obtained thin films were employed as photoanodes. The reference
electrode was formed of an Ag/AgCl (saturated KCl) electrode, while the cathode was a
Pt sheet. As the lamp housing for the PEC measurement, a simulated sunshine Xe lamp
(CEL-HXF300, NbeT Group Corp., Beijing, China) with an AM 1.5 G filter was used. The
light power density (i.e., light intensity) was tuned to be 100 mW cm™2, which was validated
by an optical power meter (Model 843-R, Newport, Irvine, CA, USA). On the CHI660E
electrochemical workstation, the LSV curves with a scan rate of 10 mV s, transient
photocurrent responses, EIS, and Mott-Schottky plots were performed.

4. Conclusions

In the present study, homogeneous precursor sols, spin-coating, toluene-etching,
and calcination procedures were used to effectively synthesize WO3;, Pt-Cu/WOs3, Pt-
Co/WO3, and Pt-Ni/WOs thin films. In conclusion, the resultant thin films had comparable
morphologies and were mostly made of low-roughness, blackberry-like particles. The
XPS investigation showed a modification in the electrical structure of Pt when alloyed
with Cu (Co, Ni). The Pt-Cu/WOj3, Pt-Co/WO3, and Pt-Ni/WO3 thin films considerably
enhanced the charge transfer and photocatalytic activity compared to the WO3 thin film,
according to the EIS and Mott-Schottky plot analyses. Capture experiments of active
species demonstrated that eOH is essential for the oxidization of MB. Furthermore, the
introduction of transition metals such as Cu, Co, or Ni modified the electronic structure
of Pt-M/WOs thin films, facilitating the separation and migration of electrons and holes.
Specifically, the photogenerated electrons migrated from the CB of WO;3 to Pt-Co or Pt-
Ni nanoparticles in the samples of Pt-Co/WO3 or Pt-Ni/WOj thin films, while the hot
electrons from the LSPR effect of Cu could transfer to the CB of WOj3; and other electrons
generated from the photoexcitation of the WO3; semiconductor itself in the sample of
Pt-Cu/WQOj; thin films.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal13071044/s1. Synthesis of polymethylmethacrylate (PMMA)
spheres; Supplementary Figures and Table [71-79]. Figure S1. (a,b) TEM and (c) HRTEM images of
Pt-Cu/WOs thin film. Figure S2. The adsorption isotherms of MB in the presence of as-prepared
samples under dark conditions. Table S1. Comparison between this research and some commonly
used WOs-based photocatalysts for the removal of organic pollutants.
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