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Abstract: In this work, we report the application of Au/WO3 composite as a photocatalyst for the
degradation of dyes under solar light irradiation. Au/WOj3; nanocomposites were synthesized using
an acid precipitation method followed by an impregnation/reduction at room temperature. Two
composites were obtained by loading gold nanoparticles on two morphologies of nanostructured
WO3, nanoplatelets (NP), and pseudospheres (PS). The elaboration parameters of the nanocomposites
were optimized according to the gold mass percentage, the HAuCly precursor concentration, and the
impregnation time. The structural, microstructural, and textural characterization were conducted
using advanced techniques: XRD, SEM/TEM microscopies, and XPS and DRS spectroscopies. The
optimal synthesis parameters are a 48 h impregnation of a five mass percentage of gold from a
HAuCly precursor with a concentration of 1073 mol-L~!. The obtained composites were formed with
Au nanoparticles of 7 nm in size. The XRD analyses did not reveal any modification of the oxide
supports structure after gold grafting, contrary to the sorption analyses, which evidenced a change in
the state of the materials surface. XPS analysis revealed the reduction of WO+ ions into W5, favoring
the presence of oxygen vacancies. Furthermore, a localized surface plasmon resonance effect was
observed in the composite at 540 nm. The photocatalysis results of several dye pollutants have shown
a selective degradation efficiency depending on the charge of the polluting molecules, pH medium,
and mass loading of the catalysts. At the native pH, the photocatalysis process is highly efficient on a
cationic molecule, with a low adsorption capacity. Au/WOs3 PS composite appears to be the most
efficient, degrading almost the whole RhB and MB only in 60 min and 90 min, respectively, while, for
the MO anionic dye, the degradation is more efficient in acidic medium (80%) than in basic medium
(0%). Trap tests of the main active species were investigated and a photodecomposition mechanism
is proposed.

Keywords: hybrid nanomaterials; composite; morphology; LSPR effect; dyes degradation

1. Introduction

Among the countless substances that pollute aquatic environments and drinking
water, certain worrying contaminants are the focus of the scientific community’s efforts
because of their non-biodegradable nature and toxicity. Most organic dyes used in paper
manufacturing, textile dyeing, or the paint, cosmetics and food industries [1-3] may be
partially hydrolyzed [4]. However, their by-products contain aromatic and heterocyclic
rings, making them highly toxic, mutagenic or carcinogenic, and persistent.

Conventional physical and chemical water treatment methods remain ineffective for
from 10% to 15% of the 10,000 types of dyes discharged by various industries [4,5]. They
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merely convert these pollutants from one oxidation state to another, a process known as
photobleaching.

In contrast, advanced oxidation processes are seen as promising potential techniques
for the treatment of wastewater polluted by hazardous organic dyes, more specifically,
heterogeneous photocatalytic degradation.

The principle of this method is based on the combined use of a specific material, the
photocatalyst, and sufficiently energetic radiation to break down pollutants into less toxic
or non-toxic components. Provided it is conducted under natural sunlight, photocatalytic
degradation is a cost-effective, environmentally friendly technology that works at an
ambient pressure and temperature, enabling complete mineralization of the dye (conversion
to water and CO;) [6-9].

Semiconductors are among the most efficient materials for photocatalytic degrada-
tion. They are capable of generating reactive oxygen species (ROS) with high oxidation
potentials—hydroxyl radicals, *OH; superoxide anion, *0O?~; and hydrogen peroxide,
H,O,—after excitation by suitable radiation. Yet, most conventionally used semiconduc-
tors are photoactive only in the UV region, leaving the visible range spectrum unused.
This is why various strategies have been developed to enhance their optical properties and
design photocatalysts with tunable bandgaps. This involves modifying various properties
such as their shape, size, crystalline phase, porosity, and surface state, which influence their
bandgap, their specific surface area, and the density or nature of the adsorption sites [10].

In parallel, new semiconductors with narrower band gaps have also been studied.
Among them, WOs3, an n-type semiconductor, has proven particularly interesting, with its
bandgap being tunable between 2.4 and 3.0 eV, depending on its structure, morphology, or
stoichiometry. As a result, it exhibits high photoactivity under solar irradiation, thanks also
to its deep valence band, its high capacity to absorb visible light, and the high oxidizing
ability of the holes in its valence band.

Despite its visible light response, pure WO3 has two main disadvantages: a fast
recombination rate of photogenerated electrons/holes and a low conduction band (CB)
edge position [11,12]. Because of its positive (ca. +0.5 eV vs. NHE) CB edge compared to
the reduction potential of O, (i.e., O2/O;~ = —0.33 V vs. NHE), WOj is inefficient to carry
out a reduction process in any of the photocatalytic applications. These limitations can be
overcome by adopting various strategies to minimize these phenomena and to improve its
photocatalytic efficiency and performance in the visible light region.

In the last few years, heterostructure /heterojunction formation with semiconductors
has been recognized as an effective technique to enhance the photocatalytic performance
of semiconductors [13-15]. For that, the effect of crystal facets optimization, doping with
metal and non-metal surface defects, heterojunctions formation with other semiconducting
materials, and, finally, noble-metal-based nanocomposites were investigated as visible-
light-driven photocatalysts [7,16,17].

While gold plasmonic nanoparticles used alone can activate the degradation of
organic dyes under visible light irradiation, as reported by D. Latha et al. for methy-
lene blue and methyl orange [18], composite systems are mostly composed of metallic
nanoparticles of Ag, Au, Pd, and Pt deposited on TiO, oxides or on 2D structures such as
C3Ny/Graphene [19-23]. Very few studies have been reported on noble metal/WO3-based
photocatalysts for organic dye pollutant degradation with advanced characterization. The
Au/WOj3 system was first developed as a sensitive layer for gas detection and then used as
a catalyst [24,25]. A silver-based Ag/WO3; composite was investigated by Gondal et al.;
they reported that the presence of Ag NPs with a strong localized surface plasmon reso-
nance (LSPR) promoted charge carriers’ generation and enhanced efficient photogenerated
electron-hole pair separation [26].

However, other mechanisms of synergy between metal particles and a semiconductor
can also intervene and contribute to the improvement of photocatalytic performances, such
as: (i) a local heating effect [22,27-30], (ii) charge transfers between the two materials, and
(iii) new sites of adsorption and possible redox reactions for the pollutants or the oxidizing
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species (i.e., directly on the gold nanoparticles or at the two-phase interface). Moreover,
the formation of a hybrid junction is accompanied by the creation of a Shottky barrier that
inhibits the recombination of photoexcited electron-hole pairs [31-33].

In recent work, we studied the photocatalytic properties of an Au composite deposited
on WOj3 nanoplatelets, as compared to the oxide alone [34]. Using advanced characteri-
zation of the MB decomposition products by LC-MS, we evidenced different degradation
pathways for the composite and the bare oxide. As our previous studies showed that the
WO3; morphology itself plays a role in catalytic and photocatalytic performances [34-36],
we have developed composite materials based on gold nanoparticles that are grafted di-
rectly onto WO3; templates with various morphologies [37]. In this work, we reported the
photocatalytic activities of the synthesized Au/WO3; nanocomposites under solar light
irradiation. In addition to the role of the WO3; oxide as a support for composites, its
photocatalytic efficiency was investigated according to several factors like: (i) synthesis
parameters of the composites, template morphology; (ii) reaction medium parameters (type
of dyes, pH of the solution, and catalyst loading). The effects of these factors on the dye
degradation performance will be discussed. At the end, a photodecomposition mechanism
is proposed, based on scavenger tests.

2. Experimental Setup
2.1. Chemicals

The tungsten oxide precursors (NaWO,, 2H,O; CAS Nb. 10213-10-2), (NHy)1o
(W12041)-6H,0, gold (I1I) chloride trihydrate (HAuCly,3H,O; CAS Nb. 16961-25-4), and
sodium borohydride (NaBH,; CAS Nb. 16940-66-2) were purchased from Sigma-Aldrich
(Lyon, France). Rhodamine B (CAS Nb. 81-88-9), methylene blue (CAS Nb. 61-73-4), and
methyl orange (CAS Nb. 547-58-0) were purchased from ChemLab (Lyon, France). All
reagents were used without any further purification. All the synthesis and characterizations
using water were carried out with 18 M(Q) deionized water.

2.2. Materials Syntheses

WOj; oxides: the nanoplatelets (NP) and pseudospheres (PS) of WO; oxide parti-
cles were synthesized with sodium tungsten dihydrate Na,WO,-2H,O and ammonium
tungstate hexahydrate (NH4)190(W12041)-6H,O, respectively, as precursors by using a sim-
ple free template precipitation method. The WO3 nanoparticles were synthesized in our
laboratory following the same method reported in our previous works [35,36]. The use of
these two precursors in aqueous media and in absolute ethanol enables the synthesis of
two different morphologies. The obtained yellow precipitate was filtered, washed with
distilled water and absolute ethanol several times, and, finally, calcined at 500 °C for 2 h
in air.

Au/WOs3 nanocomposites: The synthesis details of Au/WQO3 composite are reported in
our previous work [37]. Gold nanoparticles were obtained on the surface of nanostructured
tungsten oxide using an impregnation-reduction method at room temperature. First, an
amount of previously synthesized WO3 was dispersed in a gold precursor solution. The
mixture was stirred in the darkness for 48 h before adding 0.15 mmol of freshly prepared
NaBHyj solution. The reduction took place and led to the nucleation and growth of gold
nanoparticles by oxidation state modification from auric ions to metallic state. After the
reduction, which was executed in an ice-cooled bath, the composite powder was washed
with water/ethanol by centrifugation and dried overnight under airflow at 60 °C in an
oven. Considering the ratio between the gold precursor and the WO; suspension, the
elaboration parameters of the nanocomposite were optimized according to the gold loading
rate (1 and 5 wt.%), the HAuCly precursor concentration (2.5 x 10~ to 1072 mol/L), and
the impregnation time (24 h to 72 h).
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2.3. Characterization Methods

The crystal structure of WO3; was determined via X-ray diffraction (XRD) (EMPYREAN
Panalytical diffractometer, Netherlands) with a Cu Ko source, at a voltage of 45 kV, the
current being 35 mA. X-ray patterns were compared with those of the International Centre
for Diffraction Datasheet (ICDD). The morphological characterizations of the powder were
conducted by Scanning Electron Microscopy (SUPRA 40Vp Colonne Gemini Zeiss SEM,
Jena, Germany, operated at 10 kV) and Transmission Electron Microscopy (Tecnai G2,
Europe, operating at 200 kV, with a resolution of 0.25 nm). The chemical composition of the
synthesized materials was evaluated by energy dispersive spectroscopy (EDS). The EDS
results allowed us to compare the experimental composition to nominal synthesis values.

Texture was analyzed using nitrogen sorption at —196 °C. The measurements were
done using a BELSORP Max 1 apparatus (Germany). Specific surface area and pore
size distribution were deduced from the obtained isotherms. Prior to the measurements,
the samples were evacuated at 150 °C under vacuum for 15 h in order to remove any
adsorbed species.

The oxidation state of the elements as well as the metal-oxide interaction were mon-
itored using X-ray photoelectron spectroscopy (XPS) measurements. The XPS spectra
were acquired with a PHI 5000 Versaprobe apparatus (Europe) with an Al K radiation
source (energy = 1486.7 eV, accelerating voltage = 15 kV, power = 50 W, and spot size
diameter = 200 um). Pass energies of 187 eV and 58.7 eV were used for survey spectra and
high-resolution windows, respectively. The textural analysis was characterized by gas ad-
sorption. Sorption isotherms were measured at —196 °C using BELSORP Max 1 apparatus.
Prior to the measurement, the samples were treated at 150 °C under vacuum for 15 h in or-
der to remove any adsorbed species. Optical absorbance and UV-visible diffuse reflectance
spectra (DRS) were collected with a SHIMADZU 2600 UV-Vis/NIR spectrophotometer
(Shimadzu Europa). The reflectance (Roo) was recorded with respect to BaSO, reference,
and the band-gap energy was calculated according to the Kubelka-Munk function.

Photodegradation applications: The photocatalytic properties were evaluated on
different model pollutants such as dye molecules. Methylene blue (MB) and Rhodamine
B (RhB) were chosen as cationic molecules while methyl orange MO was selected as an
example of anionic dye. The photocatalytic test device was equipped with an artificial solar
light source (Osram Ultra-Vitalux lamp France 300 W, A > 364 nm). Considering all device’s
parameters (the distance between the lamp and the surface of the solution, the power of the
lamp, and the dimensions of the used beaker), the irradiance was estimated at 600 W-m~2,

In a typical experiment, photocatalytic powder (1 mg/2 mL) was dispersed in a pol-
lutant solution with a concentration of 1 x 107> mol-L~!. The adsorption-desorption
equilibrium between the particles and the pollutant molecules was obtained under a vig-
orous stirring in the darkness for one hour. Then, the solar light lamp was switched on
and the mixture was irradiated. A total of 3 mL of the suspension were collected at regular
time periods during irradiation. After removal of the powder, the samples were analyzed
by UV-visible spectrophotometry. The evolution of the pollutant concentration was es-
timated by colorimetric method considering the absorbance at 554, 664, and 464 nm for,
respectively, RhB, MB, and MO. The formation of oxidative radicals in the photocatalytic
process was investigated using scavenger compounds—isopropanol (IPA), ethylenedi-
amine tetra-acetic acid disodium salt (EDTA), and benzoquinone (BQ)—to trap *OH, h*,
and *0?~, respectively.

3. Results and Discussion
3.1. Structural and Microstructural Characterization of WO3 Oxide Templates

The structural analyses were done by X-ray diffraction. Figure 1 shows the XRD
patterns of the samples. Both patterns correspond to a well-crystallized tungsten oxide
phase. The observed Bragg peaks are characteristic of a single pure phase of WO3, without
additional peaks from residual impurities. At 500 °C, the calcination temperature used,
WOj3 can be crystallized in a monoclinic or orthorhombic lattice, with very close lattice
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parameters. According to our previous studies based on Rietveld refinements [35,36], both
diffractograms were indexed with an orthorhombic phase (ICSD n° 050727) rather than a
monoclinic one (ICSD n® 000836), with a Pmnb (n° 62) space group. The refinement position
gave a set of structural parameters with low deviation, such as a = 7.341 A, b=7570 A,
c=7754 A, and a = B = § = 90°. Depending on the nanopowders morphology, different
intensities were be observed for the main peaks at 23.1°, 23.6°, and 24.3° corresponding to
(002), (200), and (020) plans, respectively. Compared to the reference profile, the relative
peak intensities are roughly in accordance for the PS sample, while they are inverted for
the NP sample (especially the two first one). This may be linked to a different morphology
of NP particles that favors preferential orientation.
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Figure 1. XRD patterns of (a) WO3; nanoplatelets, (b) nanospheres, and (c) orthorhombic ICSD

datasheet; (d,e) Halder-Wagner plot for the (002), (020), and (200) planes families of (a) WO3; NP and
(b) WO3 PS.

To de-correlate the effects of the stress and crystallites size on the peaks broadening,
the crystallite sizes were estimated according to the Halder—-Wagner (H-W) method. This
method differs from the Williamson-Hall method since it gives a greater weight to the
contributions of the sample (B*samp) to the half width at the half maximum (HWHM) value
broadening of the X-ray diffraction peaks located at low and medium angles [38]. The
equation used is the following:

% 2 *
() - 509

dhkl dhkl

With B*samp = (Bsamp X cos0)/A and d*q = (2 x dyy x sinf)/A, and with 6 being the
diffraction angle, A the analysis wavelength, D the crystallite diameter, and ¢ the strain.
Figure 1le,f show the plot of (B%samp/ d*,.)? versus (B samp/ d*,?) for WO3-NP and WO3-
PS, considering that the crystallites of both materials are isotropic. The crystallite size is
estimated to be 22 nm for WO3 NP and 17 nm for WO3 PS.
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However, platelet-shaped particles are anisotropic. The calculations of D and ¢ were
thus carried out separately for the three families of planes which constitute the various
faces of a nanoplatelet. Considering the broadening and overlapping of the diffraction
peaks at high angles which were observed in the WO3 NP diffractogram, only two peaks
per family could be used for the calculations. The results are grouped in Table 1.

Table 1. Crystallite size and deformation of the particles from Halder-Wagner method.

WO3-NP WO;-PS
All (hkl) (020 (200) {002) All (hkD)

D (nm) 22 19 21 26 17

£ x 10°(u.a.) 42.6 54.1 49.6 36.4 56.3

As will be discussed hereafter, these values are far from the dimensions determined
by direct measurement on the microscope images.

Chemical analyses based on XPS characterization were performed to determine the
elemental composition and chemical state of the materials. The spectra presented in
Figure 2a show the detection of the W and O elements. The presence of sodium (Na) in the
spectrum of WO3 NP can be attributed to a synthesis residue coming from the tungsten
precursor and not completely removed during washing step. To ensure that sodium is
not present in the crystalline structure, matching tests between the XRD profiles of the
samples and those of the ICSD database composed of W, O, and Na were performed via
HighScore software. No reference profile was found to match. Moreover, since this element
was not detected by other control chemical analyses (EDS type), it was be neglected in the
continuation of the study.
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Figure 2. (a) XPS spectra of WO3-NP and W Briggs O3-PS oxides; (b,c) high-resolution measurements
of WA4f levels located between 25 and 45 eV of (b) WO3-NP and (c) WO3-PS.

A detailed analysis, by means of high-resolution measurements, of the spectra corre-
sponding to the 4f level of W evidenced four peaks for both samples (Figure 2b,c). The first
two major peaks, located at 35 eV and 37 eV, correspond to the bond energies of W 4f;/,
and W 4fs /,, respectively. They are in agreement with the W®* ion energy values reported
in the literature [39-41]. The two minor peaks of low intensity indicate the presence of
less-oxidized W species such as W>* [42]. In addition, the presence of W>* ions implies
the presence of oxygen vacancies [43]. WO3; has a perovskite-like structure that is mainly
formed by edge- and corner-sharing with WOy octahedra [35]. Under the calcination, some
W-O bonds broke, leading oxygen molecules to leave the surface lattice, which creates
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oxygen vacancies [44]. One oxygen vacancy generates two electrons, which reduces Wé*
ions into W>*, and reduces the number of cations observed by XPS. The 1s oxygen energy
levels for WO3-NP and WO;-PS, respectively, were observed and have been broken down
into three different peaks. The predominant peak, located at a maximum of 530 eV, corre-
sponds to the O?~ oxygen ions in the lattice, the peak located at 531 eV corresponds to the
HO™ hydroxyl groups [45], and the peak located at 533 eV was caused by the presence
of H,O water molecules [46]. As an indication, the XPS analysis also allowed for the
determination of the atomic concentrations of the detected elements. The ratio between
the atomic concentration of oxygen and tungsten is equivalent to three, which indicates a
material composition in the expected stoichiometric proportions.

Figure 3 shows microscopy images (SEM and TEM) and electron diffraction patterns
of the calcined materials issued from the two synthesis routes. The SEM images reveal that
WO; particles have either the shape of pseudospheres (PS) or NP. After heat treatment at
500 °C, these morphologies are consistent with those that were expected.

b

© 5720 4060 80 100 120
particle size (nm)

ol u¥
20 40 60
Hicihes

Figure 3. SEM image of WOj3 PS (a) and WO3 NP (d), insert histograms correspond to the size
distribution. (b) TEM image of WO3-PS and (c) its electronic diffraction pattern ([201] zone axis).
(e,f): diffraction patterns of a WO3 NP along the [010] and the [011] zone axes, respectively.

For PS particles, the average diameter increases significantly (by about one third),
with a higher polydispersity from 64 £ 17 nm to 84 £ 31 nm after treatment at 500 °C. At
the end of the synthesis, the pseudospheres aggregate by forming clusters of micrometric
particles, but this aggregation effect is strongly reduced after treatment at 500 °C; this can
be explained by an improvement in the crystallinity and an increase in the surface tensions
between the particles.

In the case of the nanoplatelets treated at 500 °C, lateral sizes show a size distribution
centered around 300 nm while that of the thickness is around 60-70 nm, i.e., twice as
much as before treatment. This is in agreement with the literature, which lists numerous
studies on the increase in particle size when heat treatment is applied [47-49]. All NP
average dimensions, as estimated by direct SEM measurements, are three to four times
higher than those calculated from the Halder-Wagner method. The important difference
obtained with the Halder-Wagner method is related to the quality of the diffractograms.



Catalysts 2023, 13, 1333

8 of 26

They showed high FWHM (a direct consequence of the small size of the crystallites), as
well as a limited number of diffraction peaks that are usable for each family of planes and
diffraction lines, and which are mainly located at the mid-angles’ region. Although the
Halder-Wagner model was precisely chosen in this work for its better consideration of the
peaks located at middle angles, compared to other calculation models, it did not allow us
to obtain crystallite size values that were consistent with the rest of our analyses.

Moreover, the polydispersity in size of a WO3 NP sample can influence the FWHM of
the diffraction lines and thus distort the crystallite size calculation, as well as the amount of
deformation of the nanoplatelets observed in HREM [37], which will be described hereafter.

The observations were fast for the WO3 PS sample due to the isotropic and non-
faceted morphology of the particles. Figure 3c shows an electron diffraction pattern, which
is indexed according to an orthorhombic structure of the space group Pnma (n° 62) along
the zone axis [201], in agreement with the XRD analyses.

The nanoplatelets can be observed in different orientations (Figure 3d), to obtain the
most relevant information, they are studied flat or on the lateral side. The associated
electron diffraction patterns are indexed according to the structure of the orthorhombic
phase: with a [010] zone axis (Figure 3e) for a platelet observed flat and [001] and [100]
zone axes for a platelet seen on the lateral side. Given the dimensions of the particles, [101],
[011], and [110] orientations (Figure 3f) are often obtained.

The diffraction pattern presented in Figure 3e shows a quadratic symmetry with in-
dense spots corresponding to the (200) and (002) planes of the WO3 pseudocubic structure
and spots of lower intensities, indexed in the orthorhombic structure, which are induced
by the deformation and tilt of the WOg¢ octahedra. The diffraction pattern in Figure 3f
corresponds to a platelet seen on the lateral side according to the [011] orientation. The
electron diffraction images also allowed us to index the planes (020) as being the base
planes of the platelets. In a former work, some faults in the stacking of the (0k0) planes
were detected, illustrated by the presence of diffuse streaks following the b* axis in the
diffraction patterns. These stacking faults are directly observable on the HREM images.
Observation of the platelets, when oriented with the b-axis parallel to the electron beam,
revealed the presence of pores on the surface of the (020) planes [37].

The nitrogen adsorption-desorption isotherms obtained for WO3-NP and WO3-PS par-
ticles are given in Figure 4. According to IUPAC classification, they belong to the type IV
isotherms which is characteristic of mesoporous materials. The position of the hysteresis for
WO;3-NP (at p/p° values close to 1) suggests the presence of large mesopores. The B.E.T.
equation was used to calculate the specific surface area. The obtained values are equal to
12m?-g~ 1 and 7m?2-g~!, respectively, for WO3-NP and WO;-PS (results not represented here).

The Barrett, Joyner, and Halenda (B.].H.) method was applied to the desorption branch
of the isotherms to estimate the pore size distribution [50]. The pore size distributions for
both samples are given in Figure 4c,d. The results obtained are in good agreement with
the interpretations of the nitrogen sorption isotherms: WO3-NP possesses an average size
around 60 nm, while WO3-PS has a smaller average pore size, centered around 10 nm.
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Figure 4. Nitrogen adsorption-desorption isotherms of (a) WO3 NP and (b) WO3 PS, and correspond-
ing pore size distribution calculated using B.J.H. formalism for (c) WO3 NP and (d) WO3 PS.

3.2. Optimization of the Preparation Conditions of Au@WQO3 Hybrid Catalysts

The optimization of the elaboration parameters of the composite catalysts was based
on the comparison of the photocatalytic efficiencies of the materials obtained in the various
tests listed in Table 2. Only the WO3-NP support, which was expected to be a good
support for the deposition of gold nanoparticles, due to its faceted morphology and surface
characteristics, was used for these tests. Three parameters were varied: (i) variation in
the mass percentage of gold was carried out with the C1 and C2 samples; (ii) HAuCly
concentration with C2, C3, and C4 samples; and (iii) the impregnation time with C4, C5, and
C6 samples. Note that the mass quantity of gold is expressed in a theoretical percentage and
was verified by various methods in the subsequent characterizations. The photocatalytic
efficiency was studied on the degradation of rhodamine B (RhB) under artificial solar
irradiation. The tests were conducted after one hour of stirring in the dark of the Au/WO3-
NP photocatalyst suspended in the polluting solution to establish the sorption equilibrium.
Then, the photocatalytic activity was followed by UV-Vis spectroscopy, for 120 min, by
recording the decrease in the main absorption band of each dye over the irradiation time.
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As an example, Figure 5 shows the evolution of the absorption spectra obtained for each
of the polluting dyes in the presence of the Au/WO3; NP (C5 sample) composite under
artificial solar irradiation. As an insert, the histograms represent the relative amount of
each dye adsorbed onto the surface of the composite catalyst before the irradiation was
started (compared to that onto the bare oxide). These results will be discussed later. For the
composite optimization study, RhB dye was chosen for its low adsorption rate and faster
photodegradation on the catalyst surface.

Table 2. Synthesis parameters and results of photocatalytic tests for several samples.

Samples C1 C2 C3 C4 C5 Cé
Au (Wt.% te0.) 1 5 5 5 5 5
HAuCly (mol-L~1) 25x107% 25x107% 1072 1073 1073 1073
Impregnation time (h) 72 72 72 72 48 24
Relative residual RhB concentration 49 11 66 56 5 43
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Figure 5. Example of the evolution of the UV absorption spectra of the three dyes tested in the
presence of the Au/WO;3; NP C5 photocatalyst during 180 min of sampling: (a) rhodamine B,
(b) methyl orange, (c) methylene blue. Insert histograms show the comparison of the adsorption rate
of WO3 vs. Au-WO;3; NP.

3.2.1. Determination of the Optimal Gold Content for the Composite Catalyst

The optimal gold content of the catalyst, in the form of AuNPs grafted onto the oxide
surface, is an important parameter. If it is too low, then there may be few gold particles
on the surface of the support and the plasmonic, charge transfer, and/or local heating
effects engendered by the hybrid particles cannot be obtained. On the other hand, if it is too
high, the surface of the support may be overloaded, hindering photon absorption by the
semiconductor support, which would slow down the production of (e—/h+) pairs. In the
literature, studies focused on the synthesis of Au/WQOj3 materials are mainly related to gas
sensors [51], methanol conversion [52], H,O,-assisted gas photocatalysis, or H, produc-
tion [53]. The gold rates used are very diverse, ranging from 0.1 to 8 wt.%, and generally
yield gold particles that are 10 nm in diameter. Because of this, it is not straightforward
to determine the amount of gold to load onto WOj3 to improve the photocatalysis results.
The first rate of gold loading was determined from the results of Qamar et al. [54]. Their
study showed that no improvement in methyl orange (MO) degradation was observed by
Au/WOj; photocatalyst composed of 1 wt.% Au compared to degradation with bare WO3
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support. Therefore, we started with a composite material with this same amount of gold to
see if it would be effective on dye degradation. This corresponding sample is named C1. A
second gold content of 5 wt.% Au was also studied to observe if a higher amount of Au
would improve the properties of the photocatalyst or, on the contrary, degrade them; this
sample is named C2.

The results of the photocatalytic tests are presented in Figure 6a and show a degra-
dation efficiency (after 120 min of irradiation of the solution with RhB) of about 90% in
the presence of the C2 hybrid against only 50% for the C1 composite. Two conclusions
emerge from these results. The first one is that the Au/WOj3 photocatalyst with 1 wt.%
of AuNPs degrades only half the amount of RhB present in the medium. Note that the
photolysis (without catalyst) or photocatalysis with bare WOj3 reference tests did not show
degradation of the solution. The second conclusion is that an amount of 5 wt.% AuNPs
leads to a better photocatalytic efficiency. This is probably due to a better distribution of
AuNPs on the support, favoring synergistic mechanisms that resulted in a faster kinetic
and more intense final degradation rate after 120 min [55]. Therefore, the percentage of
gold mass that will be retained for the rest of the study is the one corresponding to the C2
sample, i.e., Au =5 wt.%.
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Figure 6. Influence of different composites synthesis parameters on the photodegradation rate and
kinetics of RhB: (a) gold content of the composite, (b) impregnation time of the WO3 support in the
gold precursor solution, and (c) concentration of the HAuCly gold precursor solution.

3.2.2. Determination of the Impregnation Time

The impregnation time is one of the essential steps for the formation and distribution
of AuNPs on the surface of WOj3 support. Three times were studied through the samples
C4, C5, and C6, which correspond to an impregnation time of 72, 48, and 24 h, respectively.
The results, presented in Figure 6b, do not show significant differences between a 24 and
72 h impregnation time, which both allow a maximum degradation of 50%. However, a
clear improvement in the photocatalysis efficiency was obtained with a composite material
after 48 h of impregnation, where RhB was 100% degraded in 90 min of irradiation. In order
to better understand the influence of the impregnation time on the formation of AuNDPs,
SEM images were made of these three samples, as seen in Figure 7. For the samples with
an impregnation time of 24 and 72 h, the AuNPs that were formed were polydisperse and
appeared to be large in size. On the contrary, for the C5 composite obtained after 48 h
of impregnation, numerous, very small, and well-dispersed AuNPs were formed on the
surface of WO3 support. The photocatalytic results show that homogeneous coating with
small AuNPs on the oxide support is favorable for a better photocatalytic efficiency. The
impregnation time of 48 h (corresponding to the C5 sample) was be retained as the best
impregnation time and applied for the photocatalytic applications.
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Figure 7. SEM images of (a) C4, (b) C5, and (c) C6 Au/WO3; NP composites obtained after 72, 48, et
24 h of impregnation in a 1073 M HAuCly gold precursor solution, respectively.

3.2.3. Determination of the Optimal HAuCl, Gold Precursor Solution

To grow and graft the gold nanoparticles on the substrate, tetrachloroauric acid
HAuCly is used as a precursor. Its concentration seems to be important because it plays a
role in the adsorption rate of gold ions on the WOj3 surface. If the concentration is too high,
then a strong adsorption of Au®* ions could take place, even in aggregation. In this case,
a large number of AuNPs may form on the surface and prevent photon absorption from
the WOj3 support or too-large AuNPs may be obtained that are not desirable for a catalytic
application. The C2, C3, and C4 samples allowed us to compare HAuCl, concentrations
equivalent to 2.5 x 1074, 1072, and 10~2 mol-L ™, respectively, for the same impregnation
time of 72 h. According to the evolution of RhB degradation, shown in Figure 6c, the C2
sample obtained with a concentration [HAuCly] = 2.5 x 10~* mol-L~! is the most efficient,
degrading 90% of RhB in 120 min of irradiation compared to 40% or less for the other two
samples. However, if we compare the efficiency of the C2 to the C5 sample presented in
the previous paragraph, we notice that the C5 sample has more interesting degradation
kinetics and allows for degrading almost all of the RhB molecules in 90 min.

To summarize, the C5 composite material presents the most interesting kinetics and
efficiency for RhB degradation. Therefore, the key parameters which we kept for further
Au/WOj; syntheses were the grafting of a gold quantity of 5 wt.% via a 48 h impregnation
from a HAuCly solution at a concentration of 10~3 mol-L~!. These parameters were applied
for the next syntheses of composites based on WO3; NP and on WO3 PS supports.

Hereafter, advanced characterizations of the composite catalysts are presented. They
were elaborated from WOj3 supports treated at 500 °C on which AuNPs were grafted ac-
cording to the above optimized conditions. The composite materials prepared, respectively,
from WO;3-NP platelet-shaped and WO;3-PS pseudospherical particles are named Au/WOj3-
NP and Au/WOs-PS. Two objectives were sought: (i) to confirm the gold content of the
elaborated composites, and (ii) to determine the modifications of properties generated
by the deposition of AuNPs on the surface of the semiconductor supports (influence on
structure, surface, polarity, porosity, band structure, etc.).

3.3. Structural and Microstructural Characterization of Au/WO3 Composite

The first characterizations to be carried out were to ensure the presence of gold particles
and to evaluate the quantity of the grafted particles. On the SEM images (Figure 7), some
white particles were observed, which were identified as gold particles by EDS analysis. The
EDS spectra presented in Figure 8a,b show, for both materials, the presence of gold with
energy peaks detected around 10 and 12 keV and tungsten with an energy peak detected
around 8 keV.
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Figure 8. EDS spectra of (a) Au/WOs3-NP and (b) Au/WO3-PS nanohybrids; (¢) XPS spectra of
the two hybrids with (d) focus on the two energy band located between 75 and 100 eV that are
characteristic of metallic gold; XRD patterns of (e) Au/WO;3-NP and (f) Au/WOg3-PS.
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The theoretical mass gold content added to the surface of the oxide supports was
5 wt.%. However, as shown by the results of the mass measurements determined by ICP,
the gold rate is lower. It reaches 3.5 wt.% for Au/WO3-NP and 2.5 wt.% for Au/WOs3-PS.
The gold grafting is, therefore, more efficient on the nanoplatelet supports, with a yield of
70% compared to only 50% for the WOj3-PS particles. Moreover, this also shows that good
photocatalysis results on RhB were obtained with only 3.5% gold. By optimizing the gold
grafting yield on WOs3, it would, therefore, be possible to use less gold precursor to prepare
our photocatalysts.

Further investigations on the chemical state between the metal-metal oxide interaction
of the composite were collected by XPS analyses. The spectra of the Au/WO3-NP and
Au/WO3-PS samples are shown in Figure 8c,d. The energy bands corresponding to the
W and O elements are identical to those of the bare WOj5 substrates. The Au element is
detected at 83.97 and 87.64 eV, values which are in accordance with the 4f;,, and 4f5,,
energy levels of gold in the metallic state (Au'), respectively [56]. This confirms, for both
composite samples, the presence of gold on the one hand and, on the other hand, the good
reduction of Au3* ions by NaBHy to metallic gold.

Figure 8e,f shows the XRD results of the Au/WOj3; samples compared to the bare WO3
samples given in Figure 1a,b. The diffractograms are very similar except for the presence
of three additional peaks for the Au/WO3; composites. These three peaks, located at 38,
44, and 65°, can be indexed to the (111), (200), and (220) planes of a face-centered cubic
structure of gold metal (Fm-3m, space group ICSD No. 52249), respectively. All other
diffraction peaks correspond to the orthorhombic phase of WO3 described in Section 3.1.

SEM images of Au/WO3-NP (Figure 9a) and Au/WO;3-PS (Figure 9b) composite
compounds allowed us to observe the distribution of AuNPs on the oxide supports after
grafting. The measurements of the particle size carried out on 1000 AuNPs allowed us
to plot the size distribution (inserts in Figure 9a,b). In both cases, the distribution was
polydisperse with an average size centered around 7 nm. However, the density of gold
particles was higher on the WO3-NP support than on the WO53-PS support. In addition,
a different distribution between the faces of the WO3-NP support was observed. The
square basal faces have a high density of uniformly distributed gold nanoparticles while
the rectangular lateral faces contain very few or no AuNPs. This reflects a selective growth
of gold nanoparticles.

TEM observations on WOs3-PS (Figure 9¢c) and WO3-NP (Figure 9d,e) confirmed the
presence of gold nanoparticles. In the case of nanoplatelets, they are more numerous on
the basal side of WOj3 nanoplatelets. Figure 9d corresponds to a platelet observed along
the [010] direction, on which the gold nanoparticles appear darker than WOj5; they are
seen more clearly when the nanoplatelet is observed on the edge (Figure 9e). For both
composites, we notice that the gold particles are more hemispherical than spherical in
shape, with a large flat interfacial area between the gold nanoparticle and the WO3 support
(Figure %e).

The contact zone between the two elements of the composite material is important
because it defines the nature of the junction (Schottky or ohmic) and affects the electron
transfer between the metal and the semiconductor. For a photocatalysis application, it is
preferable to have a large interfacial zone to promote the electronic exchanges between
the metal and the semiconductor. In our case, the AuNPs hemispherical shape offers a
wide elliptical interface. These configurations allow both the appearance of an additional
porosity that is useful during the photodegradation process and an improvement in the
electronic properties of the composite materials compared to their bare WO3; counterparts.

The textural characteristics of the composite were obtained with nitrogen sorption,
and adsorption-desorption isotherms are given in Figure 10. The isotherm of WO3;-NP
remains type IV after the grafting of the gold particles while that of WO3-PS changes from
a type IV isotherm to a type Il isotherm typical of a non-porous or macroporous material.
The grafting of AuNPs on the surface of WO3-PS thus leads to the loss of mesoporosity.
The specific surface calculated by the B.E.T. method increases in both cases, after grafting,
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from 12 to 16 m?-g~! for WO3-NP and from 7 to 11 m?-g~! for WO3-PS. This increase may
be partially linked to the presence of AuNPs. Another hypothesis may be that the grafting
procedure of AuNPs (impregnation, reduction, and drying) on WOj3 supports could modify
the agglomeration state of WO3 particles and reduce the intergranular porosity.

The pore size distribution of the Au/WO3-NPs composites was also estimated using
the B.J.H. method (Figure 10b). A decrease in the pore size diameter is observed upon
grafting, changing from 60 nm before grafting down to 30 nm after the incorporation of
Au nanoparticles. This decrease can be explained by the presence of AuNPs between the
platelets of the oxide support. In the case of Au/ WO3-PS, it is not possible to apply the
B.J.H. formalism since the isotherm does not present a saturation plateau.
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Figure 9. SEM images of (a) Au/WO3; NP and (b) Au/WOj3 PS nanohybrids. Inserts show the size
distribution of AuNPs diameter as determined by measurements on 1000 NPs. TEM images of
(c) Au/WOj3 PS and (d,e) Au/WO3 NP.
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Figure 10. (a) Nitrogen adsorption-desorption isotherms of Au/WO3; NP; (b) pore size distribution
calculated using B.J.H. formalism; (c) nitrogen adsorption-desorption isotherms of Au/WOj3 PS.

3.4. Optical Properties

The photosensitive properties of a semiconductor material depend strongly on its
band structure. Many parameters such as morphology, chemical composition, and thermal
treatments have an influence on the energy value of the band gap. Figure 11 shows
the absorbance spectra in the UV-visible range obtained by DRS analysis. The inserts
correspond to the plots of the Kubelka—Munk method, whose extrapolation of the linear
part makes it possible to find the bandgap value.
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Figure 11. Comparison of DRS measurements in the visible UV range for the materials before (black
lines) and after (red lines) gold grafting onto (a) WO3 NP and (b) WOj3 PS supports. Insert figures
correspond to the Kubelka-Munk plots.

The energies of the conduction ban” (Epc) and the valence band (Egy) are related
according to the following equations:

2
®)

EBC =X - E® — 0.5Eg

Eg = Egy — Epc
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EBV =X — E€ + O5Eg (4)

with E€ being the energy of the free electron at the hydrogen scale equal to 4.5 eV [57], Eg
being the band gap energy of the semiconductor calculated by the Kubelka-Munk method,
and x being the geometric mean of the Mulliken electronegativities of the elements in the
compound [58].

The estimated gap energies of 2.54 eV for the WO3-NP supports and 2.49 eV for the
WO3-PS supports are in agreement with the bandgap values of an orthorhombic WO3
phase that are presented in the literature [59,60]. The wavelengths associated with these
bandgap edge values are 488 nm and 498 nm, respectively, indicating that these materials
absorb in the visible range.

The absorption spectra of the composite materials compared to those of the bare
oxides are shown in Figure 11. The plots representing the composites are composed of
two bands. The first is centered around 300-350 nm and corresponds to the bandgap of
the WO3 semiconductor support. The second, centered around 550 nm, corresponds to the
surface plasmon resonance (SPR) of the gold nanoparticles [61-63].

It is known from the literature that small gold nanoparticles with diameters less than
5 nm do not have a noticeable SPR effect in DRS [61]. In our case, the measured gold parti-
cles have an average diameter of 7(£3) nm for Au/WO3-NP and 7(£4) nm for Au/WO3-PS,
which explains the low intensity of the absorption peak. In agreement with the results
of ICP measurements, it is worth noting that this band is less noticeable for Au/WOs-PS,
which contains less gold, than for Au/WOs3-NP.

3.5. Application to the Photodegradation of Three Dyes (RhB, MO and MB)

As already mentioned, the photocatalytic activity of the catalysts elaborated in this
work, bare oxides or composites, was investigated using UV-Vis absorption spectra. Their
ability to remove pollutants from aqueous media through adsorption and/or photooxi-
dation were tested with three model molecules and at different pH levels of the aqueous
medium (3, 5 as native pH of the dyes solution, and 10). The effect of pH will be discussed
in the next section. Here, we focus on the adsorption and photocatalytic properties of the
composite catalysts compared to those of the bare oxides at the native pH (i.e., pH = 5) of
the dye pollutants solution. Moreover, the differences in the behavior of the catalysts as a
function of the morphology of the WOj3 particles, on the one hand, and of the dye which
was tested, on the other hand, will be discussed. However, before each photocatalytic
application, photolysis tests were carried out to verify the native degradation of pollutants.
As reported in Figure 10a, the natural photoactivity over three hours remains low. Except
for MB, which degrades to the limit of 25% at the native pH, MO and RhB show degradation
rates of less than 5%, whatever the pH of the medium.

The histogram shown in Figure 12 represents a comparison of the adsorption and the
photodecomposition rates of polluting molecules on WOs3-based photocatalysts before and
after gold grafting, at the native pH. At the end of the adsorption-desorption equilibrium
in the dark, the adsorption rate of the MB dye was high for all catalysts, with or without
deposited AuNPs, ranging from 50 to 90%. On the contrary, it was very low or negligible
for the MO and RhB dyes. These results show a selective adsorption according to the charge
and the nature of the organic molecule. With a value of —41 mV at natural pH reported in
the literature [63], the zeta potential of WOj3 particles indicates a strong negative surface,
thus favoring electrostatic interactions with cationic molecules. In the case of MB, the high
adsorption rate is due to the low steric hindrance of the molecules and the high sulfur—
oxygen affinity. However, while RhB is also a cationic molecule, it does not have the same
affinity with the catalysts surface, onto which it does not adsorb. The RhB steric repulsion
of the carboxylate anion could inhibit the adsorption process. For MO, as expected for an
anionic molecule, the absence of adsorption is due to the repulsive interactions between MO
and the catalysts surface with and without deposited AuNPs. The adsorption difference
between the bare oxides WO3 and the composites Au/WOj3 can be explained by a decrease
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in the pores size after gold grafting (from 60 nm to 30 nm and from 50 to 10 nm, for NP
and PS shapes, respectively) in which AuNPs are formed, thus decreasing the number of
adsorption sites.

At this stage in the treatment with an aqueous environment, our catalyst can be used
for the adsorption and recycling of pollutants, like MB dye, with a coacervation process [64].
For the RhB and MO dyes, advanced degradation is more than necessary, given the low
adsorption rates.

In addition to the adsorption phenomena, the dye is also removed from the solution by
photoinduced oxidation in the presence of the catalyst, this being the so-called photodegra-
dation process. Different photodegradation rates and kinetics are observed depending on
the catalyst. As shown by the histogram presented in Figure 12b, the Au/WQOj3; composites
are clearly more efficient than the bare oxides for the photodegradation of the three studied
molecules after 3 h of irradiation, whatever the morphology of the oxide support. This
confirms the hypothesis of improved photocatalyst efficiency when there is synergy be-
tween the plasmonic particles and the WO3; semiconductor, which are both photosensitive
in the visible range. The degradation rate of MB for both the bare WO3 NP and PS catalysts
reached 65% and 82%, respectively, while the RhB and MO dyes remained undegraded.
With both Au/WOj; catalysts, not only was the photodegradation of MB significantly
improved but, also, MO and RhB could be degraded. Thus, the complete decomposition
of the RhB was achieved with both composites. For the MB, the photodegradation rate
reached 81% and 100% on Au/WO3NP and Au/WO3PS, respectively. However, the most
appreciated efficiency for both composite catalysts is their ability to degrade methyl orange
with degradation rates reaching 48 and 65%, respectively. As reported in the literature, the
same type of composite did not show any improvement in MO degradation between a bare
WO;3 support and a support loaded with 1 wt.% gold nanoparticles [54].
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Figure 12. (a) Photolysis of the dyes without catalyst. (b) Adsorption and photodecomposition rates
of the dyes over all catalysts at native pH after 3 h of irradiation.

The photodegradation efficiencies obtained in this work seem very promising. The de-
composition rates and kinetics achieved are relatively better compared to works performed
under similar conditions. As reported in the literature, the Ag NPs/TiO, composites, as
the most used plasmonic photocatalyst, allowed researchers to reach a degradation rate
higher than 90% during from 60 min to 180 min of irradiation, depending on the polluting
dyes [65-68]. D. Ding reported an advanced MO decomposition after 4 h with AuNPs that
were 10 nm in size, grafted on TiO, oxide [69]. Another composite based on Au NPs loaded
on a WO3/TiO; heterostructure was developed for the visible light degradation of phenol
and MB [68]. After 120 min of visible irradiation, a 63% decomposition of phenol and a 52%
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degradation of MB dye was observed. Qilu Zhang et al. used a similar Au-WOj catalyst
combined with a carbon structure in a Janus micromotors configuration [70]. It allowed
for a fast decomposition of RhB, but the activation movement of the Janus micromotors
needed UV light irradiation. Oguzhan Ustun reported only a partial degradation of MB
and RhB over WO3 oxides and Ag NPs/WQOj3; even after two hours of irradiation [71]. The
reported metal-NPs/oxide catalysts were used for one or two dye pollutants, while our
composites (as a versatile catalyst) were shown to be efficient both for cationic and anionic
azo dyes.

Figure 13 shows the kinetics of photocatalytic degradation of the three dyes on the
Au/WO3-NP and Au/WOj3-PS composites under solar light irradiation at the native pH
of the solutions. We noticed that not only the rate but also the kinetics of the degradation
is different for the two cationic molecules, RhB and MB, with the Au/WO3;NP catalyst.
To explain this, we must refer to the adsorption rate of the molecule on the photocata-
lyst, as reported in Figure 12b. Although the deposition of the gold particles on WO3
decreases the adsorption of MB on the material, it remains important, and inhibits part of
the photocatalytic reaction, hence a small improvement of the degradation efficiency of this
molecule. With the Au/WO3PS catalyst, where the MB adsorption rate is significant but not
predominant, the kinetics and rate of the RhB and MB dyes degradation are quasi-similar.
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Figure 13. Photocatalytic activities of Au/WO3; NP and PS: at pH = 3 (a,d); at native pH of the dyes
solutions (pH = 5) (b,e); at pH = 10 (c,f).

Moreover, the photocatalytic efficiency is much more important for a cationic molecule.
As an example, for RhB, a complete degradation was obtained with the Au/WO3PS catalyst
at a limit of 90 min. In comparison, twice this time (180 min) is required to reduce the
initial concentration of an anionic molecule such as MO by half. Photocatalysis being a
surface phenomenon, the more the interaction between the polluting molecule and the
photocatalyst is reinforced, the more the degradation will be optimal. The degradation
rates evolution depends on the charge of the dye molecules and the state of the catalyst
surface, such as an attractive interaction which would promote the photocatalytic efficiency
while a repulsive interaction which would hinder the degradation process.
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According to the obtained photodegradation results, it appears clearly that the oxide
supports morphology has a determining role in the photocatalytic efficiency and kinetics
of the Au/WOj3 composites. Despite a higher gold content being on the platelets, the
degradation kinetics is clearly better with the pseudospherical supports. A microscopic
analysis showed different interfaces of the composites: hemispherical contact zones are
larger on WO3 NP than on WOs3 PS. This has a consequence in terms of the energy bar-
rier that the charge carriers have to cross and their lifetime. As reported in our previous
work [36], the WOz NP-based composite showed a higher photoluminescence than WO;3 PS.
Consequently, the lifetime of the charge carriers is higher for PS than for NP, which allows
the generation of active radicals, thus promoting a better photocatalytic activity. The photo-
catalytic results showed an important difference between the two hybrids. The Au/WQOj3
PS photocatalyst showed a low adsorption process and an efficient photoinduced activity,
giving rise to a complete degradation of RhB and MB, and an advanced decomposition of
MO compared to Au/WO3 NP.

In addition to the stability of the Au/WOj5 catalysts, their recyclability is also important.
The results show that, after all cycles, the relative dye concentration that is degraded is
equal to 91%, avoiding any possible leaching of metal ions during a photocatalytic test
and proving the strong bond between gold and the oxide surface. Overall, we found that
composites are significantly more stable than bare oxides [36,37].

3.6. pH Effect on the Photocatalytic Activities of the Dyes (RhB, MO and MB)

The degradation rates evolution depends on the charge of the dye molecules and
the state of the catalyst surface, such as the attractive interaction which promotes the
photocatalytic efficiency while a repulsive interaction hinders the degradation process. Pho-
tocatalytic tests were carried out at different pH levels of the reaction medium: pH 3, native
pH 5, and pH 10, as shown in Figure 13. As already mentioned and reported in Figure 12a,
photolysis tests were systematically performed, showing a significant degradation for MB
(up to 25%), but minor degradation for RhB and MO (less than 5%).

3.7. Photodecomposition Mechanisms

Whatever the composition of the semiconductor photocatalyst, the photodegradation
mechanism starts when it absorbs a photon from the irradiation source, which generates
electron-hole pairs. Then, the photogenerated holes and electrons may lead to the formation
of two main active species, *HO hydroxyl radicals and *O,~ superoxide anion radicals,
with the holes themselves having a strong oxidizing power. These active species are
responsible for the degradation of the pollutants and the efficiency of the catalytic system.
However, the ability of a semiconductor to generate these radicals depends on the position
of the low and high edges of the valence and conduction bands, respectively, in the redox
potential scale (referred to NHE). Indeed, *HO hydroxyl radicals come from the oxidation
of H,O molecules by holes, which requires that the low edge of the semiconductor valence
band (VB) lies above the oxidation potential of HyO (i.e., E(*OH/H,0) = 2.86 V vs. NHE);

*O,~ superoxide anion radicals come from the reduction of O, molecules by photoin-
duced electrons, which requires that the high edge of the semiconductor conduction (CB)
lies below the reduction potential of O, (i.e., E(O,/°O,7) = —0.33 V vs. NHE); note that O,
molecules are generated from water oxidation by holes (E(O,/H;0) = 1.23 V vs. NHE).

As shown in Figure 14b, holes in the VB of bare WO; have a sufficiently high oxidative
potential to form *HO hydroxyl radicals and O, molecules. However, WO3 has a CB edge
located at +0.5 V vs. NHE, well above the reduction potential of O,. This means that
the photoinduced electrons do not have sufficient potential to generate the *O, ™ radical
species on the surface of WO3, which greatly decreases its photocatalytic efficiency [59].
Only photoinduced holes and *OH radicals can contribute to degrading dye molecules.
Besides these oxidative processes, a photobleaching phenomenon, which converts the dye
molecules in their colorless leuco or hydrazine derivative forms (reduced forms) may also
take place. If so, it contributes to fading the dye solution, without real degradation of the
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dye molecules. However, considering the energy level of the conduction band of bare WO3
PS or NP (Ecp = +0.82 eV), this direct reduction would be only possible for RhB molecules
(ERhB/LRhB =+0.95 V vs. ENH, EMB/LMB =+0.53 Vvs. ENH, EMO/LMO =+0.24 eV [72,73])

Yet, in the case of our AuNP-based composite catalysts, not only were the yield and
degradation kinetics improved, but an efficient decomposition mechanism was observed,
which led to molecular fragmentation, as revealed by advanced liquid chromatography
assisted with mass spectrometry (LCMS) characterization [29]. As shown in Figure 14, the
presence of AuNPs makes it possible to generate *O, ™ superoxide anion radicals using
hot electrons.
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Figure 14. (a) Typical studies of radical’s identification of Au/WOj3 composites. (b) Energy diagram
of photocatalysts vs. dyes in relation to the redox potential of active radicals.

Thus, photodegradation on composite catalysts may involve many active species, as
illustrated by the following equations:

i *HO hydroxyl radicals produced by holes at the BV of WO3; (Equations (6) and (7));

ii.  Superoxide anion radicals *O,~ formed from O, generated from water on the surface
of gold particles (Equations (4)—(6)). These radicals can also be initiators of other
reactive oxidizing species such as HO,* and *HO (Equations (11)-(13));

ili. The h* holes themselves, which can form either in the VB of the semiconductor or
within the gold nanoparticle, after excitation. The former can either react with water to
form *HO radicals (Equations (6) and (7)) or react directly with the organic molecule
on the surface of the photocatalyst (Equation (10)). As for the holes left from the
plasmonic excitation of AuNPs, they can form O, molecules (Equation (9)).

WOs3 + hv — h¥woz) + €~ wos) (5)
h*wos) + ~OH —» HO® ©)
h*wos) + HyO —» HO®+ H* %)
Au +hv — hot (e7) + hot (h*) (8)
4 hot (h*) + 2H,O — O, + 4H" 9)
O, +hot (e7) — *Oy~ (10)

0,*” + H,O — HO,* + "OH (11)
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HOZ. + H,O — H,O» + HO* (12)

H202 +hv — 2HO* (13)

While active species tests performed on Au/WO3 NP evidenced the majority roles of
*HO™ and h* in RhB and MB degradation, respectively, for MO dye, all radicals contributed
to the degradation process (Figure 14a). The same tests performed with Au/WO;3; PS did
not reveal any predominant active species.

The improved photocatalytic performance of WO; PS is, therefore, related to the
improved charge-carrier creation kinetics due to the new electrical properties provided by
the gold particles. This trend is supported by the results reported in the literature. Ab initio
(DFT) calculations of electron/hole mobility performed on each of the three facets of the
wafers showed a low mobility in the [020] direction compared to the other two directions,
[200] and [002] [74]. Therefore, there appears to be a weak charge-carrier transfer between
WO3 (020) and the AuNPs. In the case of WO3 PS, an isotropic structure, the mobility is an
a priori equivalent in the three directions, [020], [200], and [002], thus resulting in a better
charge transfer (e—/h+).

As we mentioned before, the gold particle has plasmonic properties that allow it to
improve the lifetime of charge carriers by physical effects but also to make thermodynam-
ically favorable redox reactions that were not possible with the position of the Eyg and
Ecp energy levels of bare WO3. For example, the hot electrons generated by the SPR effect
of gold can lead to the formation of O, by reaction with water molecules. Once the O,
species is created, it is possible for it to form secondary oxidizing species such as *O, ™ and
HO, ™, and these species could not be formed by the oxide alone. Thus, the complexity of
the reaction mechanism increases with the probability of having many reactive oxidizing
species in the presence of the hybrid material, while only *HO is involved in the degrada-
tion on bare WO3. The creation of other active species is favorable for an improvement in
the photocatalytic efficiency.

4. Conclusions

In summary, we have discussed the results of dye photodegradation on composite
catalysts composed of gold nanoparticles deposited on nanostructured WO3 oxide sup-
ports with various morphologies. These hybrid photocatalysts were synthesized by the
impregnation-reduction method. The optimization of the Au/WO3; composites was carried
out by monitoring the photocatalysis of RhB. The optimal synthesis parameters are a 48 h
impregnation of five mass percentage of gold from a HAuCly precursor with a concentra-
tion of 1073 mol-L~!. The confirmation and quantification of gold grafting were obtained
by EDS and ICP analyses, and a better grafting yield was observed on WO3 NP than on
WO3; PS. The XRD analyses did not reveal any modification of the structure of the oxide
supports after gold grafting, contrary to the sorption analyses, which highlighted a change
in the state of the materials surface, in terms of specific area and porosity. XPS analysis
revealed the reduction of W ions into W>*. Thus, the appearance of oxygen vacancies
favors the composites photocatalysis process with more electron exchanges.

The improvement in the electrical/optical and textural properties of the composite
materials was demonstrated, respectively, by the determination of the plasmonic effect of
gold on WOj3 supports through DRS measurements and nitrogen sorption.

The photocatalysis results of several dyes pollutants have shown a selective degrada-
tion efficiency depending on the charge of the polluting molecules, pH medium, and mass
loading of the catalysts. At pH 5 (native), the photocatalysis process is highly efficient on a
cationic molecule, and inversely charged with respect to the WOj3 surface, which does not
have a strong adsorption capacity. The Au/WOs3 PS composite remains the most efficient,
degrading almost the whole RhB and MB in only 60 min and 90 min, respectively. For
MO, as anionic dye, the degradation is more efficient in acidic medium (80%) than in basic
medium (0%). Trap tests of the main active species involved in photocatalytic degradation
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showed a disparity between the two composite materials on the degradation of the same
pollutant.

Each of the active species would contribute to the degradation by photocatalysis
in the presence of Au/WO; PS, while the degradation in the presence of Au/WO3; NP
would be mainly favored by HO™ radicals. To understand the photocatalytic process,
further investigations are in progress, both to better identify the charge carriers and their
lifetimes by time-resolved spectroscopy but also to identify the decomposition mechanisms
by chromatography coupled to the mass spectrometer.
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