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Abstract: Titanium dioxide (TiO,) is a widely used and well studied photocatalyst synthesized using
different methodologies, including sol-gel, which allows one to modify the material in a one-pot step.
By using a microwave- and sonochemistry-assisted sol-gel method, x wt.% Au-TiO, photocatalysts
were successfully synthesized. Physicochemical characterization of the photocatalysts shows an
average crystallite size of 10.5 nm and an even morphological distribution of spherical particles with
the sonochemistry synthesis method. For the microwave method an average value of crystallite size
of 8.3 nm was found and it presents an increase with the amount of Au load. The cyclic voltammetric
response and Mott-Schottky analysis are consistent with a semiconductor material containing metallic
particles and for a heterophase junction of anatase and brookite with oxygen vacancies, respectively.
The photocatalytic activity was assessed by paracetamol degradation in an aqueous solution as model.
The sonochemistry-synthesized photocatalysts display the most promising results as they have a
better paracetamol removal and the amount of gold in the catalyst (0.7 wt.%) was found to be optimal
for this process.

Keywords: photocatalyst; titanium dioxide; microwave and sonochemical-assisted synthesis

1. Introduction

Titanium dioxide (TiO,) is a widely studied material owing to its excellent physical, chemical,
electronic and optical properties. Due to its properties, TiO, has a wide number of applications such as
electronic devices [1], thin films [2], self-cleaning surfaces [3] and water treatment through advanced
oxidation processes [4-6].

Many methods have been reported for the synthesis of titanium dioxide materials, including
hydrothermal methods [7,8], chemical vapor deposition [9,10], the Pechini method [11], and sol-gel
processes which have been also used in industrial scale synthesis [12-14]. Among these sol-gel is
still one of the most widely used synthesis methods for the preparation of TiO, photocatalysts, either
as pure TiO, or doped TiO,. The main advantage of this method is that it allows the synthesis
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of crystalline powders of high purity at relatively low temperatures [15,16]. The sol-gel method
can be also be assisted by coupling it with another different type of process, such as microwave or
sonochemical irradiation.

The microwave-assisted method is a rapid, energy-saving and high yielding method for the
preparation of functional nanomaterials [2]. Microwave radiation frequencies range from 300 MHz to
300 GHz. When microwaves interact with matter, they transfer energy directly, producing a fast and
homogeneous heating process [17,18]. The microwave-assisted sol-gel method has been reported as a
versatile procedure for preparing metal or non-metal doped titanium dioxide. Reda et al. reported the
copper doping of TiO,, with a diminution on the synthesis time and improvement of the photocatalytic
activity. A crystalline anatase phase with particles of sizes between 9-17 nm was determined [19].
Studies on non-metal (nitrogen) doping of titanium dioxide through a sol-gel process affording particles
of 50-120 nm size and their application for visible-driven photocatalytic degradation of pharmaceutical
pollutants have been reported by Shetty et al. [20]. Moreover, comparisons of metal and non-metal
doping effects have been performed in some studies. Esquivel et al. reported the synthesis of TiO,
doped with iron and sulfur employing a microwave-assisted sol-gel method, where according to the
results, the crystallite size of the synthesized samples remained in the 4.9 nm to 6.5 nm range no matter
the dopant utilized [21].

On the other hand, sonochemistry has attracted attention in recent years as a novel synthesis
route since it causes chemical reactions and physical changes that do not occur in other ways [22,23].
In the sonochemistry method, a three-step process takes place including the formation, growth, and
finally the implosive collapse of cavitation bubbles [24]. This implosion produces extremely high
temperatures (>5000 K), pressures (>20 MPa), and very high cooling rates (>10'? K s™1) [25-27]. Several
investigations have been carried out to synthesize titanium dioxide under these extreme conditions.
Guo et al. successfully incorporated TiO, nanoparticles with an average size of 4-5 nm on graphene
layers using a sonochemical-assisted synthesis method without any surfactant [28]. Ambati and Gogate
reported the synthesis of an iron-doped TiO; catalyst through an ultrasound-assisted sol-gel method.
A comparison between the obtained TiO; and the conventionally synthesized material indicated that
the ultrasound approach yields lower particle size and reduced reaction time [29].

It is worth mentioning that novel assisted synthesis methods coupled to the sol-gel conventional
method are proven to yield better performance and specific characteristics of the synthesized TiO,,
however, only a few investigations have made clear comparisons on the advantages on the use of assisted
methods with conventional synthesis methods, and, to the best of our knowledge, there is no clear
comparison in the synthesis of doped titanium dioxide using microwave- and sonochemistry-assisted
methods. In this work, a comparison of the synthesis and structural characterization of x wt.%
Au-TiO; photocatalysts produced by two different methods, namely, microwave and a new
sonochemistry-assisted sol-gel method (MW method and SQ method, respectively) is presented,
in order to observe any morphology changes due to the energy applied to the reaction and also the
expected changes in its photocatalytic activity for the degradation of paracetamol (PAM) as model
pollutant in aqueous medium by UV assisted photocatalysis. Therefore, it will be possible to start
further studies of how gold interacts with the TiO, matrix in advanced oxidation processes, self-cleaning
surfaces or nanotoxicology studies.

2. Results and Discussion

2.1. Structural Characterization of the Photocatalysts

In order to evaluate the morphology of the synthesized materials and assess the differences
in the synthesis methods, SEM analysis was carried out. As can be seen in Figure 1a,b, several
differences between the MW and SQ methods of synthesis can be appreciated. Firstly, among SQ
method-synthesized materials (Figure 1b), a large agglomeration of small spherical particles with pores
evenly distributed on the surface is observed in all samples.
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Figure 1. SEM images of Au-TiO, synthesized by (a) the MW Method and (b) the SQ Method.

It is worth noting that no important changes in the morphology of the materials are observed
as the load of gold changes, however, changes due to the synthesis method—SQ or MW—are clearly
observed. Figure 1a shows that MW method results in particles of irregular geometry and bigger sizes
than samples produced by the SQ method. Also, the powders obtained by the MW method show
smooth surfaces with low porosity. On the other side, the powders synthesized by SQ method seems
to have greater surface area, which could favor its catalytic properties.

XRD analysis was carried out to determine the crystal phases and crystallite size of Au-TiO,
photocatalysts synthesized by the MW and SQ methods. Figure 2 shows a comparison of the XRD
patterns obtained in each case.
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Figure 2. XRD patterns of the Au-TiO, samples synthesized by the MW and SQ Method.

Crystal phase identification was done by comparison using the powder diffraction file (PDF) data
bank supplied by the International Centre for Diffraction Data (ICDD), comparing against anatase
(PDF 01-070-6826), rutile (PDF 01-071-0650) and metallic gold (PDF 00-004-0784). In general terms,
all diffraction patterns show diffraction peaks at 20 = 25.3°, 37.9°, 48.1°, 53.9°, 55.1°, 62.8°, 70.2°
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and 75.3° for all the powders synthesized by the SQ and MW methods. These peaks are assigned
unambiguously to the anatase phase of TiO;. It is worth mentioning that no diffraction peaks from,
rutile or metallic gold were detected, indicating the obtention of a pure phase; the absence of signals
due to gold could be attributed to an expected dilution effect because of the very low amount of Au
used in the synthesis process; therefore, to analyze the small amounts of gold, further analysis such as
XPS is needed.

Besides the polycrystalline nature of the synthesized powders, broader peaks in the XRD patterns
corresponding to samples produced by the MW method are observed. This result suggests a lower
crystallite size and strain in these samples. The crystallite size was determined by using the Scherrer
equation D = (kA/fcos0), where D is the mean crystallite size, A is the wavelength of the radiation
(1.54056 A for CuK« radiation), k is a dimensionless number of the order of unity, known as the
Scherrer constant, whose value depends on the shape of the crystal, the size distribution and how the
width is determined, $3 is the peak full width at half-maximum (FWHM) intensity and 6 is the peak
position in radians [30,31]. For MW samples the crystallite size decreases from 12.3 nm to 6.7 nm as
the gold load increases, whereas for samples produced by the SQ method the crystallite size remains
constant at around 10.6 nm. A more in-depth analysis of the XRD and crystallite size of the synthesized
materials was already reported by the authors [32].

Figures 3 and 4 show the Raman spectra of the Au-TiO, samples synthesized by the MW and
SQ methods, respectively. All spectra are characterized by Raman peaks around 144, 197, 399, 515,
and 639 cm~! which correspond unambiguously to the anatase phase of TiO; [33-35]. The three bands
at 147, 197, and 639 cm™! are assigned to the Eg modes and the band at 399 cm™! to the Big mode.
The band at 515 cm™! is a doublet of the Ajg and Bjg modes [33]. From these spectra it is clear that no
matter the synthesis method only the anatase phase is obtained.
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Figure 3. Raman spectra recorded for Au-TiO, samples synthesized by the MW Method, (a) TiO,,
(b) TiOz-Au 0.05%, (c) TiOz-Au 0.1%, (d) TiOp-Au 0.3%, (e) TiO2-Au 0.7%, (f) TiOz-Au 1.0%.
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Figure 4. Raman spectra recorded for Au-TiO;, samples synthesized by the SQ Method (a) TiO;,
(b) TiO-Au 0.05%, (c) TiO2-Au 0.1%, (d) TiOz-Au 0.3%, (e) TiOz-Au 0.7%, (f) TiOp-Au 1.0%.

In order to gain insight about the effect of the gold load in the vibrational features of the different
samples, a more detailed analysis of the Raman peak at 144 cm~! was performed. For such a purpose,
the main Eg mode in each spectrum was fitted using Voigt functions and the obtained results, concerning
the peak position and FWHM as a function of the Au load are shown in Figure 5a,b, respectively.
A blue shift from 144.6 to 149.4 cm™! is observed for samples synthesized by the MW method, whereas
a blue shift from 144.2 to 146.2 cm™! is seen for samples synthesized by the SQ method for Au loads
lower than 0.5 wt.%. This can be due to distortion of the TiO, lattice due to the fact that Au atoms
are occupying Ti sites causing strain. This is confirmed by the data presented in Figure 5b in which
an increase in the FWHM from 13.3 to 21.1 cm™! is observed for samples synthesized by the MW
method, whereas FWHM varies from 12.2 to 15.1 cm™! for samples synthesized by the SQ method for
Au loads lower than 0.3 wt.%. For higher Au loads a red shift from 149.5 to 146.4 cm~! and from 146.2
to 145.1 cm~! are now observed (Figure 5a). This red shift could be attributed to an improvement of
the crystallinity of the material which is again confirmed by the decrease of the FWHM as is seen in
Figure 5b. From these two figures, it is clear that the Raman features are very sensitive to Au content
and provide indirect evidence of the presence of Au in these samples producing structural changes.
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Figure 5. Detailed analysis of the Raman peak at 144 cm™! of Au-TiO, synthesized samples.

The atomic contents of the samples synthesized by the SQ and MW methods, determined from
XPS measurements are listed in Tables 1 and 2. The gold atomic content determined from the XPS
analysis was converted to weight content and compared to the nominal content added in the synthesis
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step. It can be observed that the nominal content of gold is larger in all cases no matter the synthesis
method used.

Table 1. Atomic contents of TiO, samples synthesized by the SQ method.

Nominal Au Content (wt.%) Ti(at.%) O (at.%) Au (at.%) Au (wt.%)

0 _ _ — _
0.05 36.4 63.6 — —
0.1 35.7 64.3 — —
0.3 359 63.2 0.9 0.060
0.7 33.0 66.0 1.0 0.069
1 36.1 62.8 1.1 0.073

Table 2. Atomic contents of TiO, samples synthesized by the MW method.

Nominal Au Content (wt.%) Ti(at.%) O (at.%) Au(at.%) Au (wt.%)

0 _ _ — _
0.05 36.3 63.7 — —
0.1 36.3 63.1 0.6 0.041
0.3 359 63.2 0.8 0.054
0.7 334 65.7 0.9 0.062
1 35.1 63.9 1.0 0.068

The XPS spectra (not shown) of the Au-TiO;, samples synthesized by the SQ method revealed the
presence of oxygen at 530 eV, titanium at 458 eV, and gold at 87 eV in the photocatalysts [36-39].

Figure 6a shows the high-resolution XPS spectra of the Ti 2p region for samples with different
Au loads. All spectra show a doublet at 464.2 eV and 458.5 eV assigned to Ti 2py and Ti 2p3),
respectively, with a binding energy difference of 5.7 eV. These signals are attributed to Ti** of the
TiO; in its anatase phase [40,41]. When the load of Au in the TiO, is increased, a shift towards higher
binding energies, indicating a change in the chemical environment of the Ti due to the Au incorporation
is observed [42,43], which can lead us to assume a chemical interaction of the gold metallic particlew
in the TiO; matrix, as can be seen in the results obtained by Raman spectroscopy (Figures 3 and 4) and
reported by Hernandez et al. [32].

2Py =458.5 AL - 3.7 eV 2P =464.2 4300 4z — 842 s — 878
1wy A AB=36eV
000
" ApTIO 10WE %™ | Au-TiO, 1.0 wt. %
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(a) Ti 2p specific section (b) Au 4f specific section
Figure 6. XPS spectra analysis recorded for Au-TiO, samples synthesized by the SQ Method.

Also, no formation of Ti®* was detected in the present synthesis [44]. In Figure 6b, the XPS high
resolution spectra corresponding to the 4f gold region are presented. The doublet at 84.2 and 87.7 eV
corresponds to the 47/2 and the 42 gold core level with a binding energy difference of 3.6 eV [45-47],
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it is important to notice that below 0.3 wt.% of Au load, gold was not detected. Also, a shift of these
peaks towards lower energies, as the gold load increases is observed indicating negative charges on
the surface of TiO, [32,48].

2.2. Cyclic Voltammetric Response and Mott-Schottky Analysis

Figure 7 shows cyclic voltammograms acquired at a scan rate of 0.1 Vs~!, using the prepared
electrodes with Au-TiO; synthesized by the SQ method in the presence of 0.1 M NaOH (pH 12.9).
In the complete scan one reduction (Ic) signal and one oxidation (Ia) signal are observed, attributed
respectively to the reduction and oxidation of Ti(IV) sites in the TiO; and the conduction-band filling
accompanied by proton insertion [49,50]. This process at the surface of TiO, is described by the
following chemical Equation (1):

Ti** + e + HY (4 =TT + H' (aq5) 1)

0.5

0.0+

I(uA)

—Ti0,

054 —TiO, 0.05 Wt %

—Ti0, 0.1 Wt %
—Ti0, 03wt %
—Ti0, 0.7 Wt %
1.0 4 —TiO, 10wt %
IC
T T T T 1

-1.0 -0.5 0.0 05 1.0

E(V) vs Ag/AgCI

Figure 7. Cyclic Voltammograms of the different electrodes with Au-TiO, synthesized by the SQ
method using NaOH 0.1 M as supporting electrolyte. Scan rate 100 mV/s.

For the TiO, synthesized by both methods, (see Figures 7 and 8), similar onset potentials (Eon)
values are observed, ranging from —0.630 and —0.610 V vs. Ag/AgCl. In the other hand, the
oxidation process Ia shows differences in current values in the presence of Au in comparison with pure
TiO, materials.

Ia
0.4+
0.0 e
<
2 044
—Ti0,
——Ti0, 0.05 wt%
——Ti0, 0.1 wt%
——Ti0, 0.3 wt%
-0.8 1 ——Ti0, 0.7 wt%
——TiO, 1.0wt%
IC
12 T T T T 1
-1.0 -0.5 0.0 0.5 1.0
E(V) vs Ag/AgCI

Figure 8. Cyclic Voltammograms of electrodes with Au-TiO, synthesized by the MW method using
NaOH 0.1 M as supporting electrolyte. Scan rate 100 mV/s.



Catalysts 2020, 10, 1052 10 of 18

This fact can be associated with the substitution conduction-band of sites Ti(IV) by the Au.
This study allows us to find the potential range for semiconductor properties by means of potential
step electrochemical impedance spectroscopy, Mott-Schottky analysis.

Figures 9 and 10 show the 1/C? vs. potential plots for electrodes made with Au-TiO, synthesized
by the MW and SQ methods, respectively. In both cases, a positive slope characteristic of n-type
semiconductors according to the Mott-Schottky model is observed. The density of donors, Ny, and the
flat-band potential (Eg) can be calculated, using Equation (2):

1 2N,
=
CSC NdFSEQ[E - Efb - %]

@

where N4 is the Avogadro’s number (6.023 X 102 mol™1), Fis the Faraday constant (9.65 X 10* Cmol™),
e is the vacuum permittivity (8.8542 x 10714 Fem™), ¢ is the dielectric constant of the semiconductor,
R is the gas constant (8.314 JK~1mol™1), T is the absolute temperature (298 K), and E (V) is the applied
potential, The Mott-Schottky diagrams for the different electrodes with Au-TiO, synthesized by SQ
and MW methods were obtained using a frequency value of 1002 kHz, where a type of a capacitance
response is observed.

TiO, 0.1 wt. %
4——Ti0, 0.3 Wt. %
Ti0, 0.7 wt. %
+=—TiO, 1.0 wt. %

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
E(V) vs Ag/AgCl

Figure 9. 1/C? vs. potential plots for electrodes with Au-TiO, synthesized by the MW method using
NaOH 0.1 M as supporting electrolyte, f = 1.002 Hz.

TiO,

Au-Ti0,0.05 wt. %)
TiO, 0.1 wt. %
TiO, 0.3 wt. %
TiO, 0.7 wt. %
A=—TiO, 1.0 Wt. %

Cs?/uF?
=
[=3
[
T

0.00

! | 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
E(V) vs Ag/AgCl

Figure 10. 1/C? vs. potential plots for electrodes with Au-TiO, synthesized by the SQ method using
NaOH 0.1 M as supporting electrolyte, f = 1.002 Hz.
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Figure 10 shows Mott-Schottky plots for electrodes with Au-TiO, synthesized by the SQ method.
Two regions (labeled as I and II) can be observed where the different density of donors, Ng, and flat-band
potentials (Eg,) can be calculated. This behavior is consistent with a typical hetero-phase junction of
anatase and brookite with oxygen vacancies [51,52]. According to that Ngq and Eg, for the mixture is
calculated and presented in Table 3.

Table 3. Flat-Band potential (Eg,) and donor density (Ng) determined from Mott-Schottky for Au-TiO,
samples synthesized by the SQ and the MW Method.

Material (Eq,) 2 Anatase  (Ng) P Anatase  (Eg,) ® Brookite (Ng4) P Brookite

TiO, (SQ) -0.437 2.1 x 10% -0.880 2.5 % 10%
Au-TiO, 0.05 wt.% (SQ) -0.581 6.9 x 107 -1.065 8.7 x 10%7
Au-TiO, 0.1 wt.% (SQ) -0.991 1.0 x 10%8 -0.533 6.0 x 10%7
Au-TiO, 0.3 wt.% (SQ) -0.921 2.0 x 10 -0.782 3.6 x 10%7
Au-TiO, 0.7 wt.% (SQ) -1.004 3.3 x 10 -0.787 42 x10¥
Au-TiO, 1.0 wt.% (SQ) -0.814 1.7 x 10%7 -0.445 1.9 x 10%7
TiO, (MW) —-0.980 1.9 x 1028 —-0.421 1.1 x 10%8
Au-TiO, 0.05 wt.% (MW) -0.964 1.6 x 108 —0.404 8.2 x 108
Au-TiO, 0.1 wt.% (MW) —0.954 1.6 x 10%8 —0.400 7.8 x 1028
Au-TiO; 0.3 wt.% (MW) -1.019 6.6 x 108 -0.384 2.6 x 10%8
Au-TiO; 0.7 wt.% (MW) -1.082 8.9 x 10%8 -0.309 1.2 x 10%
Au-TiO, 1.0 wt.% (MW) -0.910 1.3 x 10%8 -0.321 2.2 % 10%

a = Volts vs. Ag/AgCl, b =cm™3.

It should be highlighted that as the amount of Au is increased the flat-band potential takes more
negative values for the anatase and brookite phases with no significant changes in N4 values. The same
behavior and tendency are observed for Au-TiO, synthesized by the MW method. A summary of all
values is presented in Table 3.

2.3. Photocatalytic Tests

The photocatalytic performance of the synthesized photocatalysts was assessed by the treatment
of 100 mL of a solution containing 30 mg L~! of the drug paracetamol (PAM) as model pollutant at
pH 3.0 and irradiated with a 365 nm UV lamp (21 W). Figure 11 shows the maximum degradation
obtained after 3 h of reaction time with all synthesized photocatalysts. As can be seen, the samples
with the best performance and degradation were Au-TiO; 1.0 wt.% for the MW method and Au-TiO,
0.7 wt.% for the SQ method.

From the graphs displayed in Figure 11 it is evident that the inclusion of gold ions in the crystal
structure of TiO; had a favorable impact on the catalytic properties, compared to TiO, without
modification (far left), and it is also possible to see a greater degradation capacity of the catalysts made
by the SQ method, except for the sample with 1% Au. The crystalline quality and the surface area
could be relevant factors impacting on the catalytic properties. To the best of our knowledge and
according to [21] and [53] there is a difference between the synthesis process, resulting in a surface areas
over 100 m?g~! previously reported for those research groups, leading a higher removal performance,
nevertheless more studies about the surface and specific area must be carried out to fully understand
the effect of the MW and SQ over the sol-gel method in pure and doped catalysts.
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Figure 11. Comparison of PAM degradation at 180 min of reaction time and pseudo first order kinetic
fit of the MW method samples.

In the inset graph, a pseudo-first-order kinetic model fit for the MW photocatalysts is shown.
For all the synthesized samples a good linear fit was achieved, with rate constants (k;) varying from
1.03 x 1073 min~! for undoped TiO; to 3.79 X 1073 min™! for Au-TiO, 1.0 wt.% for the MW method
samples and rate constants varying from 1.01 X 1073 min~! for undoped TiO; to 3.13 X 1073 min~!
for Au-TiO; 0.7 wt.% for the SQ method samples. It can be observed that similar values of kinetic
constants were achieved for undoped TiO, for both the MW and the SQ method, however, there is a
clear difference in the degradation performance as the Au load increases. It is important to notice that
to obtain the best performance using the SQ method it was necessary a smaller amount of dopant, being
the optimal dopant load 0.7 wt.% while for the MW method the optimal load of gold was 1.0 wt.%.

When varying the initial concentration of paracetamol [PAM]y from 10 mg L' to 30 mg L7},
a corresponding rate constant variation was noted, indicating that k; is not a true constant since it
should be [PAM]j independent. For Au-TiO; 0.7 wt.% (the SQ method) a change from 7.3 x 1073 min~!
to 2.7 X 1073 min~! was observed when increasing paracetamol initial concentration from 10 mg
L~! to 30 mg L™}, and for Au-TiO; 1.0 wt.% (the MW method) a change from 5.0 x 10~% min~! to
3.2 x 1073 min~! was observed for the same initial concentrations. The decrease of k; when the initial
concentration of paracetamol was increased could be due to a greater number of TiO; active sites being
occupied by molecules, hence suppressing oxidant generation [54,55]. The change of k; with [PAM]y
can be described by using the Langmuir-Hinshelwood model, describing the correlation between
degradation rate constants and initial concentrations as [55]:

1 1 1
= + —|PAM 3
ki kcKpam kc[ Jo ®)

where k. is the rate constant at the catalyst surface and Kpay, is the Langmuir-Hinshelwood adsorption
constant. The linear correlation between 1/k; vs. [PAM], obtained for the two different methods was
good, %> = 0.9615 and 72 = 0.9187, for Au-TiO, 0.7 wt.% (SQ) and Au-TiO, 1.0 wt.% (MW) respectively.
The k. and Kpaps values obtained were, 0.086 and 0.178 mg L™ min~!, and 0.345 and 0.087 L mg_1 for
Au-TiO; 0.7 wt.% (SQ) and Au-TiO, 1.0 wt.% (MW) respectively, indicating poor adsorption at Au-TiO,
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surface and a fast reaction with reactive species such as *OH and also indicating that photocatalysts
synthesized by the SQ method yield a faster reaction of pollutants and poorer adsorption at the surface
than those synthesized by the MW method.

3. Materials and Methods

Titanium isopropoxide (IV) (Ti{OCH(CHj3),}4, 97.0%), gold (III) chloride hydrate (HAuCly-x HpO,
99.995%) and sodium borohydride (NaBHy4, 98%) were purchased from Sigma-Aldrich (Toluca, Edo.
Mex., México), isopropyl alcohol (C3HgO, 98%) and sulfuric acid (H,SO4, 95-98%) (used to adjust the
pH) were purchased from ]. T. Baker (Mexico City, CDMx, México). Paracetamol (99.9%) was reagent
grade purchased from Merck (Mexico City, CDMx, México) and used as received.

3.1. Photocatalysts Synthesis

The photocatalysts were synthesized using a regular sol-gel process coupled to two different
methods, microwave and sonochemistry. The precursors undergo a series of hydrolysis and
polycondensation reactions to form a colloidal suspension, or “sol”. Since the hydrolysis process and
the HyO:Ti ratio play a key role in the obtaining of crystalline materials, all hydrolysis process were
carried out in a predominantly aqueous medium to ensure the formation of a crystalline phase [56].
In this work, gold (III) chloride hydrate was used as the dopant precursor salt. For the microwave
process, isopropyl alcohol was placed under a nitrogen atmosphere to displace the dissolved oxygen;
then titanium isopropoxide (IV) was added and allowed to stand. The resulting solution was stirred,
then the total volume of water (water + dopant) was added (in different proportion of dopant to obtain
the desired nominal load of gold: 0.05 wt.%, 0.1 wt.%, 0.3 wt.%, 0.7 wt.% y 1.0 wt.%. A chemical
reduction was made by adding 10 mL of a 30 mM NaBHy, solution. The resulting mixture was stirred
in a dark environment for one hour. The cooled solution was placed in the microwave system, where a
ramp of 10 °C/min was used up to a final temperature of 210 °C for 30 min.

On the other hand, the sol-gel process coupled to sonochemistry was done in the same way
until the dopant was added, where an ultrasonic homogenizer (UP200Ht, Hielscher, Mount Holly, NJ,
United States) equipped with a 40 mm sonotrode configured at 70% cavitation and 30% amplitude for
30 min, after that the solution was put on the dark for one hour. In both cases, the obtained solution
was filtered, dried, and calcinated at 450 °C for three hours.

3.2. Physicochemical Characterization

The morphology analysis was carried out by SEM with a JSM-6510LV microscope (JEOL, United
States). X-ray diffraction (XRD) patterns were recorded to study the crystallinity and particle size,
using a D8 advanced diffractometer (Bruker, Madison, WI, United States) equipped with a Cu anode
to generate Cu K, radiation (A = 1.5406 A) in the range 20° < 20 < 80° with a step size of 0.02°.
The samples were mounted in a standard sample holder for bulk samples. Raman spectroscopy
measurements were carried out using a LabRAM HR spectrometer (Horiba Scientific, Santa Clara, CA,
United States) equipped with a Nd:YAG laser (A = 532 nm). Samples were analyzed with a 6 mW
power focused on a 1.5 um diameter area. X-ray photoelectron spectroscopy analyses were carried out
with a K-Alpha XPS spectrometer (Thermo Scientific, Waltham, MA, United States) equipped with an
Al-Ka X-ray source (1486.7 eV).

3.3. Electrochemical Experiments

The working electrodes were prepared using conductive glass substrates (FTO 20 Ohms SOLEMS,
Palaiseau, France) which were coated with each catalyst. This was accomplished by the dropwise
addition of 1 mL of a previously prepared suspension of 15 mg/mL of each catalyst in ethanol. After the
solvent was evaporated, the electrode was heated at 200 °C (10 °C/min, 1 h) under an air atmosphere.
All experiments were carried out using 0.1M NaOH solution (pH 12.9) as a supporting electrolyte
in the presence of Ny. Electrochemical measurements were performed at 25 °C in a three-electrode
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array cell, using the previously described electrodes, a platinum wire was used as a counter electrode.
A commercial Ag/AgCl electrode was used as the reference electrode. The measurements were
made on a SP- 300 potentiostat-galvanostat (Biologic, Seyssinet-Pariset, France). Cyclic voltammetry
experiments were performed at v = 0.1 V/s from open circuit potential in a potential range from —1.0
to 1.0 V vs. Ag/AgCl. Experiments were done for 11 consecutive cycles to verify the steady-state.
The semiconductor properties of the electrodes were calculated from 1/C? vs. potential measurements,
employing potential step electrochemical impedance spectroscopy, applying an altering voltage of
10 mV from —1.0 to 0.4 V vs. Ag/AgCl and a frequency range from 100 kHz to 1 Hz.

3.4. Photocatalytic Tests

Photocatalytic tests were carried out with each one of the synthesized powders to determine
its degradation potential with pharmaceutical compounds. Paracetamol (PAM) was used as model
organic pollutant. Each experiment was carried out at room temperature under a constant airflow
of 0.1 L min~! bubbled through the stirred solution, containing 30 mg L~! of PAM, with a pH of 3
adjusted with sulfuric acid and irradiated with a 36 W UV lamp (A = 365 nm) located 15 cm above and
using a dose of 0.5 g L™! of photocatalyst. After determining which photocatalyst had the best results,
experiments were carried out varying the initial concentration of the pollutant, specifically, 10 mg
L1, 20 mg L~! and 30 mg L~!. All samples were filtered with Whatman PTFE filters before analysis.
The concentration of paracetamol was determined by high performance liquid chromatography (HPLC)
analysis using an UltiMate™ 3000 HPLC system (Thermo Scientific, Waltham, MA, United States) with
a Hypersil C18 5 um, 150 x 46 mm, column at 25 °C. Mobile phase was set at 60% 10 mM KH;PO4
with an adjusted pH of 3 and 40% acetonitrile at a flow speed of 0.8 mL min~".

4. Conclusions

Au-TiO, photocatalysts with different content of gold were successfully synthesized by MW
and SQ methodologies. Several morphological and crystallographic differences were found, namely;,
the MW method yields uneven particles while the SQ method yields homogeneous particles with a
better crystalline quality and greater surface area, where these particles are distributed evenly across
the surface. The anatase crystalline phase were found for both synthesis methods. By Raman analysis
was possible to corroborate the presence of anatase phase when both synthesis methods were used and
how according to the gold load, some structural changes appear even if the metallic gold nanoparticles
are not detected due to their low concentration in this technique and by XRD analysis. Only by XPS
measurements was it possible to detect the presence of gold in samples with higher content of 0.1 (wt.%)
for the MW method and 0.3 when the SQ method was used in the synthesis process. When the load of
Au increases in the TiO,, a shift towards higher binding energies is observed, indicating a change in
the chemical environment of the material due to the Au incorporation, which can be related to the
obtained Raman spectroscopy results.

According to the electrochemical analysis, a typical TiO, voltammogram was obtained and
no changes were observed according to the synthesis method or even for the gold load. From the
Mott-Schottky diagrams it was possible to conclude that as the amount of Au increases the flat-band
potential takes more negative values for anatase and brookite phases with no significant changes in Ng
values and it doesn’t change according to the type of synthesis method used.

In order to relate all the observed morphology, crystallite size, crystallinity, gold content and
electrochemical behavior features, the photocatalysts were tested in the photocatalytic degradation
of paracetamol as model pollutant. The paracetamol concentration decay obeyed pseudo-first-order
kinetics, where first of all the optimal Au loads for the paracetamol removal were 0.7 wt.% and 1.0 wt.%
for Au-TiO, synthesized by the SQ and the MW method, respectively. This can lead us to propose that
the energy used in the synthesis method such as sonochemistry or microwaves, could help to achieve
small crystallite sizes (9.41 MW and 10.71 SQ method) and produce some structural changes that will
help to modify the TiO, matrix with the gold nanoparticles and assure that the density donors and
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the oxygen vacancies will promote a faster absorption of paracetamol molecules on active sites and
desorption of by-products in the removal reaction and also, a fast reaction with reactive species such as
*OH. Finally, the use of sonochemistry as synthesis method can provide a good catalyst with low gold
loads yet efficient enough to carry out a photocatalysis process.
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