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Abstract: In the last decades, photocatalysis has arisen as a solution to degrade emerging pollutants
such as antibiotics. However, the reduced photoactivation of TiO, under visible radiation constitutes
a major drawback because 95% of sunlight radiation is not being used in this process. Thus, it is
critical to modify TiO, nanoparticles to improve the ability to absorb visible radiation from sunlight.
This work reports on the synthesis of TiO, nanoparticles decorated with gold (Au) nanoparticles by
deposition-precipitation method for enhanced photocatalytic activity. The produced nanocomposites
absorb 40% to 55% more radiation in the visible range than pristine TiO,, the best results being
obtained for the synthesis performed at 25 °C and with Au loading of 0.05 to 0.1 wt. %. Experimental
tests yielded a higher photocatalytic degradation of 91% and 49% of ciprofloxacin (5 mg/L) under
UV and visible radiation, correspondingly. Computational modeling supports the experimental
results, showing the ability of Au to bind TiO, anatase surfaces, the relevant role of Au transferring
electrons, and the high affinity of ciprofloxacin to both Au and TiO, surfaces. Hence, the present
work represents a reliable approach to produce efficient photocatalytic materials and an overall
contribution in the development of high-performance Au/TiO, photocatalytic nanostructures through
the optimization of the synthesis parameters, photocatalytic conditions, and computational modeling.
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1. Introduction

The resilience of specific emerging pollutants such as pharmaceuticals to the traditional wastewater
treatments makes them spread in variable concentrations in surface and groundwater [1]. Dissemination
of antibiotics in nature is one of the most significant environmental concerns as they affect biological
metabolism and induce the presence of bacterial resistance among drinking water sources [2].
Photocatalysis has received considerable attention from the scientific community as a possible solution
to degrade these compounds [3,4].

Typically, the photocatalytic process takes place when a catalyst is UV irradiated and electron-hole
pairs are created that will react with H,O, OH™, and O, to generate oxidizing species such as the
hydroxyl radical (OHe), superoxide radical anions (O,e—), and hydrogen peroxide (H,O;). These
species will initiate a series of reactions that will degrade pollutants into harmless compounds (e.g.,
CO; and H,0).

Photocatalysis presents several advantages when compared with other methods, such as the low
cost, and the eco-friendly and straightforward processing conditions [5,6]. Many photocatalysts have
been reported in the last decades [7,8]. Among them, titanium dioxide (TiO,) is the most studied
and applied in photocatalysis, mainly because of its remarkable optical and oxidizing properties,
superhydrophilicity, chemical stability, and durability [9,10]. Despite the compelling advantages of
TiO,, there are also some drawbacks. One of the main hurdles is the low spectral activation of TiO,,
caused by its wide bandgap (3.0-3.2 eV) excitation that only occurs under radiation in the UV or near
the UV region (410-387 nm) [11].

For this reason, solar radiation cannot be efficiently used because only less than 5% of this radiation
corresponds to UV [3]. Additionally, the process becomes less cost effective as the UV lamps are
required to provide the radiation. Another limitation is the electron-hole pair recombination that
decreases the photocatalytic efficiency [12,13].

The research developed in the last decades has been mainly devoted to surpassing those limitations
by producing new and more efficient photocatalytic materials. Strategies for metallic and nonmetallic
doping, co-doping [14,15], dye sensitization, semiconductor combination, co-catalyst loading, and
nanocomposite materials [16,17] have been used and tested. These approaches allow us to reduce the
electron-hole recombination rate and enhance the absorption of visible radiation of TiO, by introducing
intermediate energy levels inside the bandgap [18]. In this scope, several works have reported the
functionalization of TiO, nanoparticles surfaces with metals such as Au [19], Cu [20], Co [21], and
Ag [22]. When irradiated, noble metals nanoparticles at the TiO, surface can receive electrons and
prevent the recombination of the photo-generated electron-hole pairs [23,24].

Metals such as Au and Ag can increase visible light absorption due to the surface plasmon
resonance effect [25,26]. Gold (Au) nanoparticles have attracted considerable attention, mainly because
they possess exceptional stability, nontoxicity, and biocompatibility [3]. Their properties are highly
dependent on the size and shape of the nanoparticles, allowing a broad range of applications [27,28].
For instance, the literature shows that gold nanoparticles in the range of 5 to 10 nm present an enhanced
catalytic activity [29,30]. In this sense, some works focused on the photocatalytic activity of Au/TiO,
nanocomposite have been published, including interesting review articles [3,29,31].

Different physical-chemical techniques have been exploited to produce Au/TiO, nanocomposites
with enhanced catalytic properties. For instance, chemical vapor deposition [32], sol-gel [33], spray
pyrolysis [34], electrophoretic approach [35], deposition-precipitation (DP) [36], deposition-precipitation
using urea [37], impregnation [38], hybridization [39], and surface functionalization [40], among
others [41,42]. However, many of these techniques are time-consuming, and few of them have focused
on the optimization of the nanocomposite and the computational modeling of its nanostructure. Thus,
this work focused on the optimization of a DP, converting the Au/TiO, nanocomposite production
into a cost-effective and straightforward technique, with enhanced photocatalytic activity, under UV
and visible radiation. The method optimization aims for cost reduction, using the lowest Au loading
that endows visible spectra photocatalytic activity to the nanocomposite. The computational studies
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provide further information about the electronic mechanism behind the enhanced photocatalytic
activity of the Au/TiO, nanocomposite, as well as the interaction with the target compound.

The target compound is the fluoroquinolone ciprofloxacin (CIP) (chemical formula in
Supplementary Material, Figure S1), belonging to a class of synthetic broad-spectrum antibiotics [43],
which is mostly used in medicine (e.g., tuberculosis, pneumonia, or digestive disorders). It is also one
of the most prescribed fluoroquinolones in the world and studies has shown its presence in potable
water and wastewater, as well as in sewage sludge at variable concentrations from milligrams to
nanograms per liter [2,44].

In this work, photocatalytic efficiency during the degradation of CIP under UV and visible
illumination was assessed. To the best of our knowledge, this is the first work that combines an
optimization process of Au/TiO, nanocomposite with photocatalytic experiments for CIP degradation
and computational modeling that addresses the interaction between Au and TiO, nanoparticles, as well
as the interaction of CIP with the produced nanocomposites.

2. Results and Discussion

2.1. Nanocomposite Characterization

The Au/TiO, nanocomposites were produced by nanoprecipitation method, and the temperature
(25, 60, and 80 °C) and the Au loading (ranging from 0.025 to 0.5 wt. %) were changed to understand
how these parameters affect the morphology of the nanocomposites and relate it to the photocatalytic
efficiency. In this sense, scanning transmission electron microscopy-high-angle annular dark-field
imaging (STEM-HAADF) analysis was performed, and the micrographs of the different nanocomposites
are displayed in Figure 1.

Temperature (°C)

Figure 1. Scanning transmission electron microscopy-high-angle annular dark-field imaging
micrographs of Au/TiO, nanocomposites synthesized with different Au loadings at 60 °C (a—c),
and Au/TiO, nanocomposites obtained at different temperatures with an Au loading of 0.05 wt. % (d-f).

The Au loading study (Figure la—c) was assessed producing different nanocomposites using the
same experimental conditions (temperature = 60 °C) and changing the loading of gold exclusively,
from 0.025 to 0.5 wt. %. The STEM-HAADF micrographs show that for the sample with 0.025 wt. %
of Au (Figure 1la), the presence of Au nanoparticles over the surface of the TiO, nanoparticles was
almost inexistent (Figure 1a). With the increase of Au loading to 0.05 wt. % (Figure 1b), it was possible
to observe a homogeneous distribution of predominantly small Au nanoparticles (bright contrast
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nanoparticles below 5 nm in diameter) over the TiO, nanoparticles. Similar results were obtained for
0.1 wt. % (data not shown). For the concentrations of 0.25 and 0.5 wt. % (Figure 1a—), agglomerates of
Au over theTiO, nanoparticles (brightest areas of the micrograph) were identified as well as large Au
nanoparticles. Analogously, the effect of temperature on the synthesis product was also performed
maintaining all the synthesis parameters (Au loading = 0.05 wt. % yielded a homogeneous distribution
and size of Au nanoparticles) and changing the temperature of the different samples. STEM-HAADF
images (Figure 1d—f) indicate that although the used Au loading was the same in the three temperatures
tested when the nanocomposite was synthesized at 80 °C, larger Au nanoparticles appeared more
frequently on the nanocomposite (Figure 1f). Conversely, at lower temperatures (25 and 60 °C), the Au
nanoparticles size was smaller (Figure 1d,e).

The study of the effect of Au loading and temperature in the nanocomposites morphology
indicates that the samples produced at 60 °C and with an Au loading of 0.05 wt. % possessed the more
homogeneous distribution and size of Au nanoparticles. In this way, a more detailed STEM-HAADF
analysis (Figure 2) was performed on this sample. Figure 2a,b reveal a homogeneous dispersion
of Au nanoparticles (white arrows) over TiO, nanoparticles” surface. The representation of the
sphere-like shape of Au nanoparticles in Figure 2c, where an high-resolution scanning transmission
electron microscopy — high-angle annular dark field shows that single-crystal nanoparticles with high
crystallinity were produced by the proposed method. Size distribution, ranging from 1 to 7 nm, and
the average size of 3.2 + 1.13 nm (Figure 2d), were quantified using Image ] software applied to
400 nanoparticles. The size distribution of Au nanoparticles for synthesis at 25 °C and 80 °C is provided
in Supplementary Material (Figure S2). All the images show Au nanoparticles with similar sizes, which
is in good agreement with the size distribution histogram that presents a sharp size distribution.
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Figure 2. STEM-HAADF micrographs of Au/TiO, nanocomposites (produced at 60 °C and Au loading
of 0.05 wt. %) at different scales (a) 50 and (b) 200 nm; detail of Au nanoparticle over TiO, nanoparticles’
surface and single Au nanoparticle amplification (inset) (c); size distribution of 400 Au nanoparticles

with the respective average size (d).
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The STEM-HAADF- energy-dispersive X-ray spectroscopy (EDX) measurements allowed us to
identify the elements present in the Au/TiO, sample in two different points, 1 and 2 (signaled in
Figure 3a). STEM-HAADF-EDX spectra in Figure 3b in point 1 indicate the presence of Au and Cu
(copper), which can be respectively addressed to Au nanoparticles and copper grid. In point 2, the
signatures of Ti (titanium) and O (oxygen) were identified, corresponding to TiO, nanoparticles. Thus,
EDX measurements confirmed the presence of all the elements of the Au/TiO, nanocomposite.

b) AU ——Point 1

Point 2

Counts

T T T T T 1 T T 1 T v v
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)

Figure 3. The STEM-HAADEF- energy-dispersive X-ray spectroscopy (EDX) image of Au/TiO,
nanocomposites with the identification of the measured points: Au (1) and TiO; (2) (a), EDX spectra
with elemental identification (Au, Ti, O, and C) for points 1 and 2 (b). The Au/TiO, nanocomposite
synthesized at 60 °C and with an Au loading of 0.05 wt. % was used.

X-ray diffraction was performed to assess the crystal structure of the pure TiO, nanoparticles and
Au/TiO; nanocomposite, Figure 4a. Both samples show the typical reflexes from anatase (25.3°, 37.8°,
and 48.0°) and rutile (27.49°). There was no significant difference between the intensities or positions of
the reflexes from both samples. Moreover, no reflexes of Au were detected, which can be explained by
the low amount of Au present in the nanocomposite (below detection limit). Figure 4b shows the study
of hydrodynamic size for TiO, and Au/TiO, nanocomposites obtained by dynamic light scattering
(DLS). The results indicated nanoparticles diameters of 1023 nm and 342 nm, for the pristine TiO, and
the Au/TiO, nanocomposites, respectively. The results suggest that the presence of Au nanoparticles
over TiO; nanoparticles surface may prevent the formation of nanoparticles” aggregates. On the other
hand, the size distribution was broader for the nanocomposites regarding the pristine TiO,. Previous
work equally showed that the presence of erbium (Er) on TiO, nanoparticles contributed to reducing
the hydrodynamic size when compared with bare TiO, [15].

The zeta potential was studied at different pH values (3, 5, 7, 9, and 11) for TiO; and Au/TiO,
samples and the results are displayed in Figure 4c. The pristine and the Au/TiO; presented very
similar profiles, with higher zeta potential values ~ [20| mV for pH below 3 and 9. These data were in
good agreement with the literature [45], with positive zeta potential values for acidic conditions and
negative values for basic pH. The more significant difference between the two samples occurred at
pH =7, with the nanocomposite presenting higher zeta potential values than the pure TiO,. Higher
zeta potential values mean that nanoparticles possess higher periphery surface charge, which promotes
nanoparticles’ repulsions, avoiding aggregates’ formation and enhanced stability [46]. In this context,
and relating it with DLS-obtained results, the smaller hydrodynamic size was probably obtained for the
Au/TiO;, because repulsions endowed by Au on TiO, nanoparticles surface prevented the formation of
the aggregates.
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Figure 4. X-ray diffraction reflexes of pristine TiO, and Au/TiO, nanocomposite and identification of
the representative peaks for anatase (A) and rutile (R) phases (a); dynamic light scattering, intensity
size distribution of the pristine TiO, and the Au/TiO, nanocomposite and respective Z-average
hydrodynamic size (b); zeta potential measurements, performed at different pHs (3, 5,7, 9, and 11)
for pristine TiO, nanoparticles and Au/TiO, nanocomposite (c); UV-vis reflectance spectra of pristine
TiO, and Au/TiO; and (inset) the estimation of the bandgap for both samples at (F(R))1/2 = 0 (d).
The Au/TiO, nanocomposite synthesized at 60 °C and with an Au loading of 0.05 wt. % was used.

To understand the differences in the photocatalytic performance of TiO, and Au/TiO,
nanocomposite, the optical properties of these materials were studied by UV-visible diffuse reflectance
spectra (DRS), depicted in Figure 4d. In the visible range (400-800 nm), the pure TiO;, nanoparticles
reflect the radiation almost entirely (= 95%). However, the nanocomposite displays reflectance below
64% for the same range. Additionally, a minimum reflectance (= 44%) was obtained at 545 nm,
indicating a maximum of absorbance band that can be associated with the surface plasmon of Au
nanoparticles, typically in the wavelength range between 520 and 560 nm [47,48]. These results
show that the nanocomposite presented a broad absorbance spectrum when compared to the pristine
TiO, nanoparticles, which is also consistent with the purple/pink color exhibited by the produced
nanocomposite. In the ultraviolet range (200-400 nm), both samples showed similar behavior.

From DRS spectra it was possible to estimate the band gap, shown in the inset graph of Figure 4d,
for pure TiO; and Au/TiO; nanocomposite was converting the reflectance to Kubelka—-Munk units
through Equation (1) and Equation (2). The obtained values show that the nanocomposites possessed a
lower bandgap (2.84 eV) than the pristine TiO, nanoparticles (2.96 eV). The decrease of the bandgap in
Au/TiO, was related to the shift absorption to longer wavelengths. Similar results have been reported
in the literature [49,50].
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2.2. Nanocomposites” Optimization and Photocatalytic Experiments

The photocatalytic activity of all the produced Au/TiO, nanocomposites was assessed by
monitoring the degradation of CIP under artificial UV and visible irradiations. Process conditions
were varied depending on the studying purposes.

Nanocomposite Optimization

As gold is a noble metal, cost-effectiveness should be considered, and the amount of gold used in
the nanocomposite is one of the most paramount parameters. In this study, Au loading was varied by
using different concentrations of the gold precursor. The tested Au loadings were 0.025, 0.05, 0.1, 0.25,
and 0.5 wt. %. These nanocomposites were employed for the photocatalytic degradation of CIP under
both UV and simulated visible radiation.

Figure 5a shows the data of photocatalytic experiments under UV light. Accordingly, all produced
samples and the pristine TiO, used as a control showed photocatalytic activity, proven by the decrease of
CIP concentration along with the irradiation time. As confirmed by the diffuse reflectance spectroscopy
(Section 2.1), the bandgap of the nanocomposites was 2.84 eV, corresponding to the wavelength of
437 nm. Here, the used UV lamp had the mode wavelength of 365 nm, which was shorter than the
bandgap. It means that the photon energy was adequate to excite the photocatalytic materials, and
photocatalytic reaction occurred in all experiments. Pristine TiO, was compared with the synthesized
photocatalysts. After 30 min, 77% of CIP was degraded in the presence of pristine TiO,, whereas
higher degradation of 80-90% was achieved in the same time of irradiation, using the synthesized
photocatalysts, 0.05 wt. %. This efficiency can be assigned to the presence of gold particles on the
surface of the photocatalysts, confirmed by the TEM and EDX characterization (Section 2.1). The further
quantitative inspection was obtained using the Langmuir-Hinshelwood kinetics (Equation (3)), and
data are shown in Table 1. The apparent reaction rate constant k of the experiment with the bare TiO,
was found to be 0.047 min~!, while the decoration with gold particles improved the photocatalytic
activity by 2-3 times. As predicted, in the presence of gold, the excited electrons may be conducted to
the gold particles, and the electron-hole recombination may be reduced, which prolongs the lifetime of
generated holes [51,52].

Consequently, the photocatalytic activity of the composites increased. Additionally, the increase
of the used chloroauric acid concentration might induce a more significant number of gold particles
distributed on the TiO, surface. In other words, the number of electron absorption centers was
increased, which explains the increase of k from 0.078 to 0.131 min~! when increasing the Au loading
from 0.025 to 0.5 wt. %. However, the further increase in the Au loading caused a decrease in k. These
results can be addressed to the loss of photocatalytic active sites on the surface of TiO, nanoparticles.
Based on the TEM images shown in Figure 1, when the Au loading was very high both the amount
and the size of Au nanoparticles over the surface of TiO, nanoparticles were larger, which contributed
to a reduction of the adsorption and probably to mitigate the radiation absorbance by the catalytic
nanoparticles. Together, these limitations contributed to reducing the photocatalytic efficiency of the
nanocomposite towards the samples with lower amounts of Au and demonstrated the relevance of
optimizing the Au loading.
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Figure 5. Photocatalytic degradation of ciprofloxacin (5 mg/L) with bare TiO, and Au/TiO,
nanocomposite with different Au concentrations under 30 and 180 minutes of UV (a) and visible (b)
radiation. The degradation with bare TiO, and Au/TiO, nanocomposites synthesized at different
temperatures and Au loading of 0.05 wt. % under 30 and 180 minutes of UV (c) and simulated visible
light radiation (d), respectively.

Table 1. Apparent reaction rates (k) for photocatalytic degradation of ciprofloxacin (CIP) (5 mg/L) with
bare TiO; and Au/TiO, nanocomposite with different Au loadings, over 30 and 180 minutes of UV and
simulated visible radiation, respectively.

Au loading uv Simulated Visible
(wt. %) k (min™1) k(™)

0 0.047 0.073
0.025 0.078 0.211
0.05 0.099 0.242

0.1 0.131 0.211
0.25 0.089 0.195

0.5 0.076 0.202

The photocatalytic assays performed under visible illumination are shown in Figure 6b. Regarding
these assays, it is essential first to mention the controls (Supplementary Material, Figures S3 and S4),
which have shown that the CIP solution was stable under simulated visible radiation, demonstrating
its photostability. Moreover, another control was performed by adding the Au/TiO, nanocomposites to
CIP solution in the dark for 180 minutes. In this case, approximately 11% of CIP was removed from the
solution by adsorption to the Au/TiO, nanocomposites.
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Figure 6. Degradation efficiency (%) (a) and In (C/CO0) vs. time (b) for different initial ciprofloxacin
concentrations (5, 10, and 25 mg/L), using Au/TiO, nanocomposites produced at 60 °C and with an
Au loading of 0.05 wt. %, under 3 hours of simulated visible radiation. Photocatalytic degradation of
ciprofloxacin (5 mg/L) in 45 mL of aqueous solution with different Au/TiO, concentrations (0.1, 0.3, 1.0,
and 1.3 g/L). The Au/TiO, nanocomposite synthesized at 60 °C and with an Au loading of 0.05 wt. %
was used. The tests were performed over 30 minutes under UV irradiation (c).

With the information from controls, it is possible to understand the photocatalytic efficiency of the
tested materials better. Similarly, to the UV light experiments, the degradation rates of all produced
nanocomposites were faster than that with the bare TiO;. TiO, could remove ~ 33% of CIP after
180 min of simulated visible irradiation. This CIP removal may be assigned to adsorption, confirmed
by controls performed in the dark (as above mentioned). Additionally, the sun simulator device had a
small percentage (= 3%) of UV radiation (to mimic sunlight radiation). This radiation can induce a low
photocatalytic activity on bare TiO,, which, together with the adsorption of CIP, is responsible for its
removal from the solution.

More importantly, the decoration of gold particles on the TiO, surface resulted in the faster
degradation rate of CIP under visible radiation. The bandgap of the composites was lowered, from
2.96 eV to 2.84 eV (Section 2.1). Similar results were obtained for methylene blue degradation using
Au/TiO; nanoparticles. The authors obtained higher degradation efficiencies and ability to use visible
radiation [37]. Thus, the materials could absorb the longer wavelength in the visible range (up to
437 nm). The reaction rates’ constant increased from 0.073 h~!, without Au, to 0.195-0.224 h™!, with
different Au loadings (Table 1).

The obtained results, for UV and visible radiation, confirmed that the photocatalytic efficiency
of the TiO, nanoparticles was enhanced with the Au loading, until a specific plateau. When the
Au loading was higher than 0.1 and 0.05 wt. %, respectively, for UV and visible radiation, the gold
nanoparticles can block the surface-active sites of TiO, nanoparticles [53,54]. Furthermore, an excessive
amount of Au nanoparticles can play as recombination centers for photo-induced electrons and holes.
Both situations can contribute to a significant reduction of pollutant adsorption and, consequently,
the photocatalytic efficiency [55]. The remaining assays of this study will be performed with an Au
loading of 0.05 wt. %.

Another critical parameter that is worth to stress and study is temperature, which can affect the
surface charge phenomenon and the dispersity of the TiO, particles in the solution during the synthesis.
It can also influence the nucleation and the gold particles’ crystal growth on the TiO, nanoparticle
surface. In this study, the synthesis was operated at 25, 60, and 80 °C, and the photocatalytic degradation
of CIP, with the nanocomposites produced at different temperatures, was performed under UV and
visible radiation (Figure 5c¢,d and Table 2). Regardless of the synthesis temperature, the photocatalytic
activity of the nanocomposites (Au loading = 0.05 wt. %) was equal or higher than that of the bare TiO5.
Here, the synthesis at the room and medium temperatures (25 and 60 °C) yielded the more efficient
photocatalytic materials, for UV and visible radiation, towards higher temperature synthesis (80 °C).
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Table 2. Apparent reaction rates (k) for photocatalytic degradation of CIP (5 mg/L) with bare TiO, and
Au/TiO; nanocomposite synthesized at different temperatures, over 30 and 180 minutes of UV and
simulated visible radiation, respectively. The Au loading of 0.05 wt. % was used for the tested materials.

Temperature (°C) uv Simulated Visible
k (min~1) Degradation (%) k(1) Degradation (%)
TiO, 0.66 80 0.073 20
25 0.131 88 0.221 48
60 0.117 91 0.226 49
80 0.047 80 0.176 41

For both types of radiation, the sample obtained at 60 °C presented higher degradation efficiencies
(Table 2), 91% and 49% of CIP degradation under UV (30 min) and visible radiation (180 min),
respectively. On the other hand, the synthesis performed at 80 °C revealed lower degradations rates
of 80% and 40% for UV and visible radiation, respectively. Other works have reported that higher
temperatures accelerate the reduction process and yield broader Au nanoparticles size distributions [56].

In this context, when the synthesis occurred at 80 °C, the size of Au nanoparticles produced
was larger than the sizes obtained with 25 °C and 60 °C (in good agreement with STEM-HAADF
micrographs, Figure 1). Similarly to what happened with the Au loading, when the amount of Au on
the surface of TiO, was too high, the active sites were blocked and the pollutant adsorption can be
limited. Compared with bare TiO,, these results corresponded to a degradation efficiency increase of
approximately 13% and 145% for UV and visible radiation, respectively.

Both under UV and visible radiation, another control was performed (Figure 5c,d) by testing
single Au nanoparticles at the very same amount of Au (corresponding to 0.05 wt. % obtained at 60 °C)
and TiO, nanoparticles on CIP degradation. The results confirmed that the photocatalytic efficiency
obtained by the nanocomposites should be assigned to the interface between Au and the TiO, surface.

2.3. Photocatalytic Degradation

The rate of photocatalytic degradation depends on the availability of the catalyst surface for the
photo-generation of electron-hole pairs that produce hydroxyl radicals. Thus, in these experiments,
the amount of catalyst was kept constant, and the number of hydroxyl radicals generated remained
the same, while CIP concentration increased. The influence of CIP initial concentration of 5, 10, and
25 mg/L was studied under visible irradiation. It was observed that the CIP concentration impacted
by the degradation rate and efficiency (Figure 6). With the lowest CIP concentration, 40% of CIP
degradation was obtained after 30 min. With the increase of concentrations by 2 and 5 times, the
efficiencies achieved were 22% and 8%, respectively. In these tests, while using the photocatalyst
concentration of 0.3 g/L, the adsorption of the CIP on the Au/TiO, nanoparticles surface might be halted
due to surface saturation. Additionally, the presence of organic compounds such as CIP can generate
an increased number of intermediates and products, which will compete with CIP for adsorption on
the photocatalyst surface [57]. This competition caused a lower reaction rate for high CIP concentration.
The following assays, focused on the photocatalytic activity of the produced nanocomposites, were
performed using the lowest CIP concentration, 5 mg/L.

In short, the ratio between hydroxyl radical/CIP molecules decreased with higher concentrations,
causing lower photocatalytic activity. Moreover, higher CIP concentrations may also reduce radiation
harvesting by TiO, nanoparticles surface, which will also contribute to decreasing the number of
hydroxyl radicals formed. Figure 6b displays the plot of In (C/CO0) vs. time at different initial CIP
concentrations. Linear plots were observed, and the R? values were higher than 0.9, confirming that
the photocatalytic degradation of CIP obeyed pseudo first-order kinetics.

The optimal photocatalyst concentration was assessed through degradation of CIP with the
different amounts of Au/TiO; nanocomposites, from 5 to 60 mg, which corresponded to a photocatalyst
concentration of 0.1 and 1.3 g/L, respectively. Experimental results are shown in Figure 6c.
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In general, with the photocatalytic concentrations of 0.1-1.0 g/L, = 90% of the CIP in solution
was degraded, while with the higher concentration of 1.3 g/L, only 50% CIP was degraded after
exposure to the same UV irradiation time. At the lowest photocatalytic concentrations of 0.1-0.3 g/L,
the photocatalytic degradation increased significantly with the amount of nanocomposite. Indeed, the
increased amount of photocatalyst resulted in higher surface coverage, owing to the highest number of
active sites [58]. However, when increasing the concentration to 1.0 g/L, the degradation rate remained
unchanged. With the highest concentration of Au/TiO2, 1.3 g/L, the degradation was slowest likely
because of excessive turbidity that induced light extinguishment after penetrating a short distance from
the illuminated surface [59]. Most of the light might be extinguished after penetrating a short distance
from the illuminated surface of the suspension. Thus, photocatalytic particles in an inner region
could not be activated. The result agrees with other reports [58,60]. For this reason, the concentration
of 0.3 g/L (15 mg in 45 mL), which yielded the highest photocatalytic efficiency, was chosen for the
following photocatalytic activity assays.

The reproducibility of the nanocomposites efficiency was also tested using three independent
syntheses, performed under the same conditions. The produced samples were then used in the
photocatalytic degradation of CIP under visible radiation (results in the Supplementary Material,
Figure S5). The apparent reaction rate constant of the three experiments fluctuated around the value
of 0.219 + 0.022 min~!. The standard deviation of 10% proved the reproducibility of the method to
enhance the photocatalytic activity of pure TiO, nanoparticles and endow them with visible light
activity. It is also important to clarify that the Au concentrations used in this study were nominal, as no
inductively coupled plasma atomic emission spectroscopy (ICP-AES), or similar characterization, was
performed. However, given the considerable reproducibility of the method, the putative loss of gold
would by similar for all the Au concentrations tested, making them comparable.

3. Computational Modeling: Gold on Titanium Dioxide and Charge Transfer

A computational study was performed to rationalize the effect of gold nanoparticles on TiO;.
The GFN-XTB (Geometry, Frequency, Noncovalent, eXtended Tight-Binding) was used. GFN-xTB
is a new semiempirical method developed by Grimme et al. [61] that allows computing efficiently
systems with thousands of atoms. The GFN-xTB software used (version 5.4.6) did not allow us
to compute systems with periodic boundary conditions, so a finite system composed of a gold
nanoparticle adsorbed on a larger TiO, nanoparticle was used. We chose a cuboctahedral (TiO;)e;
anatase nanoparticle, which was found to produce bulk-like electronic properties [62] and had two
large, equal, flat surfaces of ~ 1.2 X 1.5 nm? on which a cuboctahedral (Auss)~%, 10 nm diameter, gold
nanoparticle was adsorbed [63]. Several adsorption modes were possible, yet an exhaustive search
of these was beyond the scope of this study. We positioned the gold nanoparticle on four, arbitrary,
different orientations so that, in all cases, one of the faces of (Auss)™> was parallel to the anatase flat
surface and minimized. In this minimization, the TiO2 coordinates were held fixed while the Au
first neighbors” distances were constrained harmonically to an equilibrium value to force the gold
nanoparticle to keep its initial shape while retaining some flexibility. Two different pH conditions
were considered: (1) A neutral/basic pH represented by the bare (TiO,)9; anatase nanoparticles (i.e.,
without protonation), and (2) an acidic pH, where the eight under-coordinated oxygen atoms in the
anatase nanoparticle were protonated, (TiO;)97Hg *+8 which should represent better the experimental
conditions (Figure 7).
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Figure 7. The (Auss(TiO,)97Hg)™® with standard atom coloring (left) with color-rendered atomic
charges (right), so that red represents negatively charged atoms, blue positively charged atoms, and
white neutral atoms.

To study the charge transfer between (Auss)~3 and (TiO;)ey and ((TiO,)e;Hg) ™8, we computed
atomic charges specifically suited for condensed phases [64]. The analysis of the charges in
(Auss(TiO,)97) ™2 and (Auss(TiO,)97Hg) ™ (Figure 7) show that the Au nanoparticle transferred electrons
to the anatase, namely 4.7 electrons for neutral TiO, and 4.3 electrons for the protonated TiO,. Most of
this charge was transferred directly to Ti atoms, namely 3 and 3.3 electrons for the neutral and
protonated case, respectively. So, the Au acted as an electron donor populating the Ti(d) states that
were responsible for the photocatalytic activity of the material. Consequently, Au may increase the
catalytic activity of the composite material through interfacial electron transfer. Interestingly, the
anatase surface also polarized the gold nanoparticle so that all atoms in direct contact with TiO, were
more oxidized, i.e., had larger positive charges, see Figures 7 and 8.

This effect was observed in all cases, for neutral and acidic pH and when the harmonic constraint
on Au atoms was released, which indicates that the observed charge transfer is a fundamental process
of the Au-TiO; interface. This corroborated the experimental controls shown in Figure 5¢,d, showing
that separation of Au and TiO, nanoparticles yielded lower efficiencies. Moreover, this finding also fit
previous DFT (density functional theory) calculations which found that an Au nanorod on a rutile TiO,
(110) surface might act as an activator for molecular oxygen through charge transfer to nearby Ti**
atoms [65]. Mechanistically, the presence of Au activated superficial Ti** atoms nearby for catalysis via
direct charge transfer, which rationalized our experimental observation that lower Au loading and
small gold nanoparticles had larger catalytic activity than larger loadings and nanoparticles on TiO;.
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Figure 8. The (Auss(TiO,)gyHg) *® with only the titanium subnetwork and gold atoms with their

corresponding point charges.

Adsorption of Ciprofloxacin on Auss(TiO;)g7Hg*8

We also explored the different energetics of a CIP molecule interacting with (Auss(TiO,)e;Hg) 8

on four different adsorption sites (Figure 9). All the adsorption modes were found to be binding,
i.e., exothermic, with energies ranging between 0.7 and 2.4 eV. The strongest binding was observed
for the structure with a large contact between the oxygen atom of the carboxylic group and the gold
nanoparticle, 2.4 eV. This binding was similar in energy to the adsorption on the anatase clean surface
(2.1 eV), which indicates that both processes might be competitive and that CIP molecules might also
adsorb near the gold/anatase interface where the Ti atoms were activated through electron transfer.

21eV 24 eV 0.7 eV 1.5eV

Figure 9. Four possible adsorption geometries of CIP on (Auss(TiO,)9yHg) *28 with corresponding
binding energies. The positive binding energies indicate that the process is exothermic.
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4. Materials and Methods

4.1. Materials

P25 TiO, nanoparticles were kindly provided by Evonik (Essen, Alemanha). Gold(III) chloride
trihydrate, 99.9% CAS: 16961-25-4 (liquid solution) was purchased from Sigma-Aldrich (St. Louis,
Missouri, EUA). Sodium hydroxide (NaOH) was obtained from VWR (Radnor, Pensilvania, EUA)
Millipore Milli-Q-system ultra-pure (UP) water was used in all the experiments.

4.2. Nanocomposite Synthesis

The Au/TiO; nanocomposites were synthesized, as illustrated in Figure 10, dispersing 200 mg of
TiO,-P25 nanoparticles in 40 mL of ultra-pure (UP) water in a sonication bath for 30 min. Afterwards,
this solution was placed under agitation in a water bath at different temperatures (25, 60, and 80 °C),
using a thermostat to precisely control and stabilize the temperature, avoiding thermal gradients.
When the dispersion solution reached the desired temperature, different volumes from the chloroauric
solution (10 pL of Gold(Ill) chloride trihydrate in 100 mL of UP water) were added to achieve the
Au loadings of 0.025, 0.05. 0.1, 0.25, and 0.5 wt. %. The solution was then stirred for 10 minutes to
achieve a homogeneous distribution of gold precursor solution. Later, several volumes of a 0.1 M
sodium hydroxide solution (NaOH) were added dropwise and mixed for 10 minutes to obtain a pH =9.
The solution was then centrifuged at 23,000 rpm, the supernatant discarded, and the nanocomposite
pellet redispersed in UP water with the ultrasonication for 1 minute, and this washing procedure was
repeated one more time. The last step was to dry the nanocomposite at 80 °C in an oven overnight and
grind it with a pestle and mortar to obtain a fine powder.

4 HAUCI solution %4 NaOH solution
~ ~

Ultrapure Water L ) ‘

TiO, nanoparticles

_5. :0--: ‘

Untrasonic Bath Different temperatures: 25, 60 and 80 °C  Centrifugation Untrasonic Bath Dry at 80 °C

Figure 10. Schematic representation of the main steps to synthesize Au/TiO, nanocomposites
trough nanoprecipitation.

4.3. Characterization

The morphology of the nanocomposites was assessed by transmission electron microscopy (TEM),
a Tecnai T20 from FEI (Hillsboro, Oregon, EUA). For the analysis, the nanocomposite samples were
sonicated for 5 minutes to achieve good dispersion and afterwards a drop of the suspension was
placed on a copper grid and dried at room temperature for the analysis. Particle size histograms were
obtained after measuring at least 200 nanoparticles using Image J 1.50i software. Aberration-corrected
scanning transmission electron microscopy (Cs-corrected STEM) images were acquired using a
high-angle annular dark field detector in an FEI XFEG TITAN (Hillsboro, Oregon, EUA) electron
microscope operated at 300 kV equipped with a Spherical Aberration Corrector for Transmission
Electron Microscopes (CETCOR) Cs-probe corrector from CEOS Company (Heidelberg, Germany),
allowing the formation of an electron probe of 0.08 nm. Elemental analysis was carried out with an
EDX (energy-dispersive X-ray spectroscopy) detector, which allows performing EDX experiments in
the scanning mode.

The crystallographic phases of the pure TiO, and the Au/TiO, nanocomposite were evaluated by
X-ray diffraction using a D8 Discover diffractometer with incident Cu K« (40 kV and 30 mA), from
Bruker (Billerica, Massachusetts, EUA).
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The average hydrodynamic diameter was assessed by dynamic light scattering (DLS) in a Zetasizer
NANO ZS-ZEN3600, Malvern (Malvern Instruments Limited, United Kingdom), equipped with a
He-Ne laser (wavelength 633 nm) and backscatter detection (173°). The samples were dispersed
(0.1 mg/L) in ultrasonication bath at 22 °C for 30 minutes to avoid aggregates, and each sample was
measured 10 times. The zeta (C) potential was measured in the same device, and TiO, nanoparticles
were equally suspended in ultra-pure water and solutions at different pHs (2, 4, 7, 9, and 12) were
prepared with HCI (1IM) and NaOH (1M) solutions. The results were obtained using the Smoluchowski
theory approximation, and each sample was measured 10 times at 22 °C. The manufacturer software
(Zetasizer 7.12) was used to assess particles diameter (intensity distribution), the polydispersity index
(PDI), and z-potential values.

The optical properties of the pristine TiO, and the Au/TiO, nanocomposite were assessed by
UV-vis reflectance, using a Shimadzu UV-2501-PC (Kyoto, Japan) equipped with an integrating sphere.
The spectra were acquired in reflectance, and the bandgap was estimated via the Kubelka—-Munk
Equation (1) [52] and the Tauc plot represented by Equation (2).

F(R) = (1-Rw)*/(2Rw) )
where Reo (Rsample/RBaso4) corresponds to the reflectance of the sample and F(R) is the absorbance.
[F(R)h]"" versus hv )

where / is the Planck constant (6.626 x 107'? ]), n is the frequency, and n is the sample transition
(indirect transition, n = 2) [66].

4.4. Photocatalytic Degradation

The photocatalytic activity of all the produced samples and pristine TiO, was assessed by
performing (CIP) degradation tests, under artificial ultraviolet (UV) or visible illumination. First,
a solution of 5 mg/L of CIP was prepared. The CIP solution was adjusted to pH = 3, to ensure the
solubility, by using 0.1 mL hydrochloric acid (HCl) 1 M.

Before the degradation assays (UV or visible radiation), the Au/TiO, or P25 nanoparticles were
stirred in the dark for 30 min to achieve an adsorption-desorption equilibrium.

The UV degradation of CIP was performed in a chamber with six Philips 8 W mercury fluorescent
lamps with the mode wavelength of 365 nm. The suspensions of photocatalysts and CIP were kept
stirred in a container under the illumination from the top. The distance between the beaker and
the lamp was 13.5 cm, and the intensity coming to the system was 15-17 W/m?2. The samples were
irradiated for 30 min.

The visible light tests were performed in a visible chamber fabricated by Ingenieurbiiro Mencke &
Tegtmeyer GmbH©, Hameln, Alemanha. According to the manufacturer, the visible light spectrum was
equivalent to that of the natural solar light. The light source had an intensity of 98 W/m?2. The visible
light test was performed similarly to the UV test. Here, the container was placed at 21 cm from the
light source, and the samples were irradiated continuously for 180 minutes.

The first photocatalytic activity tests were performed to determine the optimal ratio of CIP/catalyst.
For this purpose, 5, 15, 45, and 60 mg of Au/TiO, nanocomposite were dispersed in a borosilicate
beaker of 80 mL with 45 mL of CIP solution (5 mg/L). The effect of Au loading on the photocatalytic
efficiency was also assessed, under UV and simulated visible radiation. The impact of the synthesis
temperature (25, 60, and 80 °C) on CIP photocatalytic degradation was equally evaluated using both
types of illumination. The photocatalytic reproducibility tests were performed using nanocomposites
produced in different batches but under the same synthesis conditions.

The bare TiO, nanoparticles were used as controls in all the assays. Additionally, to prove the
relevance of the Au/TiO, nanocomposites’ structure and interface, the photocatalytic degradation of
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CIP was assessed using the same amounts of Au and TiO, nanoparticles, not as a nanocomposite, but
separately added to the solution.

The photocatalytic efficiencies were tested by degrading CIP in aqueous solution under UV and
visible radiation and monitoring the maximum absorption peak (277 nm) using a Shimadzu UV-2501PC
UV/Vis spectrophotometer. The degradation fit the Langmuir-Hinshelwood model, expressed by
Equation (3):

C/Cy=exp™ (3)

where Cj and C represent the concentration of the pollutant at time 0 min and at time ¢, respectively,
and k is the first-order rate constant of the reaction.

5. Conclusions

An Au/TiO; nanocomposite was produced, characterized, and applied in the photocatalytic
degradation of ciprofloxacin (CIP). The characterization results changing the synthesis conditions
(temperature and Au loading) indicated that the synthesis performed at 60 °C with the Au loading
of 0.05 wt. % yielded the most homogeneous distribution of Au nanoparticles (=3 nm) over TiO,
nanoparticles surface, after TEM inspection. Additionally, these samples absorbed more radiation in
the visible range (x66% at 545 nm) and presented a lower bandgap (2.84 eV vs. 2.96 eV from bare
TiO,). The photocatalytic results confirmed that all the manufactured nanocomposites possessed
higher photocatalytic efficiency in the UV and simulated visible radiation towards the pristine TiO,.
It was also possible to understand the impact of the synthesis parameters envisaging the optimal
photocatalytic efficiency conditions. In this way, with the Au/TiO, nanocomposite, it was possible to
enhance the photocatalytic degradation efficiency in 13% and 145% under UV and simulated visible
light radiation, respectively. The gold nanoislands played a paramount role transferring electrons from
Au to the anatase from TiO, nanoparticles. Additionally, Au endowed the nanocomposite with the
ability to absorb the visible radiation.

Computational modeling supported the experimental data, showing the ability of Au to bind TiO,
anatase surfaces as well as the relevant role of Au transferring electrons. The fundamental importance
of the interface between TiO, and Au nanoparticles regarding the enhanced photocatalytic activity
was also rationalized. Moreover, models indicated a high affinity of CIP to both Au and TiO, surfaces,
which favors the adsorption process and consequently may also be cause for enhanced photocatalytic
efficiency in the presence of Au nanoparticles.

According to the results obtained through systematic experimental data and modeling
results, the simple method herein presented constitutes a reliable approach to produce efficient
photocatalytic materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/234/s1:
Figure S1: Size distribution of Au nanoparticles for synthesization at 25 and 80 °C; Figure S2: Photostability of
CIP solution under UV; Figure S3: Photostability of CIP solution under visible radiation; Figure S4: Synthesis
reproducibility on CIP degradation.
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