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A B S T R A C T   

Transparent TiO2 thin films coated with Ag NPs were synthesized using two industrially applicable techniques, 
pulsed laser ablation (PLAL) and spray pyrolysis without using high vacuum. These transparent thin films were 
deposited on glass in order to generate glass materials with photocatalytic and antimicrobial properties and a 
minimum loss of transparency. The structural, morphological and optical properties of the thin films were 
examined using Grazing incidence X-ray diffraction (GIXRD), Raman spectroscopy, Scanning electron micro
scopy (SEM) and ultraviolet–visible spectroscopy. Transmission electron microscopy (TEM) was used to identify 
the NPs on the TiO2 surface. The transmittance value for the thin films was greater than 80%.The thin films thus 
synthesized were then assessed to determine their photocatalytic capacity by monitoring the degradation of 
Rhodamine B (RhB) under UV light irradiation. Ag NPs on the TiO2 surface ensures an improvement in the 
photocatalytic properties, with a 99% degradation of RhB in 210 min under UV light. In addition, these trans
parent thin films showed high antimicrobial activity on Gram-negative bacteria when irradiated by UV light for 
4 h, killing 93% of these bacteria.   

1. Introduction 

Over the past few years, the interest in thin film technology has 
grown greatly due to its wide range of applications such as photovoltaic 
solar cells [1], gas sensors [2], energy storage [3], heterogeneous pho
tocatalysis for water splitting processes [4] or antimicrobial action [5]. 
In addition, as a consequence of the COVID-19 pandemic, the develop
ment of antivirus and antimicrobial materials has become increasingly 
relevant all over the world. Accordingly, the possibility of being able to 
functionalize diverse types of surfaces without changing their optical 
properties has become a priority. There are many methods to obtain thin 
films including electroplating [6], anodic treatment [7], chemical vapor 
deposition (CVD) [8], atomic layer deposition (ALD), or spin coating 
[9]. All of them are difficult to adapt to industry due to the fact that they 
are techniques that need a high vacuum or are technically very sophis
ticated. The spray pyrolysis method is the most readily applicable to 
industry because it offers an easy way to make films with any material in 

any quantity by simply adding it to the spray precursor solution. 
Moreover, it does not need a vacuum to be applied or eminence targets 
and quality substrates, which could be a fine advantage if the method is 
to be scaled up [10]. One of the most widely studied materials in thin 
films is titanium oxide (TiO2) because it shows tunable behavior 
depending on the preparation method used [11]. By changing the 
preparation conditions, distinct structural polymorphs and different 
degrees of crystallinity [12] or amorphousness [13] can be obtained. 
When it is in its crystalline form, the crystal size take on special 
importance, and even more so if photocatalysis is being studied. On the 
other hand, the different polymorphic phases of TiO2 (rutile, anatase) 
are of great importance in the application of the material. The anata
se–rutile transition occurs at high temperatures (600 ◦C-700 ◦C). The 
absorption in the diverse phases is different, and hence the value of the 
band gap for anatase is 3.2–3.9 eV [14] and the value of the band gap for 
the rutile phase is 3.0–3.57 eV [15]. However, the anatase phase only 
absorbs in the ultraviolet spectrum (UV), and thus strategies to red-shift 
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the absorbance range have been explored, namely by varying the 
morphology of the crystals [16], introducing transition metals as dop
ants [17] or generating nanocomposites [18]. In this context, the 
binding of metal nanoparticles to semiconductors such as ZnO or TiO2 to 
form Schottky Barriers due to the excellent photoelectric response it 
exhibited has already been reported by other authors [19,20]. Further
more, Ag is a well-known antimicrobial agent and consequently its 
presence on the surface of thin films of metal oxides improves the 
antimicrobial activity [21]. Although there are many protocols available 
for nanoparticle synthesis, Pulsed Laser Ablation in Liquids (PLAL) was 
selected due to the simplicity of the technique [22–24]. In PLAL, the 
interaction of the laser radiation with a target immersed in a liquid 
promotes the extraction of material from the surface of the target 
through the formation of nanoparticles that are collected in the liquid as 
colloids. The technique allows synthesis of nanoparticles from a broad 
library of available materials and provides nanomaterials with a high 
degree of purity, since only the solvent and desired material are 
required, thereby avoiding the presence and generation of toxic or 
hazardous adducts and byproducts, and providing electrostatically sta
bilized colloids for noble metals. In the framework of the cost-effective 
and green development of nanotechnologies this synthesis route pro
vides key advantages, such as as running at room temperature and 
ambient pressure [25] and a high production (grams per hour) 
compatible with industrial applications [26]. Moreover, different tech
niques have been adopted to adapt the beam delivery system to improve 
the efficiency of the process [27,28]. Additionally, to the best of the 

authors’ knowledge the combination of these two techniques for the 
formation of transparent layers with nanoparticles has not been previ
ously reported. 

In this work, a facile synthesis method was used to prepare trans
parent TiO2 and TiO2-Ag NPs thin films where Ag NPs were placed on 
the surface of TiO2 thin films with the aim of improving the photo
catalytic and antimicrobial properties. 

2. Experimental section 

2.1. Materials 

Titanium (IV) bis(acetylacetonate) diisopropoxide ([(CH3)2CHO]2Ti 
(C5H7O2)2 75 wt% in isopropanol, Sigma-Aldrich), ethanol (EtOH, 
Scharlau), Ammonia 30 % (w/w) (NH3, PanReactAppliChem) and 
deionized water with pH of 6.9 ± 0.2. The dye (purchased through Fraga 
Lab, Mexico) used to test the photocatalytic activity of the TiO2 was 
Rhodamine B (RhB), with an Mw of 479.01 g/mol, and a purity of 95 %. 
Milli-Q deionized water with a resistivity of 18.2 MΩ-cm (Ultramatic 
Plus, Wasserlab, Spain) and ultrapure silver foil (Silver, Aldrich Chem
istry) were used for colloid synthesis. tert-butyl alcohol (t-BuOH), formic 
acid (HCOOH) and 1,4-Benzoquinone (C6H4O2) (99 %, purity) were 
acquired from Sigma-Aldrich. 

2.2. Methods 

The crystalline structure of transparent thin films composed of TiO2 
and TiO2-Ag NPs was studied using Grazing incidence X-ray diffraction 
(GIXRD) measurements. An X-ray diffractometer (D4 Endeavor, Burker- 
ASX) armed with a Cu Kα radiation source was used. Data were obtained 
by step-scanning from 20◦ to 80◦ with a step size of 0.05◦ 2θ and 3 s 
counting time per step. The measurements were accomplished at a 
grazing-incident angle greater than the so-called critical angle for total 
external reflection at which X-rays penetrate the sample. The critical 
angle (around 1◦) was determined through testing. Scanning Electron 
Microscopy (SEM), performed on JEOL 7001F equipment, was engaged 
to study the surface, the sectional morphology and the thickness of the 
films. SEM-EDS mappings were recorded at an acceleration voltage of 
12 kV and a moderate beam current of 0.8nA. Spectra were recorded at a 
step size of 0.3 μm and a low dwell time of 0.3 msec using drift 
correction. The software package Aztec 4.3 (Oxford Instruments, UK) 
was used to record the EDS analyses. The layer thickness was deter
mined from cross-section micrographs. Transmission electron micro
scopy (TEM) was performed using a Hitachi H-9000 TEM microscope 
(Chiyoda, Tokyo, Japan) carried out at an accelerating voltage of 300 
kV. The thin layer was removed with a micro-blade and then dispersed 
in EtOH. A drop (10 µL) of a suspension of the removed thin film 
dispersed in ethanol was placed on a copper grid with a lacey amorphous 

Fig. 1. Formation process of transparent TiO2-Ag NPs thin films on soda-lime glass.  

Fig. 2. GIXRD pattern of transparent TiO2 and TiO2-Ag NPs thin films.  
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carbon film and left to dry before TEM analysis. Raman studies were 
conducted using a combined Raman–AFM-SNOM confocal microscope 
WiTec alpha300 RAS + with an Nd:YAG laser operating at 532 nm (35 
mW) and a He:Ne laser operating at 633 nm (25 mW) as excitation 
sources. Ultraviolet–visible diffuse reflectance spectroscopy (DRS) was 
measured using a UV–vis spectrophotometer (JASCO U-560 UV–vis 
spectrophotometer). Fourier transform infrared (FTIR) spectra of the 
particles were measured in the solid state. The spectra of the materials 
were collected using a Bruker Optics Tensor 27 spectrometer coupled to 
a horizontal attenuated total reflectance (ATR) cell using 256 scans at a 
resolution of 4 cm− 1.For the photocatalyst leaching study an ICP-OES 
Jobin Yvon Activa M was used. 

2.3. Synthesis of transparent TiO2-Ag NPs thin films. 

Synthesis of transparent TiO2 thin films: 2.6 mL of titanium (IV) bis 
(acetylacetonate) diisopropoxide (75 w.t % in isopropanol) was mixed 
with 20 mL of EtOH. This mixture of precursors was agited for 1 h to 
ensure the homogeneity of the solution. The concentration of the final 
solution was 0.2 M. After mixing for 30 min the solution was applied by 
hand using a dual action gravity feed airbrush with a flow rate of 5.75 
mL/minwas used to apply the solution onto a soda-lime glass substrate 
(Fig.S1) previously heated to 450 ◦C. Prior to heating, it was cleaned by 
introducing the glass into a 30 % (w/w) NH3 solution and placing them 
in an ultrasonic bath for 20 min. The thin films thus deposited were then 
heated to 550 ◦C under atmospheric pressure on a hot plate to increase 
their crystallinity and remove any organic residue from the transparent 
thin film. 

Synthesis of Ag NPs: Colloidal NPs were synthesized using the PLAL 
technique [23,24]. The experimental setup is shown in Fig. S1 and it is 
based on a home made semi-batch configuration. The main elements are 
the pulsed laser, the irradiation zone, and the peristaltic pump. The laser 
irradiation was carried out using the second harmonic of an Nd:YAG 
pulsed laser (Brilliant, Quantel), with a pulse width of 4 ns full width at 
half maximum at a fundamental wavelength of 1064 nm and a repetition 

rate of 10 Hz. A 650 mW mean power laser beam is focused with a 75 
mm focal lens (Fig.S2). The irradiation zone is formed by a plastic vessel 
containing Milli-Q water in which the ultrapure silver foil was 
immersed. The vessel was attached to a two-dimensional motion- 
controlled stage moving at a constant speed of 2.5 mm/s in the focus 
plane perpendicular to the laser beam, where the silver foil was placed, 
in a raster scanning pattern. To remove nanoparticles and bubbles from 
the ablation area, and thus enhance productivity, a peristaltic pump 
(Watson Marlow 323) was used at 60 rpm for the circulation of the 350 
mL of water. The irradiation time was of 4 h. This process allowed us to 
obtain a productivity of 3.1 mg/h. After the fabrication, the concen
tration of the silver colloid was measured by means of a UV–vis spec
troscopy [29] providing a concentration of 11.52 mg/L, which is 
optimal for use on transparent TiO2 thin films. 

In the fabrication of transparent TiO2-Ag NPs thin films, a physical 
assembly was applied to load Ag NPs onto TiO2 thin films. 2 mL of the 
water solution of Ag NPs was mixed with 15 mL of EtOH. After mixing 
the solution for 30 min, it was applied by airbrush. In order to calculate 
the stabilisation of the Ag NPs, the Zeta Potential technique was used. 
The Zeta Potential and the stability of Ag NPs vary depending on the pH 
of the solution where the colloid is prepared. In this case, for a water 
solution with a pH of 6.9, the ± 30 mV is an important limit for the 
colloid stability [30]. As can be seen in Fig.S3, the maximum value 
obtained by this technique was − 31.2 mV. This value exceeds the limit 
established to determine the stability of the NPs. This allows us to ensure 
that the stability of the Ag NPs colloid is correct. The flow rate was 5.75 
mL/min on a soda-lime glass substrate (2.5 × 2.5 cm) previously heated 
to 250 ◦C to remove the dispersant and improve the adhesion of NPs on 
the TiO2 thin film. The appearance of the transparent TiO2 and TiO2-Ag 
NPs thin films are shown in Fig.S4. The total amount of silver on the 
surface of the film was 0.0251 mg. 

2.4. Photocatalytic screening experiments 

The RhB photodegradation experiments were performed under illu

Fig. 3. SEM images for the cross section of(a) TiO2 transparent thin films, (b) TiO2-Ag NPs, (c) top surface of TiO2, and (d) EDS spectra for the surface of TiO2.  
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mination using UV light illumination to evaluate the photocatalytic 
properties of the transparent thin film samples. The prepared thin films 
(2.5 × 2.5 cm) were immersed in a glass reactor with a 30 mL RhB so
lution (5 mg/L) and stirred in the dark for 30 min to ensure an dsorp
tion/desorption equilibrium was accomplished. The samples were then 
placed under UV light lamp (SUPRATECH HTC 150–211 UV, Osram) 
with a power of 22 W for the UVA wavelength (315–400 nm) and 6 W for 
the UVB wavelength (280–315 nm). Nominal power was 150 W and 
light intensity is 0.105 W/cm2. The experimental set-up of the photo
catalysis is shown in Fig.S5. Measurements of the degradation of pol
lutants exposed to UV light were analyzed every 10 min for the first 30 
min and every 30 min afterwards, and the concentration of RhB was 
monitored by UV–vis spectroscopy at 554 nm, using the following 
equation (1): 

η(%) =

(

1 −
Ct

C0

)

× 100 (1) 

where C0 represents the initial RhB concentration and Ct refers to the 
real time concentrations of RhB, respectively. 

The reusability test of the transparent TiO2 and TiO2-Ag NPs thin film 

catalyst was investigated, despite the possibility of the thin film being 
separated from the glass or leaching of the material into the RhB solution 
to be photodegraded. For this purpose, the same photodegradation study 
was carry out with the 5 mg/L solution of RhB using the same catalyst 
for four and its degradation efficiency (%) was studied. 

2.5. In situ capture experiment 

In situ capture experiments were carried out to investigate the active 
species generated during the photocatalytic process of TiO2 and TiO2-Ag 
NPs. tert-butyl alcohol (t-BuOH), formic acid (FA), and 1,4-Benzoqui
none (1,4-BQ) were used to capture hydroxyl radicals (OH•), holes 
(h+) and superoxide radicals (O2

–●), respectively [19,20]. The concen
tration of the formic acid, 2,4-benzoquinone and tert-butyl alcohol were 
1 mmol/L in 30 mL reaction solution. 

2.6. Determination of antibacterial activity 

The antibacterial activity of the transparent TiO2 and TiO2-Ag NPs 
thin films was evaluated in accordance with the standard method test 

Fig. 4. (a) Conventional TEM image of the Ag NPs before deposition,(b) size distribution of the Ag NPs (c) TEM-SE image of the transparent TiO2-Ag NPs thin film, 
(d) Conventional TEM image of the transparent TiO2-Ag NPs thin film and (e) EDS spectra of the surface of TiO2 and (f) EDS spectra of the Ag NPs on the surface 
of TiO2. 
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Jisz 2801_2000, with modifications. Escherichia coli ATCC 25922 was 
used as the reference bacterial strain. Fresh bacterial cells were grown 
overnight at 37 ◦C in LB (Luria broth) culture media. A cell suspension 
(100 µL) of approximately 4 × 105 cells/mL was placed over each 
sample and carefully covered with a film. Reference samples were glass, 
and TiO2 treated samples. Samples were then placed under UV light, 
with an intensity of 0.05 mW/cm2 for 4 h and viable bacterial cells were 
quantified by the spread plate method. Two samples of each were tested 
and three plates were prepared for bacterial counts. Also, as a reference, 
cell suspension was placed over glass sample, covered with film, and 
immediately retrieved and plated using the same bacterial cell counts. 
Plates were incubated for 16 h at 37 ◦C and colony forming units (CFU) 
counted. 

The antibacterial rate (R) was calculated according to equation (2): 

(R) = (N0 − N)/N0 × 100 (2) 

where N0 represents the average number of viable bacteria on a 
reference sample, and N is the average number of bacteria on samples 
treated with TiO2-Ag NPs. 

3. Results and discussion 

3.1. Characterization of transparent TiO2-Ag NPs thin films 

GIXRD analyses of TiO2 and TiO2-Ag NPs are shown in Fig. 2. The 2θ 
values at 25.3, 48.0, 52.8, 55.0, 62.6, and 75.0⁰ are those of the crys
talline planes (101), (200), (105), (211), (204) and (215) of the 
anatase polymorph, based on the file 01–071-1166 of the JCPDS 
[31,32].Moreover, the peak observed at 44.3⁰ represents to the Ag cubic 
crystalline phase associated with the crystalline plane (200) based on 
the file 03–065-2871 of the JCPDS. The peaks corresponding to the 

silver oxide are also observed at 32.1 and 53.8⁰, corresponding to the 
(111) and (220) crystalline planes, based on the file 01–076-1489 of the 
JCPDS. The partial oxidation of some of the Ag NPs is due to the tem
perature of the substrate when deposited onto the TiO2 thin films [33]. 
The GIXRD results showed that the bulk structure of the anatase was not 
affected by the Ag NPs, since they were located only on its TiO2 surface 
[34]. 

Fig. 3(a) and Fig. 3(b) show cross-section images of the transparent 
TiO2 and TiO2 Ag NPs thin films. The thickness is the same in both cases, 
i.e, around 300 nm. The layers formed in them are compact and dense. 
Fig. 3(c) shows the top surface texture of the TiO2 films, revealing their 
continuity. Fig. 3(d) shows EDS spectra for the TiO2 thin films as well as 
the composition of the glass on which they are deposited. Elements from 
the soda-lime glass substrate (Si,Ca,Mg) were also detected. 

The TEM images clearly show that the the Ag NPs have been suc
cessfully deposited on the transparent TiO2 thin films. Fig. 4(a) shows 
conventional TEM images of the NPs obtained by the nanosecond laser 
before deposition on the TiO2 thin film. Fig. 4(b) shows the size distri
bution of the Ag NPs, resulting in a mean size dispersion value of about 
10 nm. In Fig. 4(c), we can observe in TEM-SE mode the morphology of 
the layer once it has been removed from the glass substrate, as well as 
the great homogeneity and continuity throughout it. Fig. 4(d) shows the 
deposition of the Ag NPs on the TiO2 thin film without affecting the 
macrophology of the NPs, which remain mainly spherical, and the 
agglomeration can also be observed once they adhere to the TiO2 sur
face. Fig. 4(e) and Fig. 4(f) show the corresponding EDS spectra for the 
areas where only Ag NPs are present and the area where only the TiO2 
layer is present. The Cu and C that appear in the spectrum come from the 
grids where the material to be analyzed has been deposited. 

Raman spectroscopy was utilized to further study the structure of the 
transparent thin films. The Raman spectra of the samples confirmed 
anatase as the only TiO2 phase present in the surfaces of the thin films’. 
The normalized (over the most intense band at approx. 138 cm− 1) 
average spectra of the particular clusters are presented in Fig. 5, while 
detailed assignments of the bands are shown in Table 1. The minimal 
differences in the values of the Raman shift between the TiO2 and TiO2- 
Ag NPs layers are related to the compression of the layers and are not 
due to the interaction of the Ag NPs with the TiO2 [35]. 

3.2. Optical spectral properties of TiO2 and TiO2- Ag NPs transparent thin 
films 

The results of the optical properties of the transparent thin films were 
characterized using UV–vis absorption spectroscopy. As shown in Fig. 6 
(a), the thin films have a high transmittance of up to 85 % in the case of 
TiO2 and 80 % when loaded with Ag NPs.The oscillations observed in 
the transmittance spectrum are due to interferences between the inter
face of the glass with the thin film and the thin film with the air [36]. 
Fig. 6(b) shows the absorption spectra for the transparent TiO2 and TiO2- 
Ag thin films with the maximum absorption occurring in the UV. 
Bandgap values for each film were also obtained,from the transmittance 
results (see Fig. 5(c)). To do so, first, the absorption coefficient (α) values 
were calculated using Lambert’s Law as the following equation (3) [37]: 

A =
1
t

ln
(

1
T

)

(3) 

where T is the transmittance, and t is the film thickness. An optical 
bandgap of thin films was estimated using equation (4) by the extrap
olation of (αhν)2 vs hν. 

αhυ = A
(
hυ − Eg

)1
2 (4) 

where A is a constant, hv is the photon energy, and Eg is the optical 
bandgap. The optical bandgap of transparent TiO2 and TiO2-Ag NPs thin 
films was determined by extrapolating the region of the plot to the en
ergy axis where α2 = 0, and was found to have a value of 2. The band gap 

Fig. 5. Raman average spectra of the transparent TiO2 and TiO2-Ag NPs 
thin films. 

Table 1 
Raman spectra of thin film TiO2 and TiO2-Ag NPs normalized to the most intense 
peak (144 cm− 1).  

Band 
Mode 

Eg Eg B1g A1g + B1g Eg 

Raman shift (cm− 1) 
TiO2 138 190 393 509 635 
TiO2-Ag NPs  

144  
196 398 520 637 

TiO2 (Anatase) [35] 144 197 399 519 639  

J.G. Cuadra et al.                                                                                                                                                                                                                               



Applied Surface Science 617 (2023) 156519

6

value for the TiO2 thin films was 3.758 eV, whereas for the TiO2-Ag NPs 
it showed a small decrease with a band gap value of 3.708 eV. This small 
variation was due to the fact that the NPs were on the surface of the TiO2 
thin film and not inserted/doped into the TiO2 structure, where 
considerable changes in the band gap value should be expected [38]. 
Moreover, this variation may also be due to changes in grain size, a 
specific surface area or the microstructure of the thin films [36]. 
Thickness is also a variable but in this case both TiO2 and TiO2-Ag thin 
films had very similar thicknesses. 

3.3. Applications of transparent TiO2 and TiO2- Ag NPs thin films 

Compared to other transparent thin films, TiO2-Ag NPs show very 
high optical properties. By taking advantage of other thin film layers, 
several applications including photocatalysis and antimicrobial surfaces 
were performed with TiO2-Ag NPs. 

3.3.1. Photocatalytic degradation of RhB 
The photocatalytic activity of the thin films was assessed initially by 

monitoring the degradation of RhB solutions irradiated with UV light. A 
series of experiments were then conduced to evaluate the photocatalytic 
degradation of transparent TiO2 and TiO2-Ag NPs thin films. First, the 
photodegradation of RhB in the absence of the thin films was evaluated 
in two control assays: (i) under UV-light radiation, and (ii) under UV- 
light irradiation and the presence of a glass substrate. The results 
showed that 16 % and 15.6 % of RhB were degraded after 330 min in the 
blank experiments (i) and (ii), respectively (Fig.S7). Moreover, the ca
pacity of thin films to adsorb RhB molecules was also evaluated, using 
TiO2 and TiO2-Ag NPs thin films under dark conditions. It was found that 

a very low amount of RhB was adsorbed on the surface of the thin films 
(about 14 %) (Fig.S6), reaching the maximum plateau at 30 min. 

The total weight was 0.9 mg for both TiO2 and TiO2-Ag NPs thin 
films. In addition, the amount of catalyst was much smaller than similar 
work published in the literature [39,40]. UV–vis absorption spectra of 
RhB dye degradation using TiO2 are shown in Fig.S8. The thin films of 
TiO2 degraded 85.3 % in 210 min whereas TiO2-Ag NPs thin films were 
able to degrade 99.4 % in the same time as shown in Fig. 7(a). Fig. 7(b) 
also clearly shows the difference in photodegradation efficiency by 
representing the C/C0 for the transparent of TiO2 and TiO2-Ag NPs thin 
films, together the experimental points obtained and the mathematical 
fit to an exponential. The calibration line used to obtain the concen
tration values is shown in Fig.S9. This difference in the photo
degradation between TiO2 thin films and TiO2-Ag NPs is due to the fact 
that Ag NPs on the TiO2 surface cause an equilibrium of the Fermi en
ergy level that leads to the bending of the semiconductor’s CB, thereby 
generating a Schottky junction. This in turn promotes the transfer of 
photo-excited electrons from the CB of TiO2 to Ag, thus preventing the 
recombination of electron-hole pairs (e-/h+) in the TiO2 matrix. These 
electrons can be combined with oxygen to generate the superoxide 
radicals, which can further combine with holes to yield higher hydroxyl 
radicals (than when it occurs only on the TiO2 surface) [41,42]. 

TheThe kinetics of RhB decontamination was performed using the 
expression presented in equation (5): 

kapp =
− ln

(
C
C0

)

t
(5) 

where kapp (min− 1) represents the reaction rate constant in min− 1 at 
time t (min). As can be seen in Fig. 7(c), when TiO2 thin film is in contact 

Fig. 6. (a) The transmittance, (b) the absorbance and (c) the optical band gap of transparent TiO2 and TiO2-Ag NPs thin films.  
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with Ag NPs the kinetic costant is twice as high as when the reaction 
takes place with TiO2 alone. The value of the constant for the TiO2 is 
9.01 × 10-3 while the value for the TiO2-Ag NPs thin films is 19.14 × 10-3 

min− 1.This kinetic constant value is much higher than the costant values 
obtained for the degradation of differents dye concentrations by 
different compounds also in thin films as shown in Table 2 [33–36]. 

As shown in Fig. 8(a), after adding tert-butyl alcohol to the reaction 
solution, the photocatalytic degradation rate of the RhB solution 
decreased from 99.70 % to 55.8 %.,while adding FA or 1,4-BQ only 
decreased the degradation rate to 82.45 % and 71.77 % respectively. 
Fig. 8(b) shows a bar graph representing the photocatalytic degradation 
using each of the radical scavengers. Fig. 8(a) and 8(b) indicate that the 
holes (h+) make a limited contribution to RhB removal and also reveal 
that O2

– ● played an insignificant role through the degradation process, 
thus confirming that OH• played a crucial role in the process. The 
schematic representation of the photo-generated charge transfer process 

in transparent TiO2-Ag NPs thin films under UV is illustrated in Fig. 8(c) 
and Eqs. (6)–(14) [47–49]. 

TiO2 + hvUV →TiO2 +(e− + h+) (6)  

hUV +H2O→H+ +OH − (7)  

e−CB +O2→O−
2 (8)  

O−
2 +H+→HO2 (9)  

HO2 + e−CB→H2O2 (10)  

H2O2 + e−CB→OH− +OH⋅ (11)  

OH− + hvUV →OH⋅ (12)  

Ag+ e−CB− TiO2
→Ag+ e−CB (13)  

O2 +> H2O+ e−CB→OH⋅ (14) 

This mechanism explains how, under UV irradiation, hole-electron 
pairs are photogenerated in TiO2 thin film. The CB level of TiO2 is 
higher than the Fermi energy level of Ag NPs, so the photoexcited 
electrons from TiO2 are transferred to the Ag NPs, acting as electron 
scavengers for TiO2 [47]. In this way, the recombination of electrons 
and photoinduced holes is reduced and the lifetime is prolonged. This 
explains the results obtained, the photodegradation of RhB is much 
faster as the hydroxyl radical species have a longer lifetime due to the Ag 
NPs, thus achieving a faster photodegradation of the dye. 

In order to study the durability and reusability of these thin films as 
photocatalysts, they were subjected to cyclic tests, that were run four 
times. Fig. 9(a) shows the photocatalytic degeneration of RhB on these 

Fig. 7. (a) UV–vis absorption spectra of aqueous solutions of RhB (C0 = 5 mg/L) under UV-light irradiation in the presence of TiO2-Ag NPs thin films; (b) Pho
todegradation performance and (c) respective Curve of pseudo-first-order decay fitted linear regression, for RhB photodegradation in the presence of TiO2-Ag NPs and 
TiO2 thin films. 

Table 2 
Comparison of the transparent TiO2-Ag NPs thin films with other recent similar 
photocatalytic thin films under UV light.  

Samples Dye concentration 
(mg/L) 

Removal Kapp (10-3 

min− 1) 

This work 5.0 RhB 99.7 % after 
3.5 h  

19.1 

Cu doped-ZnO [43] 3.2 Metylene Blue 
(MB) 

74.0 % after 2 
h  

5.6 

TiO2 [44] 10.0 MB 53.06 % after 
2 h  

4.1 

0.05Fe2O3/TiO2  

[45] 
4.79 RhB 60 % afte 5 h  – 

Ag loaded TiO2-ZnO  
[46] 

10.0 MB 70 % after 2 h  9.92  
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Fig. 8. (a) Reaction kinetics of the photoreaction with various scavengers on TiO2-Ag NPs; (b) Degradation Efficiency (%) with various scavengers on TiO2-Ag NPs; 
(c) The degradation mechanism of transparent TiO2-Ag NPs thin films. 

Fig. 9. (a) Reusability of the transparent TiO2-Ag NPs thin films in the photocatalytic degradation of RhB under UV light irradiation after four cycles, and (b) bar 
graph of the percentage of degradation efficiency over four cycles. 
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thin films after four cycles. After four cycles the TiO2-Ag NPs photo
catalyst had only lost an efficiency from 99.77 % to 87.16 % as can be 
seen in the bar chart in Fig. 9(b). This decrease in efficiency is due to the 
fact that RhB is adsorbed after cycling on the active centers of the 
photocatalyst causing a slight decrease in degradation efficiency as can 
be seen in the FTIR spectra (Fig. S10) where after four cycles we can see 
the characteristic bands of RhB (3385 cm− 1, 2922 cm− 1, 2850 cm− 1 and 
1635 cm− 1) on the photocatalyst. For the stability study of the photo
catalyst, the possible presence of Ag and Ti was also measured during 
the photocatalysis tests in the RhB solution using an internal method 
based on ISO 11885. The results obtained for 0, 210 and 300 min show 
that the amount of Ag and Ti was always below the detection limit of the 
technique (Table S.1), thus confirming that there was no leaching of 
metals into the RhB solution. 

3.3.2. Antibacterial activity of transparent TiO2-Ag NPs thin films. 
The antibacterial activity of transparent TiO2-Ag NPs thin films was 

determined in accordance with standard tests JISZ 2801_2000 after 
exposure to UV light for 4 h. Glass, TiO2 and TiO2-Ag NPs samples were 
used as a reference and suspended Gram-negative E. coli ATCC 25922 
cells were placed on each sample. After counting viable cells recovered 
from the surface of the materials, antibacterial rates were calculated. 
Results are presented in Fig. 10 and clearly show a strong antibacterial 
action of TiO2-Ag NPs, when compared with glass and with TiO2 sam
ples,with values of 95.5 % and 93.1 %, respectively. Results are signif
icantly different are marked with (*) in Fig. 10. The differences observed 
for both controls, glass and TiO2 samples, are probably due to slightly 
different material performances in the complete recovery of treated 
bacterial cells form the surface of materials. These differences do not 
preclude the strong antibacterial action observed. 

4. Conclusion 

Pure and TiO2-Ag NPs transparent thin films with Ag NPs synthesized 
by nanosecond laser, with excellent photocatalytic activities being ob
tained for the degradation of RhB using UV light for a very small amount 
of catalyst, maintaining a very high degree of glass transparency of more 
than 80 %. Thanks to the Ag NPs, it was observed that the production of 
radicals (OH•) increased,as did the lifetime, which made the degrada
tion of the dye much faster and up to 99.7 % of the dye could be 
degraded in 210 min. The removal efficiency for RhB reached 99.7 %, 

which was twice than that of pure TiO2. Furthermore, the reuse of the 
catalyst for four cycles was also studied, observing that the degradation 
efficiency decreased by 10 %.These results are very interesting due to 
the fact that the catalyst is synthesized on glass by using methodologies, 
that are widely applicable in industry the result being a catalyst with a 
high degradation efficiency for pollutants and dyes such as RhB. Also, 
the films that were developed, after addition of Ag NPs to the surface, 
showed strong antibacterial activities, as measured using a gram- 
negative bacterium as reference strain. The reduction in the number of 
bacteria reached 93 % after irradiation under UV-light for 4 h. Further 
research could measure the antimicrobial power of these transparent 
thin films by the addition of Ag NPs to the surface as well as the pho
tocatalytic action of the films using different types of light (visible light 
or sunlight). Additionally, the combination of these two techniques 
would allow an the easy synthesis of a multitude of compounds that can 
be functionalized with metal NPs. 
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