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Abstract: In this study, a thin silver (Ag) layer was evaporated onto the anatase-titanium oxide (TiOx)
film. This structure was then annealed at various temperatures under nitrogen ambient to realize the
Ag nanoparticles formed on the TiOx surface. The photocatalytic activities of these TiOx/Ag structures
to decompose pollutants were determined from the rate constant while they were applied to decolor-
ize the methylene blue (MB) solution in the presence of the UV light irradiation. According to the
investigations on their surface bond configurations, the Ag nanoparticles were favorable for the trans-
formation of the Ti*" into the Ti* state in the TiOx film, which functioned to prohibit the recombination
of the photogenerated electron-hole-pairs on the TiOx surface. The exposed TiOx surface distributed
over the 500 °C-annealed TiOx/Ag structure performed an increase of about 40% in the rate constant
compared to the individual TiOx film. Moreover, this surface morphology composed of the anatase-
TiOx structures and Ag nanoparticles which was abundant in the oxide-related radical and Ag* chem-
ical state also showed a perfect antibacterial efficiency against Escherichia coli.

Keywords: anatase-titanium oxide film; silver nanoparticles; photocatalytic activity; TiOx/Ag
structure; antibacterial efficiency

1. Introduction

In the past two decades, environmental pollution and global warming issues have
garnered more attention. Regarding environmental pollution issues, the developments
and research on the materials that decompose or reduce toxic gases and organic solvents
emitted from industries have become a critical topic. Various technologies such as adsorp-
tion, electrocoagulation, ion exchange, and photocatalysis, have been applied for the re-
moval of pollutants [1-4]. Among them, photocatalysis is the process that changes the rate
of a chemical reaction by introducing electron-hole pairs (ehps) on the material’s surface
while it is exposed to light. The photogenerated ehps provides complex photooxidants
such as hydroxyl radical (-OH), superoxide radical (:Oz"), and hydrogen peroxide (H202)
that exhibit strong oxidation for decomposing environmental pollutants [5]. The ad-
vantages of the photocatalysis over other technologies are such that the photogenerated
ehps induced by the light irradiation on the photocatalyst are highly reliable and repro-
ducible. Accordingly, investigations into photocatalytic materials as well as to strengthen
its activity under light irradiation become one of the main projects of the current research.
Regarding materials suitable for photocatalysts, titanium oxide (TiOx) is the most popular
candidate among the photocatalytic materials for being capable to decompose both the
organic and inorganic pollutants due to its chemical stability, optical transparency at vis-
ible wavelength, high refractive index, non-toxic nature, and low cost. In general, the pho-
tocatalytic activity of the TiOx material is typically affected by three factors: the crystalline
structure, the specific surface area, and the recombination rate of the photo-generated
ehps. In terms of the crystallinity, the formation of the anatase-TiOx phase is crucial for
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exhibiting a high degree of the photocatalytic activity [6-8]. For the specific surface area,
the processes to construct a nanotextured surface or to fabricate nanospheric particles to
enrich the reaction area exposed to the environmental pollutants are continually devel-
oped to improve the photocatalyticity of the TiOx [9-12]. In addition to achieving the an-
atase crystallinity and enriching the specific surface area of the TiOx film, the researchers
also focused on separating or avoiding the recombination of the photo-generated ehps.
Basically, there are two ways to prolong the existence of the photo-generated ehps in the
TiOx film: engineer the heterojunction structure with energy band discontinuity using
metals or metal oxides, such as Ag, NiO, Cu20, SnO2, WOs, or ZnO, contact to the TiOx
film [13-17] or build up a defect state in the TiOx energy bandgap by introducing extrinsic
impurities, such as C, N, Pd, or F dopants, which may also be beneficial for allowing the
onset of the photocatalyticity under visible wavelength irradiation [18-21]. In addition to
enhancing the film’s photocatalyticity for purifying environmental pollutants, researchers
also are interested in activating extra functions of the contact materials or dopants in the
TiOx film to strengthen the resulting products in saving the troublesome problems of daily
life. Considering the demands of daily life, efforts to ensure environmental sanitation and
food safety are critical. A number of organic and inorganic materials have been employed
as effective antimicrobial and/or antifungal agents to avoid the growth of viruses and bac-
teria [22-27]. They allow the excessive formation of reactive oxygen species, leading to
oxidative stress and subsequently damaging or altering the cell structure and function.
Among them, Ag is the most widely used material to fill this role not only because of its
high biocidal activity against a broad range of microorganisms and viruses, but also be-
cause it can be simply nanosized via various processes to optimize the reaction efficiency
[28-30]. To summarize the discussions mentioned thus far, TiOx and Ag materials seem to
be the best candidates for simultaneously resisting environmental pollution and infection.
As aresult, a TiOx/Ag composite system with both quality photocatalytic and antibacterial
activities had been announced. For instance, Sheikh et al. fabricated the TiO2 nanofibers
containing Ag nanoparticles using an electrospinning process. They found that the Ag
nanoparticles with diameters of 5 to 10 nm were dispersed well in/on the TiOz nanofibers
after calcining at a temperature of 600 °C in air ambient for one hour. The resulting inor-
ganic TiO2/Ag nanofibers showed good stability for biomedical applications [31]. Song et
al. synthesized a TiOx containing Ag nanoparticles onto the commercially Ti substrate us-
ing a reactive magnetron cosputtering system. The shape and size of the Ag nanoparticles
dispersed in the TiOx film affected by the power applied to the Ag target as well as the
bias imposed on the substrate were investigated. The results indicated that the substrate
bias caused an increase in the small-sized Ag nanoparticles while the metallic Ag content
decreased and oxidized Ag increased as the power applied to the Ag target increased. The
reduction in the size of the Ag nanoparticles and the fast ion release from the metallic Ag
was responsible for optimizing the structure’s antibacterial activity [32]. Bian et al. syn-
thesized the Ag/ZnO/AgO/TiO: composite by chemical precipitation and hydrothermal
method. They found that the existence of the AgO and Ag materials sandwiched by the
Zn0O and TiO2 nanoparticles was facilitated for trapping and transferring the electron car-
riers, and thereby lengthening a longer lifetime of the photo-generated ehps. The resulting
composite performed a kinetic rate constant doubly higher than that of the TiO2 nanopar-
ticles as it was employed to photocompose the rhodamine B (RhB) solution (R2-1, [33]).
Deekshitha et al. addressed a novel liquid-based method to synthesize TiO2 embedded
AgO/Ag>0 nanocomposite. They demonstrated that the nanocomposite was activable
both by UV and visible light irradiation due to the presence of the AgO and Ag2O func-
tioned to reduce the bandgap of the TiO: nanoparticles. The AgO/Ag:0@TiOz2 nanocom-
posite performed highly crystalline with a bandgap energy of 1.75 eV without any calci-
nation and almost completely degraded 100 ppm Reactive Blue (RB) 220 dye under visible
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lamp irradiation for 90 min (R2-3, [34]). Kacprzynska-Gotacka et al. presented a TiO: +
AgO coating using Ti and Ag targets through the reactive magnetron cosputtering tech-
nology. They discussed the size of the Ag/AgO nanoparticles and the percentage of the
elemental composition of the TiO2 + AgO coating, both of which were affected by the ap-
plied power on the targets. The results demonstrated that the TiO2 + AgO coating showed
complete inhibition of the growth of Escherichia coli (E. coli) and Bacillus subtilis. Moreover,
this coating structure also performed good photocatalytic activity when it was irradiated
under both ultraviolet (UV) and visible lights [35]. Thukkaram et al. prepared an Ag na-
noparticles-loaded TiO:2 coating on a Ti disc using plasma electrolytic oxidation. They
studied the bactericidal efficiency of the oxidized TiO2 coating affected by the concentra-
tion of the Ag nanoparticles in the electrolyte. The resulting coatings showed that the bac-
tericidal effect could be enhanced by increasing the amounts of the Ag nanoparticles,
which was helpful for releasing more Ag* ions into the bacterial solution [36].

Though the TiOx/Ag system had been prepared by various technologies, studies on
the TiOx/Ag structures under thermally annealing process are rare reports. The annealing
process affected on the photocatalytic and antibacterial activity of the TiOx/Ag system as
well as its thermal stability are both critical. Accordingly, in addition to the research to
modify the photocatalytic surface of an anatase-TiOx film with quality antibacterial fea-
tures at the same time, an investigation on the structural evolution of the TiOx/Ag struc-
ture influence by the annealing process also was carried out. For this purpose, a thin Ag
layer as the antibacterial agent was evaporated onto the anatase-TiOx film. To study the
thermal process affected on the surface property, a post-annealing treatment under nitro-
gen ambient was then processed on the TiOx/Ag structure and was expected to achieve
the TiOx surface decorated with Ag nanoparticles. Surface morphologies, chemical bond
configurations, and crystalline structures of the as-deposited and annealed TiOx/Ag struc-
tures were investigated. The corresponding photocatalytic and antibacterial activities
were examined as the samples were used to decompose the methylene blue (MB) solution
and sterilize E. coli activated by a UV lamp irradiation.

2. Material Preparation and Experimental Procedure

Hydro-oxygenated amorphous TiOx films with a thickness of 200 nm were deposited
onto silicon and quartz substrates (~10 x 10 mm?) using the home-made plasma-enhanced
chemical vapor deposition (PECVD) at a temperature of 200 °C. Titanium precursor vapor-
ized from the titanium tetraisopropoxide [Ti(OCsHr)s, TTIP] liquid was intermixed with
pure oxygen gas in a mixbox and subsequently inlet to the deposition chamber. The depo-
sition pressure, 1f power, and gas flow rate of TTIP/O2 gas mixture were controlled at 40 Pa,
100 W, and 120/20 sccm, respectively. The amorphous TiOx films were then annealed at 600
°C for 30 min under ambient oxygen to result in the film crystallization with the anatase
phase that possessed the optimal photocatalytic activity. A detailed setup for the PECVD
system and evidence of the film crystallization have been described and reported elsewhere
[37]. Following this, metallic Ag films with a thickness of 20 nm were thermally evaporated
onto the crystalline TiOx films surface. These TiOx/Ag structures were then rapidly annealed
at 300 °C, 400 °C, 500 °C, and 600 °C, respectively, under nitrogen ambient for 1 min. This
annealing process was treated for realizing the formation of the Ag nanoparticles which was
expected to enrich the heterojunction contact and enlarge the exposed surface of the TiOx
film and Ag layer. Another set of 20 nm-thick Ag films directly deposited onto the silicon
and quartz were also prepared to study the evolution of the Au layers processed by the
same RTA treatment.

The film thickness of the TiOx film was measured using a surface profile system
(Dektak 6M, Veeco, New York, NY, USA). Surface roughness and morphologies of the indi-
vidual TiOx and Ag films as well as the TiOx/Ag structures were examined using an atomic
force microscopy (AFM, DI-3100, Veeco, New York, NY, USA) and a field emission scanning
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electron microscope (FE-SEM, JSM-6700F, JEOL, Tokyo, Japan) operated at 3 kV. The corre-
sponded optical transmittance of these samples was examined by a UV-Vis-NIR spectro-
photometer (UVD 3500, Labomed, Inc., Los Angeles, CA, USA). The associated crystalline
structures were conducted using a grazing incident x-ray diffractometer (GIXRD) at 30 kV
and 30 mA using Cu Ka radiation (D-500, Siemens, Munich, Germany). X-ray photoelectron
spectroscope (XPS) with monochromatic Al K« radiation (PHI Quantera SXM™, ULVAC-
PHI, Kanagawa, Japan) were employed to examine the chemical bond configurations dis-
tributed over the structural surface. The energy scale of the spectrometer was calibrated us-
ing the core level of C 1s at 284.6 eV. The photocatalytic activities of the TiOx films incorpo-
rated with the thin Ag layers as well as the individual TiOx and Ag films were evaluated as
they were applied to decolorize an aqueous MB solution under an UV lamp irradiation. The
initial concentration of the MB solution was controlled at 20 mgL-! with a pH value approx-
imately of 7.0 + 0.1. The photocatalysis on the MB solution was determined from the degra-
dation of the solution concentration that were linked to the absorbance evolution at 665 nm
measured using the UV-Vis-NIR spectrophotometer. The antibacterial activities were as-
sessed with a plate-counting method used against E. coli. Microbiological tests were carried
out as the samples were immersed into a nutrient broth, and the initial concentration of the
E. coli bacteria was adjusted to 1.0 x 10¢ colony-forming unit (CFU)/mL by dilution. These
specimens were then sterilized under the UV-lamp irradiation for 1 h. Subsequently, 0.1 mL
of each dilution was taken and spread on the nutrient agar and then incubated at 37 °C for
24 h. The number of the bacterial colonies grown on the plates was counted (in CFU) and
photographed. The UV-lamp (TLD 10 W/08, Philips, London, UK) employed to activate the
specimens’ photocatalyticity for decomposing the MB solution and to suppress the E. coli
growth_emitted the dominated wavelength of 365 nm (light ranging from 350 to 400 nm)
with the power density controlled at 5 mW/cm?.

3. Results and Discussions

Figure 1a—e show the surface roughness of the 20-nm thick Ag film directly deposited
onto the silicon substrate and the films annealed at 300, 400, 500, and 600 °C under nitro-
gen ambient for 1 min, respectively, examined by AFM measurement. The as-deposited
Ag film presented flat surface morphology with a root-mean-square surface roughness,
Ry, of about 2.7 nm (Figure 1a). In contrast, the annealed films exhibited rough character-
istics with a surface roughness greater than 10 nm. Moreover, the surface roughness de-
creased slightly to about 9.4 nm as the annealed temperature reached 600 °C (Figure le).
The surface morphologies conducted from the FESEM observation for the Ag thin film
before and after the thermal annealed treatment are given in Figure 2a—e. As shown in
Figure 2a, the surface of the as-deposited Ag film exhibited island structures with closed
wedge-like particles. For the surface morphologies of the annealed samples shown in Fig-
ure 2b-e, these wedge-like islands evolved into separated and round-like nanoparticles.
The size of these Ag nanoparticles were abnormally distributed over the annealed surface.
Moreover, the mean diameters of these nanoparticles calculated by the software Image]
analysis were gradually decreased as the annealed temperature increased. A mean diam-
eter of about 53 + 14.5 nm was calculated as the Ag film annealed at 600 °C, while that of
the nanoparticles annealed at 500 °C was 69 + 16.3 nm. Incorporating the measurements
of the surface roughness shown in Figure 1, the closed wedge-like islands observed from
the as-deposited Ag film surface corresponded to a relatively smooth surface, while the
separated Ag nanoparticles appearing on the annealed surface resulted in a marked in-
crease in surface roughness. The optical transmittance and absorbance spectra of the as-
deposited and annealed Ag thin films directly deposited onto the sapphire substrate are
illustrated in Figure 3a and b, respectively. As can be seen from the optical transmittance
of the as-deposited sample in Figure 3a, the opaque nature of the Ag film showed an op-
tical transmittance lower than 40% around the visible wavelength (400~700 nm). For the
samples annealed at 300, 400, and 500 °C, the transparency at the long and short wave-
lengths of the visible wavelength region was greatly improved, with a wide drop in the
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transmittance at around 450-600 nm. As the Ag film annealed at 600 °C, the optical trans-
mittance around the visible wavelength was further improved to about 90% except for the
drop of the optical transmittance to about 71% at the wavelength of 453 nm. Combined
with the surface morphologies of the annealed samples shown in Figure 2b—e, the light
leakage through the Ag nanoparticles boundaries was responsible for the optical trans-
parency around the visible wavelengths, while the transmittance drop at the visible wave-
length could be ascribed to the localized surface plasmon (LSP) resonance emerging from
the distributed Ag nanoparticles [38—40]. The position of the absorbance peaks shown in
Figure 3b could be connected to the general size of the Ag nanoparticle distributed over
the annealed samples, as quoted from the reports [41-43]. The blue-shift of the absorbance
peak as the annealed temperature increased was linked to the general size of the Ag na-
noparticles being decreased as the annealing temperature increased. Moreover, the de-
crease in the bandwidth of the absorbance peak also implied the improved homogeneity
of the Ag nanoparticles [44,45]. As a consequence, the 600 °C-annealed sample that exhib-
ited the narrowest absorbance bandwidth with the peak at 453 nm corresponded to the
smallest and best homogenous nanoparticle size, as observed from Figure 2e.

@) (b)

100 nm

X=5um

Ry=2.7nm R;=10.1 nm

(© (d)

Ry=10.3 nm R;=10.8 nm

(e)
100 nm

X=5pum
Y=5um

Ry= 9.4 nm
Figure 1. Surface roughness of (a) the as-deposited Ag film directly deposited onto the silicon sub-

strate and the films annealed at (b) 300, (c) 400, (d) 500, and (e) 600 °C under nitrogen ambient for 1
min, examined by AFM measurement.
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Figure 2. Surface morphologies of (a) the Ag film directly deposited onto the silicon substrate and
the films annealed at (b) 300, (c) 400, (d) 500, and (e) 600 °C under nitrogen ambient for 1 min,
conducted by FE-SEM observation.
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Figure 3. (a) Optical transmittance and (b) absorbance spectra of the as-deposited and annealed Ag
films directly deposited onto the sapphire substrate.

According to these investigations, Ag nanoparticles were obtained from a thin Ag
film treated by an adequate annealing process under nitrogen ambient. The specific sur-
face area and optical transmittance around the visible wavelength of these Ag nanoparti-
cles could be modified by controlling the annealed temperatures. This Ag layer with dis-
tinctive surface morphology and structure was then employed to alter the chemical and
physical properties of the underlayer anatase-TiOx film. Figure 4b—f show the surface
roughness of the as-deposited TiOx/Ag structure and the structures annealed at 300, 400,
500, and 600 °C under nitrogen ambient for 1 min, respectively (the surface roughness of
the individual TiOx film also is shown in Figure 4a for comparison). The PECVD-prepared
TiOx film, after annealing at 600 °C for 30 min under oxide ambient, possessed a surface
roughness of about 4.2 nm. As an Ag layer was deposited onto the TiOx film, the surface
roughness was markedly increased to about 10.9 nm. A rougher surface that corre-
sponded to an R, value of about 18.0 nm was measured from the TiOx/Ag structure an-
nealed at 300 °C for 1 min under nitrogen ambient. As the annealed temperature reached
400 °C, the resulting TiOx/Ag structure presented the roughest surface with an R, value of
about 18.5 nm (Figure 4d). The surface roughness of the TiOx/Ag structure was then grad-
ually decreased to 16.2 and 15.5 nm while the annealed temperature was increased to 500
and 600 °C, respectively. The surface morphologies of the samples shown in Figure 4 are
provided in Figure 5a—f. The grains distributed over the surface of the TiOx film shown in
Figure 5a were closely packed with visible boundaries. Interestingly, the Ag film depos-
ited onto the TiOx film (Figure 5b) was much different from the film directly deposited
onto the silicon surface shown in Figure 2a. Nanoparticles and wedge-like islands were
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randomly and separately distributed over the TiOx surface. This implied that the surface
property of the TiOx film facilitated the agglomeration of the Ag atoms to form islands
and nanoparticles at a relatively low temperature. The appearance of the Ag islands and
nanoparticles on the TiOx film surface therefore resulted in a marked increase in the sur-
face roughness (Figure 4a) compared to the Ag layer directed deposited onto the Si sub-
strate. Unlike in the nanoparticles distributed over the 300 °C-annealed Ag film while be-
ing directly deposited onto the silicon substrate shown in Figure 2b, the density of the Ag
nanoparticles distributed over the TiOx surface under the same annealed temperature was
obviously depressed, which might diffuse into the TiOx film through the grain bounda-
ries. A large area of the under-layered TiOx film was thus observed from the surface mor-
phologies of the 300 °C-annealed TiOx/Ag structure (Figure 5c). The surface morphology
combined with the scattered Ag nanoparticles and uneven TiOx grains resulted in a
rougher surface roughness (~18.0 nm) compared to the 300 °C-annealed Ag film on the
silicon substrate (~10.1 nm). The density of the Ag nanoparticles distributed over the TiOx
surface decreased as the annealed temperature on the TiO«/Ag structure increased. Figure
6 depicts the optical transmittance of the individual TiOx film, the as-deposited TiOx/Ag
structure, and the structures annealed at 300, 400, 500, and 600 °C. The individual TiOx
film possessed an average transmittance higher than 90% around the visible wavelength,
and then a sharp reduction in the near ultraviolet wavelengths was measured due to the
absorption by the energy bandgap of the anatase-TiOx structure. For an Ag layer depos-
ited onto the TiOx film, the resulting average optical transmittance markedly decreased to
about 43% due to the injecting photons being obstructed by the Ag particles. The average
optical transmittance was gradually increased as the annealed temperature on the
TiOx/Ag structure increased. An average optical transmittance of about 68% was meas-
ured from the structure annealed at the temperature of 600 °C. Considering the surface
morphologies shown in Figure 5cf, the increase in the transparency around visible wave-
lengths of these annealed TiOx/Ag structures was ascribed to the decrease in the coverage
of the Ag nanoparticles. Moreover, the size of the Ag nanoparticles distributed over the
TiOx film surface that caused the LSP phenomena was identified as one of the reasons for
the depressions in the optical transmittance over the visible wavelengths. The crystalline
phases of the as-deposited and annealed TiO«/Ag structures as well as the individual TiOx
and Ag films conducted by the x-ray diffractometer measurement are illustrated in Figure
7. Two peaks identified as the anatase structure (denoted as “A” with the diffraction
planes given in parentheses) according to JCPDS no.21-1272 could be observed from the
XRD spectrum of the TiOx film [46]. The crystalline phase of A(101) was the preferred
growth orientation in this anatase TiOx film. For the thin Ag layer, only a weak signal
denoted as the Ag (111) that matched with the face centered cubic (fcc) structure according
to the JCPDS no.04-0783 could be observed [47]. As this thin Ag layer was deposited onto
the TiOx film, no significant peaks other than these peaks belonging to the anatase-TiOx
and Ag phases appeared in the XRD spectrum. The XRD spectra of these annealed
TiOx/Ag structures also showed similar diffraction peaks to those of the as-deposited
structure, indicating that little chemical reaction occurred between the TiOx and Ag mate-
rials during the Ag layer deposition and the subsequent annealed treatment. In addition,
there was no evidence of the Ag atoms doped into the TiOx matrix as the peak position of
the A(101) phase in the XRD spectra of the TiOx/Ag structures was almost the same as the
individual TiOx film. Regarding crystallinity of the Ag layer while deposited onto the TiOx
film, the crystal size was smaller than that of the layer directly deposited onto the silicon
substrate as derived from the full width of the half maximum (FWHM) of the Ag(111)
peak according to the Scherrer formula. Though the metal state was the dominated com-
position in the Ag nanoparticles, it still could not be ruled out the possibility of the oxi-
dized state coexisted in the nanoparticles since the Ag>0 signal might be overlapped by
the Ag (111) peak. As a consequence, XPS analysis was carried out to investigate the com-
positions of the Ti, O, and Ag elements. The binding energy spectra related to the Ag 34,
Ti 2p, and O 1s core levels, as illustrated in Figure 8a—c, respectively, are provided to
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further elucidate the evolution of the chemical bond configurations on the surface of the
as-deposited and 500 °C-annealed TiOx/Ag structures (the individual Ag and TiOx films
are also given as comparisons). Two distinctive peaks that were denoted as Ag 3ds;2 and
Ag 3dsp, with approximately 6 eV difference in the binding energy, could be seen in Figure
8a. The peak of the Ag 3ds.2 binding energy emerged from both the Ag film deposited onto
the silicon and TiOx surface both was approximately 368.2 eV, whereas the TiOx/Ag struc-
ture annealed at 500 °C caused a shift in the binding energy at 367.8 eV. According to
previous literatures, the shift in the binding energy observed from the surface of the an-
nealed TiOx/Ag structure was ascribed to the evolution on the chemical stat from the me-
tallic Ag? signal to the oxidized Ag* state [48-51]. In the Ti 2p spectrum (Figure 8b), two
peaks assigned as Ti 2ps2 and Ti 2p12, with a binding energy difference of 5.6 eV, were also
observed. Compared to the individual TiOx film, the Ti 2ps2 binding energy shifted from
458.9 eV to 458.6 eV as the TiOx film was covered by a thin Ag layer. This peak further
shifted to 458.2 eV while the TiOx/Ag structure annealed at 500 °C. The shift of the Ti 2ps:
single toward a lower binding energy could be related to the increased formation of the
titanium atoms from the Ti* to the reduced Ti* state upon the Ag layered deposition and
the structural annealed treatment, as referred to the reports [52-56]. For the O 1s spectrum
shown in Figure 8¢, the surface of the individual TiOx film emerged a somewhat asym-
metrical signal at a binding energy of about 530.0 eV, with a tail extending to the high
binding energy. As an Ag layer deposited onto the TiOx film, the O 1s signal emerged
from the surface was drastically depressed with a weak peak at about 531.1 eV. The O 1s
signal measured from the surface of the 500 °C-annealed TiOx/Ag structure was obviously
enhanced with a peak of approximatively at 529.2 eV and a notable shoulder extending to
the higher binding energy. Considering the reports on the oxidized states of the titanium
and silver atoms, this signal emerging from the surface of the 500 °C-annealed TiOx/Ag
structure could be linked to a combination of the oxygen species of the Ag-O (~528.9 eV),
Ti-O (~529.7 V), terminal hydroxyl (~530.8 eV), surface carbonate-like admixtures (~531.7
eV), and adsorbed water [50,51,55-60]. According to the studies on the crystallinity and
surface bond configurations of the TiOx/Ag structure, it demonstrated that, although there
was little chemical reaction between the TiOx film and Ag layer, the surface property com-
bined with the oxidized state evolution from Ti* to Ti* in Ti-O bonds and the metallic
(AgY)/oxidized Ag (Ag") states was measured from the 500 °C-annealed sample.
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Figure 4. Surface roughness of (a) the TiOx film, (b) the as-deposited TiOx/Ag structure, and the
structures annealed at (c) 300, (d) 400, (e) 500, and (f) 600 °C under nitrogen ambient for 1 min,
examined by AFM.
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Figure 5. Surface morphologies of (a) the TiOx film, (b) the as-deposited TiOx/Ag structure, and the
structures annealed at (c) 300, (d) 400, (e) 500, and (f) 600 °C under nitrogen ambient for 1 min,
conducted by FE-SEM observation.
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Figure 6. Optical transmittance of the as-deposited and annealed TiOx/Ag structures (optical trans-
mittance of the TiOx film also is shown as a comparison).
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Figure 7. XRD spectra of the as-deposited and annealed TiOx/Ag structures as well as the TiOx and

Ag films.
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Figure 8. Binding energy spectra of the (a) Ag 34, (b) Ti 2p, and (c) O 1s core levels measured from
the surface of the as-deposited and 500 °C-annealed TiOx/Ag structures (the individual Ag and TiOx
films are also given as comparisons).
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The concentration evolution of the MB solution decomposed by using the TiOx film,
thin Ag layer, and the as-deposited and annealed TiO«/Ag structures under the UV light
irradiation are illustrated in Figure 9a (the change in the concentration of the MB solution
directly irradiated by the UV light is also provided as a comparison). The degree of the
photocatalytic activity for these samples, determined in terms of the rate constant, is sum-
marized in Table 1. The rate constant, k, is derived by fitting the curves in Figure 9a, using
the following relationship [61]:

In(C/C,)=kt )

where C and Co are the concentrations of the MB solution under UV light irradiation time
of t=0and ¢, respectively. As can be seen in this figure, the degradation of the MB solution
induced by the UV light irradiation was significantly enhanced by introducing a TiOx film,
while the Ag layer was almost useless in strengthening the decomposition of the MB so-
lution under UV light irradiation. The corresponding rate constant derived from the curve
of the Ag layer (~0.0029 min) was only a little higher than that of the curve derived from
the MB solution (~0.0027 min). In contrast to the Ag layer, a nearly quadruple increase
in the rate constant (~0.0102 min') was obtained from the MB solution decomposed by
the TiOx film under UV light irradiation. Interestingly, although the Ag layer individually
was inactive in decomposing the MB solution, the as-deposited TiOx/Ag structure irradi-
ated by the UV light took effect and corresponded to a rate constant of about 0.0110 min-'.
As referred to in Figure 5b, the areas of the TiOx film uncovered by the Ag layer might be
responsible for the activation regions to decomposed the MB solution. Moreover, the ap-
pearance of the Ti* state on the structural surface induced by the Ag ions which func-
tioned to suppress the recombination of the photogenerated ehps resulted in a rate con-
stant being higher than that of the individual TiOx film. For the same reason, the extensive
reaction area of the TiOx surface that was abundant in the Ti* chemical state for the 500
°C-annealed TiOx/Ag structure, as demonstrated in Figures 5e and 8b, resulted in the sig-
nificant enhancement on the photodecomposition to the MB solution at a rate constant of
about 0.0141 min™. The degree of the rate constant for the TiOx/Ag nanoparticles system
evaluated from decolorizing the MB solution was comparable to that of the photocatalytic
materials under sunlight or UV light irradiation, as quoted from the reports [62-66]. The
photo-excited current responses as the transient of the UV light irradiation for the TiOx
film and 500 °C-annealed TiOx/Ag structure are given in Figure 9b. According to the cycles
of the on-off current transient, the photocatalysis of the samples under UV light irradia-
tion was reproducible and reliable. Under the same irradiation power, the degree of the
photo-induced current from the TiOx/Ag structure was much higher than that of the TiOx
film, indicating that the TiOx/Ag structure was beneficial for the separation of the photo-
generated ehps. Moreover, the longer transient time determined from the highest photo-
excited current to the dark current was obtained from the TiOx/Ag structure (8 min) as
compared to that of the TiOx film (4 min). This also showed evidence of the recombination
rate of the photo-generated ehps could be effectively alleviated in the TiOx/Ag structure.
The mechanism responsible for the separation of the photo-generated ehps is ascribed to
the difference of the electron affinity between the TiOx and Ag interface which causes the
photo-generated electrons flow to the Ag surface while the photo-generated holes stay at
the TiOx side [33]. In addition, the presence of the Ag nanoparticles that accept oxygen
atoms from the TiOx matrix to result in the reduction of the oxidized state of Ti* to Ti** is
also facilitated for capturing the photo-generated hole on the TiOx surface [46]. Those
photo-generated ehps react with the adsorbed Oz and H20 and subsequently produce free
radicals of OH and -Oz-, thereby decomposing the MB solution into nontoxic products
[62]. Figure 10a—d show the photographs of the E. coli bacterial colonies on the nutrient
agar after a 24 h incubation period using the UV light-activated as-deposited and annealed
TiO«/Ag structure as well as using the TiOx film and thin Ag layer, respectively. The num-
ber of the bacterial colonies counted from the plate, as shown in Figure 10a,b, was about
(230 = 11) x 10°* CFU/mL and (215 + 6) x 10® CFU/mL, respectively. As the E. coli was
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sterilized using the as-deposited TiOx/Ag structure, the number of the bacteria grown on
the plate significant decreased to (133 + 8) x 103 CFU/mL. Eventually, the bacteria were
almost absent on the plate as they were sterilized by using the 500 °C-annealed TiOx/Ag
structure. The reduction percentage, R, of the bacteria growth on the plate was calculated
using the following equation [67]:

R = [(A— B)/A] x 100% @)

where A is the number of the bacterial colonies counted from the E. coli directly sterilized
by the UV-lamp irradiation (~382 + 16 x 103 CFU/mL), and B is the number of the bacterial
colonies counted from the plate treated by the samples. The reduction percentages of these
plates shown in Figure 10 are given in Table 1. The reduction percentages of the E. coli
using the Ag and TiOx films were about 44% and 40 %, respectively. The sterilized activi-
ties conducted from the Ag layer was ascribed to the release of the Ag*ion could bind the
proteins of the bacteria to cause the increase of the cellular oxidative stress, thereby result-
ing in the protein deactivation [68]. On the other hand, the photo-generated ehps on the
TiOx surface could produce active radicals of-OH and-O:" to interact with cell walls and
rupture bacterial cell membranes [69]. Accordingly, the TiOx film incorporating a thin Ag
layer resulted in the antibacterial efficiency against E. coli, with a higher reduction per-
centage of 65%. Moreover, the achievement of the TiOx film surface decorated with the Ag
nanoparticles which was abundant in the Ag* and oxidant radical such as -OH and -Oz on
the surface as it was annealed at a temperature of 500 °C for 1 min under nitrogen ambient
could completely inhibit the growth of the E. coli bacteria.
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Figure 9. (a) Concentration evolution of the MB solution decomposed by using the TiOx film, thin
Ag layer, and the as-deposited and annealed TiOx/Ag structures under the UV light irradiation (the
change in the concentration of the MB solution directly irradiated by the UV light is also provided
as a comparison); (b) the photo-excited current responses as the transient of the UV light irradiation
for the TiOx film and 500 °C-annealed TiOx/Ag structure.

JAg

Figure 10. Photographs of the E. coli bacterial colonies on the nutrient agar after a 24 h incubation
period that are sterilized using the (a) TiOx, (b) Ag, (c) as-deposited TiOx/Ag and (d) annealed
TiOx/Ag samples under the UV-lamp irradiation for 1 hour.
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Table 1. Rate constant (k) and reduction percentage (R) of the Ag, TiOx, as-deposited TiOx/Ag, and
500°C-annealed TiOx/Ag samples.

. As-Deposited 500 °C-Annealed
Ag TiO- TiOJ/Ag TiOJ/Ag
k (min) 0.0029 0.0102 0.0110 0.0141
R (%) 44 40 65 100

4. Conclusions

The surface property of the TiOx/Ag structure activated by a UV-lamp irradiation
was investigated. A thin Ag layer deposited onto the anatase-TiOx film exhibited an une-
ven surface morphology with separated Ag nanoparticles and wedge-liked islands. This
TiOx/Ag structure annealed under nitrogen ambient caused the agglomeration and diffu-
sion of the Ag atoms, resulting in extensive TiOx film being exposed on the surface. The
chemical bond configurations associated with the metallic Ag? to oxidized Ag* and the
reduced oxidized states of Ti** to Ti*, which were beneficial to separate the photogener-
ated ehps and suppress the recombination rate, were observed from the composite surface
of the Ag nanoparticles and TiOx layer. The decomposition efficiency of the MB solution
under UV-lamp irradiation was apparently improved incorporating with the TiOx/Ag
structure annealed at a temperature of 500 °C under nitrogen ambient for 1 min. The de-
rived rate constant (~0.0141 min™) was about 40% higher than that of the rate constant as
incorporated with only the TiOx film (~0.0102 min™). This TiOx film decorated by the Ag
nanoparticles which produced hydroxyl radicals and reactive oxygen species on the TiOx
surface under UV light irradiation as well as the release of the Ag* ions from the nanopar-
ticles resulted in the enhanced inhibition of the growth of the E. coli. The reduction per-
centage against the E. coli using the as-deposited TiOx/Ag structure was about 65%,
whereas a perfect antibacterial efficiency (the reduction percentage reaches 100%) was
achieved by using the 500 °C-annealed sample. Such a surface property possessed excel-
lent photo-activated properties to decompose pollutants and inhibit the growth of the mi-
crobial organisms, providing promising high-value products for the purification demands
related to environmental pollution and sanitation.
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