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Abstract: TiO; is a promising photocatalyst, but its large bandgap restricts its light absorption to
the ultraviolet region. The addition of noble metals can reduce the bandgap and electron-hole re-
combination; therefore, we prepared TiO,-Ag nanoparticle composite films by plasma-enhanced
chemical vapor deposition (PECVD) using a mixture of aerosolized AgNO3, which was used as a Ag
nanoparticle precursor, and titanium tetraisopropoxide, which acted as the TiO, precursor. Notably,
the use of PECVD enabled a low process temperature and eliminated the need for pre-preparing the
Ag nanoparticles, thereby increasing the process efficiency. The structures and morphologies of the
deposited films were characterized by ultraviolet (UV)—visible spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy and
energy-dispersive X-ray spectroscopy, and the effects of the AgNO3 concentration on the photocat-

fl:eégtfgsr alytic activity of the deposited films were determined by assessing the degradation of methylene blue
Citation: Lang, J.; Takahashi, K ; under UV light irradiation. The Ag ions were successfully reduced to metallic nanoparticles and were
Kubo, M.; Shimada, M. Ag-Doped embedded in the TiO, film. The best photocatalytic activity was achieved for a 1 wt% Ag-loaded
TiO, Composite Films Prepared TiO, composite film, which was 1.75 times that of pristine TiO,.
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Academic Editors: Carolina Belver
and Jorge Bedia 1. Introduction

Since the first use of TiO; electrodes for the photocatalytic splitting of water in 1972 [1],
TiO, has become one of the most promising photocatalysts. To date, TiO, photocatalysts
have been used in the bulk, powdered, nanostructured, and thin-film forms. In particular,
the synthesis of TiO; in the form of thin films allows it to be efficiently utilized, thereby
expanding its applications [2]. Furthermore, the immobilization of catalyst thin films
on a substrate is advantageous compared to the use of powdered catalysts, because it
(1) eliminates the need for catalyst separation and filtration, (2) enables application in
continuous flow systems, and (3) reduces agglomeration at various catalyst loadings [3].

However, despite the promise of thin-film TiO, photocatalysts, TiO, has an intrinsically

low photocatalytic activity because of the large bandgap (3.2 eV) of the anatase phase,
which allows absorption only in the ultraviolet (UV) region, thereby preventing the full
utilization of solar energy (typically, only 3-5% of the total solar spectrum). In addition,
This article is an open access article  the fast recombination of electron-hole pairs reduces the catalytic activity [4-6]. Therefore,
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good surface coverage and a high deposition rate [7], but it requires high temperatures.
Therefore, to enable the use of lower temperatures, the plasma-enhanced CVD (PECVD)
method has been proposed. In PECVD, films are deposited on a low-cost substrate by utiliz-
ing the reactive chemical species formed in a microwave-induced plasma [8]. Notably, thin
TiO, films and metal-doped TiO, composite films have been deposited by PECVD [9-11],
where titanium tetraisopropoxide (TTIP) was employed as a reactive TiO, precursor. Dur-
ing the reaction, TTIP was cracked by inelastic collisions with the ionized species in the
plasma [12], enabling the use of a low overall process temperature. In addition, metal
ions can be reduced to their metallic state by plasma treatment [13]. In fact, recently, we
successfully fabricated TiO, composite films by adding a Ag nanoparticle suspension [14];
however, this required pre-preparing the nanoparticle mixture. Therefore, in this study,
to increase the process efficiency, AgNO3 was used as the Ag*-ion source and TTIP was
used as the TiO, precursor. Briefly, aqueous AgNO3 was aerosolized and supplied to the
PECVD reactor. In the plasma, Ag nanoparticles were obtained by the reduction of AgNOs3,
and these were deposited on the substrate. Simultaneously, the TiO, film was deposited
from the species formed by the cracking of the TTIP vapor introduced in the He and O,
carrier gases. In particular, we investigated the influence of the AgNOj; concentration on
the structure and photocatalytic activity of the TiO,-Ag composite films.

2. Results and Discussion
2.1. Ultraviolet (UV)—Visible (Vis) Spectra

Figure 1a demonstrates the UV-Vis spectra of the pristine TiO, film and the TiO;-Ag
composite films prepared using different concentrations of AgNO;3 (0.1-4 wt%). The
pristine TiO, film exhibits a threshold wavelength of 358 nm, which does not fall in the
visible light range. Increasing the concentration of AgNOj shifts the absorption edges of the
TiO,-Ag composite films toward longer wavelengths; that is, they shift toward the visible
region. In particular, the spectra of the TiO,-Ag composite films show a strong shoulder
peak at 300-500 nm, which can be attributed to the surface plasmon absorption of spatially
confined electrons in the Ag nanoparticles [15]. This suggests that doping TiO, with Ag
can significantly enhance its visible-light absorption. The bandgap energy was calculated
using the relation (ahv)/7 = B(hv — Eg), where a is the absorption coefficient, hv is the
incident photon energy, E is the bandgap energy, the -factor is equal to 1/2 for a direct
bandgap, and B is a constant [16]. The (ahv)? versus hv plots, constructed based on the
absorbance spectra, are shown in Figure 1b. The bandgap was estimated by extrapolating
the tangent of the curve to the x-axis (Table 1). The bandgap of pristine TiO, was 3.54 eV,
while those of the TiO,-Ag composite films decreased from 3.21 to 2.61 eV with increasing
AgNOj; concentration. The difference in the bandgaps of these samples may originate from
the different surface microstructures and compositions [17].
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Figure 1. Optical properties of the pristine TiO, film (T) and TiO,-Ag composite films deposited
using AgNOj3 concentrations of 0.1-4 wt%: (a) absorbance spectra, (b) plot of (ahv)? versus photon
energy (hv).
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Table 1. Bandgap energies (Eg) of the films.

Film Threshold Wavelength (nm) Eg (eV)
Pristine TiO, 350 3.54
TiO»-Ag (0.1 wt%) 386 3.21
TiO,-Ag (0.5 wt%) 389 3.18
TiOy-Ag (1 wt%) 410 3.02
TiO-Ag (2 Wit%) 442 2.80
TiO,-Ag (4 wt%) 457 2.61

2.2. X-ray Diffraction (XRD) Analysis

The effect of AgINO3 concentration on the crystal phase of the prepared films was
analyzed by XRD (Figure 2) using JCPDS cards of TiO,, Ag, and SiO, as the reference.
Regardless of the AgNOj; concentration, the prepared films exhibited peaks only for the
anatase phase at 25.82°, 37.53°, 38.34°, 39.16°, 48.56°, 54.44°, and 55.56° correspond to the
(101), (112), (103), (004), (200), (105), and (211) planes, respectively. In particular, no peaks
consistent with those of metallic Ag are observed, possibly because of the low loading of
Ag or overlap with peaks corresponding to TiO; [18]. In addition, the peak near 23° may
be attributed to the SiO; of the substrate. However, we were unable to identify the peaks
near 35° and 43°, which may originate from unknown contamination.
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Figure 2. X-ray diffraction patterns of the pristine TiO, film and TiO,-Ag composite films deposited
using different concentrations of AgNO3.

2.3. X-ray Photoelectron Spectroscopy (XPS) Analysis

Next, XPS measurements were performed to examine the chemical species and their
oxidation states in the prepared 1 wt% AgNOj3-loaded TiO,-Ag film, which was selected
as a representative sample to confirm the conversion of AgNOs to metallic Ag. Figure 3a
illustrates the XPS survey profile of this film, which contains three peaks corresponding to
O 1s, Ti 2p, and Ag 3d. Figure 3b demonstrates the typical Ag 3d spectrum, with Ag 3ds,»
and Ag 3d;,, peaks at binding energies of 368.2 and 374.1 eV, respectively; these peaks
are characteristic of metallic Ag. The two peaks corresponding to the Ti 2p3/, and Ti 2p; /»
peaks (459.0 eV and 464.7 eV, respectively) are shown in Figure 3¢, and they confirm the
presence of Ti**; this is consistent with the use of TiO; in the prepared films. The O 1s
spectrum could be deconvoluted into three peaks at 530.2, 532.2, and 534.3 eV (Figure 3d),
corresponding to the lattice oxygen in TiO; and the dissociated oxygen and hydroxyl-like
groups [19,20], respectively.
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Figure 3. X-ray photoelectron profiles of the TiO,-Ag (1 wt%) film: (a) survey, (b) Ag 3d, (c) Ti 2p,
and (d) O 1s spectra.

2.4. Morphological Structure

Figure 4 demonstrates the scanning electron microscopy (SEM) images on the surface
microstructures and cross-section of the TiO,-Ag composite films deposited using different
AgNOj3 concentrations. The pristine TiO, film has a dense surface structure. However, the
prepared composite films contain secondary spherical particles formed by the aggregation
of tiny particles; these secondary particles show a wide range of sizes. Generally, additives
such as Ag nanoparticles provide nucleation centers, thereby inducing the formation of
agglomerates or dense heterogeneities during deposition [21]. In addition, higher AgNO3
concentrations resulted in a more severe agglomeration on the surface of the films, as
previously reported [22,23]. However, the aggregated particles are tightly packed together,
suggesting that the PECVD method produces films with good substrate coverage. The layer
thickness was estimated using cross-section images, and all the films showed a thickness
of approximately 0.7 um. Furthermore, repeated experiments yielded a relatively smooth
surface for the TiO; films and a rough surface for the TiO,-Ag composite films, indicating
that our film deposition process is reproducible.

A microgrid was employed to scratch the surface of the synthesized TiO,-Ag composite
films, which were subsequently investigated using transmission electron microscopy energy
dispersive X-ray (TEM-EDS). The results reflect only a very small part of the surface of the
film. The images of the 1 wt% AgNOs-containing film (Figure 5) shows that spherical Ag
nanoparticles of 40-60 nm diameter are attached to the very small TiO, particles. The large
size of the Ag nanoparticles may cause the aggregation on the surface of the film as shown
in the SEM images (b—f). Figure 5b shows the high-resolution TEM (HRTEM) images. The
interplanar spacings of the (111) plane of Ag and (101) plane of anatase were determined to
be 0.24 and 0.35 nm, respectively. Thus, the Ag nanoparticles were tightly coated by the
TiO, particles. Furthermore, the EDS analysis of the region enclosed in a yellow square in
Figure 5a confirmed the presence of the Ag species in the film.
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Figure 4. Scanning electron microscopy images of the surface view and cross-section of (a) pristine
TiO; film and TiO,-Ag composite films deposited using different AgNO3 concentrations: (b—f) 0.1,
0.5,1, 2, and 4 wt%, respectively.
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Figure 5. Structure and component of the TiOp-Ag (1 wt%) film: (a) transmission electron microscopy
(TEM) image, (b) high-resolution TEM images, and (c) the corresponding energy dispersive X-ray
profile of the region in the yellow square.

2.5. Photocatalytic Activity

The photocatalytic activities of the samples were evaluated based on the decompo-
sition of methylene blue (MB) under UV irradiation. Figure 6a shows the degradation
of MB (C;/Cyp) with respect to time (¢) for the different films under UV light irradiation.
All the films exhibited photocatalytic activities under the same conditions. However, the
photocatalytic activities of the TiOp-Ag composite films were higher compared to that of the
pristine TiO; film. A possible mechanism has been previously reported [19,24]. The percent
MB degradation by the different films after 3 h of irradiation was calculated using the
formula [(Cy — Ct)/Cg] x 100%, where Cy and C; are the concentrations of MB at time t =0
and after irradiation for time ¢, respectively. The TiO,-Ag (1 wt%) composite film exhibited
the best photocatalytic activity, yielding an MB degradation of approximately 41%, whereas
the pristine TiO, film showed an activity of approximately 11%. As mentioned, the rate
constant, k, for MB degradation by the different films was calculated using Equation (1), and
the results are shown in Figure 6b. The resulting k values also confirm that the maximum
photocatalytic activity was exhibited by the TiO,-Ag (1 wt%) composite film, which was
almost 1.7 times that of pristine TiO,. Thus, 1 wt% was determined to be the optimal
concentration because higher loadings (e.g., 2 wt% and 4 wt%) resulted in lower activities.
Previously, adding excess Ag has been shown to reduce the photocatalytic activity because
of the increased reflection of incident light [25,26]. In addition, electron-hole recombination
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can occur on the Ag nanoparticles, thereby hindering or preventing electron transfer to the
surface and reducing the photocatalytic activity [27].

0.2

2

0.1

Rate constant & (h!

4 wi%

0.5 . . L ‘ * & 0.1 wt% 05 wt% 1wt% 2wi% 4wt%
0 0.5 1 1.5 2 2.5 -
Time/h - Sample

Figure 6. Photocatalytic activity for the degradation of methylene blue over different films: (a) degra-
dation with respect to time and (b) rate constants.

3. Experimental Setup and Characterization
3.1. Experimental Setup

Figure 7 shows a schematic of the PECVD reactor consisting of the material feeding
systems, a ribbon heater, a quartz tube with a substrate holder, the plasma generation
system, and a vacuum pump [14,28]. The plasma was produced when the gaseous species
was ionized by 2.45 GHz microwaves generated using a magnetron (MH2000S-212BB,
Muegge, Co., Ltd., Reichelsheim, Germany). The temperature and pressure of the system
were controlled using the ribbon heater and vacuum pump (Pascal 2015C1, Pfeiffer Vacuum,
Inc., Asslar, Germany), respectively. On the left-hand side of the system, aqueous AgNOs3
(99.8%, Nacalai Tesque, Inc., Tokyo, Japan) solutions with concentrations ranging from 0
to 4 wt% were supplied by a syringe pump (YSP-301, YMC. Co., Ltd., Kyoto, Japan). To
aerosolize the aqueous AgNOj5 solution, a two-fluid nozzle was used. The carrier gas was
He gas and was introduced at a rate of 1500 standard cubic centimeters per minute (sccm).
TTIP (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was vaporized and fed into the
system with He and O, gases at a flow rate of 50 sccm. The plasma gas was generated inside
a glass tube with an inner diameter and length of 25.4 mm and 300 mm, respectively, and
the materials were fed into this tube. As AgNOj and TTIP were simultaneously fed into
the system over 15 min, the films were deposited onto the glass substrate. Subsequently,
the obtained films were annealed at 600 °C for 12 h under N, gas flow at 200 sccm.
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He : | He
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Figure 7. Schematic describing the fabrication process of the plasma-enhanced chemical vapor
deposition method.
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3.2. Characterization

The optical properties of the films were investigated using a V-650 spectrophotome-
ter (JASCO, Tokyo, Japan). The crystal structures of the films were determined by XRD
(RINT2100, Rigaku, Tokyo, Japan), using Cu-K« radiation (A = 1.5406 A) The elemental
composition and their oxidation states were determined using XPS (ESCA-3400, SHI-
MADAZU, Kyoto, Japan). The recorded XPS spectra were fitted using the C 1s peak at
284.6 eV as the reference; this peak corresponded to adventitious carbon on the sample
surface. The morphologies of the films were visualized using SEM (5-5200, Hitachi High-
Technologies, Tokyo, Japan) and TEM (JEM-2010, JEOL, Tokyo, Japan), in conjunction with
energy-dispersive EDS (JED-2300T, JEOL, Tokyo, Japan).

The photocatalytic activities of the films were measured in a cuvette using 3 mL of
MB (Kanto Chemical Co. Inc., Tokyo, Japan). To attain the adsorption equilibrium, the
cuvette was left in the dark for 30 min. Then, the photocatalytic reaction was initiated by
irradiating the sample with UV light (365 nm, 1407 uW/cm). The absorption spectrum
of the sample was recorded on a V-650 spectrophotometer at an interval of 30 min. MB
mainly absorbed in the range of 550-700 nm, with an absorption maximum at 665 nm. The
measurement was conducted in a thermostatically controlled system maintained at 25 °C.
The concentration of MB was determined using the Beer-Lambert law, and the percent
degradation of MB was calculated as [(Co — C¢)/Cp] x 100%, where Cy and C; are the
concentrations of MB at time ¢ = 0 and after irradiation for time ¢, respectively. Further,
the reaction rate constant, k, was calculated to evaluate the photocatalytic ability of the
different films, as expressed by Equation (1).

P 1)

n— =
Ct
4. Conclusions

In this work, pristine TiO, films and TiO,-Ag composite films were successfully
prepared with the PECVD method. The films were annealed at 600 °C after PECVD, and
they exhibited a typical anatase structure. The addition of Ag nanoparticles significantly
altered the morphology of the films due to particle aggregation. Notably, the use of the Ag
dopant significantly improved the light absorption ability of the films; that is, compared
to pristine TiO,, the TiO,-Ag composite films show significantly enhanced photocatalytic
activities. Thus, the optimal film (in terms of the photocatalytic activity) was prepared
using 1 wt% AgNOj3. Overall, the results demonstrate the success of PECVD for doping
TiO, thin films with metal nanoparticles, thereby providing a simple synthetic process for
preparing metal-doped films with high photocatalytic activity.
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