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Titanium dioxide (TiO,) is used as a photocatalyst in such processes as industrial wastewater treatment since it is a large-band-
gap semiconductor with a catalytically active surface. For improvement of photocatalytic activity, many developments of TiO,
have been studied with physical and chemical modifications. In this study, the monodisperse polystyrene colloid was prepared
via emulsion polymerization, then the porous TiO, inverse opal (TIO) film was manufactured through dip coating process using
polystyrene (PS) as templates. The inverse opal structure has a large surface area and it makes to improve the phtocatalytic
performance of TiO,. After that, a small amount of silver nanoparticles were deposited on the surface of TIO films through
photodeposition method to inhibit charge carrier recombination and increase the photocatalytic activity. This silver-deposited
TIO film can be used as an enhanced photocatalyst. The resultant samples were characterized by TEM, DLS, FE-SEM, XPS,
EDS, and UV-Vis spectroscopy. Furthermore, photocatalytic performance was analyzed by photodegradation of methylene blue
dye in aqueous solutions.
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Introduction low spectral response to visible light because of its
wide band gap [7] and the recombination of the
TiO, is a very promising material because it has generated electron and hole occurs which can lower the
special properties such as wide band gap, low cost, photocatalytic activity [8]. Therefore, for improving
nontoxicity, and high chemical stability. Therefore, light absorption properties and decreasing the electron-
they have been used in wide application fields hole combination rate, many efforts have been studied.
including dye sensitized solar cells [1], gas sensor [2], One of them is a formation of porous or other 3D-
lithium batteries [3], and photocatalyst [4]. Among the complex structures instead of conventional compact
various applications of TiO,, photocatalysis is one of structure [9-11]. The inverse opal structure can improve
the most interesting fields and its development is going the light absorption property especially due to its large
along recently because of the concern over the water surface area and multiple scattering effect of the large
contaminations by volatile organic compounds (VOCs) pore size. Another approach is the chemical
which can threaten the environment and human health modification by deposition of the noble metals such as
seriously. The mechanisms of photocatalytic reaction have Au, Pt, Pd, and Ag on the surface of TiO, [12-14]. Since
been studied widely. In short, when TiO, absorbs light the deposited noble metals act as traps to capture the
with energy higher than the band gap, electron-hole pairs photoinduced electrons, the electron-hole recombination
are generated and then electrons are excited from the can be reduced [15, 16]. Moreover, the capability of
valence band to the conduction band. These separated light absorption can be increased due to the surface
charge carriers migrate toward the surface where they can plasmon absorption (SPA) effect of immobilized metal
be trapped or react with the solution species. As reactive nanoparticles [17].
oxygen species are formed by oxidation onto the surface In this study, we prepared the TiO, inverse opal
of TiO,, the organic pollutants adsorbed on the surface are (TIO) films through dip coating process using
decomposed and mineralized into CO,, H,O and polystyrene (PS) templates. As mentioned above, the
inorganic ions [5,6]. From the environmental point of inverse opal structure has large surface area and it
view, this photodecomposition process is very useful and makes to improve the phtocatalytic performance of
effective because the harmful pollutant can be decomposed TiO,. Then, a small amount of Ag nanoparticles was
to non-harmful compounds. However, TiO, shows a introduced on the surface of TIO films through photo

deposition method. Both physical and chemical
modifications have a strong influence on the efficiency
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Materials and Methods

Materials

For synthesis of porous TiO, films, we used titanium
(IV) butoxide (Ti(OBu"),, Aldrich), 1-butanol (Junsei),
acetylacetone (AcAc, Aldrich), and diluted nitric acid
(60%, HNO;, Samchun). For preparation of polystyrene
colloid, styrene monomer (Sigma-Aldrich), 4-styrene
sulfonate sodium salt (Sigma-Aldrich), sodium bicarbonate
(Sigma-Aldrich), and potassium persulfate (KPS, Sigma-
Aldrich) were used as a monomer, a co-monomer, a
buffer, and an initiator, respectively. The (3-aminopropyl)
trimethoxysilane (APTMS, Fluka), silver nitrate (AgNOs;,
Showa), and 2-propanol (Samchun) were used for the
modification of TIO films by metal nanoparticles. Slide
glasses were cleaned with sonication process using 2-
propanol and acetone beforefabrication of films. In
addition, for the evaluation ofphotocatalytic activities of
prepared films, methylene blue (MB, Daejung) was used
as a target material. Ultrapure Milli-Q water was used in
all experiments.

Preparation method

Synthesis of monodisperse TiO; colloid

The TiO, colloid was synthesized by modified sol-
gel method. Ti(OBu"), as a precursor was mixed with
AcAc as a chelating agent with 1:4 molar ratio in order
to control the hydrolysis/condensation reaction by
chelating reaction [18]. After stirring for a while at
room temperature, the mixture was added to 30 mL of
1-butanol. The solution was stirred for 15 min, after
which a diluted aqueous solution of nitric acid was
added dropwise ([H')/[Ti] = 0.2, [H,O)/[Ti] = 10, molar
ratio). The colloidal dispersion was aged overnight at
60 °C to get the transparent sols.

Preparation of TIO film using PS templates

PS spherical particles were chosen as templates
because they are self-assembled for a well-ordered
multi-layer to fabricate the template for TIO films. The
PS colloid was synthesized by emulsifier-free emulsion
polymerization method as described in the literature
[19]. Briefly, 49 g of styrene, 0.18 g of 4-styrene sulfonate
sodium salt, 0.15 g of sodium hydrogen carbonate, and
0.15 g of KPS were mixed in 270 g of deionized water.
This mixture was stirred for 1 hr at room temperature
and then placed into an oil bath maintained at 80 °C.
The polymerization proceeded for 24 h under nitrogen
atmosphere. The stirring rate was 200 rpm using
mechanical stirrer. Using prepared 130 nm-PS colloid,
PS template film was prepared by a dip coating
process. A cleaned slide glass was immersed vertically
in the center of PS colloid and pulled out from the sol
and then dried for 30 min at 70 °C in an oven. The
cycles of coating and drying were repeated 4 times to
prepare the thicker template. Next, PS-array film was
dipped into TiO, transparent colloidal solutions for
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Table 1. Designation of various samples.
TIO AT10 ATA10 AT30 ATA30
Non-  Non-

Treated Non- Treated

MS treatement treated treated treated
UV irradiation time No irra-
during photodeposi- .. . 10 min 30 min
tion diation

10 min and pulled out. Then, the film was placed at
room temperature for 1 day to dry completely. This
TiO, infiltration step was repeated 2 times for sufficiently
filling to the voids in the template. The resulting films
were sintered at 450 °C for 2 hrs (1 °C/min) to remove the
PS template and then the TIO films were fabricated.

Surface modification by APTMS treatment of TIO
film

The organosilane APTMS is well known to be quickly
chemisorbed onto the surfaces of titania containing -OH
groups via strong covalent bonds of Si-O-Ti [20]. It
forms homogeneous self-assembled monolayers with
terminated amino-functional group which is used as a
linkage unit to attach other functional molecules
including various metal particles [21]. Therefore, the
influence of the APTMS treatment on Ag coating
process was also investigated. The TIO films were
immersed into the 1 wt.% aqueous APTMS solution
and heated at 60 °C for 1 hr. The TIO films modified
by APTMS were rinsed with distilled water and dried
at 55 °C in the oven.

Deposition of Ag nanoparticles on the TIO film

Ag nanoparticles were immobilized on TIO samples
via a photodeposition method. The pure TIO and
APTMS-treated TIO films were immersed in a 1 mM
Ag precursor aqueous solution containing 10 vol.% of
2-propanol, which could help the reduction of Ag. The
obtained Ag-deposited TIO films were washed with
distilled water and then dried in the oven. These
samples are designated according to APTMS treatment
and UV irradiation time as shown in Table 1. For
comparison of the optical properties, TiO,compact thin
film with the thickness of 500 nm, which was used as
reference materials, was prepared by spin coating using
the synthesized TiO, colloid.

Characterization

The field emission scanning electron microscopy
(FE-SEM, JSM-6700F, JEOL Co.) and transmission
electron microscopy (TEM, JEM-2100F, JEOL Co.)
were used to investigate the morphology of resultant
samples. The dynamic light scattering (DLS; Malvern
instruments, Zetasizer Nano ZS) was used to detect the
particles in solution and confirm the solution stability.
The selected area electron diffraction (SAED; attached
to TEM equipment) patterns were obtained for
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measurement of lattice spacing values of crystalline
particles. The chemical state of Ag-deposited TIO films
was investigated by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientific co., theta probe base
system) and energy-dispersive X-ray spectroscope (EDS;
attached to FE-SEM equipment). The absorption
property of each sample was measured by UV-Vis
spectrophotometer (Agilent Technologies, Agilent 8435).

Evaluation of the photocatalytic activity

To evaluate the photocatalytic activity of the prepared
samples, the photodegradation of MB in aqueous
solution was carried out under UV-light irradiation.
The samples were settled in a 5 ppm MB solution in
each plastic cell. The reaction temperature was kept at
room temperature to prevent any thermal catalytic
effect. The MB solutions with samples were left for
30 min in the dark to achieve adsorption/desorption
equilibrium between photocatalyst and MB before
irradiation and subsequently the reaction was started
with UV irradiation. The concentration of MB in each
sample was monitored using its maximum absorbance
at 665nm from the UV-Vis absorption spectrum
measured after a certain period of irradiation. Then, the
relative concentration C/C, of MB in solution was
plotted against UV-light irradiation time.

Results and Discussion

Analysis of TiO, colloid

TiO, colloid synthesized by modified sol-gel method
with AcAc was investigated by TEM and the result is
shown in Fig. 1(a). Dark spherical particles which were

Fig. 1. (a) TEM image and (b) DLS data of TiO, particles
synthesized by modified sol-gel method with AcAc.

TiO, nanoparticles were observed with the average size
of 5nm and narrow size distribution. Translucent
compounds surrounding TiO, nanoparticles were also
found and it is expected that AcAc protect the
aggregation of TiO, nanoparticles by coating them. DLS
analysis was conducted to verify the size of synthesized
TiO, particles (Fig. 1(b)). The average size of TiO,
particles was about 5 nm with narrow size distribution,
which was in a good agreement with the TEM image.

Analysis of morphological property of PS template
and TIO film

The PS opal template was prepared on the slide glass
from self-assembled spherical and monodisperse PS
nanoparticles. In Fig. 2(a-c), the size of PS particles
was 130 nm and the thickness of PS template was
approximately 2.5 um. The 3D-ordered TIO structure
was obtained after dipping the template in the TiO,
colloid and calcination at 450 °C for 2 hrs.The FE-
SEM and TEM images of the fabricated films were
illustrated in Fig. 2(d-f). The pore diameter of TIO film
was about 114 nm as shown in Fig. 2(f). The size of
pores was smaller than that of the original PS particles.
This is because the shrinkage of structure occurred
during the calcination.

Ag nanoparticles were coated on the surface of TIO
film via photodeposition process under UV irradiation.
When UV was irradiated to the TIO film which was
immersed in the Ag precursor solution, Ag nanoparticles,
of which the average size was in the range of
2.4 ~ 3 nm, were deposited on the surface of TiO, very
finely as shown in Fig. 3(a). The existence of Ag was
confirmed by the EDS analysis (Table 2). In addition,
the lattice fringes of TiO, and Ag are observed in the
high-resolution TEM images as illustrated in Fig. 4 and
the values of lattice spacing were examined with
SAED patterns as shown in inset images of Fig. 4. The
prepared TIO film was comprised of crystalline TiO,
with the lattice spacing value of 0.346 nm, which

Fig. 2. FE-SEM and TEM images of (a, b) PS particles
synthesized by emulsifier-free emulsion polymerization method,
(c) PS template film fabricated by dip coating, and (d-f) TIO film
fabricated after PS template was eliminated by heat treatment (d:
top view, e: side view).
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Fig. 3. FE-SEM and TEM images of (a) AT10, (b) ATA10, (c) AT30, and (d) ATA 30 films.

Table 2. EDS data of prepared samples (atomic %).

Element AT10 ATA10 AT30 ATA30
OK 55.99 58.40 49.07 56.42
SiK 2741 27.18 31.02 27.41
TiK 3.71 1.45 4.05 1.65
AgL 0.77 0.89 1.96 2.56

Fig. 4. HR-TEM images of (a) TIO film and (b) AT30 film. Insets
are SAED patterns of each sample.

corresponds to the (101) plane of anatase phase of TiO,
(JCPDS 21-1272). Furthermore, the observed lattice
spacing of 0.238 nm at AT film corresponds to the
(111) plane of cubic phase of Ag (JCPDS 04-0783).
From these experimental results, it was confirmed that
Ag nanoparticles were introduced on the surface of TIO
films successfully through photodepotision method
under UV irradiation.

Effect of APTMS treatment

APTMS is generally used as a chemical binder to
attach metal nanoparticles on the surface of oxides [22,
23]. Thus, the effect of APTMS treatment on the Ag
coating process was also studied.

The fine Ag nanoparticles, which was about

2.4 ~3 nm, were deposited on the TIO film without
APTMS treatment (Fig. 3(a) and (c)). On the other
hands, Fig. 3(b) and (d) presents the ATA films (Ag-
coated TIO films which was treated by APTMS).When
the APTMS treatment was performed, large particles
were observed and the stable inverse opal structure was
not observed in FE-SEM images. However, as a result
of TEM analysis, there were 15~37 nm-sized Ag
nanoparticles on the surface of TIO film and the inverse
opal structure was maintained after Ag deposition
process was performed with APTMS-treated TIO film.
In other words, Ag nanoparticles were coated on the
surface of TIO film without collapse of the structure.
This means that APTMS treatment brought about the
deposition of relatively large Ag nanoparticles on the
surface of TIO film. This is because the amine groups
of APTMS act as attaching/nucleation site for Ag
nanoparticles. As a result, Ag nanoparticles are attached
to the amine group and large particles are formed by
growth of nuclei [23]. EDS data also represents similar
result and the values were shown in Table 2. Compared
to the ratio of Ag atoms of the TIO films without
APTMS treatment (AT10, AT30), the APTMS-treated
samples showed the higher atomic ratio of Ag (ATA10,
ATA30).

Effect of UV irradiation time

When Ag nanoparticles are coated by using
photodeposition method, the UV irradiation time is an
important factor. Therefore, the effect of UV irradiation
time on the Ag deposition was also investigated and
the results are shown in Fig. 3 and Table 2. As shown
in Fig. 3, the average size of Ag nanoparticles was not
changed significantly with the wvariation of UV
irradiation time. On the other hand, the deposited
amount of Ag nanoparticles was increased as UV-light
irradiated longer from 10 min to 30 min. Moreover,
when the APTMS-treated TIO films were used, the
same phenomenon occurred as shown in Fig. 3(c) and
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Fig. 5. XPS data of TIO, AT30, and ATA30 films; (a) full-range
survey spectra, (b) Ti 2p spectra, and (c) Ag 3d spectra.

(d) as well as Table 2. These results indicate that the
photodeposition time affects the amount of Ag deposits
strongly.

Analysis of chemical state

To further verify the chemical state of the TIO and
Ag-deposited TIO films with or without APTMS
treatment (AT or ATA film, respectively), XPS analysis
was conducted (Fig. 5). The survey XPS spectra (Fig.
5(a)) show that TIO film contains Ti and O,
meanwhile, AT and ATA films are mainly composed of
Ti, O and Ag. No other impurities are observed except
C and Na. The presence of C is ascribed due to the ex-
situ preparation process or adventitious hydrocarbons
from the XPS instrument itself [24]. A trace mount of
Na peak could appear due to the diffusion of Na atoms
existed in the glass substrate into the surface of the
films after annealing process.

Fig. 5(b) presents the high-resolution XPS spectra of
Ti 2p electron for the TIO, AT30, and ATA30 films.
The Ti 2p spectra of TIO consist of two photoelectron
peaks assigned to Ti 2p;, at 457.88 and Ti 2p;, at
463.98 eV, respectively. The Ti 2ps, peak of TIO films

Fig. 6. UV-vis absorption spectra of TIO, AT, and ATA films.

has a lower binding energy compared to that of the
anatase phase of pure TiO, (459.2 eV), indicating the
increase of the electron densities of the Ti atom [25].
On the contrary, after the Ag deposition, the peaks of
Ti 2p;, were shifted to higher binding energy. Because
the Fermi level of Ag is lower than the conduction
band of TiO,, the electron transfer should be facilitated
from the TiO, to the Ag particles and then the outer
electron cloud density of Ti ions is decreased [26-28].

The Ag 3d peaks also appear as a symmetrical doublet
in Fig. 5(c). The Ag 3d binding energies of AT and ATA
films are 367.68, 367.88 eV (Ag 3dsp) and 373.58,
373.68 eV (Ag 3d;p), respectively. The peak separation
between the Ag 3dsp and Ag 3d;» signals is 6.0 eV,
which can be attributed to the cubic phase in Ag
particles [29, 30]. These spectra appear to be negatively
shifted compared to those of bulk Ag (BE value of 3ds),
and 3d;, is 368.3 and 374.3 eV, respectively [31]). It
suggests that some electrons may be transferred from
TiO, to Ag, confirming the strong interaction between
TiO, and Ag nanoparticles in the Ag-deposited TIO films.
The interaction between Ag and TiO, is expected to result
in the effective photogenerated charge separation and
should promote photocatalysis [26, 32, 33].

Analysis of optical property

The optical property of TiO, is significant because
the use of wide light range can lead to high efficiency
of photocatalysts. The absorbance of prepared films
was measured by using UV-Vis spectrometer and the
results were shown in Fig. 6. In the region from 320 to
500 nm, the absorbance of TIO film was higher than that
of TiO, thin film. It indicates that physical modification of
TiO, results in the increasing light absorption due to
multiple scattering effect of pore structure [34]. After
chemical modification with deposition of Ag nanoparticles,
the peaks of AT and ATA films have a stronger
absorption in the visible light range comparing with the
pure TIO film. It demonstrates that these Ag-deposited
TIO composite films show an obviously enhanced
absorption property in the visible light range due to
surface plasmon absorption (SPA) effect corresponding
to Ag nanoparticles on the surface of TiO, [35, 36]. In
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Table 3. Photocatalytic efficiencies of each sample after 180 min.

Samples  Reference TIO AT10 ATA10 AT30 ATA30
Photocatalytic
efficiency (%) 0.69 9.18 18.19 16.38 20.37 17.40

Fig. 7. Photocatalytic performance of different samples with Ag
deposition time (a) for 10 min, and (b) for 30 min.

addition, the absorption spectra of Ag-deposited TIO
films have a red shift, which should be attributed to the
presence of the contact between Ag nanoparticle and
TiO, and the increasing charge-transfer between them
[37]. However, the absorbance of ATA film is much
lower than that of AT film because the large Ag particles
lower the SPA effect [38-40]. Moreover, the large Ag
particles shield the surface of TiO, and the light
absorption of TiO, is interrupted [41].

Measurement of the photocatalytic activity

The photodegradation of MB in aqueous solution
was used to estimate the photocatalytic activities of
fabricated films and theirphotocatalytic efficiencies
after 3 h were summarized in Table 3. The relative
concentration C/Cy of MB solution was plotted against
UV irradiation time for various TIO films (Fig. 7). It is
observed that there was no MB degradation in the
absence of a photocatalyst. Overall, the photocatalytic
efficiencies of the samples showed lower value. These
results may be ascribed to very small amount of TiO,
consisting of the prepared films. The photocatalytic
activities of the prepared TIO films vary in the
following order: AT film > ATA film > pure TIO film.
It can be seen that the deposition of Ag nanoparticles
enhanced photocatalytic activity of TiO, obviously

Yeeun Kang, Kyungho Song, Jun-Hwan Park and Seong-Geun Oh

because a Schottky barrier was formed at the interfaces
between TiO, and Ag nanoparticles, leading to better
separation of charge carriers [41]. However, when the
large Ag nanoparticles were deposited to the films due
to the APTMS treatment (ATA10, ATA30), relatively
low photocatalytic efficiency was obtained compared
to the films without APTMS treatment (AT10, AT30).
This is because the large Ag nanoparticles inhibit the
SPA effect and influence the decrease in not only the
optical absorption but photocatalytic activity [42]. On
the other hand, the photocatalytic efficiency was also
influenced by the amounts of Ag nanoparticles
immobilized on the TIO film and it can be confirmed
by comparing that of the samples prepared with
different UV irradiation time. When the UV irradiation
time of photodeposition process increased, the amount
of Ag nanoparticles increased and the photocatalytic
efficiencies also increased from 18.19% (AT10) to
20.37% (AT30). This result was also observed in that
of APTMS-treated TIO films. The photocatalytic
efficiency of ATA10 was 16.38% while that of ATA30
was 17.40%. It demonstrates that a large amount of Ag
nanoparticles could reduce the rate of carrier recombination
of TiO, and improve the photocatalytic activity.

Conclusions

In summary, the TiO, inverse opal films coated with
silver nanoparticles were successfully fabricated on the
glass substrates. As shown in FE-SEM images, the
multi-layered PS template was prepared from self-
assembled spherical and monodisperse PS nanoparticles.
The 3D-ordered inverse opal structure with a pore
diameter of approximately 114 nm was observed in FE-
SEM and TEM images. After deposition of Ag onto the
surface of TIO film, the existence of Ag can be
confirmed by HR-TEM, XPS, and EDSanalyses. As the
surface of TiO, was modified by APTMS treatment
before Ag deposition process, the large Ag particles
were introduced on the TIO film due to stronger
interaction between metal and amine group of APTMS.
The test results for the photocatalytic performances of
fabricated films showed that Ag-deposited TIO film
exhibited enhanced photocatalytic efficiency relative to
pure TIO film. The enhanced photocatalytic activity was
attributed to Ag nanoparticles playing a role in not only
improving the light absorption property but decreasing
in carrier recombination. However, the Ag-deposited
TIO film with APTMS treatment obtained lower
photocatalytic efficiency than pure Ag-deposited TIO
film because APTMS treatment induced the formation
of large Ag particles and the excessive coverage of the
TiO, by Ag deposits decreased the absorption property.
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