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In the present study, transparent nanocrystalline Pd-TiO; films were prepared by a sol-gel spin coating
technique. By introducing non-ionic surfactant Triton X-100 into the sol, transparent mesoporous Pd-TiO,
films were also prepared after calcination at 500 °C. To reveal the structural and morphological differences,
the as-prepared TiO, and Pd-TiO, films were characterized by scanning electron microscope with energy
dispersive spectrometer, thermal gravimetric analysis, X-ray diffraction and UV-vis spectrophotometer.

115161{)‘:;03;1 e In addition, the photocatalytic activities of these films were investigated by degrading methylene blue
Mesoporogs under UV and visible light irradiation. Sol-gel TiO; film, processed without surfactant, exhibited a pore-
TiO, thin film free smooth surface. Mesoporous TiO; and Pd-TiO, films with pore sizes ranging from 4 to 20 nm were
Pd-loaded obtained when surfactant was introduced and removed after calcination. In this study, the mesoporous

Spin coating Pd-TiO, film with molar ratio of Pd/Ti=0.05 exhibited the best photocatalytic activity while specifically

maintained good transparency.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Crystalline TiO,, especially anatase, has interesting properties
and potential applications, e.g., photocatalysts [1], photoelectrodes
[2], gas sensors [3], and electrochromic devices [4]. Anatase par-
ticles show a long catalytic lifetime, but for many applications,
porous films with a large surface area are desired [5,6]. The pho-
tocatalytic activity of TiO, film depends strongly on the crystal
structure, thickness, and porosity of the thin films. A highly porous
structure is imperative among these factors because it offers a much
larger number of catalytic sites than a dense structure. In addition,
mesoporous materials are preferred over macroporous structures
due to their higher active surface. Many papers have been pub-
lished on the preparation of porous titania films using the sol-gel
method [7], supercritical method [8], direct deposition from aque-
ous solutions [9], hydrothermal crystallization [10], ultrasonic spray
pyrolysis [11], and sputtering technique [12]. Among these, the
sol-gel process is one of the most appropriate technologies for the
preparation of mesoporous thin oxide films, offering good homo-
geneity, ease of composition control, mild processing conditions,
and large area coatings. Most reported examples of mesoporous
TiO, materials prepared by the sol-gel process are limited to pow-
dery forms. To obtain mesoporous TiO- thin films, it is important
to strictly control the hydrolysis and condensation reactions of
TiO, on the surface of organic templates forming a self-assembled
phase in precursor solutions and to restrain the TiO, crystalliza-
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tion during calcination. It is technically crucial but very difficult
to control the pore size, and at the same time, prepare thin film
without yielding delaminating or cracking. Recently, surfactant or
polymer templating techniques have been successfully applied in
the sol-gel process to prepare mesoporous TiO, thin films. Among
these structure-directing agents, polyethylene glycol (PEG) [13,14],
polystyrene (PS) [15], and triblock copolymer (P123) [15] are the
most frequently used polymer templates. Cationic CTAB, CTAC, and
BTAC [16,17], anionic SDBS [17], and non-ionic Triton X-100 [18]
are the most frequently used surfactant templates. Triblock copoly-
mers are considered to be the potential structure-directing agents
and to give the best mesoporous film structure, however, they are
expensive and their synthesis is tedious. PEG is much cheaper, how-
ever, the resulting films have large pores and low porosity, as well
as transparency and structure stability problems. Surfactant tem-
plates seem to be good compromises for addressing the significant
trade-offs between cost and quality. In this study, we have success-
fully prepared transparent nanocrystalline and mesoporous TiO,
thin films by a sol-gel spin coating technique with non-ionic sur-
factant Triton X-100 as a template.

There are two main obstacles for the practical application of
TiO, photocatalyst: low quantum efficiency and restriction to short
wavelength excitation. To solve these problems, several kinds of
modification methods have been explored, such as noble metal
doping [19,20], composite semiconductors [21-23], and transition
or rare earth element doping [24-26]. The enhancement of quan-
tum efficiency by the addition of noble metals may attribute to the
rapid transfer of photogenerated electron from semiconductor to
the noble metal particles, resulting in the effective separation of
the electrons and holes [27]. In addition, they may extend TiO,
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absorbance in the visible light region [28]. Several metals, especially
Pt, Pd, Ag, Au, Cu, and Fe, have been used for doping within or over
the surface of TiO, photocatalysts [29-36]. Most doped-TiO, pho-
tocatalysts studied were in powdery forms or nonporous thin films.
Very few reports have been found for doped-TiO, mesoporous
films [37]. It is believed that mesoporous TiO, thin films combined
with noble metal loading will effectively enhance their photocat-
alytic activities. In this paper, a novel sol-gel method to prepare
transparent Pd-loading TiO, thin films with nanocrystalline and
mesoporous structure by surfactant templating is reported. The
effects of addition of Pd and non-ionic surfactant Triton X-100 on
the mesoporous structure and crystallinity of the films and their
photocatalytic activities have been investigated. To the best of our
knowledge, this is the first report showing the influences of Pd
and Triton X-100 on the photocatalytic activities of transparent
TiO, thin films with nanocrystalline and mesoporous structure. The
photocatalytic activity of the obtained thin films was evaluated by
the photocatalytic discoloration of methylene blue solution in the
aqueous phase under UV and visible light irradiation.

2. Experimental

All chemicals were of reagent grade and used as received. TiO,
and Pd-TiO, films were prepared via the sol-gel spin coating
method. Precursor solutions for TiO, films were prepared by mix-
ing titanium n-butoxide (1 mole, Acros Organics USA, grade: 99%)
with anhydrous ethyl alcohol (15 mole, Showa Chem. Co., Japan,
grade: 99.5%). De-ionized water (2 mole) was used for hydrolysis,
and nitric acid (3 mole, Showa Chem. Co., Japan, grade: 70%) was
added to the alkoxide solution as a catalyst. The solution was vig-
orously stirred for 24 h at room temperature before being used for
spin coating. The resulting solution was stable for more than a week
when stored under room temperature.

To prepare TiO; and Pd-TiO, mesoporous films, palladium chlo-
ride (0.05 mole, Acros Organics USA, grade: 59%Pd), cyclohexane
(0.8 mole, Acros Organics USA, grade: >99%), and Triton X-100
(0.4 mole, Sigma-Aldrich Inc., USA, laboratory grade) were also
used in addition to the alkoxide solution. PdCl, was used as the pre-
cursor for Pd loading, and Triton X-100 was used as a template for
the preparation of mesoporous films. After mixing all compounds,
the solution was vigorously stirred for 24 h at room temperature.
The molar ratio of Ti(OC4Hg)4:CoH50H:HNO3:H,0:CgH1:Trition
X-100:PdCl, in the alkoxide solution was 1:15:3:2:0.8:0.4:x
(x=0.01, 0.03 and 0.05).

Silica glass plates (with a dimension of 5 x 5cm) were used
as the substrates. TiO, coatings were obtained by spin coating
at 1000rpm for 20s. The process was repeated (without drying
between each coating) up to five times. The as-spin-coated films
were dried under room temperature for 15 min, heated at 80 °C for
1h, and then calcined in air at 500 °C for 2 h. After drying, heating,
and calcining procedures were performed, the organic materials
and surfactant in the films were completely removed.

The morphology and EDS mapping of TiO, and Pd-TiO, films
were observed using a field emission SEM with energy dispersive
spectrometer (FESEM-EDS, HITACHI S4800, Japan). Thermal prop-
erty was examined by TGA (Model 2950, TA Inst., USA). The heating
rate was set at 10°C/min in a temperature range of 30-700°C. The
TGA samples were made from both powders and films. The film
samples were obtained by scratching the films on the as-spin-
coated samples after 1h of air-drying. The phase identification
of samples was performed using XRD (MAC-MXP3, Japan) with
Cu K, radiation. The pore size was estimated by both SEM and
BJH methods, and the specific surface area was determined by
BET method (ASAP2020, Micromeritics, USA). Absorption spectra of
the films were examined with a UV-vis spectrophotometer (Mini-
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Fig. 1. TGA curves of TiO, and Pd-TiO, gel films.

D2T, Ocean Optics Inc., USA). Photocatalytic performances of the
TiO, and Pd-TiO, films were evaluated by degrading methylene
blue (2 ppm, 30 ml; Sigma-Aldrich Inc., USA, dye content: >82%)
in a reactor (C-70G Chromato-Vue Cabinet, UVP Inc., USA) under
UV (A =365nm, 2.8 mW/cm?) and visible light (C-70G white light,
0.4mW/cm?2) irradiation. The distance between the light source
and film sample was 10 cm. The concentration change of methy-
lene blue, determined by the absorbance of the solution at 664 nm,
was evaluated with a UV-vis spectrophotometer (HP 8452A, USA).

3. Results and discussion

Thermal property of TiO, and Pd-TiO, gel films was investigated
using TGA samples made from both powders and films. No signif-
icant difference between powder and film samples was found in
the TGA results. In order to obtain highly mesoporous structure
for TiO, and Pd-TiO, films, surfactant template has to be com-
pletely removed. In this study, non-ionic surfactant Triton X-100
was eliminated from the films by calcination method. Fig. 1 shows
the TGA results of the heat-treated TiO, and Pd-TiO, films. The TiO,
sample (sample a) displayed a three-step weight loss profile. The
first weight loss below 100°C was the removal of adsorbed water.
The second weight loss ranging from 100 to 300°C was attributed
to the decomposition and combustion of organic compounds. The
third weight loss ranging from 300 to 450°C was due to the oxi-
dation of residue carbon and the removal of structural hydroxyls,
the combination of which increases the number of bridging oxy-
gen and thus the monolithic nature of the gel matrix [38]. On the
other hand, the Triton X-100-added TiO, samples exhibited appar-
ently higher temperatures of the three regions than that of the
single TiO, sample, which was attributed to its high molecular
weight. For example, the temperature range of the three regions
increased to 30-250°C, 250-350°C, and 350-500 °C, respectively.
Among those mesoporous samples, TiO,-MP (sample b) exhibited
different weight loss process. The reason can be attributed to its
smaller pore size than that of others (Fig. 2) and thus gives slower
weight loss rate of surfactant residue, especially in the region from
350 to 500°C. No further TGA weight loss was observed for sam-
ples calcined at/above 500 °C, indicating that surfactant and other
organic substances in the samples can be completely decomposed
and eliminated. This result was further proved in the following EDS
mapping analysis. Thus, all films prepared in the following studies
were calcined under 500 °C for 2 h.

The thickness of all films prepared in this study was estimated to
be approximately 160 nm by SEM method. Fig. 2 shows SEM micro-
graphs of heat-treated TiO; and Pd-TiO, films. No pores appeared
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Fig. 2. SEM micrographs of films. (a) TiO, (b) TiO2-MP, (c) 1%Pd/TiO,-MP, (d) 3%Pd/TiO,-MP and (e) 5%Pd/TiO,-MP.

Table 1
Crystallite size, specific surface area and pore size of TiO, and Pd-TiO; films annealed at 500°C.

Samples XRD crystallite size (nm) BET surface area (m?/g) Langmuir surface Average pore BJH adsorption BJH desorption
area (m?/g) diameter (4V/A average pore average pore

by BET) (nm) diameter (nm) diameter (nm)
(a) TiOy 6.0 9.72 16.03 3.47 2.27 1.11
(b) TiO,-MP 5.1 21.21 35.04 5.70 4.67 3.67
() 1%Pd/TiO-MP 5.8 39.93 65.33 5.15 4.45 3.78
(d) 3%Pd/TiO,-MP 6.5 42.81 73.55 5.16 4.57 3.91
(e) 5%Pd/TiO,-MP 6.7 44.05 72.06 5.15 4.58 3.92
Table 2
Element compositions of TiO, and Pd-TiO; films annealed at 500°C.
Samples Ti (0} Pd Si

Weight% Atom% Weight% Atom% Weight% Atom% Weight% Atom%

(a) TiO, 9.71 4.19 52.58 68.02 0 0 37.71 27.79
(b) TiO-MP 8.55 3.72 50.76 66.10 0 0 40.69 30.18
(c) 1%Pd/TiO2-MP 9.82 5.53 49.59 64.46 0.10 0.02 40.49 29.99
(d) 3%Pd[TiO2-MP 10.44 4.82 49.25 65.01 0.69 0.14 39.62 30.03
(e) 5%Pd/TiO,-MP 11.50 537 49.84 65.82 1.26 0.26 37.40 28.55
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Fig. 3. XRD patterns of films. (a) TiOx, (b) TiO,-MP, (c) 1%Pd/TiO2-MP, (d) 3%Pd/TiO,-
MP and (e) 5%Pd/TiO,-MP.

in TiO, film prepared from the solution without surfactant Triton
X-100. After Triton X-100 was added, mesoporous TiO, and Pd-TiO,
films with pore sizes ranging from 4 to 20 nm were obtained. The
formation of porous structure was attributed to the decomposition
and elimination of surfactant in the gel films at 500°C. As stated
by Stathatos et al. [18], the presence of a non-ionic surfactant, Tri-
ton X-100, which bears a chain of approximately 10 ether groups,
plays a crucial role in organizing the structure of material and in
creating well-defined and reproducible nanophases. This family of
surfactants participates in the formation and organization of clus-
ters in solution, organizing the structure of the gel. Furthermore,
shrinkage of the gels during drying is restricted by the incorpo-
rated surfactant micelles, which results in fine pore size and higher
porosity of the calcined gels. Pores may also prevent the growth
of TiO, crystals. Therefore, the presence of Triton X-100 decisively
affects the structure of the films. SEM images (b)-(e) of Fig. 2 also
show that the pore sizes of the films with Pd loading are larger than
that without Pd addition. It is supposed that the self-organization
ability of Triton X-100 in sol and its calcination behavior in gel are
significantly influenced by the existence of Pd. The Pd dependence
on the mesoporous structure of TiO, films has been corroborated
by N, adsorption measurement as presented in Table 1. It can be
observed that BET surface area of mesoporous TiO, films increased
with increasing Pd content. The pore sizes estimated by BJH analy-
ses range from 4 to 6 nm. Table 2 shows the EDS results of the film
samples calcined at 500°C. Ti, O, and Pd distributions in Pd-TiO,
films are uniform and homogeneous (figure not shown). No C ele-
ment was detected in the EDS mapping results of the samples; this
is a further evidence of complete decomposition and elimination of
surfactant and organic substances in the films.

Fig. 3 shows the XRD patterns of the 500 °C heat-treated TiO, and
Pd-TiO, films. Six distinctive TiO, peaks can be found at 26 of 25.3¢,
37.8°,48.0°,53.9°,55.1° and 62.7°, corresponding to anatase (101),
(004),(200),(105),(211), and (204) crystal planes (JCPDF 21-
1272), respectively, which indicate that the TiO, exists in the form
of anatase phase after calcined at 500 °C. No observable rutile phase
is observed in all samples. For Pd-TiO, films, three additional peaks
canbe obviously observed at 260 =40.1°,46.7° and 68.1°, correspond-
ing to (111),(200), and (220) crystal planes of metal Pd (JCPDF
89-4897), respectively, which not only further confirm the metallic
state of the loaded palladium particles, but also shows their existed
state as stable palladium crystals, which may promise improvement
of catalyst performance. Since it is generally very easy to oxidize
metal Pd into PdO phase in calcination environment under atmo-
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Fig. 4. UV-vis absorption spectra of TiO, and Pd-TiO, films.

spheric air, two additional peaks at 20 =34.1° and 42.3° can also be
observed, corresponding to (101) and (1 10) crystal planes of PdO
(JCPDF 85-0713), respectively. Fig. 3 also shows the influences of
Triton X-100 and Pd loading on the crystallinity of TiO, films. The
Triton X-100-modified mesoporous TiO, film (sample b) has lower
crystallinity than that of the nonporous single TiO; film (sample a).
On the other hand, addition of Pd increases the crystallinity of the
mesoporous TiO; films (samples c-e). It can be seen that an increase
in Pd loading resulted in an intensity enhancement and narrowing
of (101) peak, indicating a progressive growth of crystallites. The
crystallite sizes of samples (a)-(e) are estimated to be 6.0, 5.1, 5.8,
6.5, and 6.7 nm, respectively, by using the Scherrer equation

kA

1= Feos®) v

where § (radians) is the full-width of half-maximum at 26 of 25.3°,
k is a constant (0.89), A is the X-ray wavelength (1.541 A for Cu Ky),
d is the particle diameter and @ is the angle of the diffraction peak
(degrees). It is supposed that the existence of pores in the films
prevents the growth of TiO, crystallites while Pd loading enhances
the coalescence of crystallites and their crystallinity.

The optical absorbance spectra of the prepared films were mea-
sured in the region of 300-800 nm and are shown in Fig. 4. It clearly
exhibits the red shift of the absorption edge with increasing Pd con-
tent. It indicates the decrease of energy of excited photon owing to
the presence of Pd. However, no significant difference of absorption
edges was observed between nonporous TiO; film (sample a) and
mesoporous TiO; film (sample b). The slightly difference of trans-
mittance of samples (a)-(e) in the visible region (400-800 nm) may
be due to the addition of Pd and the scattering of light by pores. It
is believed that samples (a)-(e) have different sizes and numbers
of pores.

The photocatalytic activities of TiO, and Pd-TiO, films are eval-
uated by degrading methylene blue under UV and visible light
irradiation. Fig. 5 shows the typical time profiles of photodegrada-
tion of methylene blue under UV irradiation. As shown by the solid
curve in Fig. 5a, pure poreless TiO, film shows only ~30% degrada-
tion of methylene blue after 6 h of UV illumination. Comparatively,
mesoporous TiO, film increases the photocatalytic activity to ~80%
degradation (Fig. 5b), being mainly attributed to the high active
surface area. The high specific surface area increases the hydroxyl
content of the films. In heterogeneous photocatalysis, the illumi-
nation of semiconductor produces electrons (e~) and holes (h*).
The holes (h*) combine with OH~ ions and there is formation of
hydroxyl radicals (h* + OH~ — *OH). These surface hydroxyl radi-
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Fig. 6. Photodegradation curves of methylene blue under visible light irradiation.
(a) TiOy, (b) TiO2-MP, (c) 1%Pd/TiO2-MP, (d) 3%Pd/TiO,-MP, (e) 5%Pd/TiO,-MP and
(f) 5%Pd/TiO,-MP-dark.

cals formed on the surface of the photocatalyst are oxidizing species
that ultimately enhance the photocatalytic activity [14]. Moreover,
the addition of Pd further improves the photocatalytic activity of
the mesoporous TiO, film. In this study, the mesoporous sam-
ple 5%Pd/TiO,-MP exhibits the best photocatalytic performance;
it decomposes 90% of methylene blue after 6 h of UV irradiation.
The increase in photocatalytic activity with Pd loading is mainly
attributed to the rapid transfer of photogenerated electron from
semiconductor to the noble metal particles, resulting in the effec-
tive separation of the electrons and holes. This process of charge
separation leads to an enhancement of the photoactivity, as the
electrons can be trapped by adsorbed oxygen on the surface of the
metal, and it may also account for the partial oxidation of palladium
particles observed experimentally. In addition, the enhancement
effect of Pd loading is also partly related to shift in optical absorp-
tion of the catalyst in visible region. This can be proved from the
results of TiO, and Pd-TiO,, films tested by the visible light excita-
tion, which is shown in Fig. 6. It is apparently observed that only
those samples with Pd loading exhibit significantly photocatalytic
activity, which also increases with Pd content. A blank experiment
resulted from a dark condition for sample 5%Pd/TiO,-MP is also
shown in Figs. 5 and 6. No concentration change of methylene blue
was detected during the time courses.

4. Conclusions

In this paper, a novel sol-gel spin coating technique to prepare
transparent Pd-TiO, thin films with nanocrystalline and meso-
porous structure by surfactant templating is reported. The effects
of addition of Pd and non-ionic surfactant Triton X-100 on the
mesoporous structure and crystallinity of the films and their pho-
tocatalytic activities have been investigated. Nanocrystalline and
mesoporous Pd-TiO, films with pore sizes ranging from 4 to 20 nm
were obtained when surfactant was introduced during the prepa-
ration and removed after 500°C calcination. UV-vis absorption
spectra results show that the addition of Pd causes a small red
shift change to the absorption edges of the mesoporous films. Non-
porous TiO; film and mesoporous TiO, film were also prepared
to compare with the mesoporous Pd-TiO, films. XRD shows that
the Triton X-100-modified mesoporous TiO; film has smaller crys-
tallite size and lower crystallinity than that of nonporous TiO,
film, while the crystallite size and crystallinity of the mesoporous
films increase with the Pd addition. In this study, the mesoporous
Pd-TiO, film with molar ratio of Pd/Ti=0.05 exhibits the best
photocatalytic activity while specifically maintained good trans-
parency.
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