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A Mesoporous Pt/TiO, Nanoarchitecture with Catalytic and Photocatalytic
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Abstract: A novel metal/semiconductor
nanocomposite with catalytic and pho-
tocatalytic functions has been pre-
pared. The new material consists of

tion and a large surface area. The di-
ameter of the Pt cluster can be control-
led to below 5 nm, and the high disper-
sion of these clusters gives rise to cata-

lytic activity for the oxidation of
carbon monoxide, an important reac-
tion for automobile exhaust treatment.
This novel ordered mesoporous Pt/

highly dispersed platinum (Pt) nano-
particles embedded in a cubic mesopo-
rous nanocrystalline anatase (meso-nc-
TiO,) thin film. The porous thin film
possesses a narrow pore-size distribu-

Introduction

Small metal particles dispersed on high-surface-area metal
oxides have attracted much attention because of their extra-
ordinary catalytic and optical/electronic properties. These
properties are attributable to surface effects, quantum-size
effects, and metal-support interactions.!') Advances in physi-
cal methods for characterizing such metal-support nano-
composites have led to a molecular-level understanding of
the structure—performance relationships that are strongly re-
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TiO, nanoarchitecture is also a promis-
ing photochemical material, as demon-
strated by the photo-driven killing of
Micrococcus lylae cells on the film.

lated to the size, shape, and surface structure, as well as the
bulk and surface compositions of the composites.!! This
knowledge, together with novel approaches to nanostructur-
al fabrication, has inspired the design and development of
new composites for advanced applications.

Among various materials, noble-metal/active-oxide com-
posites such as Pt/TiO, are most attractive.'®*? They are a
classic example of catalysts in which the catalytic properties
of the metal component are strongly modified by interaction
with the active oxide support. This nanocomposite not only
retains the catalytic activity of metal nanoparticles, but also
possesses the intrinsic photocatalytic capacity of TiO,.
Moreover, the deposited Pt particles have been demonstrat-
ed to serve as trapping centers for electrons generated in
light-activated TiO,, leading to an improved quantum effi-
ciency for photochemical reaction systems.”!

The metal/semiconductor composites are generally pre-
pared by impregnation,*! ion exchange,*! co-precipitation,
deposition—precipitation,”*! vapor-phase deposition, and
grafting.®! In addition, recent advances in nanosynthetic
chemistry offer unexplored opportunities for the creation of
novel nanocomposite systems. For example, core-shell nano-
structures of metal/oxide composites have been fabricated.”)
Very recently, Agostiano and co-workers!' reported soluble
semiconductor/metal nanocomposites, in which the authors
employed anatase-TiO, nanorods to stabilize silver nanopar-
ticles in a homogeneous nonpolar solution. The self-assem-
bly approach to ordered mesoporous oxides!'!! initiated by
Mobil Corp. scientists has also sparked interest in the syn-
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thesis of metal/oxide composites. This approach could pro-
duce mesostructured titania in both bulk and thin-film
forms."! These periodic porous TiO, materials can be
viewed as a regular ensemble of individual TiO, nanocrys-
tals sintered together to establish an electronic semiconduct-
ing network with periodic cavities and channels. Such a zeo-
lite-like mesoporous nanocrystalline TiO, should be a supe-
rior host for supporting metal particles because: 1) the regu-
lar nanopore arrays in the meso-nc-TiO, matrix provide a
constrained microenvironment for the production of highly
dispersed metal nanoparticles and 2) the nanoparticles thus
formed are confined in the small volume and are stabilized
by the mesonetwork itself, thus eliminating the requirement
for potentially catalyst-poisoning organic ligands for stabili-
zation.) Moreover, the meso-nc-TiO, molecular-sieve host
matrix also provides beneficial effects for photochemical ap-
plications. This is because it can enhance the light-harvesting
ability of the Pt/TiO, composite due to its large external sur-
face area and multiple scattering effects, and additionally,
because it can allow highly efficient electron transport
through the networks of interconnected TiO, nanocrystal
arrays.'!

In this paper we report on the fabrication of Pt nanoparti-
cles in the pore channels of mesostructural TiO, thin films.
X-ray diffraction (XRD), transmission electron microscopy
(TEM), scanning electron microscopy (SEM), X-ray photo-
electron spectra (XPS), and N, sorption were employed to
characterize the resulting material. Catalytic and photocata-
lytic functions of the mesoporous Pt/TiO, nanocomposite
were examined by the oxidation of CO and the destruction
of bacteria, respectively.

Results and Discussion

Synthesis of the porous Pt/TiO, nanoarchitecture: A newly
developed sono- and photochemical approach!™ was used to
prepare highly dispersed platinum nanoparticles in the
meso-nc-TiO, matrix. This approach involves two steps.
First, a TiO, film was immersed in a solution of PtCl, in
water and irradiated by ultrasound under reduced pressure.
The sonication significantly increases the intrinsic mass-
transfer coefficient and effective diffusivity in a solid-liquid
system by creating high-speed microscopic turbulence at
their interface.'® This microturbulence effectively drives the
liquid into the porous matrix,'” producing a homogeneous
distribution of the ionic Pt precursors throughout the film.
Then, upon UV irradiation, the Pt ions were reduced to Pt
nanoparticles by TiO, photocatalysis in the presence of
methanol. The nanoparticles are confined by the nanosized
pores, thus eliminating the need for potentially catalyst-poi-
soning organic ligands for stabilization.

Mesostructure and crystal structure of the pore wall:
Figure 1 displays the low-angle XRD (LXRD) patterns of
the as-synthesized TiO,, calcined mesoporous TiO, (MT),
and Pt-deposited mesoporous TiO, (Pt-MT) films. The
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Figure 1. Low-angle XRD patterns of the as-prepared TiO,, MT, and Pt-
MT thin films.

LXRD of the as-synthesized TiO, film exhibits two peaks
assigned to a cubic symmetry. The intense and narrow peaks
suggest a very highly organized and oriented mesostructure.
The peaks can be indexed as the (200) and (400) reflections
associated with the Im3m symmetry with the {100} lattice
planes of the unit cell oriented parallel to the substrate. It is
noted that the disappearance of the (110) reflection is due
to the oriented nature of the film. Similar results have also
been reported by Stucky and co-workers!'® for an oriented-
growth mesoporous TiO, film with a body-centered cubic
mesostructure. After calcination, the intense (200) peak still
remains, but shifts from 0.75 to 1.61° due to shrinkage. As a
result, the value of the cell lattice parameter, a, is shifted
from 230 to 109 A. Judging from the Thermogravimetry/Dif-
ferential Thermal Analysis (TG-DTA) data (see the Sup-
porting Information), the shrinkage was due to the removal
of HCI and surfactant, as well as the densification of the
TiO, wall during the thermal treatment. In addition, after
calcination, a relatively weak peak assigned to the (110) re-
flection of the cubic mesostructure appeared. This, together
with TEM measurements (see the Supporting Information),
confirms the Im3m symmetry of the sample. Such a cubic or-
dered mesoporous TiO, film with robust inorganic pore-wall
structure may provide a superior host matrix for encapsulat-
ing guest species. After the inclusion of platinum particles,
the resulting Pt-MT composite film shows similar LXRD
patterns to those of the MT film, indicating that the incor-
poration of platinum particles does not destroy the meso-
structural ordering.

Figure 2 shows the wide-angle XRD patterns of the MT
and Pt-MT films. Both samples exhibit four distinct peaks
contributed by anatase-TiO, (JCPDF 21-1272). The average
anatase-TiO, particle size was approximately 6 nm, as esti-
mated from the peak width of the anatase (101) reflection
by using the Scherrer equation with a spherical model for
approximation.'”! Such a nanocrystalline pore-wall structure
partially explains the stability of the mesostructure during
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Figure 2. Wide-angle XRD patterns of the MT and Pt-MT thin films.

the sonochemical processing. Close examination of the
peaks in MT and Pt-MT films reveals that two weak but re-
solvable peaks occurred for the Pt-MT sample. The peaks
can be attributed to the (111) and (200) reflections of the
Pt’ (JCPDF 01-1194) possessing a face-centered cubic struc-
ture with an Fm3m space group. These peaks are weak and
broad, indicating the nanocrystalline nature of the platinum
particles encapsulated in the films.

Morphology and particle size: The TEM image taken in the
(111) direction of the Pt-MT film (Figure 3a) clearly shows
that the platinum nanoclusters are highly dispersed in the
framework of well-ordered MT. The appearance of Pt parti-
cles in the (111) plane of the Im3m mesostructured TiO,
film gives direct evidence that the nanoparticles are effec-
tively encapsulated in the skeleton instead of on the surface
of the film. As shown in Scheme 1, the (111) plane is located
in the bulk of the orientationally grown film with {100} lat-
tice planes parallel to the substrate. The TEM results also
suggest that the cubic interconnected mesoporous frame-
work is extended throughout the film and thus is fully acces-
sible from the surface. This is a particularly important prop-
erty for maintaining a fast mass-transfer throughout the
porous architecture.

Energy dispersive X-ray (EDX) measurements (Figure 4)
reveal a composition of ~1 atomic% of Pt in the film. A
representative high-resolution TEM (HRTEM) image
(Figure 5) confirms that the Pt nanoparticles are embedded
in the nanocrystalline mesoporous TiO, framework. The
particle size of Pt, as estimated form HRTEM images, is 1-
5 nm, which is compatible with the pore diameter (3-7 nm)
of the MT host (shown in the N, sorption results). The plati-
num nanocrystals are confined in the pores, and are sur-
rounded by TiO, nanocrystals embedded in the pore wall.
The lattice fringes of d=3.3 and 2.0 A match that of the
(101) and (200) crystallographic planes of anatase-TiO, and
Pt cubic phase, respectively, thus confirming the existence of
Pt|| TiO, nanocontacts.
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Figure 3. TEM images of a) Pt nanoclusters confined in TiO, mesonet-
work viewed along the (111) direction, with b) corresponding Fourier
transform of the full image, and c) pure MT film as a comparison.

meso-ne-Ti0,

[111] plane

substrate

Scheme 1. The body-centered cubic meso-nc-TiO, film with [100] lattice
planes parallel to the substrate. The [111] lattice planes are located in the
bulk of the mesostructured film.
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Figure 4. EDX results corresponding to Figure 3a (Cu and C come from
the supporting carbon-coated copper grid, and the Si comes from the
substrate).

Figure 5. A representative HRTEM image of the Pt and TiO, nanoparti-
cles in the Pt-MT thin film. The dark particles represent Pt, and the gray
particles are TiO,. The Pt/TiO, nanoheterojunctions are clearly shown in
the image.

N, adsorption analysis: Figure 6 shows nitrogen adsorption—
desorption isotherms and Barrett-Joyner—Halenda (BJH)
pore-size distribution plots of the MT and Pt-MT samples.
Both samples show similar type-IV isotherms, which are rep-
resentative of mesoporous solids.”” The BJH pore-size anal-
yses performed on the adsorption branch show that both
samples exhibit nearly identical pore-size distribution plots.
A narrow pore-size distribution ranging from 3 to 7 nm with
a maximum at ~4 nm is evident for the MT and Pt-MT sam-
ples. The specific surface area of each sample, calculated by
the multi-point Brunauer-Emmett-Teller (BET) method, is
189 m?>g~'for MT and 185 m?g~! for Pt-MT. These values
are quite large considering their large pore diameter. As no
systematic change in either the shape of the sorption iso-
therms or in the specific surface area was found, the incor-
poration of the Pt nanoparticles does not appear to destroy
the mesoporous structure and to alter the sorption proper-
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Figure 6. Pore size distribution plots (left) and N, adsorption-desorption
isotherms (right) for the MT and Pt-MT samples.

ties of small molecules such as N,. These observations likely
arise from 1) the relatively small number of nanoparticles
that are contained within the materials and 2) the fact that
the particle size is smaller than the parent pore channels. In
addition, for the Pt-MT film, after loading of platinum parti-
cles, the pore volume and pore diameter decrease from
0.261 to 0.249 cm®g! and from 40.1 to 39.6 A, respectively,
with a slight decrease of porosity from 48.2 to 47.5% (see
Table 1). These decreases, along with the increased thickness

Table 1. Pore-wall parameters of the MT and Pt-MT films calculated
from the X-ray diffraction results (Figure2) and the N, sorption iso-
therms (Figure 6).

Sample  Sgp VI Dyyl¥  Porosity®  dg)? Wall
thickness!’
[m’g™"] [em’g™'] [A] [%] [A] [A]
MT 189 0.261 40.1 48.2 108.8 68.7
Pt-MT 185 0.249 39.6 47.5 112.2 72.6

[a] BET surface area calculated from the linear part of the BET plot (P/
P,=0.1-0.2). [b] Total pore volume, taken from the volume of N, adsor-
bed at P/P;=0.995. [c] Average pore diameter, estimated using the de-
sorption branch of the isotherm and the Barrett-Joyner-Halenda (BJH)
formula. [d] The porosity is estimated from the pore volume determined
using the adsorption branch of the N, gas isotherm curve at P/P,=0.995.
[e] d100)=2d o). [f] Wall thickness = d;00)—Dpyp.

of pore wall from 68.7 to 72.6 A, can be attributed to the in-
clusion of Pt nanoclusters into the pore channels of the MT
film.”"! The slight decrease also suggests that most of the
nanometer-sized pore channels of the host MT film are
open, although a small portion of the channels may be filled
with the Pt particles. The open-pore channels are very im-
portant for the permeation of reactant molecules and photo-
catalytic active species in the porous systems.

Surface electronic states and composition: The surface elec-
tronic states of the sono-deposited Pt nanoparticles in TiO,
were studied by XPS. The peaks at 72.2 and 75.4 ¢V in
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trace a of Figure 7 are assigned to Pt(OH),.”? This confirms
the effective conversion of the Pt"Y precursor to Pt" under
ultrasound irradiation. It is known that sonication can

Intensity

Pt 47

68 70 72 74 76 78 80 82
Binding Energy /eV

Figure 7. XPS spectra showing the Pt 4f peaks a) before and b) after UV
irradiation.

induce the formation of reductive H* species.”” The PtCl,
precursor is reduced to Pt and then subsequently reacts
with surface hydroxyl groups in the porous TiO, network to
form Pt(OH),. The binding energy decreases when the
Pt(OH),-adsorbed MT film is exposed to UV light. The
peaks at 70.4 and 73.7 eV in trace b are assigned to elemen-
tal Pt. The change in the intensity ratio could be due to the
presence of a trace amount of PtO on the Pt’ nanoclusters.
Nevertheless, the XPS results illustrate the effectiveness of
the TiO, photocatalysis process in reducing Pt(OH), to Pt’.
The formation of platinum nanoclusters may be represented
by the reactions given in Equations (1)—(7) in which h=
hole.

H,0 = H + HO' (sonication) (1)
PtV +2H — Pt +2H 2)
Pt" + 2HO™ (surface) — Pt(OH), (3)
TiO, (UV) — e + h' (photocatalysis) (4)
Pt(OH), +2e~ +2H" — Pt + 2H,0 (5)
nPt’ — Pt,° (6)
CH,OH + O, +2h* — CO, + H,0 + 2H* (7)

It should be mentioned that the Pt 4f;, binding energy of
70.4 eV in Figure 7b is 1.0eV lower than that of bulk
atoms.” This may be explained by the formation of ultra-
fine Pt particles with a decreased coordination number of
surface atoms. For such a decrease in coordination number,
the binding energy would shift to lower values relative to

Chem. Eur. J. 2005, 11,2997 —-3004 www.chemeurj.org
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the bulk value.?"! A similar effect was also observed by ex-
periment for Pt and Au,™ as well as by calculations for
Pd.”! Another possible explanation of the low binding
energy of the metal nanoparticles could be SMSI effects
(strong support-metal interaction), which is a well-known
phenomenon occurring in systems consisting of metal parti-
cles deposited on inorganic supports like TiO,. It is noted
that electronic charge transfer between Pt atoms and TiO,
surface has been much studied in heterogeneous catalysis in
order to understand the SMSI effect of noble-metal/TiO,
systems. This system causes a Schottky diode behavior in Pt
contacts on TiO,.””! Under these conditions, metallic Pt con-
tacts evidently show electron-acceptor properties, because
of the large work function of Pt contacts (¢p,=5.6eV).*"
Such electron-acceptor properties of Pt/TiO, Schottky
diodes can significantly increase the quantum yield of TiO,
photocatalysis by inhibiting the fast recombination of unde-
sirable electron-hole pairs generated by UV illumination.”!

Catalytic oxidation of carbon monoxide: Most metal cata-
lysts prepared by chemical means often require stabilization
and/or activation in oxygen or air at temperatures up to
400°C. In this study, no calcination or reduction steps are
needed because the deposited clusters are ligand-free. Thus,
all the catalytic tests were performed on the fresh catalyst
without further treatment.

Figure 8 shows the catalytic activities for CO oxidation as
a function of temperature. The temperatures for 50 % (750)
and 90% (790) CO conversion are 186 and 233°C, respec-
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Figure 8. Temperature effect on CO oxidation on the Pt-MT catalyst for
a) heating from 30 to 400°C, and then for b) cooling from 400 to 30°C.

tively. The reaction cycle, consisting of a heating and cooling
period, was recorded to monitor possible deactivation or ac-
tivation. Indeed, no modification of the catalytic activity
was observed for the cycle, indicating the stability of the cat-
alyst. The effect of time on the activity was also measured
on the Pt-MT in order to check for possible deactivation.
Two different measures were employed in this regard. First,
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immediately after the heating and cooling, the temperature
was increased up to 180°C under the reactive mixture and
then kept constant for 5 h. Figure 9b shows that no deactiva-
tion occurred. The second measure was that the fresh cata-
lyst was heated to 240°C under a reactive atmosphere and
then kept at steady-state conditions. As shown in Figure 9a,
the sample showed no deactivation during time on stream.
These results further confirm the physicochemical active
state of the catalyst is stable even when exposed to thermo-
dynamic forces such as temperature and reactive gas.

100 +
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=
g
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2
3
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0 50 100 150 200 250 300 350
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Figure 9. CO oxidation as a function of reaction time for a) the fresh Pt-
MT catalyst at 230°C, and for b) the used Pt-MT catalyst at 180°C.

Photocatalytic activity in destroying Micrococcus lylae
(M. lylae) cells: Figure 10 shows the percentage of cell sur-
vival after treatment with films activated by a 365 nm UV
light. Significant cell death is observed only for the photo-
activated Pt-MT film, with which 70 % of the M. lylae cells
were killed in 60 min. The significant difference between
MT and Pt-MT must be due to the interaction of the trap-
ped Pt nanoclusters with the nanoanatase-TiO, host. The
embedded Pt clusters could serve as trapping centers for
electrons photogenerated in the conduction band (CB) of
TiO,, leaving the holes in the valence band (VB) of TiO,.

Il Dark
1 Light
1004 -
° 80
z
3
E 60 -
°
(&)
40
20
0
MT Pt-MT Control

Figure 10. Percentage of cell survival of M. lylae on MT and Pt-MT films
after irradiation with 365 nm UV light. The control experiment was car-
ried out without the films.
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Under the aerated conditions of our experiment, the dis-
solved O, trapped an electron from the Pt| TiO, nanoheter-
ojunction, forming a superoxide anion radical (O,"), while
the hole was captured by the surface-bound OH™ radical,
producing a hydroxyl radical (OH").’! The O, and OH:, to-
gether with subsequently generated HO,” and HOOH, are
extraordinarily reactive oxygen species. These oxidative spe-
cies can easily diffuse out of the porous matrix to attack the
cells. As the photocatalyst would not directly attack the cells
that were protected by an outer peptidoglycan layer,” the
oxidative species are believed to be responsible for killing
M. lylae cells. The photochemical processes are shown in
Scheme 2, and the proposed initial elementary reactions are
listed in Equations (8)—(15).

Pt-TiO, (UV) — Pt(ecs~) + TiO,(hyg*) (8)
TiO,(hys ") + OH — OH (9)
Pt(ecy )+ 0, — O, (10)
0, +H" — HO, (11)
20, +2H* —2HO + O, (12)
HO, + H* + Pt(ecy ) — H,0, (13)
H,0, + Pt(ecs”) — HO + OH~ (14)

(OH, O, 7, HO,, HOOH) + cells — damaged cells (15)

TIO,

Scheme 2. Promoted charge carrier separation on Pt-MT photocatalyst
by trapping a photoinduced electron on the Pt || TiO, junction.

The detailed bactericidal mechanism of these photocata-
lytically induced oxidative species is not unambiguously
clear. However, based on our previous study on Ag/TiO,
photocatalysts,”” a possible bactericidal process can be pro-
posed as follows. The plasma membrane can be first at-
tacked by the oxidative species penetrating the outer layer
of the bacteria. These reactive species can then oxidize
coenzyme A and the plasma membranes. The oxidation of
coenzyme A would inhibit cell respiration and directly cause
cell death.””! Meanwhile, the oxidation of the plasma mem-
brane can break the main permeability barrier of the bacte-
ria. This would result in the slow leakage of the intracellular
materials including RNA, protein, and minerals, leading to
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the subsequent death of M. Iylae.” Detailed mechanism
study on the bactericidal effect of TiO,-based photocatalysis
is still in progress.

Conclusion

Highly ordered mesoporous Pt/TiO, nanoarchitectures of
high surface area and readily accessible to reactant mole-
cules have been synthesized. The Pt clusters are encapsulat-
ed and stabilized in the robust pore channels of meso-nc-
TiO, molecular sieve films, resulting in high dispersions of
Pt nanoparticles. Such a Pt/TiO, composite can efficiently
catalyze the oxidation of CO to CO,. No deactivation
during either heating or prolonged operation period was ob-
served. These observations have illustrated the potential of
Pt/TiO, composites as heterogeneous catalysts. Furthermore,
the pore-stabilized Pt particles contact and interact with the
anatase-TiO, nanocrystals embedded in the mesonetwork,
forming semiconductor/metal nanoheterojunctions. These
nanoheterojunctions promote the separation of charge carri-
ers on UV-excited TiO,,” thus significantly improving the
photocatalytic activity of porous Pt/TiO, composites toward
killing bacteria cells of M. lylae. This novel Pt/TiO, nano-
composite can also be potentially useful for many applica-
tions in sensors and environmental purification.

Experimental Section

Materials: All chemicals were used as-received without further treat-
ment. Platinum chloride (PtCl,, 99 %), titanium tetraisopropoxide (Ti-
(OiPr), or TTIP, 99 % ) were purchased from Aldrich. Triblock copolymer
(HO(CH,CH,0),-(CH,CH(CH;)0),,-(CH,CH,0),H, Pluronic P123,
average n/m=20/70, 99 % ) was kindly provided by BASF.

All solvents used were of analytical grade and purchased from Aldrich.
Ultra-pure water was used in all experiments.

Preparation of samples: The mesoporous titania films were prepared by
a surfactant-templated method in which TTIP was used as inorganic
source and P123 was used as a structure-directing agent.’ In a typical
synthesis, a solution of TTIP (5.3 mL) in fuming HCI (2.7 mL, 37 %) was
added dropwise to a template solution prepared by dissolving P123 (1 g)
in absolute ethanol (15mL). The resulting clear colorless solution was
stirred vigorously for 5 min at room temperature, and then aged at 4°C
for another 5 min. The mother sol solution was used for dip-coating a
glass substrate, quartz slide, or silicon wafer at a constant withdrawal rate
(10 cmmin~"). The as-synthesized thin films were aged at 4°C for 24 h,
and then aged again at room temperature for 1 h. The thin films were
subsequently treated with NH; vapor for 5s. After that, the films were
heated at 60, 80, 120, and 200°C for 12 h, respectively. Calcinations were
done in static air at 350°C (ramp rate of 1°Cmin™") and held for 4 h to
remove the template and increase cross-linking of the inorganic frame-
work. This resulted in continuous, transparent thin films with approxi-
mately 400 nm thickness as measured by an a-step profilometer. Alterna-
tively, thick film samples were obtained by pouring the cool sol solution
in a Petri dish to form a 1-2 mm thick liquid layer, followed by solvent
evaporation and heat treatment. It is important that the surface of the
Petri dish is flat in order to avoid phase segregation and inhomogeneity,
resulting in a poorly structured mesophase product during drying.

The Pt-loaded TiO, thin film was obtained as follows: a calcined TiO,
thin film was immersed in a bottle filled with a solution of metal precur-
sor (PtCl,, 20 mg) in deionized water (4 mL). The bottle was placed in an
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ultrasonic bath (Bransonic ultrasonic cleaner, model 3210EDTH, 47 kHz,
120 W, USA) and connected to a vacuum pump. After sonication under
vacuum for 3 min, the film was stored in a vacuum oven for 12 h. The
film was then washed gently with ultra-pure water to eliminate the sur-
face-adsorbed precursor. After drying at 30°C under vacuum, the film
was irradiated with UV light (254 nm, 10 mWcm™) in the presence of
methanol vapor for 2 h, after which the film was washed by water to
remove chloride ions. The amount of Pt can be controlled by using differ-
ent concentrations of the precursors or by repeating the inclusion proc-
ess.

Structural characterization

X-ray diffraction: LXRD diagrams were collected in 6-6 mode using a
Bruker D8 Avance X-ray diffractometer (Cug,, irradiation, A=
1.5406 A). Wide-angle XRD (WXRD) patterns were collected in parallel
mode (w=0.5° 26 varied from 20 to 60°, Cug, irradiation) using a
Bruker D8 Avance X-ray diffractometer with a thin film optic. The crys-
tallite size was estimated by applying the Scherrer equation to the fwhm
(full width at half maximum) of the (101) peak of anatase, with silicon as
a standard of the instrumental line-broadening. It is noted that repeated
scanning is needed to increase the signal-to-noise ratio of WXRD meas-
urements due to the small amount of thin film samples.

Transmission electron microscopy: Standard transmission electron micro-
scopy (TEM) or high-resolution TEM (HRTEM) images were recorded
on a JEOL 2010F microscope coupled with an electron dispersive X-ray
(EDX) spectroscopic set-up. The system was used to study the morpholo-
gy and composition of the films. Samples obtained by scratching the films
from the substrates were suspended in methanol, followed by sonication
for 5 min in the ultrasonic bath. Carbon-coated copper grids were used as
the sample holders.

Nitrogen sorption: Nitrogen adsorption—desorption isotherms were col-
lected at 77 K by using Micromeritics ASAP 2010 equipment (BET and
BJH models for surface area and porosity evaluations, respectively) on
samples scratched off the substrate. All the samples were degassed at
180°C and 10~° Torr prior to the measurement.

X-ray photoelectron spectroscopy (XPS): XPS spectra were recorded on a
PHI Quantum 2000 XPS System with a monochromatic Alg, source and
a charge neutralizer; all the binding energies were referenced to the C
1 s peak at 284.8 eV of the surface adventitious carbon.

Catalytic test

CO-oxidation: Catalytic tests were carried out at atmospheric pressure in
a conventional fixed-bed reactor operated in single-pass mode. The gas
mixture consisted of CO (1%), O, (20%), and N, (79%). Gases were
mixed with mass flow controllers, by which reproducible CO/O,/N, mix-
tures could be generated at a flow rate of typically S0 mLmin . The mix-
tures could then be sent either to the reactor or directly to the gas chro-
matograph for analysis.

The reactor was simply a Pyrex tube containing the Pt/TiO, sample
(1.2 g) coated on quartz sand. The reaction cycle, consisting of a heating
and a cooling period between 30 and 400°C, was recorded to monitor
possible deactivation or activation. The reaction mixtures were analyzed
by an on-line gas chromatograph equipped with a thermal conductive de-
tector, and two columns with He as carrier gas. A Porapak Q column was
used for the separation of CO and CO,, and a 5 A molecular sieve
column for the separation of O, and N,. Both columns were operated at
50°C. The usual procedure was used to verify that the activity was mea-
sured in the kinetic regime by varying the flow rate and the mass of cata-
lyst in the same proportions to provide a constant contact time, and con-
sequently a constant space velocity. The conversion did not vary as the
mass flow was changed. This is an indication that the measured rate is
not limited by external transfers (film diffusion). 750 and 790 are de-
fined as the temperature at which the conversion of CO to CO, reached
50 and 90 %, respectively.

Photo-driven bactericide (photocatalytic test)

Preparation of bacterial culture: M. lylae, a Gram positive bacterium that
was isolated in our laboratory, was used as a model bacterium in the ex-
periment. It was incubated in 10% trypticase soy broth (TSB) at 30°C
with 200 rpm agitation for 24 h. The culture was washed with 0.9 % saline
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solution by centrifugation at 12000 rpm for 5 min at 25°C, and the pellet
was resuspended in saline. The cell suspension was adjusted in a centri-
fuge tube to the required cell concentration (3 x10° cftumL™").

Measurement of bactericidal activity: The photocatalyst film (1 cmx2 cm)
was immersed in saline solution (5 mL, 0.9%) in a Petri dish. The dish
was then sterilized by autoclaving at 121 °C for 20 min and, after cooling,
was mixed with the prepared cell suspension. The final bacterial cell con-
centration was adjusted to 3x10° cfumL~". The UV light was provided
by a 15 W UV lamp. The intensity of the illumination was 0.15 mW cm >
on the catalyst surface during the experiment. The photocatalytic reac-
tion was started by irradiating the mixture with the light and stopped by
switching off the light. Each set of experiments was performed in dupli-
cate. The reaction mixture was stirred (220 rpm) with a magnetic stirrer.
A bacterial suspension without photocatalyst was irradiated as a control
and the reaction mixture without UV irradiation was used as a dark con-
trol. Before and after 1 h light irradiation, an aliquot of the reaction mix-
ture was immediately diluted with saline solution (0.9%) and plated on
TSB agar. The colonies were counted after incubation at 37°C for 48 h.
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