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Porous polymeric beads have been used as templates for the fabrication of porous metal
oxide spheres. The beads were soaked in sols of titanium dioxide, zirconium dioxide, iron
oxide, aluminum oxide, indium oxide, tin oxide, and cerium oxide. Successful infiltration
and templating was obtained for titania, zirconia, tin oxide, and ceria giving monodisperse,
nonaggregated spheres with a porous surface and inner structure. The use of iron and
aluminum oxide sols resulted in cracked spheres with excess oxide material on the sphere
surfaces, and in the case of indium oxide, broken, hollow, shell-like structures were produced.
Combining the iron, aluminum, or indium oxide sols with the titania sol, at a 1:1 weight
ratio, and impregnating the template produced inorganic spheres containing the two metal
oxides. The photocatalytic properties of the titania and mixed titania/indium oxide spheres
were studied by monitoring the decomposition of 2-chlorophenol as a function of time and
solution pH. Both the porous titania and mixed titania/indium oxide spheres were more
efficient photocatalysts than Degussa P25 titania, a commercial standard. Optimum solution
pH for the photocatalytic reaction was determined to be pH 6 for the titania spheres and
pH 4 for the titania/indium oxide sample. Pyridine adsorption on the mixed titanium/indium
oxide spheres showed FTIR peak shifts similar to those of the indium oxide spheres, which
indicated the presence of stronger Lewis acid sites compared with the titania spheres.
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Introduction

Controlling the morphological properties of materials
during synthesis is of great importance, as these struc-
tural characteristics strongly influence the performance
and purpose of the materials. Templating is an approach
which affords the ability to tailor the inner structural
arrangements, such as pore size and overall porosity,
along with the outer shape and size of the sample. This
technique is facile and can be applied with a range of
methods for the fabrication of materials including
polymers, metal oxides, and metals.

Templates can be used in a number of ways; two
methods employ the template as either a medium in
which chemical synthesis is performed or as a frame-
work around which preformed particles can be placed.
It has been shown that polymer gel and membrane
templates can be used in both these ways with either
sol—gel reactions being conducted within the porous
polymeric structures®7 or preformed metal oxide nano-
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particles being adsorbed within the pores.8=11 The final
porous monolithic or film structures cannot be dispersed
in solution without structural modification to break the
samples into smaller pieces. As the ability to disperse
the sample is important for various applications, the use
of porous polymeric beads as templates to fabricate
small (relative to the monolithic, millimeter-size-range,
or film, 80-micrometer-thick with varying diameter up
to cm, samples) individual components or particles has
been pursued. Beads have good packing density and are
used extensively in separation applications. However,
the fabrication of monodisperse, nonaggregated, porous
inorganic spheres remains a challenge.

The templating of “individual entities” requires ex-
treme care to allow infiltration and coating while
preventing aggregation of the material. Little work has
been conducted using porous spherical templates for the
fabrication of inorganic systems. Once control param-
eters have been found, templating approaches for the
formation of porous inorganic spheres are facile and
allow manipulation of sphere diameter and pore size,
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as determined by the initial template bead. We have
recently shown that porous polymeric beads can be
successfully templated using sol—gel chemistry for the
fabrication of silica and titania spheres.?? Porous gold
spheres have also been obtained using preformed 4-(dim-
ethylamino)pyridine (DMAP) stabilized gold nanopar-
ticles and polystyrene/divinyl benzene beads.!® This
approach has been extended here to obtain a number
of monodisperse porous metal oxide spheres plus mix-
tures of titania and aluminum oxide, indium oxide, or
iron oxide.

Metal oxides with controlled porosity have been
fabricated for applications such as fuel cells, photonics,
and catalysis. Titanium dioxide, a semiconducting ce-
ramic, has been intensely studied for its photocatalytic
properties.’415 The inclusion of another metal oxide
within the titanium dioxide structure has been shown
to positively influence the photocatalytic efficiency of
titania.#%16-18 In this article, structural and composi-
tional properties of metal oxide spheres obtained by
using porous polymeric beads as templates are studied.
The photocatalytic activity of the titania spheres is
compared with Degussa P25 titania and the mixed TiO,/
In,O3 sample. The advantage of the porous micrometer-
sized spherical samples is that they are more easily
removed from solution than nanoparticles, while exhib-
iting significant surface areas.

Experimental Section

Materials. The template beads, polystyrene cross-linked
with divinyl benzene, were obtained from Amersham Bio-
sciences (Uppsala, Sweden) (Trade name: Source 15 ETH.
These beads are hydroxyl functionalized with an average dry
diameter of 11.5 um). The following precursors were utilized
for the synthesis of the nanosized metal oxide particles: TiCl,,
ZrO(N03)2, FE(N03)3‘9H20, A|C|3, In(N03)3-5H20, SnCI4, and
(NH,4)2Ce(NOg3)s. These precursors, HCI, NaOH, H,SO4, HNOs3,
and a 25% aqueous solution of ammonia were purchased from
Aldrich.

All chemicals were used as received. The water used in all
experiments was prepared in a three-stage Millipore Milli-Q
Plus 185 purification system and had a resistivity higher than
18 MQ cm.

Sol Synthesis. A previously published procedure was
followed for the synthesis of the metal oxide sols.’® The
inorganic precursor (0.027 mol) was dissolved in 0.5 M aqueous
HCI (20 mL). The precursor was hydrolyzed by the addition
of a 12.5 wt. % aqueous ammonia solution with vigorous
stirring of the solution at 0 °C, until a pH value of 5—6 was
reached. The precipitate obtained was washed with water and
centrifugation/decantation cycles until a turbid supernatant
solution was obtained. To redisperse the particles, all of the
oxide sols except SnO; were then sonicated (10 min in a
Transsonic Digitals bath sonifier) after the addition of con-
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Table 1. Concentration (C) of the Synthesized Metal
Oxide Sols and Diameter (d) and Crystallinity of the
Nanoparticles

metal oxide C (wt. %) d (nm) crystallinity
TiO, 7.0 4 anatase/rutile
ZrO; 6.4 10 amorphous
FesO3 5.6 6 hematite
Al,O3 5.0 12 amorphous
In,03 6.8 6 amorphous
SnO; 6.2 4 amorphous
CeO3 125 4 amorphous

centrated nitric acid (1 mol HNO; per 5 mol of resulting oxide)
as a stabilizer. For SnO,, small amounts of aqueous ammonia
were used to stabilize the nanoparticles. The sols were then
dialyzed against Milli-Q water employing a Spectra/Por mem-
brane (MWCO: 6—8000) to adjust the pH of the solution to
between 3 and 5. The properties of the final sols used in the
templating procedure are shown in Table 1.

Templating Procedure. To infiltrate the polymer beads
with the oxide particles, the dried organic template material
(0.1 g) was soaked with stirring in the corresponding metal
oxide sols (5 mL), or their mixtures, for 48 h at room
temperature. The solution was then centrifuged to obtain the
metal oxide/bead composite, excess nanoparticles were re-
moved by washing with water followed by centrifugation, and
the sample was dried at 60 °C for 1 h. Calcination at 500 °C
(with a heating rate of 8 °C min~') was conducted for 5 h in
an oxygen atmosphere to remove the template.

Characterization. A Zeiss DSM 940 scanning electron
microscope (SEM) and a Gemini Leo 1550 SEM were used to
examine the structure of the metal oxide materials. To view
the inner texture of the metal oxide spheres a Zeiss EM 912
Omega transmission electron microscope (TEM) was employed.
Before TEM investigation the samples were set in poly(methyl
methacrylate) and then they were sliced into ultrathin sections
(30 to 100 nm thick) using a Leica ultracut UCT ultramicro-
tome. Carbon-coated copper grids were used to support the
thin sections.

Thermogravimetric analysis (TGA) of the metal-oxide-loaded
polymer beads was performed to determine the inorganic
loading in the polymer beads using a Netzsch TG 209 ap-
paratus. A Micromeritics TriStar 3000 surface area and pore
analyzer was employed to obtain the specific surface area using
BET analysis after N, adsorption. Wide-angle X-ray scattering
was conducted to investigate the crystal structure of the
materials using an Enraf-Nonius PDS-120 apparatus.

To characterize the surface acidity of the oxide samples, the
adsorption of pyridine was monitored by measuring IR absor-
bance spectra, with a resolution of 1 cm™2, using a Spectrolab
100 FTIR spectrometer. Before the measurements, pyridine
was adsorbed on the surface of the samples by soaking the
inorganic material in liquid pyridine for 20 min and then the
samples were dried for 3 h at 80 °C in flowing air to remove
any physisorbed pyridine from the oxide surface.

Photocatalytic Activity Measurements. A cylindrical
Pyrex flask of ca. 20-mL capacity equipped with a quartz
window was used as the photoreactor vessel. The suspension
in the photoreactor was magnetically stirred. A Philips HPK
high-pressure Hg lamp (125 W) illuminated the solution
through a 2.2-cm-thick circulating water cell and a cutoff filter
(A > 340 nm). The light flux entering the photoreactor was 30
mW cm™2. Suspensions containing 2 g L™! of metal oxide
spheres and 1072 M 2-chlorophenol were used for the photo-
decomposition reactions. The aerated suspension was stirred
in the dark for 90 min before illumination to reach an
adsorption equilibrium of 2-chlorophenol with the metal oxide
surface. The concentration of the chloride anion, a product of
the decomposition of 2-chlorophenol, was measured by using
an Orion chloride selective electrode. Commercial TiO,, De-
gussa P25, was employed as a reference with which to compare
the photocatalytic activity of the prepared samples. The pH
value of the irradiated solution was maintained by the addition
of H,SO, or NaOH solutions employing a specially designed
pH-stat.
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Figure 1. SEM images of (a) the initial polystyrene beads;
and the template-formed inorganic materials: (b) TiO,, (c)
CeO,, and (d) Inz0s.

Results and Discussion

The template beads were dried, and preformed nano-
particles were synthesized (for properties of the metal
oxide sols see Table 1) before infiltration of the nano-
particles into the template. The template used was a
hydroxyl-functionalized, polystyrene-cross-linked-with-
divinylbenzene bead with a diameter of 11.5 um. The
organic beads can be seen from scanning electron
microscopy characterization to be spherical (Figure 1a),
and the outer morphology was found to be porous (not
shown). This porosity is essential for the templating
approach, where the template is soaked in the nano-
particle solution, allowing infusion of the particles
through the pores. Inspection of broken beads with the
SEM revealed an inner porous structure (not shown).
The specific surface area of the beads determined using
nitrogen adsorption data is 50 m2g~1. 12

The S15ETH beads were templated when the TiOy,
ZrO,, SnO,, and CeO; sols were employed. The metal
oxide dispersion infiltrated the beads, resulting in
sufficient nanoparticle deposition on the walls of the
template so that removal of the organic scaffold by
calcination gave spherical metal oxide structures. Fig-
ures 1b and c show the titania and ceria oxide spheres,
respectively. Comparison of the initial polymer beads
with these inorganic spheres indicates the inherent
structural similarities (spherical and porous); however,
the diameter of the latter is ~2.5 times lower than that
of the template. Such shrinkage was observed for all
the metal oxide spheres prepared, and could be due to
a partial coating of the template surface with nanopar-
ticles during impregnation. This degree of shrinkage is
greater than that observed when preformed nanopar-
ticles were used in polymer gels,® but within the range
of that obtained for changes in film thickness when
using membrane templates.’® When DMAP-stabilized
gold nanoparticles were infiltrated within the same bead
template, a 25% diameter shrinkage was observed after
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calcining for 75 h at 280 °C.13 Using a nonfunctionalized
polystyrene/divinylbenzene bead as a template and
conducting sol—gel chemistry within the template gave
a decrease in diameter of 20—30% for the formation of
titania spheres.1?

Impregnation of the polystyrene template with Al,O3
and Fe,O3 sols, however, resulted in the formation of
cracked inorganic spheres surrounded by excess oxide
material (not shown) after template removal. In the case
of the In,O3 sol, a hollow, shell-like structure was
obtained, Figure 1d. This phenomenon is believed to be
due to the agglomeration and densification of the Al,O3,
In,03, and Fe,03 particles, which occurred during the
calcination step. Such densification has been observed
for Al,O3 and Fe,03, as neither Al,O3z nor Fe,O3 were
successful in the templating of membranes,’® and is
typical for Al,O3, which is used to form dense oxide
layers during annealing.?? Indium oxide has been found
to successfully template when infiltrated within polymer
gel or membrane templates.®1 The difference between
these templates and the porous organic beads is the pore
size of the templates. The polymer gel and membranes
contain pores greater than a micrometer in diameter
whereas the S1I5ETH bead has pore diameters on the
scale of 100 nm. Hence, with densification and ag-
glomeration of the In,O3 particles, loss of structuring
on the nanoscale results.

Transmission electron microscopy was used to view
the inner regions of the hybrid spheres after they had
been ultramicrotomed. Figure 2a shows the titania/bead
hybrid as an example; the inner porous structure of the
template can be observed, and at higher magnification
the preformed nanoparticles are seen to impregnate the
inner portion of the bead (not shown). For the alumi-
num, indium, and iron oxide sols poor infiltration
through the pores of the template and adsorption to the
surfaces during the 48-h soaking time, followed by the
calcination procedure which gave an increase in particle
size, resulted in the loss of template structure. After
removal of the template the porous structure was
retained for TiO;, ZrO;, SnO;, and CeO; with an
observed decrease in pore diameter due to the overall
structure shrinkage, Figure 2b. Additionally, the size
of the nanoparticles forming the inorganic spheres
increased up to 1.5 times that of the original nano-
particle diameter upon calcination (Figure 2c) for all of
the metal oxides.

The morphological properties, including specific sur-
face area (SA), crystal modification, and remaining
weight percent (calculated from TGA of the hybrid
sample), of the inorganic spheres are listed in Table 2.
The samples were all crystalline with the crystal phase
corresponding to the low-temperature metal oxide modi-
fication, except for the TiO, sample where both anatase
and rutile phases were found. The crystallinity of the
samples was as expected from earlier studies.®'® The
specific surface area of the templated metal oxide
spheres varied within the range of 38—81 m?2 g1,
depending on the material. The spheres of the different
metal oxides had similar diameters (5—6 um). The
surface area of these samples is higher than the surface
area of the porous structures obtained using the same
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2290 Chem. Mater., Vol. 16, No. 11, 2004

Figure 2. TEM images of the inner sphere structure of (a)
the initial polymer/TiO, sol composite, (b) the final TiO,, and
(c) a higher magnification of the TiO..

Table 2. Characteristics of the Porous Metal Oxide

Spheres

tem surface avg sphere

plat- area? diameter® crystal wt. %

ing2 (m?g~Y) (um) modificationd remaining®
TiO2 + 81 5 anatase, rutile 24
ZrO; + 49 5 monoclinic 12
Fe,O3 - 10 3.6 hematite 3
Al,O3 - 12 25 rhombohedral 6
In,0; - 3 of cubic 18
SnO, + 54 6 tetragonal 14
CeO, + 38 6 cubic 41

a+ = successful templating, — = not successful templating.

b BET. ¢ SEM. 4 WAXS. ¢ TGA. f Shell diameter.

nanoparticles in membrane templates.1° Although cal-
cination programs were not identical in the templating
of the beads and membranes, substantial differences in
the template material, plus the pore structure and size,
are expected to also contribute to such variation in
surface area. For the metal oxide sols which did not
result in spheres, Fe,03, Al,O3, and In,03, low specific
surface areas were obtained and the final weight percent
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Ium % 5 2um

Figure 3. SEM images of template-formed mixed TiO2/In,03
inorganic spheres: (a) 1:10 (wt. %), (b) 1.1 (wt. %) low
magnification, and (c) 1:1 (wt. %) higher magnification.

of inorganic remaining after heating of the hybrid
samples was low, especially for Fe,O3 and Al;Os.

The addition of the titanium dioxide sol to the Fe,Os3,
Al>O3, or InyO3 sol as a second component for the
impregnation stage prevents collapse of the spherical
shape of the template and a porous inner structure is
obtained. As shown in Figure 3, the use of a mixture of
the TiO, and 1n,03 sols, with a 10:1 or 1:1 TiO2/In,03
weight ratio, leads to the formation of dispersed TiO,/
In,03 spheres similar to the TiO, spheres, with a
smaller diameter (~4 um compared with ~5 um for
TiO,). The addition of indium oxide to the titania
resulted in an overall decrease in surface area, from 81
m2g~1 for TiO, to 78 m2g~1 for a 10:1 TiO,/In,O3 weight
ratio, down to 53 m2g~1 for 1:10 TiO,/In,O3 weight ratio.
Densification and crystal growth for the In,O3 (see also
Figure 3c) is believed to be responsible for this decrease
in surface area. The X-ray diffraction curves showed the
anatase form of titania in the mixed TiO,/In,O3 samples,
indicating that the presence of the indium oxide inhib-
ited the anatase-to-rutile phase transformation for the
temperatures used during calcination. Templating the
polymer beads with mixtures of the TiO, and Fe,O3 or
Al,O3 sols gave similar results. Two possible explana-
tions for the successful templating of the mixed metal
oxide samples compared to the unsuccessful templating
of the Fe;O3, AlLOg, or In,03 can be considered: the TiO,
particles form a scaffold themselves, maintaining the
initial template structure; or the presence of a second
component, in this case titania, inhibits the agglomera-
tion and crystal growth of the other metal oxide
particles. These two factors may contribute toward the
structural stability to differing degrees with changes in
the TiOz:metal oxide ratio.

The titania and titania/indium oxide spheres were
investigated for photocatalytic activity and compared
with a reference photocatalyst (Degussa P25 titania)
using 2-chlorophenol photodegradation as the test reac-
tion. The emission of the chloride anion occurring during
the photooxidation of 2-chlorophenol was chosen as the
monitored parameter for the photocatalytic process.
Figure 4 shows that the synthesized porous spheres
(TiOg; TiOL/IN03 mixture with 1:1 ratio) have higher
activity toward 2-chlorophenol photodegradation than
the Degussa P25 photocatalyst despite an overall larger
particle size (~5-um porous spheres compared to ap-
proximately 0.1-um aggregates of 30-nm crystallites??).

(21) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W.
Chem. Rev. 1995, 95, 69.
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Figure 4. 2-Chlorophenol photodegradation at pH 6 in the
presence of the photocatalysts Degussa P25 titania, and the
template-formed spheres TiO, and TiO./In,O;. The insert
shows the pH dependence for the photocatalysis of 2-chlo-
rophenol using the TiO, and TiO2/In.O3; spheres (90 min
irradiation time).

This difference in the photoactivity can be explained by
both the larger specific surface areas of the spheres,
compared to the Degussa P25 powder, (~45 m2g—1),4 and
the high photoefficiency of the initial TiO, sol.?® Adding
the second metal oxide (In,O3) to the titania spheres
further improved the photocatalytic activity, reaching
130% of the Degussa P25 activity. The presence of In,0O3
as the second metal oxide brings about a number of
changes in regard to photocatalytic activity: (i) it
stabilizes the anatase phase (which generally is con-
sidered a better photocatalyst than the rutile phase)?!
modification of TiO, upon calcination; (ii) it changes the
density and acidity of the surface hydroxyl groups of
the composite, thereby enhancing the adsorption of
2-chlorophenol on the surface of the TiO,/In,0O3 sys-
tem;?2 and (iii) it accelerates photogenerated electron/
hole spatial separation by transferring the photoelectron
to the In,03.22 These factors all contribute to the
enhanced photocatalytic activity. From previous work®10
the titanium dioxide/indium oxide system was found to
be more photocatalytically efficient than the synthesized
TiO,.

The dependence of the solution pH value on the
2-chlorophenol photodegradation is depicted in the
insert to Figure 4. The overall degradation efficiency
changes significantly with pH. The fastest oxidation rate
was observed at pH 6 for the TiO, spheres and pH 4 for
the mixed TiO2/In,O3 sample. In both systems the
activity drops beyond a solution pH of 6 to 7. However,
with a decrease in pH value, different behavior for the
titania and TiO,/In,O3 samples was observed. A signifi-
cant dip in photocatalytic activity is observed for the
titania spheres, whereas, comparatively, the TiO,/In,03
spheres retain approximately the same activity over the
same pH values. This difference can be explained by
considering the different surface properties of In,O3 and
TiO, (acidity, density of OH groups) which determine
the rates of separate cathodic (O, reduction) and anodic
reactions of the overall 2-chlorophenol photooxidation
process.

(22) Shchukin, D.; Poznyak, S.; Kulak, A.; Pichat, P. J. Photochem.
Photobiol. 2004, 164, 210.
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Figure 5. FTIR spectra of TiO,, In,03, and TiO,/In,03 spheres
after the adsorption of pyridine. The spectrum of free pyridine
is given for comparison.

The surface acidity of the TiO,/In,O3 spheres was
examined as a correlation between the surface acidity
and photocatalytic activity of photocatalysts has been
shown.2® The adsorption of pyridine, monitored by FTIR,
was chosen to characterize the surface acidity, as this
has been demonstrated previously.2* The diffuse reflec-
tion FTIR spectra of the titania and indium oxide
spheres, and the TiO,/In,03 (1:1) composite after ad-
sorption of pyridine, are shown in Figure 5. The 1400—
1650 cm~! wavenumber range is where pyridine ring-
stretching modes are seen. The spectrum of free pyridine
is also presented for comparison. The bands at 1443,
1492, and 1606 cm™! observed for the TiO, sphere
sample can be assigned to coordinated pyridine ad-
sorbed on Lewis—acid surface sites.?> The mode at 1443
cm™1 is the strongest for the TiO, samples. For the In,O3
spheres, however, there are two overlapping peaks
corresponding to this mode, indicating two kinds of
Lewis—acid sites present on the surface of the indium
oxide. Characteristically, the shift of the bands corre-
sponding to modes at 1605 and 1443 cm™! is higher for
pyridine adsorbed on In;O3 than that for TiO2, indicat-
ing that In,O3; has stronger acid sites. The FTIR
spectrum of pyridine adsorbed on the TiO»/In,O3 spheres
is similar to that observed for the In,O3; samples (Figure
5).

From the reported “dark” catalytic efficiency of an
In,0O3 nanostructured electrode toward O, reduction,??
it was suggested that the presence of In,O3 in TiO,
accelerates the associated transfer of photogenerated
electrons to oxygen. Therefore, the surface properties
of the In,O3 may govern the O, photoreduction rate.
Hence, at low pH values the higher surface acidity of
In,0O3 compared to that of TiO, is responsible for
accelerating the photoreduction stage of the photocata-

(23) Papp, J.; Soled, S.; Dwight, K.; Wold, A. Chem. Mater. 1994,
6, 496.

(24) Knozinger, H. Adv. Catal. 1976, 25, 184.
(25) Morterra, C.; Coluccia, S.; Chiorina, A.; Boccuzzi, F. J. Catal.
1978, 54, 348.
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lytic process, with an overall decrease in electron/hole
recombination and subsequent increase in the yield of
2-chlorophenol photooxidation.

In conclusion, nanoparticle solutions of TiO,, ZrO,,
SnO,, and CeO, could successfully infiltrate porous PS/
DVB beads and thus produce homogeneous porous
metal oxide spheres after removal of the template.
Densification of the Fe,O3, Al,O3, and In,O3 nanopar-
ticles during the heating step resulted in structure loss,
and hence templating was not achieved. The titania and
titania/indium oxide spheres were photocatalytically
active and more efficient than Degussa P25 titania for
the photodecomposition of 2-chlorophenol at a solution
pH of 6. Variation in the pH for the photocatalytic
reaction revealed a pH value of 6 to be most effective
for the photocatalytic reaction on the titania and a pH
value

Shchukin and Caruso

of 4 to be most effective for the titania/indium oxide
spheres.
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