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Abstract

Our previous studies suggested that redox reaction proceeded separately on specific exposed
crystal faces of TiO, nanoparticles. Site-selective deposition of metal or metal oxide on TiO,
specific exposed crystal faces successfully proceeded using the unique reactivity properties on the
surface of TiO, nanoparticles under photoexcitation.

A remarkable improvement of photocatalytic activity of shape-controlled brookite and rutile
TiO, nanorods with modification of Fe** compounds was observed under visible light. Crystal
face-selective metal compound modification on exposed crystal faces of TiO, nanorods with
brookite and rutile phases were successfully prepared. Brookite and rutile TiO, nanorods prepared
by site-selective modification with metal compounds should be ideal visible-light responsive TiO;
photocatalysts because of the remarkable suppression of back electron transfer from TiO, to
oxidized metal compounds on the surface of the TiO, nanorod with a brookite or rutile phase.

In this manuscript, the development of exposed crysta face-controlled TiO, nanorods with rutile
and brookite phases was described. The obtained rutile and brookite TiO, nanorod, showing
remarkably high activity for degradation of organic compounds compared to the photocatalytic
activities of anatase fine particles (ST-01), is one of the most active commercially available
photocatalysts for environmental cleanup in Japan. The technology of visible light-responsive
treatment for morphology-controlled rutile and brookite TiO, nanorods by crystal face-selective
modification of Fe** compounds was also discussed in this paper. The Fe** compound-modified
rutile and brookite TiO, nanorods show much higher activity than that of conventional visible

light-responsive N-doped TiO,, which is commercially available in Japan.
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1. Introduction

TiO, has been intensively investigated over the past several decades for its environmental cleanup
and solar light energy conversion applications because of its stable physical-chemical properties,
low cost and high activity [1-9]. TiO; has three kinds of crystal faces: rutile, anatase and brookite.
The particle shapes, nano-scale morphologies, and crystallinity of rutile were clarified and can be
controlled [9-11]. The surface chemistry of single crystalline rutile particles is also studied
intensively because their chemical activity depends greatly on surface structures and exposed
crystal faces [12].

Well-crystallized faceted TiO, nanoparticles showed a drastic improvement of photocatalytic
activity compared to that of normal spherical TiO, fine particles with poor crystallinity [13].
Therefore, attention has been paid to the preparation of TiO, nanoparticles with control of exposed
crystal faces for improvement of their photocatalytic activity. Among the various methods for
synthesis of TiO, nanoparticles, hydrothermal treatment is thought to be one of the best candidates
for TiO, synthesis because TiO, nanoparticles with good morphology control using additives for
exposing crystal faces are obtained under mild conditions. Recently, morphology-controlled TiO,
nanoparticles with anatase, rutile, and brookite phases have been prepared by these techniques.
[14-19]

The development of visible light-responsive TiO, photocatalysts using impurity doping has
proceeded over the past few decades [20-25]. However, impurity doping sometimes increase
defects in the lattice of TiO,, resulting in a decrease in photocatalytic activity because the defects
work as recombination centers [26, 27]. Recently, unique visible-light responsive TiO,
photocatalysts loaded with metal ions such as Fe** and Cu®* have been reported [28-32]. This is
an interesting method for fabrication of visible light-responsive TiO, without defects. However,
back electron transfer between injected electrons from a metal sensitizer in the TiO, bulk and
oxidized metal ions loaded on the surface of TiO, may easily proceed and result in a significant
decrease in photocatalytic activity under visible light. Therefore, it is necessary for new discovery
for development metal compounds modified TiO, showing visible light responsibility.

2. Exposed crystal face-controlled rutile TiO, nanorod

The procedure for synthesis of an exposed crystal face-controlled rutile TiO, nanorod is as follows.
A chemical solution was put in a sealed Teflon-lined autoclave reactor containing an aqueous
solution of titanium trichloride (TiCls) and sodium chloride (NaCl). The solution was then put into

a 200 °C oven for 48 h. The precipitate was collected and dried in a vacuum oven. Samples are



referred to as SH1 (NaCl 1 mol-L™), SH3 (NaCl 3 mol-L%), and SH5 (NaCl 5 mol-L™?). SH5 is
the optimized preparation condition for the highest photocatalytic activity.

Reduction and oxidation sites on the exposed crystal faces of a rutile TiO, nanorod were
assigned by the photodeposition technique for Pt and PbO,, respectively. A rutile TiO, nanorod
aqueous suspension containing 2-propanol and hexachloroplatinic acid (H,PtClg-6H,0) was
irradiated with a mercury ultraviolet-visible (UV) lamp (light intensity: 1.0 mW-cm™). N, gas was
purged through the suspension in order to remove oxygen prior to UV irradiation. After irradiation,
the color of the powder changed from white to gray-silver, and the suspension was collected (Pt-
loaded rutile TiO, nanorod) and dried at 70 'C under reduced pressure for 24 h. In order to
determine the oxidation site on the surface of a rutile TiO, nanorod, photodeposition of PbO, was
performed by using the same light source as that in the case of photodeposition of Pt. Pt-loaded
rutile TiO, nanorod suspension containing Pb(NOg3), was irradiated under an aerated condition
[14-19, 33]. After the reaction, the color of the powder changed from gray-silver to brown,
indicating that PbO, was deposited on the surface of the rutile TiO, nanorod. Pt and PbO; particles
deposited on a rutile TiO, nanorod were analyzed by scanning electron microscope (SEM), energy
dispersive X-ray spectrometry (EDX) and transmission electron microscope (TEM).

The photocatalytic activity of TiO, nanoparticles was evaluated by photodecomposition of
acetaldehyde. Changes in the concentration of acetaldehyde and evolved CO, as a function of
irradiation time were analyzed. TiO, powder was spread on the bottom of a glass dish, and the
glass dish was placed in a Tedlar bag. 500x10° acetaldehyde was prepared in the vessel.
Irradiation was conducted at room temperature after equilibrium between the gas and adsorbed
acetaldehyde was reached. A 500 W Xe-lamp with a UV-35 filter to cut off wavelengths shorter
than 350 nm was used as a light source. After starting the irradiation, the decreases in
acetaldehyde concentration and evolved CO, concentration were determined by using a gas
chromatograph. ST-01 having anatase phase fine TiO, produced by Ishihara Sangyo CO. Ltd. and
MT-600 having rutile phase produced by Teyca Co. Ltd. were usually used as reference catalysts.

XRD patterns of all of the obtained particles were assigned to pure rutile phase and no other
phases were detected (Fig.1). The mean grain size was determined from Scherrer’s equation. The
average crystallite sizes (relative surface areas) of the samples were found to be 66.0 nm (32.8
m?.g™), 72.7 nm (26.0 m*g™) and 97.2 nm (12.1 m*g?) for SH1, SH3 and SH5, respectively.
Figure 2 shows TEM image and selected area electron diffraction (SAED) patterns. The particle
morphology was rod shape as shown in TEM image. The SAED patterns of the exposed surface of
the end of the rod and side surface of the rod were assigned to (111) and (110), respectively.



Figure 3 shows the photocatalytic evolution of CO, by decomposition of acetaldehyde on
reference TiO, and SH5 under UV light irradiation at a light intensity of 10 mW-cm™.
Photocatalytic activities of rutile TiO, nanorods were much higher than those of MT-600 and ST-
01. The order of photocatalytic activities was SH5 > ST-01 > MT-600B as shown in Fig.3.
Separation of reaction sites on the surface of a rutile TiO, nanorod might be important for
improvement of its photocatalytic activity. Moreover, it is expected that the efficiency of electron-
hole separation would be enhanced because of the difference in the number of trap sites for
electrons such as Ti ions and for holes such as oxygen on the exposed crystal surfaces.

Figure 4 shows SEM image of rutile TiO, nanorods loaded with Pt for the reduction site ((110)
face) and loaded with PbO, for the oxidation site ((111) face). Spatial separation of reaction sites
on exposed crystal face-controlled rutile TiO, nanorods is thought to be effective for improvement
of photocatalytic reactions because of the suppression of back reaction on the surface of the TiO,
photocatalyst.

Different surface energy levels of the conduction and valence bands are expected for different
crystal faces of TiO, because of the characteristic of atomic arrangements of these faces. For
instance, trapped holes are mainly accumulated at an oxygen-rich crystal face, which might be
assigned to anoxidation site. On the other hand, crystal face rich in Ti** atoms results in the
accumulation of electrons to generate Ti**, which might be assigned to a reduction site. These
properties lead to the separation of electrons and holes [14]. The effective separation of oxidation
and reduction sites of rutile TiO, nanorods suggests that the electronic energy levels of the (110)
face are lower than those of the (111) face as shown in Fig.4 [34]. The large specific surface areas
and small crystal sizes as well as high crystallinity of TiO, might play important roles in the
enhancement of photocatalytic activities. In addition, spatial separation of reaction sites on the
photocatalyst nanoparticle by controlling the exposed crystal surface of a rutile TiO, nanorod is a
more important factor for improvement of photocatalytic activity because a rutile TiO, nanorod
with a small surface area (10-30 m?-g™*) showed a higher photocatalytic activity than that of ST-01
with a large surface area (300 m®-g%).

3. Visible light-responsive rutile TiO, nanorod modified with Fe** compounds

The procedure for non-site-selective modification of Fe** compounds on the entire surface of
rutile TiO, nanorods is as follows. An aqueous suspension of morphology-controlled rutile TiO,
nanorods with an aqueous solution of Fe(NO3); was stirred under an aerated condition. After

filtration, the residue was washed with deionized water and dried under reduced pressure.



The procedure for preparation of visible-light responsive rutile TiO, nanorods site-selective
modified with Fe** compounds is as follows. An aqueous suspension consisting of rutile TiO,
nanorods and an aqueous solution of Fe(NOgz); with ethanol was stirred under an aerated condition
by bubbling N, gas. Photo-reduction of Fe** loaded on reduction crystal faces ({110} faces) of
rutile TiO, nanorods proceeded during UV irradiation. Fe”* compounds on the reduction sites of
rutile TiO, nanorods, which were generated by reduction of Fe**, were dissolved in aqueous phase.
The residue was separated by filtration immediately after the photoirradiation. The residue was
washed with deionized water and dried under reduced pressure (Fig.5).

Photocatalytic activities of the samples were evaluated by photocatalytic decomposition of
acetaldehyde. A glass dish containing a sample was placed in a 125 ml Tedlar bag. 500x10°
gaseous acetaldehyde was injected into the Tedlar bag, and photoirradiation was performed at
room temperature. The gaseous composition in the Tedlar bag was 79% N, 21% O,, < 0.1x10®
CO, and 500x10° acetaldehyde, and relative humidity was 30% (ca.). An light-emitting diode
(LED) emitting light at a wavelength of ca. 455 nm (+15 nm) with an intensity of 1.0 mW-cm™
was used for visible light irradiation. The concentrations of CH3CHO and CO, were estimated by
gas chromatography.

Double-beam photoacoustic spectroscopy was used to elucidate the electron transfer between
rutile TiO, nanorods and Fe** compounds loaded on the oxidation sites of rutile TiO, nanorods. A
Ti0, sample was placed in a photoacoustic (PA) cell. The atmosphere was controlled by a flow of
nitrogen containing ethanol vapor (N,+EtOH) or artificial air containing ethanol vapor (air+EtOH).
An LED emitting light at ca. 625 nm was used as a probe light, and the output intensity was
modulated by a digital function generator. A blue LED (emitting light at ca. 470 nm, 8.1 mW-cm’
%) was also used as simultaneous continuous irradiation for photoexcitation. The PA signal
acquired by a condenser microphone buried in the cell was amplified and monitored by a digital
lock-in amplifier. Detailed setups of double-beam photoacoustic (DB-PA) spectroscopic
measurements were reported previously [35].

The rutile TiO, nanorods were prepared according to our previous studies [15, 16]. Rutile TiO,
nanorods used in this study have {110} and {111} exposed crystal faces. The specific surface area
of the bare rutile rod was 12.1 m*.g™.

The valence state of iron compounds on rutile TiO, nanorods was confirmed by XPS analysis to
be trivalent state. It was reported that Fe?* was hardly adsorbed on the TiO, surface compared to
Fe** compounds [36]. Therefore, Fe** produced by reduction of Fe** by photoexcited electrons on
reduction sites of rutile TiO, nanorods from the TiO, surface diffused into aqueous media. Our

previous study suggested that reduction and oxidation on a rutile TiO, nanorod proceeded



predominantly on {110} and {111} exposed crystal faces [28]. Therefore, Fe** are expected to be
mainly adsorbed on {111} faces under UV irradiation because Fe** on {110} faces are desorbed
due to reduction of Fe* to Fe?* (Fig.5). Modification of Fe** induced a color change from white
to pale yellow as reported previously [32]. Figure 6 show UV-Vis spectra of bare and site-
selective Fe**-modified rutile TiO, nanorods and non-site-selective Fe**-modified rutile TiO,
nanorods. In the wavelength region between 400 and 500 nm of DR spectra, a red shift of the
photoabsorption edge was observed.

Photocatalytic activity for decomposition of acetaldehyde over Fe**-modified rutile TiO,
nanorod was evaluated under visible light irradiation. Figure 7 shows the amount of evolved CO,
as a result of acetaldehyde degradation under visible-light irradiation for 24 h. Photocatalytic
activity of Fe**-modified rutile TiO, nanorod was higher than that of visible light-responsive N-
doped TiO, (N-TiO,; Sumitomo Chemical Co.). This result indicates that Fe** compound
modification of a rutile TiO, nanorod induces a photocatalytic reaction under visible-light
irradiation as follows [32]. The photoexcited Fe** compound loaded on a rutile TiO, nanorod
injected electrons into the conduction band of the rutile TiO, nanorod, resulting in an oxidized
state of Fe>* (Fe*"). The injected electrons migrated to the surface of the rutile TiO, nanorod and
reduced oxygen species. The oxidized state of the Fe** compound (Fe**) oxidized organic
compounds such as acetaldehyde and returned to the initial state of the metal ion compound (Fe**).
A site-selective modified Fe** rutile TiO, nanorod showed higher photocatalytic activity than that
of N-doped TiO,. Moreover, the photocatalytic activity of Fe**-modified rutile TiO, showed a
dependence on its preparation method (site-selective modified Fe** rutile TiO, nanorod > non-site-
selective modified Fe®*" rutile TiO, nanorod). A plausible reason for the difference in
photocatalytic activity is site selectivity of Fe** modification. The following experiments were
carried out to determine the reason.

The same modification method was applied to commercial rutile TiO, without specific exposed
crystal faces. Therefore, UV irradiation during Fe** modification is thought to induce non-site-
selective modification on the particles because a redox reaction proceeds in the neighboring sites
without being separated. The amounts of evolved CO; evolution as a result of decomposition of
acetaldehyde over site-selective and non-site-selective Fe**-modified commercial rutile TiO, were
495x10° and 500x10°, respectively under visible light irradiation for 24 h. These two samples
were prepared by different modification methods, but the same net amounts of Fe** compound
were loaded on these rutile samples by adjusting the initial amount of Fe**. The photocatalytic
activities of these samples were similar with or without UV irradiation during Fe** modification.

This indicates that the UV irradiation induced formation of the same Fe** species for



photocatalytic reaction as that in the case of non-site-selective modification of Fe** on a rutile
TiO, nanorod. Therefore, the reason for the high activity of site-selective Fe** modified samples
is that UV irradiation during Fe** modification induces loading of site-selective Fe** compounds
on rutile TiO, nanorod.

Properties of electron injection in the conduction band of TiO, were observed by DB-PAS [35].
Figure 8 shows PA intensities for a non-site-selective Fe**-modified rutile TiO, nanorod and a
site-selective Fe**-modified rutile TiO, nanorod as a function of irradiation time of visible-light in
the presence of No+EtOH. PA intensity increased with visible light irradiation because Ti*" was
reduced to Ti** by injected electrons from the photoexcited Fe** compound loaded on the rutile
TiO, nanorod. The saturation limit of PA intensity showed no dependence on Fe** modification
conditions. This is a reasonable result because the amounts of photoabsorption of these samples
were not so different as shown in Fig. 6. This indicates that the plausible factor may be efficiency
of reduction on rutile TiO, nanorods modified with Fe** by injected electrons.

DB-PA measurements in the presence of oxygen with EtOH were also carried out to elucidate
the behavior of injected electrons in the rutile TiO, nanorod. Figure 9 shows time-course curves
of a non-site-selective Fe**-modified rutile TiO, nanorod and a site-selective Fe**-modified rutile
TiO, nanorod under visible-light irradiation in the presence of air+EtOH. The steady-state value
of PA intensity showed a dependence on the modification method (non-site-selective Fe**-
modified rutile TiO, nanorod > site-selective Fe**-modified rutile TiO, nanorod). This suggests
that the efficiency of reduction on the surface of a site-selective Fe**-modified rutile TiO, nanorod
is higher than that on a non-site-selective Fe**-modified rutile TiO, nanorod because the
consumption of injected electrons in the rutile TiO, nanorod by reduction of oxygen efficiently
proceeded on the {110} face without retardation.

4. Morphology-controlled brookite TiO, nanorod with exposed crystal faces

Morphology-controlled brookite TiO, nanorods with {210} and {212} exposed crystal faces were
prepared by hydrothermal synthesis [19, 37-42]. The procedure for preparation of morphology-
controlled brookite TiO, with exposed crystal faces is as follows. Amorphous titanium hydroxide
particles were dispersed in 30% hydrogen peroxide containing ammonia and glycolic acid. After
stirring the solution at ca. 60 °C for several hours, an orange gelled compound was obtained. The
gelled compound was dispersed in deionized water with pH being adjusted to 10 by the addition of
ammonia. The solution in a Teflon bottle sealed with a stainless jacket was heated at 200 °C for 48
h in an oven. After hydrothermal treatment, the residue was washed with deionized water and

dried under reduced pressure at 60 °C for 12 h.



For controlling the aspect ratio (AR) of brookite of a TiO, nanorod, the preparation procedure
was modified as follows. Amorphous titanium hydroxide particles were dispersed in 30%
hydrogen peroxide containing ammonia and glycolic acid, and a yellow peroxo titanic acid (PTA)
solution was obtained. An aqueous solution containing an appropriate amount of PVA (5, 25, or
50 mg) was added to the PTA solution and the solution was stirred at room temperature for 6 h.
After the treatment, an orange gelled compound was obtained. The gelled compound was
dispersed in deionized water with pH being adjusted to 10. The solution in a Teflon bottle sealed
with a stainless jacket was heated at 200 °C for 48 h in an oven. After hydrothermal treatment, the
residue in the Teflon bottle was washed with milli-Q water until ionic conductivity of the
supernatant was < 10 S-cm™. The particles were dried under reduced pressure at 60 °C for 12 h.

Figure 11 shows XRD patterns of prepared TiO, nanorod particles, which are assigned to a pure
brookite phase. Surface areas of the brookite TiO, nanorods prepared with 5, 25 and 50 mg of PVA
were 24.2, 25.8, and 27.7 m?.g, respectively. Figure 12 shows TEM image of brookite TiO,
without a polymer. A brookite TiO, nanorod with a length of 100 nm, width of 25 nm and AR of
2.7 was obtained. The relative surface area of the prepared brookite TiO, nanorod was 47 m?.g™.
Exposed crystal faces were analyzed by TEM and SAED analysis and were assigned to large
{212} and small {210} exposed crystal faces (Fig. 11). The {210} and {212} exposed crystal
faces on the brookite TiO, nanorod were assigned to reduction and oxidation sites using
previously reported technique [15-17]. Therefore, Fe** are expected to mainly adsorb on {212}
faces under UV irradiation because Fe** on {210} faces desorb due to reduction of Fe** to Fe®*
(Fig.5). Fe** were recovered to Fe** as a result of reoxidation by oxygen and/or positive holes on
{212} faces.

TEM images of AR-controlled brookite TiO, by addition of the PVA polymer are shown in
Fig.12. The results indicate that addition of 50 mg PVA was sufficient to prepare brookite TiO,
particles with the smallest AR (Fig. 12). TEM images of samples prepared with and without PVA
are shown in Fig. 13.

Photocatalytic activities for photocatalytic decomposition of toluene over a brookite TiO;
nanorod were evaluated. 100 mg powder was spread on a glass dish, which was placed in a Tedlar
bag. Five hundred parts per million of gaseous acetaldehyde or one hundred parts per million of
gaseous toluene was injected into the Tedlar bag. The gaseous composition in the Tedlar bag was
79% N,, 21% O,, < 0.1x10° CO, and 100x10°° or 500x10°® toluene, and relative humidity was ca.
30%. A light-emitting diode with a center wavelength of ca. 365 nm (0.1 mW-cm %) was used as
the light source. The concentrations of acetaldehyde and carbon dioxide (CO,) were analyzed by

gas chromatography.



The photocatalytic activities of the prepared samples for decomposition of toluene were
evaluated. Figure 14 shows CO, evolution as a result of toluene decomposition over several kinds
of brookite TiO, under UV LED irradiation for 8 h. The AR of a brookite TiO, nanorod with
specific exposed crystal faces was rather sensitive to photocatalytic activity for toluene
decomposition. Toluene decomposition on a photoirradiated brookite TiO, nanorod with a larger
AR showed higher photocatalytic activity than that on a brookite TiO, nanorod with a smaller AR.
This result suggested that photocatalytic activity for toluene decomposition increased with an
increase in the AR of the brookite TiO, nanorod. Under optimized conditions, reduction sites on
the surface of the brookite TiO, nanorod should be predominantly exposed as shown in Fig. 14.
These results indicated that reduction of oxygen on the surfaces of the reduction sites of a brookite
TiO, nanorod might be the rate-determining step for toluene oxidation over a brookite TiO,

nanorod under UV light.

5. Visible light-responsive brookite TiO, nanorod modified with Fe** compounds

For non-site-selective Fe** compound modification of a brookite TiO, nanorod, an aqueous
suspension containing shape-controlled brookite TiO, nanorods and an aqueous solution of
iron(111) nitrate (Fe(NOs)3) was stirred for 6 h under an aerated condition. The supernatant and
residue were separated by filtration, and the residue was washed with deionized water and dried
under reduced pressure.

For site-selective Fe** compound modification of a brookite TiO, nanorod, an aqueous
suspension containing each brookite TiO, and an aqueous solution of Fe(NOg3); with ethanol was
stirred for 6 h under an aerated condition. The stirring was carried out under UV irradiation with a
500-W super-high-pressure mercury lamp (1.0 mW-cm™). The supernatant and residue were
separated by filtration immediately after stirring for 6 h. The residue was washed with deionized
water and dried under reduced pressure.

The color of the brookite TiO, nanorod changed from white to pale yellow. Figure 15 shows
UV-Vis spectra of bare and Fe**-modified brookite TiO,. An increase in photoabsorption was
observed in the wavelength region between 400 and 500 nm of DR spectra. Photoabsorption
increased with an increase in the net amount of Fe** compounds loaded on the brookite TiO,
nanorod.

Photocatalytic activities for decomposition of acetaldehyde over the samples were analyzed.
100 mg powder was spread on a glass dish, which was placed in a 125 cm® Tedlar bag. Five
hundred parts per million of gaseous acetaldehyde was injected into the Tedlar bag. The gaseous
composition in the Tedlar bag was 79% N, 21% O,, < 0.1x10"° CO, and 500x10°° acetaldehyde,



and relative humidity was ca. 30%. A light-emitting diode (LED, Lumileds, Luxeon LXHL-
NRR8) that emitted light at a wavelength of 455 nm (1.0 mW-cm™) was used. The concentrations
of acetaldehyde and carbon dioxide (CO,) were estimated by gas chromatography.

Figure 16 shows the dependence of the site-selective Fe** compound-modified brookite TiO, on
photocatalytic activity (CO, evolution as a result of acetaldehyde degradation after 24 h of
photoirradiation). Photocatalytic activity of the Fe**-modified brookite TiO, nanorod was much
higher than that of the Fe**-modified commercial spherical brookite TiO,. Under visible light
irradiation, no photocatalytic activity of the bare brookite TiO, nanorod ore bare commercial
brookite TiO, nanoparticles for oxidation of acetaldehyde was observed. This indicates that Fe**
on the brookite TiO, nanorod induced photocatalytic reaction under visible-light irradiation [26].
The amount of evolved CO, over nitrogen-doped TiO, (N-TiO,; Sumitomo Chemical Co.) was
about 180x10°® under the same experimental conditions. The Fe**-modified brookite TiO, nanorod
showed much higher photocatalytic activity than that of N-TiO..

Photocatalytic activity increased with an increase in the amount of Fe** modification because of
the increase in visible light photoabsorption. In addition, an excess amount of Fe** modification
decreased photocatalytic activity presumably due to a decrease in reduction sites by coverage of
the TiO, surface. Therefore, an increase in photocatalytic activity of the site-selective Fe®'-
modified brookite TiO, nanorod might be attributable to the removal of an excess amount of Fe**
compounds. In addition, a site-selective Fe** modified brookite TiO, nanorod with a larger AR
showed higher photocatalytic activity for acetaldehyde degradation than that of a brookite TiO;
nanorod site-selectively modified with Fe** compounds having a smaller AR. These results
suggested that the rate-determining step of acetaldehyde oxidation under visible light might be
oxygen reduction proceeding on the reduction site of the brookite TiO, nanorod. Therefore, a site-
selective Fe** modified brookite TiO, nanorod with a larger AR having a large reduction area
showed the highest activity for acetaldehyde oxidation under visible light.

The same modification method was applied to commercial brookite TiO, that has a spherical
shape without specific exposed crystal faces. Figure 16 shows the amount of CO, evolution over
site-selective Fe**-modified commercial brookite TiO, nanoparticles under visible-light irradiation.
The photocatalytic activity of Fe**-modified commercial brookite TiO, is quite low compared to
that of the site-selective Fe**-modified brookite TiO, nanorod because UV irradiation during Fe**
modification does not induce site-selective modification on the commercial brookite TiO;
nanoparticles due to the redox reaction proceeding in the neighboring sites without being

separated.



6. Conclusion

It is demonstrated that the morphology of rutile and brookite TiO; particles can be controlled by
means of a hydrothermal process with morphology-controlled reagents. The addition of PVP and
PVA to the hydrothermal preparation process for a brookite TiO, nanorod reduces the AR of the
brookite TiO;, nanorod (AR ~ 1.6-5.2). The exposed crystal surfaces of rutile and brookite TiO,
nanorods show different activities: oxidation and reduction. The photocatalytic activities of rutile
and brookite TiO, nanorods are higher than that of anatase or brookite TiO, fine particles that are
commercially available in Japan. It is found that the photocatalytic activity depends not on the
relative surface area but on the surface structure of TiO, nanorods, suggesting that prevention of
electron-hole pair recombination plays an important role during the photodegradation of organic
compounds.

Fe**-modification on shape-controlled rutile and brookite TiO, nanorods results in high
photocatalytic activity under visible-light irradiation because Fe** are site-selectively modified on
{111} and {212} exposed crystal faces and redox reactions are spatially separated. DB-PA
analyses indicate that photocatalytic activity is determined by not efficiency of electron injection
but efficiency of reduction by injected electrons. The efficiency of reduction is influenced by site-
selectivity of Fe**-modification on {111} faces because Fe** on {110} faces retard an efficient

reduction on the bare TiO, surface.
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Fig. 1 XRD patterns of SH1, SH3, and SH5.
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Fig. 3 Amount of evolved CO, as a result of decomposition of acetaldehyde on rutile TiO, nanorod. Light
intensity:10 mW-cm?, irradiation time: 4h, acetaldehyde: 500x10°®
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Fig. 4 SEM image of rutile TiO, nanorod on which Pt and PbO, particles being deposited for reduction site
and oxidation site, respectively a; schematic representation of Pt or PbO, deposition mechanism and
assignment of reaction sites b.
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Fig.5 Site selective modification on shape controlled rutile rod with {110} and {111} exposed crystal faces
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Fig. 6 UV-Vis spectra of (1) non-site-selective Fe** modified rutile TiO, nanorod, (2) site-selective Fe**
modified rutile TiO, nanorod, (3) rutile TiO, nanorod without modification of Fe** compounds and (4)
emission spectrum of LED used for photocatalytic evaluation
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Fig. 7 Amount of evolved CO, as a result of acetaldehyde decomposition over Fe** modified rutile TiO,
nanorod and N-doped TiO, under visible-light irradiation
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Fig. 8 Time-course curves of PA signals of (1) no site-selective Fe** modified rutile TiO, nanorod and (2)
site-selective Fe** modified rutile TiO, nanorod under visible-light irradiation in presence of N,+EtOH
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Fig. 9 Time-course curves of PA signals with 50 points smoothing of (1) no site-selective Fe** modified
rutile TiO, nanorod and (2) site-selective Fe** modified rutile TiO, nanorod under visible-light irradiation
in presence of air + EtOH
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Fig. 11 TEM image of brookite TiO, nanorod a and SAED analysis of prepared brookite TiO, without a
polymer b
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Fig. 12 Influence of addition of PVA on aspect ratio (AR) of brookite TiO, nanorods: a 5 mg, b 25 mg, and ¢
50 mg.
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Fig. 13 TEM images of prepared brookite TiO, nanorod: a AR=2.7, without a polymer; b AR=1.6, with PVA
(50 mg)
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Fig. 14 CO; evolution as a result of toluene decomposition over three kinds of prepared brookite TiO, under UV

LED irradiation for 8 h
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Fig. 15 UV-Vis spectra of bare and Fe** (0.05 wt%)-modified brookite TiO, without a polymer. Imp meanlng
non-site-selective Fe** compound modification of brookite TiO, and photo meaning site-selective Fe®"
compound modification of brookite TiO..
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Fig. 16 CO, evolution as a result of acetaldehyde decomposition over several kinds of Fe**(0.05 wt%)-modified
brookite TiO, under visible light irradiation for 24 h by using an LED at a wavelength of 455 nm
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