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Abstract

Exposed crystal face-controlled brookite titanium(lIV) oxide (TiO;) nanorods
with various aspect ratios were prepared by a hydrothermal process with or without
PVA or PVP as an aspect reagent. The nanorod-shaped brookite TiO, had larger {210}
and smaller {212} exposed crystal faces, which were assigned by TEM with the SAED
technique. Their aspect ratios were greatly influenced by the addition of PVA or PVP
as an aspect ratio control reagent to the reaction solution used in the hydrothermal
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treatment. The photocatalytic activity for decomposition of acetaldehyde increased
with increase in the aspect ratio because the surface area ratio of {210} to {212}
exposed crystal faces, which are attributed to reduction and oxidation sites, respectively,
became more optimal.

The {212} exposed crystal faces of surface-controlled brookite TiO, were
site-selectively modified with trivalent iron(l11) (Fe*") ions by utilizing the adsorption
property of iron(111)/iron(11) (Fe**/Fe?*) ions. The brookite TiO, nanorod with
site-selective modification of Fe** ions showed much higher photocatalytic activity than
that of commercial brookite TiO, loaded with Fe ions under visible-light irradiation
because of the separation of redox sites. In other words, oxidation and reduction
proceed over Fe** ion-modified {212} faces of the TiO, surface and on {210} faces of

the TiO, surface without modification of Fe**, respectively.
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Photocatalyst; titanium(lV) oxide; brookite TiO, nanorod; separation of redox sites;

visible light responsibility

Introduction

Much interest has recently been shown in environmental purification by
utilizing the self-cleaning effect of a semiconductor photocatalyst [1,2]. Among the
various kinds of semiconductor photocatalyst, titanium(IV) oxide (TiO,) is the most
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suitable photocatalyst for application to environmental purification from the viewpoint
of chemical stability, availability and no toxic properties. Photocatalytic activity over
semiconductor particles is thought to depend on the physical and chemical properties of
the photocatalyst, such as its crystal structure, specific surface area, particle size, and
defect density[3]. Therefore, optimizing these properties has been the conventional
strategy for enhancing photocatalytic activity, though the most suitable property to
optimize for a specific reaction differs depending on the reaction substrate.

Since the report on titanium(1V) oxide (TiO,) with specific exposed crystal
faces by Ohno et al. in 2002[4], various groups have reported TiO, with control of
exposed crystal faces[5-19]. Our group has succeeded in synthesizing
shape-controlled anatase rutile and brookite TiO, with photocatalytic properties
depending on specific exposed crystal faces due to control of reaction sites[20-23].
The results imply that the exposed crystal face of a TiO, photocatalyst is an important
factor for improvement of its photocatalytic activity.  This is reasonable since the
surface energy, chemical surface state, and number and energy state of defective sites
predominantly depend on the atomic arrangement of exposed crystal faces[24-26].

Decahedral TiO, having an anatase phase with {101} and {001} exposed
crystal faces[4,5,8,10-14,23], shape-controlled TiO, having a brookite phase[27-32],
and dodecahedral rutile TiO, with {110} and {101} or {110} and {111} exposed crystal
faces[6,7,20] have been synthesized as well-defined TiO, particles. Formation of these

exposed crystal faces requires the use of inorganic or organic compounds as



shape-control reagents[6-8,11,20,23] specific precursors[9,13,14] and specific
preparation conditions.[12][29-32]

Ohno et al. reported that the photocatalytic activity of shape-controlled TiO,
nanorods having a rutile phase depended on their exposed crystal faces, which could be
controlled by using shape-control reagents or chemical etching.[21] The exposed
crystal faces of shape-controlled rutile TiO, nanorods were assigned to {110} and {111}
crystal faces, which were respectively attributed to reduction and oxidation sites.[20]
In addition, shape-controlled rutile TiO, rods with various aspect ratios were
successfully prepared by a two-step synthesis involving hydrolysis and hydrothermal
processes, and their photocatalytic activities were shown to strongly depend on the
aspect ratio.[33]

In the present study, we prepared shape-controlled brookite TiO, nanorods
with various aspect ratios by a hydrothermal process in the presence of a shape-control
agent (polyvinyl alcohol (PVA) and/or polyvinyl pyrrolidone (PVP)). The exposed
crystal faces of brookite TiO, nanorods were successfully assigned to crystal faces that
are different from those of rutile TiO, nanorods. Reactivity on the exposed crystal
faces was also evaluated. The exposed crystal faces of brookite TiO, nanorods were
analyzed as a function of the aspect ratio of shape-controlled brookite TiO, nanorods,
and the dependence of photocatalytic activity for acetaldehyde decomposition on the
aspect ratio was examined. In addition, shape-controlled brookite TiO, nanorods with
specific exposed crystal faces, which had quite high visible light activity, were modified
with iron(111) (Fe**) ions. In our previous study, modification of rutile TiO, with Fe**

4



ions greatly improved photocatalytic reaction under visible-light irradiation because the
Fe** ions worked as sensitizers for visible light. Moreover, characteristic adsorption
properties of Fe**/Fe** ions on TiO,, which are strongly dependent on valence states of
iron ions, induced site-selective adsorption on specific exposed crystal faces of brookite

TiO, nanorods.

2. Experimental
2.1. Materials

A titanium precursor (titanium ethoxide) was purchased from Sigma-Aldrich.
Hydrogen peroxide (30%), ammonia (25%), glycolic acid, polyvinyl alcohol (PVA), and
polyvinyl pyrolidone (PVP) were purchased from Wako Pure Chemical Industries, Ltd.
Titanium(IV) bis(ammonium lactate) dihydroxide (TALH) and urea were purchased
from Sigma-Aldrich.  Glycolic acid was used to control the crystallinity and
morphology of brookite TiO, particles. Commercial brookite TiO, powder was
obtained from Kojundo Chemical Laboratory Co., Ltd. Other chemical reagents used in

the present study were commercial products without further treatments.

2.2. Procedure for preparation of brookite TiO, nanorods without a polymer
Morphology-controlled brookite TiO, nanorods with {210} and {212}

exposed crystal faces were prepared by hydrothermal synthesis [34, 35-37].



The typical procedure for preparation of shape-controlled brookite TiO;
nanorods is as follows. Amorphous titanium hydroxide particles (12.5 mmol) were
dispersed in 30% hydrogen peroxide (40 cm®). Then 25% ammonia (10 cm®) and
glycolic acid (18.75 mol) were added. After stirring the solution at ca. 60 °C for 6 h to
remove the excess amount of hydrogen peroxide and ammonia, an orange gelled
compound was obtained. The gelled compound was dispersed in deionized water and
pH of the solution was adjusted to 10 by addition of ammonia. Then the volume of the
solution was adjusted (50.0 cm®) by addition of deionized water, and 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 until ionic
conductivity of the supernatant was <10 uS cm . The particles were dried under

reduced pressure at 60 °C for 12 h.

2.3. Procedure for preparation of brookite TiO, nanorods with a polymer as an
aspect control reagent

Amorphous titanium hydroxide particles (12.5 mmol) were dispersed in 30%
hydrogen peroxide (40 cm®). Then 25% ammonia (10 cm®) and glycolic acid (18.75
mmol) were added, and yellow peroxo titanic acid (PTA) solution was obtained. An
aqueous solution containing an appropriate amount of PVA or PVP (5, 25, 50 mg) was
added to the PTA solution.  After stirring the solution at room temperature for 6 h to
remove the excess amount of hydrogen peroxide and ammonia, an orange gelled
compound was obtained. The gelled compound was dispersed in deionized water and
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pH of the solution was adjusted to 10 by addition of ammonia. Then the volume of the
solution was adjusted (50.0 cm®) by addition of deionized water, and 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 pS cm™.  The particles were

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

2.4. Procedure for preparation of brookite TiO, nanorods using titanium
bis(ammonium lactate) dihydroxide (TALH) as a starting material[30]

Five milliliters of TALH aqueous precursor (50%) and an aqueous solution
containing urea (7M) were mixed and then deionized water was added to reach a final
volume of 50 cm®. The resulting solution was transferred into a Teflon cup. The
Teflon bottle sealed with a stainless jacket was heated at 230 °C for 48 h in an oven.
The resulting powder was separated by centrifugation and washed with milli-Q water
until ionic conductivity of the supernatant was < 10 pS cm™. The particles were dried

under reduced pressure at 60 °C for 12 h.

2.5. Non-site-selective modification of the entire surface with Fe** ions

An aqueous suspension containing shape-controlled brookite TiO, nanorods
and an aqueous solution of iron(lll) nitrate (Fe(NOs)s) was stirred for 6 h under an
aerated condition. After stirring, the supernatant and residue were separated by filtration,

and the residue was washed with deionized water several times until the ionic



conductivity of the supernatant was < 10 pS cm™ in order to remove NOs™ ions. The

particles were then dried under reduced pressure.

2.6. Site-selective modification of specific exposed faces with Fe** ions

An aqueous suspension containing each brookite TiO, and an aqueous
solution of Fe(NO3); with ethanol (30 cm?) 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 (Ushio, SX-UI501UQ), the light intensity of which
was 1.0 mW cm?  The supernatant and residue were separated by filtration
immediately after the 6 h of stirring. The residue was washed with deionized water
several times until the ionic conductivity of the supernatant was <10 uS cm™, and then

the particles were dried under reduced pressure.

2.7. Characterization

The crystal structures of the powders were confirmed by using an X-ray
diffractometer (Rigaku, MiniFlex 11) with Cu Ka radiation (. = 1.5405 A). Diffuse
reflectance (DR) spectra were measured using a UV-VIS spectrophotometer (Shimadzu,
UV-2500PC) equipped with an integrating sphere unit (Shimadzu, ISR-240A). The
specific surface areas of the particles were determined with a surface area analyzer
(Quantachrome, Nova 4200e) by using the Brunauer-Emmett-Teller equation. The
morphology of prepared TiO, particles was observed by using transmission electron
microscopy (TEM; Hitachi, H-9000NAR) and scanning electron microscopy (SEM,;
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JEOL, JSM-6701FONO). The net amount of Fe** ions on the TiO, surface was
estimated by analysis of the filtrate with inductively coupled plasma optical emission
spectroscopy (ICP-OES; Shimadzu, ICPS-8000). X-ray photoelectron spectra (XPS)
of the TiO, particles were measured using a photoelectron spectrometer (JEOL,
JPS90SX) with an Mg Ka source (1253.6 eV). The shift of binding energy was

corrected using the C 1s level at 284.6 eV as an internal standard.

2.8. Photocatalytic decomposition of toluene over pure brookite TiO, nanorods
under UV light and photocatalytic decomposition of acetaldehyde over brookite
TiO, nanorods with site-selective Fe** modification

Photocatalytic  activities of samples were evaluated by
photocatalytic decomposition of toluene. One hundred milligrams of powder, which
had complete extinction of incident radiation, was spread on a glass dish, and the glass
dish was placed in a 125 cm® Tedlar bag (AS ONE Co. Ltd.). Five hundred parts per
million of gaseous acetaldehyde or one hundred parts per million of gaseous toluene
was injected into the Tedlar bag, and photoirradiation was performed at room
temperature after the toluene had reached adsorption equilibrium. The gaseous
composition in the Tedlar bag was 79% of N, 21% of O,, < 0.1 ppm of CO, and 100
ppm or 500 ppm of toluene, and relative humidity was ca. 30%. A light-emitting
diode (Nichia, NCCUO033), which emitted light at a wavelength of ca. 365 nm and an
intensity of 0.1 mW cm 2, was used as the light source for photocatalytic evaluation
under UV light. A light-emitting diode (LED; Lumileds, Luxeon LXHL-NRRS),
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which emitted light at a wavelength of ca. 455 nm with an intensity of 1.0 mW cm?,
was also used for visible light irradiation.  The emission spectrum of the LED is shown
in Fig. 1. The concentrations of acetaldehyde and carbon dioxide (CO,) were
estimated by gas chromatography (Shimadzu, GC-8A, FID detector) with a PEG-20 M
20% Celite 545 packed glass column and by gas chromatography (Shimadzu, GC-9A,

FID detector) with a TCP 20% Uniport R packed column and a methanizer (GL

Sciences, MT-221), respectively.

365 nm

Intensity

gy g ———————

200 300 400 500 600 700
Wavelength/ nm

Fig. 1 Emission spectrum of the LED (365 or 455 nm)

3. Results and discussion
3.1. Morphology analysis of prepared brookite TiO, nanorods

Fig. 2 shows XRD patterns of the prepared brookite TiO, with and without
PVA or PVP (50 mg) and also brookite TiO, using TALH as a starting material. All

prepared samples were attributed to a single-phase brookite TiO; structure.
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Fig. 2 XRD pattern of the prepared brookite TiO,

Fig. 3 shows a TEM image of brookite TiO, without a polymer. rod-like morphology of
brookite TiO, with a length of 100 nm, width of 25 nm and an aspect ratio of 2.7 was
observed. Relative surface area of the prepared brookite TiO, nanorod was 47 m? g™
Assignment of exposed crystal faces was confirmed by TEM and selected area electron
diffraction (SAED) analysis (Fig. 4). The prepared brookite TiO, showed a nanorod
shape with large {212} and small {210} exposed crystal faces.
TEM and SEM images of aspect ratio controlled brookite TiO, by addition of the
PVA or PVP polymer (Fig . 5).
The aspect ratio of brookite TiO, nanorods was decreased by addition of PVA
or PVP. The effect of addition of PVA for aspect ratio control of brookite TiO,
nanorods was greater than that of PVP as shown in Fig. 5. These results indicate that

addition of 50 mg of PVA was sufficient to prepare brookite TiO, particles with the
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smallest aspect ratio (Fig. 5). The aspect ratio (AR) and TEM images of the prepared

samples were summarized in Fig. 6.

Fig. 3 TEM image of the prepared brookite TiO, without a polymer

Fig. 4 SAED analysis of the prepared brookite TiO, without a polymer
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Fig. 5 The influence in aspect ratio of brookite TiO, nanorods by addition of PVA or PVP
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Fig. 6  TEM image of the prepared brookite TiO :

(a) without a polymer (b)With PVA (50 mg)

(c) With PVP (50 mg) (d) Using TALH

3.2. Correlation between aspect ratio of brookite TiO, nanorods and photocatalytic

activity for toluene degradation under UV light

The photocatalytic activities of the prepared samples for decomposition of toluene were
evaluated. Fig. 7 shows CO, evolution as a result of toluene decomposition over
several kinds of prepared TiO, nanorods under UV irradiation for 8 h by using LED at a
wavelength of 365 nm as a right source. The amount of CO, evolved varied greatly
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among the samples. The aspect ratio of a brookite TiO, nanorod with specific exposed
crystal faces is rather sensitive to photocatalytic activity for toluene decomposition.
Photocatalytic activity for toluene decomposition on a photoirradiated brookite TiO;
nanorod with a larger aspect ratio was higher than that on a nanorod with a smaller
aspect ratio. This result suggested that photocatalytic toluene decomposition was
drastically improved by controlling the ratio of exposed reduction sites to oxidation
sites on the surface 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. 7. 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.

500
E 400 r 40mz -1
Q
E- 47m? gt 4sm’g’
o~ 300 27m2 -1
3 " sam2g!
[T
o
T 200
=]
@]
£
< 100
0
Commercial  With With Without Using
brookite PVA PVP polymer TALH

Fig. 7 CO, evolution as a result of toluene decomposition
over several kinds of prepared brookite TiO, under UV irradiation

for 8 h by using an LED at a wavelength of 365 nm
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3.3. Properties of bare and Fe**-modified brookite TiO, nanorods

Among the several kinds of brookite TiO, including commercial brookite
TiO,, we selected brookite TiO, with PVP, brookite TiO, without a polymer, and
commercial brookite TiO,. We would like to discuss the relationship between visible
light responsive photocatalytic activity and adsorption in visible region. Therefore, the
absorption spectra of Fe** modified commercial TiO,, with PVP, and without polymer,
were analyzed. These samples showed the highest, second, lowest photocatalytic
activities. Table 1 shows a summary of Fe**-modified brookite TiO, by two Fe®'
modification methods and the net amount of Fe** loaded on the prepared samples.

Table1 A summary of Fe** modified prepared brookite TiO,

Brookite TiO, Sample name Loading amount / wt% @ Loading method = Net amount / wt%
Commercial Com-imp 0.05 Impregnation 0.043
Commercial Com-photo 0.05 Hg lamp 0.033
With PVP PVP-imp 0.05 Impregnation 0.041
With PVP PVP-photo 0.05 Hg lamp 0.041
Without a polymer No polymer-imp 0.05 Impregnation 0.042
Without a polymer No polymer-photo 0.05 Hg lamp 0.035

The valence state of iron ions on TiO; particles was confirmed to be a trivalent state by
XPS analyses. UV light irradiation during Fe** modification decreased the net amount
of Fe*" ions on the TiO, surface, while almost the entire surface was modified with Fe**
ions in the dark, in agreement with modification of a rutile TiO, nanorod with iron ions

under UV light irradiation[38]. It has been reported that Fe** ions hardly adsorb on the

TiO, surface compared to Fe® ions [39]. Therefore, it is thought that Fe** ions were
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produced as a result of reduction of Fe** ions by photoexcited electrons in TiO and then
the Fe** ions desorbed from the TiO, surface. Reduction of Fe*" ions efficiently
proceeded on the surfaces of reduction sites of a brookite TiO, nanorod using ethanol as
an hole scavenger. The reduction of Fe** ions was induced by efficient hole
consumption resulting in electron accumulation in the TiO, nanorod. Reactivity
assignment of exposed {210} and {212} crystal faces of a brookite TiO, nanorod were
assigned to reduction and oxidation sites by photodeposition of PbO, and Pt
nanoparticles, respectively, according to the previously reported technique[20-22].
These results indicated that reduction and oxidation on the brookite TiO, nanorod
proceed predominantly on {210} and {212} exposed crystal faces, respectively (not
shown here). Therefore, Fe** ions are expected to mainly adsorb on {212} faces under
UV irradiation because Fe*" ions on {2103} faces desorb due to reduction of Fe** to Fe?*
(Scheme 1). The Fe** ions were recovered to Fe** ijons as a result of reoxidation by

oxygen and/or positive holes on {212} faces.
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© electron @ hole

Scheme 1  Fe*" ions are expected to mainly adsorb on {212} faces

under UV irradiation

Modification with Fe** ions induced a color change from white to pale yellow.
Fig. 8 shows UV-VIS spectra of bare and Fe**-modified TiO,. In the wavelength
region between 400 and 500 nm of DR spectra, an increase in photoabsorption was
observed. Photoabsorption was increased with an increase in the net amount of Fe*

ions in the brookite TiO, nanorod.
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UV-vis spectra of bare and Fe** (0.05 wt%)-modified brookite TiO, :

(@) commercial, (b) with PVP (50 mg), (c) without a polymer

3.4. Photocatalytic activity for decomposition of acetaldehyde under visible light

irradiation

Fig. 9 shows dependence of the net amount of Fe** ions of the site-selective

modified brookite TiO, on photocatalytic activity (CO, evolution after 24 h of

photoirradiation).
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nanorod was much higher than that of Fe**-modified commercial brookite TiO,
nanoparticles. Under the same conditions, no photocatalytic activities of the brookite
TiO, nanorod and commercial brookite TiO, nanoparticles without Fe** modification
were observed for oxidation of acetaldehyde. Moreover, photocatalytic activity of the
Fe**-modified brookite TiO, nanorod showed dependence on the amount of Fe*.
This indicates that Fe** ions on the brookite TiO, nanorod induced photocatalytic
reaction under visible-light irradiation as follows [40]: (1) photoexcited Fe*" ions
injected electrons into TiO, and became an oxidized state of Fe** (Fe*), (2) injected
electrons migrated in the bulk and reduced oxygen species on the TiO, surface and (3)
the oxidized state of Fe** ions (Fe**) oxidized acetaldehyde and went back to the initial
state of metal ions (Fe**). The amount of evolved CO, over nitrogen-doped TiO,
(N-TiO2; Sumitomo Chemical Co.) was about 180 ppm under the same experimental
condition. Fe**-modified brookite TiO, nanorod showed higher photocatalytic activity
than that of N-TiO,, which is well known as conventional visible-light-responsive TiO,.
Photocatalytic activity was increased by a small amount of Fe** modification
because of the increase in visible light photoabsorption. On the other hand, an excess
amount of Fe** modification decreased photocatalytic activity presumably due to a
decrease of reduction sites by coverage of the TiO, surface and/or formation of inactive
aggregated Fe®* species.  Therefore, increase in photocatalytic activity of the
site-selective Fe**-modified brookite TiO, nanorod prepared by UV irradiation might be
attributable to removal of an excess amount of Fe** for covering reduction sites or
aggregation because UV irradiation decreased the net amount of Fe** ions.  In addition,
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a site-selective Fe** modified brookite TiO, nanorod with a larger aspect ratio showed
higher photocatalytic activity for acetaldehyde degradation than that of a brookite TiO,
nanorod site-selectively modified with Fe®* cations having a smaller aspect ratio.
These results suggested that the rate-determining step of acetaldehyde oxidation under
visible light might be oxygen reduction. Therefore, a site-selective Fe** modified
brookite TiO, nanorod with a larger aspect ratio showed the highest activity for
acetaldehyde oxidation under visible light.

The same modification method was applied to commercial brookite TiO,,
which has a spherical shape without specific exposed crystal faces. Fig. 9 shows the
amount of CO, evolution as a result of decomposition of acetaldehyde over
site-selective Fe®**-modified commercial brookite TiO, nanoparticles under visible-light
irradiation. Under that condition, it is thought that UV irradiation during Fe*
modification does not induce site-selective modification on the particles because redox
reaction proceeds in the neighboring sites without being separated. Therefore, a
drastic decrease in photocatalytic activity was observed in the case of an excess amount
of Fe** modification because the saturation limit of Fe** modification on the surface of
commercial brookite TiO, nanoparticles was easily reached, resulting in a decrease in
active sites by coverage of the brookite TiO, surface and/or formation of inactive

aggregated Fe** species.
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Fig.9  CO; evolution as a result of acetaldehyde decomposition
over several kinds of Fe** -modified brookite TiO, under visible light

irradiation for 24 h by using an LED at a wavelength of 455 nm

4. Conclusions

Morphology-controlled brookite TiO, nanorods with a wide range of aspect
ratios (AR ~ 1.6-5.2) were successfully prepared. The exposed crystal surfaces of
brookite TiO, nanorods were assigned to {210} and {212}. Oxidation reaction
predominantly proceeded on the {212} facet, while the {210} facet was assigned to a
reduction site, resulting in the achievement of a charge separation and an improvement
of photocatalytic activity. PVP and PVA were effective reagents for controlling the

aspect ratio of brookite TiO,. Dependence of photocatalytic activity for toluene
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oxidation on aspect ratio of the morphology-controlled brookite TiO, nanorod was
observed.

An improvement in the photocatalytic activity of a morphology- controlled
brookite TiO, nanorod for acetaldehyde oxidation was achieved by site-selective

modification of the exposed crystal surface of a brookite TiO, nanorod with Fe** ions.
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FIGURE CAPTIONS

Figure 1. Emission spectrum of the LED (365 or 455 nm)

Figure 2. XRD pattern of the prepared brookite TiO,

Figure 3. TEM images of the prepared TiO, without a polymer

Figure 4. SAED analysis of the prepared brookite TiO, without a polymer

Figure 5. The influence in aspect ratio of brookite TiO, nanorods by addition of PVA
or PVP (5, 25, 50 mg)

Figure 6. TEM image of the prepared brookite TiO, :

(@) without a polymer, (b) with PVA (50 mg), (c) with PVP (50 mg), and (d) using
TALH
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Figure 7. CO, evolution as a result of toluene decomposition over several kinds of
prepared brookite TiO, under UV irradiation for 8 h by using an LED at a wavelength
of 365 nm

Figure 8. UV-VIS spectra of bare and Fe** (0.05 wt%) -modified brookite TiO; :

(@) commercial, (b) with PVP (50 mg), (c) without a polymer

Figure 9. CO; evolution as a result of acetaldehyde decomposition over several kinds
of Fe3+-modified brookite TiO, under visible light irradiation for 24 h by using an LED
at a wavelength of 455 nm

Scheme 1 Fe** ions are expected to mainly adsorb on {212} faces under UV

irradiation
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