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ABSTRACT: We report that photoactivated rutile titanium
dioxide (TiO2) catalyzes a highly efficient and selective
hydrogenation of nitroaromatics with alcohol as a hydrogen
source. Photoirradiation (λ >300 nm) of rutile TiO2
suspended in alcohol containing nitroaromatics at room
temperature and atmospheric pressure produces the corre-
sponding anilines with almost quantitative yields, whereas
common anatase and P25 TiO2 show poor activity and
selectivity. The Ti3+ atoms located at the oxygen vacancies on
the rutile surface behave as the adsorption site for nitro-
aromatics and the trapping site for photoformed conduction band electrons. These effects facilitate rapid and selective nitro-to-
amine hydrogenation of the adsorbed nitroaromatics by the surface-trapped electrons, enabling aniline formation with
significantly high quantum yields (>25% at <370 nm). The rutile TiO2 system also facilitates chemoselective hydrogenation of
nitroaromatics with reducible substituents; several kinds of functionalized anilines are successfully produced with >94% yields.
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■ INTRODUCTION

Functionalized anilines are industrially important intermediates
for the synthesis of pharmaceuticals, polymers, herbicides, and
fine chemicals.1 These compounds are generally produced by
hydrogenation of nitroaromatics using stoichiometric or excess
amounts of reducing agents, with a concomitant formation of
copious amount of wastes.2 Catalytic hydrogenation is therefore
an ideal process; however, conventional platinum-group metal
catalysts with molecular hydrogen (H2) as a hydrogen source
promote hydrogenation of other functionalities such as vinyl
and carbonyl groups and results in poor selectivity.3 Several
catalytic systems have been proposed so far, but only a few
systems have succeeded selective nitro hydrogenation.4−9 The
most efficient systems employ gold nanoparticles supported on
TiO2 or Fe2O3,

6−8 and silver nanoparticles covered with CeO2
nanoparticles.9 These systems successfully promote selective
nitro hydrogenation, but require high H2 pressure (>5 bar) and
high temperature (>373 K). Alternative catalytic processes that
promote selective nitro hydrogenation under milder reaction
conditions are necessary for safe and clean synthesis of
functionalized anilines.
Semiconductor titanium dioxide (TiO2), activated by

irradiation of ultraviolet (UV) light, promotes oxidation and
reduction reactions at atmospheric pressure and room
temperature, and has widely been used for decomposition of
organic pollutants.10 Application of TiO2 photocatalysis to
organic synthesis has also been studied. The reactions are,
however, usually nonselective; selective transformations of

reactants to targeted products are difficult to achieve,11,12

although recent studies reported some successful exam-
ples.13−16 Photocatalytic hydrogenation of nitroaromatics with
TiO2 has also been studied with alcohol as a hydrogen
source.17−23 These reactions are performed by UV irradiation
of TiO2 suspended in alcohol containing nitroaromatics under
inert gas atmosphere. Photoexcited TiO2 produces the electron
(e−) and positive hole (h+) pairs (eq 1). The h+ oxidizes
alcohol and produces ketone and protons (eq 2).24 The
reduction of nitroaromatics by e− produces the corresponding
anilines (eqs 3−5), via a formation of nitrosobenzene (Ar−
NO) and N-phenylhydroxylamine (Ar−NHOH) intermediates.
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The overall reaction is expressed as follows:

− +

→ − + +

Ar NO 3(CH ) CHOH

Ar NH 3(CH ) CO 2H O
2 3 2

2 3 2 2 (6)

Selective production of aniline by TiO2 photocatalysis is,
however, significantly difficult. This is because, as shown by eqs
4 and 5, the nitrosobenzene and N-phenylhydroxylamine
intermediates are converted to the reactive radicals ([Ar−
NOH•] and [Ar−NH•]) by the reduction with e−, and produce
dimers (azobenzene and azoxybenzene) or polymerized
materials.25 Selective aniline production, therefore, requires
rapid nitro-to-amine hydrogenation to suppress the side
reactions promoted by the intermediates.
TiO2 has three common polymorphic forms such as anatase,

rutile, and brookite, and anatase and rutile forms are often
employed for photocatalysis. Anatase usually shows much
higher activity than rutile,26 and its activity is further improved
by coupling with about 20% rutile (Degussa P25 TiO2).

27

Along these lines, early reported systems for photocatalytic
nitro hydrogenation employed anatase or P25 TiO2, resulting
in insufficient activity and selectivity.17−23

Herein, we report that rutile TiO2, which has been
considered less active for photocatalysis, promotes nitro
hydrogenation with significantly higher activity and selectivity
than anatase and P25, enabling almost quantitative aniline
production. IR, XPS, and UV−vis analysis revealed that the
oxygen vacancy sites on the rutile surface behave as the active
site facilitating rapid nitro-to-amine hydrogenation. Rutile TiO2
also promotes chemoselective hydrogenation of nitroaromatics

with reducible substituents, and successfully produce several
kinds of functionalized anilines with >94% yields.

■ RESULTS AND DISCUSSION

The efficacy of rutile TiO2 is evident from the hydrogenation of
nitrobenzene in 2-PrOH using various kinds of anatase, P25,
and rutile TiO2 particles with different particle sizes and
Brunauer−Emmett−Teller (BET) surface areas. Table 1
summarizes the nitrobenzene conversions and the aniline
yields obtained by 4 h photoirradiation (λ >300 nm) of
respective TiO2 (5 mg) suspended in 2-PrOH (5 mL)
containing nitrobenzene (10 mM) under N2 atmosphere (1
atm). With anatase TiO2 (samples 1−6), the nitrobenzene
conversions are <40% and the aniline selectivities are <75%.
P25 TiO2 (sample 7) shows enhanced nitrobenzene conversion
(68%), but the selectivity is still insufficient (85%). In these
systems, GC and LC analysis of the solution detected
azobenzene and azoxybenzene as major byproducts, and
nitrosobenzene and N-phenylhydroxylamine as minor by-
products (ca. 0.05 mM). These findings suggest that, as
shown by eqs 4 and 5, the reactive radicals ([Ar−NOH•] and
[Ar−NH•]) formed via the reduction of nitrosobenzene and N-
phenylhydroxylamine intermediates indeed promote byproduct
formation.25 In contrast, rutile TiO2 (samples 9−13) promotes
almost complete disappearance of nitrobenzene (>99%) and
produces aniline with very high yields (>93%). During the
reactions, neither nitrosobenzene nor N-phenylhydroxylamine
was detected. These results clearly indicate that rutile TiO2

rapidly promotes the nitro-to-amine hydrogenation sequence

Table 1. Properties of TiO2 Particles and Their Performance for Photocatalytic Hydrogenation of Nitrobenzenea

sample catalyst crystalline phaseb
BET surface area/m2

g−1
particle size/

nmc
nitrobenzene
conv./%d

aniline yield/
%d

aniline
select./%

vf
e/μmol
h−1

1 JRC-TIO-1f anatase 73 21 21 15 71 2.0
2 JRC-TIO-2f anatase 18 400 13 4 31 0.9
3 ST-21g anatase 67 25 23 6 26 0.9
4 ST-01g anatase 217 7 37 27 73
5 ST-41g anatase 11 200 11 3 27
6 HyCOM TiO2

h anatase 132 13 16 8 50
7 JRC-TIO-4 (P25)f anatase 83%/rutile

17%
59 25 68 58 85 9.9

8 HF-treated P25i rutile 32 71 >99 93 93
9 PT-101g rutile 25 71 >99 93 93 11.8
10 JRC-TIO-3f rutile 40 41 >99 94 94 13.1
11 JRC-TIO-6f rutile 100 17 >99 97 97 15.6
12 CR-ELg rutile 7 250 >99 95 95
13 NS-51j rutile 7 220 >99 93 93
14 Pt/JRC-TIO-6k rutile 68 55 81 6.9
15 Ag/JRC-TIO-6k rutile 86 75 87
16 Pd/JRC-TIO-6k rutile 92 76 83
17 Au/JRC-TIO-6k rutile 93 80 86

aPhotoirradiation was performed using a Xe lamp (2 kW; light intensity at 300−450 nm, 27.3 W m−2). bDetermined by XRD analysis (Figure S1,
Supporting Information), where the anatase and rutile contents were determined with the equation: anatase (%) = Ianatase (101)/(Ianatase (101) + 1.4 ×
Irutile (110)) × 100 (ref 29). cDetermined by dynamic light scattering analysis. dDetermined by GC. eAverage initial rate for aniline formation,
determined by dividing the amount of aniline formed during 2 h photoreaction by 2 (h). fJapan Reference Catalyst, supplied from the Catalyst
Society of Japan. gSupplied from Ishihara Sangyo, Ltd. (Japan). hPrepared by hydrothermal crystallization in organic media (HyCOM) (ref 54).
iPrepared by stirring P25 (1 g) in 10% HF (50 mL) for 24 h at room temperature followed by thorough washing with water. jSupplied from Toho
Titanium Co., Ltd. (Japan). kPrepared by a photodeposition method (ref 24), where the metal loadings [= M/TiO2 × 100] are Pt (0.57 wt %), Ag
(0.55 wt %), Pd (0.50 wt %), and Au (0.30 wt %), respectively.
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(eqs 3−5). This suppresses side reactions and facilitates
selective aniline production.
Figure 1 shows the time-dependent change in the amounts of

substrate and products during photocatalytic reaction of
nitrobenzene with respective anatase, P25, and rutile TiO2.
During photoirradiation, anatase and P25 show much lower
nitrobenzene conversion and aniline selectivity than rutile. With
rutile TiO2, more than 4 h photoirradiation leads to complete
transformation of nitrobenzene to aniline (50 μmol), along
with a formation of almost three equivalents of acetone (150
μmol). H2 gas was not detected during the reaction (detection
limit: 0.1 μmol). This clearly indicates that the H atoms of
alcohol, removed by oxidation with h+ (eq 2), are consumed
quantitatively by the nitro-to-amine hydrogenation (eqs 3−5),
and stoichiometric oxidation and reduction reactions (eq 6)
occur on the photoactivated rutile TiO2.
As reported,28 anatase TiO2 dissolves in hydrofluoric acid

(HF) more easily than rutile. Stirring P25 TiO2 particles (1 g)
in 10% HF solution (50 mL) for 24 h at room temperature
followed by thorough washing with water successfully isolates
pure rutile TiO2, as evidenced by X-ray diffraction (XRD)
analysis29 (Figure S1, Supporting Information). As shown in
Table 1 (sample 8), the isolated rutile particles, when employed
for photocatalytic hydrogenation of nitrobenzene, produce
aniline with 93% yield, which is much higher than that obtained
with P25 (58%, sample 7). This clearly indicates that rutile
TiO2 indeed promotes rapid and selective nitro hydrogenation.
The active sites for nitro hydrogenation on rutile TiO2 are

the Ti3+ atoms located at the surface defects. As shown in
Figure 2, the rutile (110) surface is characterized by alternate
rows of 5-fold coordinated Ti4+ atoms and bridging O2− atoms
(Ob) that run in the (001) direction.30 Surface defects are the
Ob vacancies, where two excess electrons associated with Ob are
transferred to the empty 3d orbitals of neighboring Ti4+ atoms,
producing two Ti3+ atoms. These surface Ti3+ atoms behave as
an adsorption site for nitroaromatics via an electron donation31

and as a trapping site for photoformed conduction band e−.32

These two effects enable rapid nitro-to-amine hydrogenation
on the surface Ti3+ atoms. The adsorption of nitroaromatics
onto Ti3+ is confirmed by IR analysis. Figure 3a shows the IR
spectra of nitrobenzene adsorbed onto the selected anatase or
rutile TiO2 particles in the gas phase. Two distinctive
absorption bands appear at 1522 and 1346 cm−1, which are
assigned to asymmetric stretching vibration (νasym) of nitro
group adsorbed on the surface Ti−OH group (Figure 2a) and
symmetric stretching vibration (νsym) of nitro group adsorbed

on the surface Ti3+ (Figure 2b), respectively.33 The intensities
of νsym band on the rutile TiO2 particles (samples 9−11) are

Figure 1. Time-dependent change in the amounts of substrate and products during photoreaction of nitrobenzene in 2-PrOH performed with (a)
anatase (sample 1), (b) P25 (sample 7), or rutile TiO2 (sample 11). Reaction conditions are identical to those in Table 1.

Figure 2. Surface structure of rutile TiO2 (110), and (a) asymmetric
and (b) symmetric adsorption modes of nitrobenzene. The light blue
and green spheres are the Ob atoms that lie in the [001] azimuth. The
parallel red and yellow spheres are the Ti and H atoms, respectively.

Figure 3. (a) Diffuse-reflectance IR spectra of nitrobenzene adsorbed
on selected TiO2 particles in the gas phase at 303 K. The numbers
denote the catalysts listed in Table 1. The measurements were carried
out as follows: TiO2 (50 mg) was placed in an IR cell and evacuated
(7.5 × 10−3 Torr) at 423 K for 3 h. Nitrobenzene (0.6 Torr) was
introduced to the cell at 303 K, and the measurement was started. (b)
Relationship between the νsym intensity and the average initial rate for
aniline formation (vf) during photoreaction (2 h) of nitrobenzene on
the respective TiO2 (Table 1). The reaction conditions are identical to
those in Table 1.
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much stronger than those on anatase TiO2 (samples 1−3),
because the rutile surface contains a larger number of Ob
vacancy.34,35 Figure 3b summarizes the relationship between
the νsym intensity and the average initial rate for photocatalytic
aniline formation (vf/μmol h−1) on the respective catalysts,
determined by 2 h photoreaction (Table 1). The obtained
proportional relationship implies that nitroaromatics are
adsorbed onto the surface Ti3+ atoms and undergo hydro-
genation, and the number of surface Ti3+ atoms is the crucial
factor for nitro hydrogenation.
The surface Ti3+ atoms as the active site for nitro

hydrogenation is further confirmed by the loading of metal
particles onto the TiO2 surface by the conventional photo-
deposition method.24 Photoirradiation of TiO2 in an alcohol
solution containing metal precursors successfully leads to a
deposition of metal particles. Photoexcitation of the metal-
loaded TiO2 enables the migration of conduction band e− to
the metal particles. This enhances charge separation between e−

and h+ pairs, and usually shows increased photocatalytic activity
as compared to bare TiO2.

36 Some literatures reported that
anatase or P25 TiO2 loaded with noble metal nanoparticles
promotes photocatalytic reduction of nitroaromatics more
efficiently than bare TiO2, because of the enhanced charge
separation.21−23 However, as shown in Table 1 (samples 14−
17), the aniline yields obtained by rutile TiO2 loaded with Pt,
Ag, Pd, or Au particles (≤80%) are lower than those of pure
rutile TiO2 (97%, sample 11). This suggests that reduction of
nitrobenzene on the surface of metal particles by e− is
inefficient as compared to that on the rutile surface. As shown
in Figure 3a (sample 14), the Pt-loaded rutile TiO2 shows
decreased νsym intensity as compared to pure rutile (sample
11). This is because the Pt particles loaded on the rutile surface
covers the Ti3+ atoms and suppresses the adsorption of
nitrobenzene onto the Ti3+ atoms. In addition, as shown in
Figure 3b, the data for sample 14 shows similar tendency to
those for other rutile TiO2 particles. These findings suggest that
surface Ti3+ atoms indeed behave as the active site for nitro
hydrogenation.
The adsorption of nitroaromatics onto the surface Ti3+ atoms

occurs via the electron donation from Ti3+ to nitrobenzene.
This is confirmed by X-ray photoelectron spectroscopy (XPS).
As shown in Figure 4a, XPS chart for rutile TiO2, treated in
vacuo at elevated temperature, shows Ti 2p1/2 and 2p3/2 signals.
These signals consist of two components assigned to Ti4+

(blue) and surface Ti3+ (red).37 The mole fractions of these Ti
components are determined by integration of the signals to be
92% and 8%, respectively. The mole fractions of the respective
components are similar to those determined by scanning
tunneling microscopy (STM) of rutile (110) surface (7 ±
3%).35 In contrast, as shown in Figure 4b, the adsorption of
nitrobenzene onto the sample creates an additional signal at
higher binding energy (green), along with almost complete
disappearance of the Ti3+ signal. The mole fraction of the new
Ti component is determined to be 8%, which is similar to that
of Ti3+ on pure rutile surface. This indicates that the surface
Ti3+ are oxidized to Ti4+,38 via the electron donation to the
adsorbed nitrobenzene (Figure 2b).
The electron donation from surface Ti3+ atom to adsorbed

nitrobenzene is further confirmed by UV−vis analysis. As
shown in Figure 5a (solid line), the fundamental absorption
edge of rutile TiO2 is about 420 nm. Adsorption of
nitrobenzene creates a red-shifted band (dotted line), although
nitrobenzene itself absorbs light at <270 nm. This new band is

due to the interfacial charge transfer (IFCT)39 from the TiO2
valence band to the adsorbed nitrobenzene, as also observed for
TiO2 when loaded with Cu(II)40 or Fe(III).41 As shown in
Figure 6, the edges of conduction band (ECB) and valence band
(EVB) of rutile TiO2 are located at 0 and 3.0 V (vs NHE, pH 0),

Figure 4. XPS chart (Ti 2p region) of (a) rutile TiO2 (sample 11) and
(b) the sample after adsorption of nitrobenzene in the gas phase. The
spectrum (a) was measured as follows: TiO2 (50 mg) was evacuated
(7.5 × 10−3 Torr) at 423 K for 3 h, and placed on a sample stage
immediately to avoid the oxidation of Ti3+ by O2. The sample was
evacuated at room temperature for 6 h, and measurement was started.
The spectrum (b) was obtained with the sample obtained after IR
measurement (Figure 3a). The sample was evacuated at room
temperature for 6 h, and measurement was started.

Figure 5. (a) Diffuse reflectance UV−vis spectra of (solid line) rutile
TiO2 (sample 11) and (dotted line) the sample after adsorption of
nitrobenzene in the gas phase. The spectrum for bare TiO2 was
obtained without pretreatment. Nitrobenzene-adsorbed samples were
prepared in an IR cell (see the caption of Figure 3). The samples were
moved to the UV−vis cell, and the measurement was started. (Inset)
Absorption spectra of the samples and the apparent quantum yields for
aniline formation [ΦAQY (%) = (aniline formed ×6)/(photon number
entering into the reaction vessel) × 100)] during photoreaction of
nitrobenzene with rutile TiO2 (sample 11) at different light
wavelengths. (b) Relationship between the intensity of differential
spectrum at 400 nm (ΔF(R∞)) and the νsym intensity for respective
TiO2 (Figure 3a). UV−vis spectra for other TiO2 samples are
summarized in Figure S3 (Supporting Information).
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respectively. The energy of the observed CT transition is
determined to be 2.87 eV (Figure S2, Supporting Information).
The donor level of this transition (0.13 V) is more negative
than the reduction potential of nitrobenzene (0.16 V).42 This
suggests that the red-shifted absorption is indeed due to the
IFCT transition from the TiO2 valence band to the adsorbed
nitrobenzene. As reported,43 the donor levels of surface Ti3+

atoms are located at 0.12−0.3 eV below ECB. The donor level of
the observed IFCT transition (0.13 V) is located within this
range (Figure 6). This suggests that surface Ti3+ atoms strongly
interact with the adsorbed nitrobenzene via the electron
donation and, hence, facilitates IFCT transition from the TiO2
valence band to nitrobenzene. As shown in Figure 5b, the plots
of IFCT absorption at 400 nm versus the νsym intensity

obtained by IR analysis (Figure 3a) show proportional
relationship. This again supports the electron donation from
the surface Ti3+ atoms to the adsorbed nitrobenzene.
The closed keys in Figure 5a (inset) show the apparent

quantum yield for aniline formation (ΦAQY) determined by
photocatalytic hydrogenation of nitrobenzene with rutile TiO2
(sample 11) using monochromatic lights at different wave-
lengths. The plots are almost consistent with the absorption
spectrum of TiO2. This clearly suggests that, as shown in Figure
6, the IFCT excitation scarcely contributes to the nitro
hydrogenation, and the band gap photoexcitation of rutile
TiO2 and subsequent trapping of the conduction band e− by
the surface Ti3+ atoms promote the nitro hydrogenation. As
reported,31 in the thermal decomposition of NO2 gas on rutile
TiO2, the adsorption of NO2 on the surface Ti3+ atoms
significantly weakens the N−O bonds by the electron donation
from Ti3+ and enhances decomposition. Similarly in the present
photocatalytic system, strong adsorption of nitroaromatics onto
the surface Ti3+ atoms probably weakens their N−O bonds and,
hence, facilitates rapid nitro-to-amine hydrogenation. This is
consistent with the activity of catalysts that depends on the
amount of surface Ti3+ atoms (Figure 3b). It must be noted
that, as shown in Figure 5a (inset), ΦAQY values obtained by
photoirradiation at <370 nm is >25%, which are much higher
than the values for common photocatalytic reactions on bare
TiO2 (<10%).44−46 This indicates that the present photo-
catalytic reaction proceeds very efficiently.
The proportional relationship between the νsym intensity and

vf on rutile catalysts (samples 9−11, Figure 3b) suggests that
the number of surface Ti3+ atoms on the catalyst is the crucial
factor for the activity of nitro hydrogenation. As shown in Table
1, BET surface areas of these three rutile TiO2 catalysts are 25,
40, and 100 m2 g−1, respectively, indicating that the number of

Figure 6. Energy diagram for rutile TiO2 and half-wave reduction
potentials of several benzene derivatives.

Table 2. Photocatalytic Hydrogenation of Nitroaromatics on TiO2
a

aReaction conditions: substrate (50 μmol), catalyst (10 mg), solvent (5 mL), temperature (303 K), N2 (1 atm), Xe lamp (λ >300 nm). bSolvents
were selected in respect to the solubility of substrates and products. cPhotoirradiation time. dDetermined by GC. eCatalyst (5 mg). fSubstrate (25
μmol).
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surface Ti3+ atoms is proportional to the surface area of
catalysts. This implies that rutile TiO2 with larger surface area
contains larger number of surface Ti3+ atoms and shows higher
catalytic activity. It is, however, well-known that the surface
defects also behave as the e−−h+ recombination centers.10

Detailed effects of the Ti3+ amount and the surface area on the
catalytic activity, therefore, still remain to be clarified.
Rutile TiO2 is also effective for hydrogenation of substituted

nitroaromatics. As shown in Table 2, photoirradiation of rutile
TiO2 in 2-PrOH solutions containing nitroaromatics with
various substituents produces the corresponding anilines with
>94% yields, although P25 TiO2 shows much lower yields. The
rutile system also promotes chemoselective nitro hydro-
genation even in the presence of reducible substituents; several
kinds of anilines with functional groups are successfully
obtained (entries 5, 7, 9, 11, and 13). This is due to the
reduction potentials of these substituents being more negative
than those of nitro group. As shown in Figure 6, the half-wave
reduction potentials of styrene (−2.41 V),47 benzamide (−2.23
V),48 benzonitrile (−2.03 V),49 and benzaldehyde (−1.34 V)50

are more negative than those of nitrobenzene (0.16 V).42 This
thus enables chemoselective nitro hydrogenation on the
photoactivated rutile TiO2.

■ CONCLUSION

We found that rutile TiO2 particles, activated by UV irradiation,
promote highly efficient and selective photocatalytic hydro-
genation of nitroaromatics with alcohol as a hydrogen source.
The surface Ti3+ atoms of rutile TiO2 behave as the adsorption
site for nitroaromatics and the trapping site for photoformed
conduction band e−. These two effects facilitate rapid nitro-to-
amine hydrogenation while suppressing side reactions. The
rutile TiO2 system enables chemoselective nitro hydrogenation
and is carried out with noble metal-free catalyst at room
temperature and atmospheric pressure. This process therefore
has a potential to be one of the powerful methods for nitro
hydrogenation. Despite a number of studies for TiO2
photocatalysis, there are only a few reports of reactions
specifically enhanced on rutile TiO2.

51−53 The role of surface
Ti3+ atoms on rutile TiO2 clarified here may help open a new
strategy toward the development of active photocatalysts and
new methods for photocatalysis-based organic synthesis.

■ EXPERIMENTAL SECTION

Preparation of HyCOM TiO2 (Sample 6). This was
prepared according to literature procedure.54 Titanium n-
butoxide (5 g) was dissolved in toluene (14 mL) within a glass
tube (20 mL), and the tube was set in an autoclave (capacity,
40 mL). Water (5 mL) was added to a gap between the glass
tube and the autoclave wall, and the autoclave was purged with
N2. The autoclave was heated to 578 K with a heating rate 2.7
K min−1, and the temperature was held for 8 h. The resulting
solid was recovered by filtration, washed thoroughly with water,
and dried in vacuo for 12 h, affording HyCOM TiO2 as white
powder.
Preparation of Pt/JRC-TIO-6 (Sample 14). JRC-TIO-6

(200 mg) and H2PtCl6·H2O (5.2 mg) were added to an
aqueous 2-PrOH solution (0.5 M, 10 mL) within a Pyrex glass
tube (φ 12 mm; capacity, 20 mL). The tube was sealed with a
rubber septum cap. The catalyst was dispersed well by
ultrasonication for 5 min, and N2 was bubbled through the
solution for 5 min. The tube was photoirradiated for 50 h at λ

>300 nm with magnetic stirring using a 2 kW Xe lamp (USHIO
Inc.),24 where the light intensity at 300−450 nm was 27.3 W
m−2. The resulting solid was recovered by filtration, washed
thoroughly with water, and dried in vacuo for 12 h, affording
Pt/JRC-TIO-6 as gray powder.

Preparation of Ag/JRC-TIO-6 (Sample 15). JRC-TIO-6
(200 mg) and AgNO3 (5.1 mg) were added to an aqueous 2-
PrOH solution (0.5 M, 30 mL) within a Pyrex glass tube (φ 35
mm; 50 mL). The tube was purged with N2 and photo-
irradiated for 4 h by a Xe lamp. Filtration, washing, and drying
affords Ag/JRC-TIO-6 as dark purple powder.

Preparation of Pd/JRC-TIO-6 (Sample 16). JRC-TIO-6
(200 mg) and Pd(NO3)2 (2.6 mg) were added to a mixture of
water (4.4 mL), HNO3 (0.1 mL), HCl (0.3 mL), and MeOH
(25 mL) within a Pyrex glass tube (φ 35 mm; 50 mL). The
tube was purged with N2 and photoirradiated for 6 h by a Xe
lamp. Filtration, washing, and drying affords Pd/JRC-TIO-6 as
gray powder.

Preparation of Au/JRC-TIO-6 (Sample 17). JRC-TIO-6
(200 mg) and HAuCl4·4H2O (3.8 mg) were added to MeOH
(30 mL) within a Pyrex glass tube (φ 35 mm; 50 mL). The
tube was purged with N2 and photoirradiated for 6 h by a Xe
lamp. Filtration, washing, and drying affords Au/JRC-TIO-6 as
purple powder.

Photoreaction Procedure. Each nitro compound was
dissolved in 2-PrOH solution. The solution and catalyst were
added to a Pyrex glass tube (φ 12 mm; capacity, 20 mL), and
the tube was sealed with a rubber septum cap. The catalyst was
dispersed well by ultrasonication for 5 min, and N2 was bubbled
through the solution for 5 min. The tube was photoirradiated at
λ >300 nm with magnetic stirring using a 2 kW Xe lamp
(USHIO Inc.), where the light intensity at 300−450 nm was
27.3 W m−2. The solution temperature during photoirradiation
was 303 K. After the reaction, the gas phase product was
analyzed by GC-TCD. The catalyst was recovered by
centrifugation, and the resulting solution was analyzed by
GC-FID or HPLC (UV−vis detector). The substrate and
product concentrations were calibrated with authentic samples.
Analysis was performed at least three times and the errors were
±0.2%.

Action Spectrum Analysis. The reaction was carried out
using a 2-PrOH/toluene (1/9 w/w) mixture (2 mL) containing
nitrobenzene (20 μmol) and JRC-TIO-6 TiO2 (sample 11, 2
mg) within a Pyrex glass tube (φ 12 mm; capacity, 20 mL).
After ultrasonication and N2 bubbling, the tube was photo-
irradiated using a Xe lamp for 5 h, where the incident light was
monochromated by band-pass glass filters (Asahi Techno Glass
Co.). The full-width at half-maximum (fwhm) of the light was
11−16 nm. The photon number entered into the reaction
vessel was determined with a spectroradiometer USR-40
(USHIO Inc.).55

Analysis. FTIR spectra were measured on a FT/IR 610
system equipped with a DR-600B in situ cell (JASCO Corp.).
XPS analysis was performed using a JEOL JPS-9000MX
spectrometer with Mg Kα radiation as the energy source.
Diffuse-reflectance UV−vis spectra were measured on an UV−
vis spectrophotometer (JASCO Corp.; V-550 equipped with
Integrated Sphere Apparatus ISV-469) with BaSO4 as a
reference. Total amounts of metal on the catalysts were
determined by an X-ray fluorescence spectrometer (Seiko
Instruments Inc.; SEA2110). XRD analysis was carried out on
Philips X’Pert-MPD spectrometer.
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(7) Corma, A.; Conceptioń, P.; Serna, P. Angew. Chem., Int. Ed. 2007,
46, 7266−7269.
(8) Boronat, M.; Conceptioń, P.; Corma, A.; Gonzaĺez, S.; Illas, F.;
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