5870 J. Phys. Chem. B998,102,5870-5875

Characterization of Titanium —Silicon Binary Oxide Catalysts Prepared by the Sot-Gel
Method and Their Photocatalytic Reactivity for the Liquid-Phase Oxidation of 1-Octanol

Hiromi Yamashita, Shinichi Kawasaki, Yuichi Ichihashi, Masaru Harada,
Masato Takeuchi, and Masakazu Anpo*

Department of Applied Chemistry, College of Engineering, Osaka Prefecturetdity, Gakuen-cho, Sakai,
Osaka 599-8531, Japan

Gina Stewart and Marye Anne Fox
Department of Chemistry, The Umirsity of Texas at Austin, Austin, Texas 78712

Catherine Louis and Michel Che

Laboratoire de Reactite de Surface, Uniersite P. et M. Curie, UA 1106-CNRS, 4 Place Jussieu, Tour 54,
75252 Paris Cedex 05, France

Receied: March 2, 1998; In Final Form: May 12, 1998

Titanium—silicon (Ti/Si) binary oxides having different Ti contents were prepared by thegelmethod

and used as photocatalysts. The photocatalytic reactivity of these catalysts was investigated as a function of
the Ti content for the liquid-phase oxidation of 1-octanol to 1-octanal, and it was found to be dramatically
enhanced in regions of lower Ti content. In situ photoluminescence;ViBteflectance, FT-IR, ESR, XAFS,

XRD, and XPS spectroscopic investigations of these Ti/Si binary oxides indicated that the titanium oxide
species are highly dispersed in the Sifatrixes and exist in a tetrahedral coordination exhibiting a
characteristic photoluminescence spectrum due to the radiative decay from the charge-transfer excited state
of the tetrahedrally coordinated titanium oxide species. The good parallel relationship between the yield of
the photoluminescence and the specific photocatalytic reactivity of the Ti/Si binary oxides as a function of
the Ti content clearly indicates that the high photocatalytic reactivity of the Ti/Si binary oxides having a low

Ti content is associated with the high reactivity of the charge-transfer excited state of the isolated titanium
oxide species in tetrahedral coordination,3[FO]*.

Introduction The sot-gel process is expected to offer unique advantages
Titanium oxide catalysts have attracted a great deal of fOr the preparation of such highly dispersed tetrahedrally
attention as potential photocatalysts to address urgent and globafoordinated and transparent photocatalysts, especially to be
environmental concerris# The photocatalytic degradation of ~ @pplied for coating material, active thin-film photocatalysts, and

various toxic compounds in aqueous solutions using fine Multicomponent ceramic<:** For binary oxide catalysts, the
titanium oxide par‘tides has been studied by many researchérs. local structure of the active sites as well as the Catalytic and
However, to avoid the filtration and suspension of small particle Photocatalytic properties are strongly dependent on the com-
photocatalysts, the design of highly efficient and transparent position of the oxide$? Therefore, it is of special interest to
titanium oxide photocatalysts is strongly desired. The prepara- investigate the relationship between the local structure of the
tion of titanium oxide catalysts on transparent supports such astitanium oxide species and the photocatalytic reactivity of the
Vycor glass by anchoring or embedding methods can be Ti/Si binary oxides prepared by the sajel method as a
considered one of the most promising ways to achieve suchfunction of the Ti content. In fact, Anpo et al. have reported
applicable photocatalysts. that the photocatalytic reactivities of the Ti/Si binary oxides
Anpo et al. have reported that titanium oxides having a prepared by the coprecipitation method are affected by changing
tetrahedral coordination can be chemically supported onto the composition of the cataly&t. Imamura et al. have reported
transparent Vycor glass by the chemical vapor deposition or that the Ti/Si binary oxides prepared by the-sgél method
anchoring method and have shown that such catalysts exhibitexhibit a high catalytic activity for the selective epoxidation of
high and characteristic photocatalytic reactiviti€s? Recently,  alkene3! while Davis et al. have investigated the local structure
highly dispersed titanium oxides included within the zeolite of the titanium oxide species in the Ti/Si binary oxide using
cavities and framework have been prepared as tetrahedralxAFS technique22® However, until now there have been no
titanium oxide species using an ion-exchange method or detajled investigations not only on the characterization of the
hydrothermal synthesis and used as efficient photocatalysts forcatalysts at the molecular level but also on the role the local
various photocatalytic reactions such as the decomposition of gy cture of the active sites plays on the photocatalytic reac-
NOy into Nz and Q.1471¢ These findings clearly suggest that 4 isies of such Ti/Si binary oxide catalysts.
highly dispersed tetrahedral titanium oxide catalysts exhibit In th d deal with th . f hiahl
unique and efficient reactivity for various gas-phase photocata- n the present sty y, we dea wit t. e preparation orhighly
active tetrahedral titanium oxide species embedded into trans-

lytic reactions compared to bulk Tipowder catalysts. . . . .
y P K y parent SiQ matrixes using the selgel method and have carried
*To whom correspondence should be addressed. out a comprehensive characterization of these catalysts by means
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of in situ photoluminescence, UWis reflectance, FT-IR, ESR, @ anatase
XAFS, XPS, and XRD spectroscopic techniques. These Ti/Si ® O brookite
binary oxide catalysts have also been successfully applied as ,.J’\ o ° e oo
photocatalysts for the liquid-phase oxidation of 1-octanol to Mt N TS-100
produce 1-octanal at 300 K in an acetonitrile solution. Special M TS-80
attention has been focused on the relationship between the local
structure of the titanium oxide species in the Ti/Si binary oxides TS-50
and the photocatalytic reactivity in order to provide vital WTS-ZO
information for the design and application of such highly TS-5
efficient photocatalytic systems in the degradation of toxic ( ! | I N
compounds diluted in a liquid phase. 20 30 40 50 60

2 6/ degree
Experimental Section Figure 1. X-ray diffraction patterns of Ti/Si binary oxides. Ti/Si binary

- . oxides having a Ti content of 5 and 80 wt % Ti@re referred to as
Catalysts. Tetraethyl orthosilicate (TEOS, 99%), titanium TS-5 and TS-80, respectively, and the TS-100 sample is piepared

isopropoxide (TPOT, 99%), and ethanol (99.5%) were supplied y the sot-gel method.

by Kishida Chemicals, Japan, and used as received. Titanium

silicon (Ti/Si) binary oxides having different Ti contents were ihe X-rays from the 2.5 GeV electron storage ring. The Ti
prepared by the seigel method from ethanol solutions of  k_edge absorption spectra were recorded in the transmission
mixtures of tetraethyl orthosilicate (TEOS) and titanium iso-  mode or fluorescence mode at 295 K. The normalized spectra
propoxide (TPOT). These starting ethanol solutions were \yere obtained by a procedure described in previous liter&ture,
prepared from ethanol (20 mL) and the mixtures (20 mL) of and Fourier transformation was performed &hweighted
TEOS and TPOT. These solutions were kept in a sealed xAFS oscillations in the range-310 A~L. The curve-fitting
container under the air of the saturated moisture which was keptyf the EXAFS data was carried out by employing the iterative
in the storage room controlled at the room temperature of 296 poplinear least-squares method and the empirical backscattering
+ 1 K. Thus, the gelation of mixtures of TEOS and TPOT in parameter sets extracted from the shell features of titanium
ethanol solution was carried out under mild conditions using compounds.

the saturated moisture (24 2 mmHg) of the air at 29& 1 K Photocatalytic Reaction. The catalyst (50 mg) was pre-
without the addition of any other reagents. The gelation poateq in dry air at 725 K and cooled to room temperature before
proceeded slowly and was completed withinlb days, forming - peing placed with 1-octanol (0.5 mmol) in a volumetric flask
the homogeneous Ti/Si gel samples.  The period required for ;5 ) y \which was then filled with acetonitrile. The sample

the complete gelation depended on the composition of the aq then transferred to a quartz test tube (30 mm i.d.) and sealed
starting mixtures. Aging and drying of the gel samples leading ,iiih a rubber septum. Oxygen was bubbled through a Teflon

to the transformation from gel to xerogel were carried out by ;e (1 mm i.d.)), and the sample was irradiated at 300 K with
allowing the samples to stand under the same conditions for anvigorous and continuous stirring in a Rayonet photochemical
extra 4 weeks. These xerogel samples were transparent anfaactor (Southern New England Ultraviolét).A phosphor-
seemed to have a homogeneous composition without any ;qateq jow-pressure mercury lamp, RPR-3000 (blazed at about
segregation. The Ti/Si xerogels formed in this way were 34 nm) was used as the excitation source. The products were
crushed and sieved to 0.25 mm size particles and washed W'thanalyzed on a Hewlett-Packard model 5890 gas chromatograph

sufficient amounts of boilgd water. Calqination of the Ti/Si equipped with an Alltech capillary column (0.25 mm25 m).
xerogel samples was carried out in dry air at 725 K53d to

produce sta_ble Ti/Si binary oxide catalysts._ Pr|or_ to the Results and Discussion
spectroscopic measurements and photocatalytic reactions, these
binary oxide catalysts were treated with oxygen at 725 Kfor2  The crystalline structures of Ti/Si binary oxides having
h and evacuated at 475 Krf@ h to remove any organic  different Ti contents were investigated by XRD measurements.
contaminants adsorbed on the catalysts to obtain clean surface¥he XRD patterns obtained are shown in Figure 1. The XRD
and the reproducible photocatalytic properties. patterns of the binary oxides exhibit only diffraction lines which
Characterization. The photoluminescence spectra of the are attributed to the crystalline anatase phase of.Tihe sizes
catalyst were measured at 77 K using a Shimadzu RF-50000f the crystallites measured by peak half-width were 115 and
spectrophotofluorometer. The UwWis absorption spectrawere 67 A with the TS-100 and TS-80 samples, respectively. The
measured at 295 K by a Shimadzu UV-2200A double-beam very weak diffraction line assigned to the crystalline brookite
digital spectrophotometer equipped with conventional compo- phase of TiQ could be observed only with TS-100 sample.
nents of a reflectance spectrometer. The FT-IR spectra wereWhen the Ti content is decreased, these X-ray diffraction lines
recorded at 295 K with a Shimadzu FTIR-8500 spectropho- decrease in intensity and finally disappear. This indicates that,
tometer using the sample wafers of mixture of the catalyst and in the Ti/Si binary oxides, the crystallinity of the titanium oxide
KBr. X-ray diffraction patterns of the catalysts were obtained species decreases when the Ti content is decreased. Especially,
with a Rigaku RDAyA X-ray diffractometer using Cu K in the binary oxides having Ti contents lower than 50 wt %
radiation with a Ni filter. ESR spectra were recorded at 77 K TiOz, the titanium oxide species are present in amorphous
using a JEOL JES-RE2X spectrometer operating in the X-band structure within the Sipmatrixes.
mode. The XPS spectra were measured at 295 K with a V.G. Figure 2 shows the FT-IR spectra of Ti/Si binary oxides
Scientific ESCASCOPE photoelectron spectrometer using Mg having different Ti contents. With these oxides, three charac-
Ko radiation. The XAFS spectra (XANES and EXAFS) of the teristic bands can be observed at around 1100, 950, and 650
catalysts were measured at the BL-7C facility of the Photon cm~1.2223 Sj0O, and the Ti/Si binary oxide having a low Ti
Factory at the National Laboratory for High-Energy Physics, content exhibit a band at around 1100 @nwhich can be
Tsukuba. Si(111) double crystals were used to monochromatizeassigned to the stretching of the-®)—Si bond in the tetrahedral
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Figure 4. X-ray photoelectron spectra of the Ti 2p levels for Ti/Si
binary oxides. TS-04TS-80 samples are Ti/Si binary oxides of 6.4
! ! L 80 wt % TiO,, respectively.
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Figure 5. Surface Ti composition of Ti/Si binary oxides calculated
from the signal intensity of Ti(2g) and Si(2p;z) XPS bands in the
Ti/Si binary oxides. Dotted line: the surface Ti composition calculated
from the results of XPS measurement. Bold line: the original
composition of the sols (bulk Ti content).

Binding Energy / eV coprecipitation and concluded that this shift reflects a substitu-

Figure 3. X-ray photoelectron spectra of the O 1s level for Ti/Si binary  tion of the Si atoms by less electronegative and more polarizable
oxides. TS-0.4TS-80 samples are the Ti/Si binary oxides of-680 Ti atoms in the Si@Q matrixes?® With the Ti/Si binary oxide
wt % TiO, respectively. having a Ti content of 5880 wt % (TS-50, TS-80), the two O
SiOy unit of the SiQ matrixes. TiQ and the Ti/Si binary oxide ~ 1s bands can be observed at around 530.5 and 532.5 eV.
having a large Ti content exhibit a band at around 650%cm  Considering the previous detailed XPS study on Ti/Si binary
which is representative of Tidnatrixes, while the Ti/Si binary ~ oxides?® the appearance of these two bands indicates the
oxides exhibit an additional band at around 950-&mThis formation of a two-phase system containing both a titania-rich
band has been assigned to the stretching of thédSispecies ~ phase and a phase in which the titanium oxide species are
of Si—O—Ti or Si—O~ defect sites which are formed by the embedded into the SiOnatrixes, these results being in good
inclusion of T#* ions into the Si@ matrixes in the previous  agreement with the results of the FT-IR investigations.
literature23:25 Thus, the appearance of the band at around 950 Figure 4 shows the XPS spectra of the Ti 2p band for Ti/Si
cm! indicates that the titanium oxide species are embedded binary oxides having different Ti contents. The binding energy
into SiO, matrixes within these Ti/Si binary oxides. of the Ti(2p2) and Ti(2p/2) bands shifts to higher values when

The XPS spectra of the catalysts were measured in order tothe Ti content decreases, especially with binary oxides having
obtain information on the binding energy of the titanium oxide less than 20 wt % Ti@ A similar tendency has been observed
species. Figure 3 shows the XPS spectra of the O 1s band forfor the Ti(22) XPS signals of the Ti/Si and Ti/Al binary oxides
Ti/Si binary oxides having different Ti contents. The band of prepared by coprecipitaticii:?’ Taking these results into
the O ion in the TiQ matrixes (Ti-O—Ti) can be observed at  consideration, such a shift in the binding energy of the Ti 2p
around 530.5 eV, and that of the SiMatrixes (Si-O—Si) can bands to higher values can be attributed to the smaller relaxation
be observed at around 533.5 eV. With an increase in the Ti energy for the highly dispersed titanium oxide species as
content of these Ti/Si binary oxides, the O 1s peak shifts from compared to the powdered bulk Ti©atalysts.
533.5 eV to a lower energy of around 532.5 eV. Stakheev and Figure 5 shows the surface Ti composition of Ti/Si binary
co-workers observed the same shift of the O 1s band with a oxides calculated from the ratio of the Tigto Si(2p,2) XPS
change in the Ti content of the Ti/Si binary oxides prepared by band intensities. It can clearly be seen that there is a steady
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Figure 6. Absorption spectra of Ti/Si binary oxides measured by the Figure 7. Photoluminescence spectra of Ti/Si binary oxides. TS-5 and
UV —vis diffuse reflectance method. TS-TS-50 samples are the Ti/  TS-20 samples are the Ti/Si binary oxides of 5 and 20 wt %;,TiO
Si binary oxides of £50 wt % TiO,, respectively, and the TS-100  respectively. Photoluminescence spectra were measured at 77 K by the

sample is TiQ prepared by the selgel method. excitation at 280 nm.

decrease in the surface Ti composition as the bulk Ti content 200 T T ' c
in the Ti/Si binary oxides decreases. However, the surface Ti ‘; - <~ Photoluminescence Yield | 16 S
composition is much smaller than what can be expected from ) , Z
the original composition of the sols in the region of middle Ti 150 +}Sz§zzlt?fifh°tocatalym <
content of around 50 wt % Ti§)suggesting the segregation of y 412 g

SiO; in the surface region of the binary oxides.

Figure 6 shows the absorption spectra of Ti/Si binary oxides
measured by the U¥vis diffuse reflectance method. It can
be seen that a decrease in the Ti content causes a remarkable
shift in the absorption band toward shorter wavelength regions.
Similar studies were carried out on the Ti/Si and Ti/Al binary
oxides having various compositions of Ti:Si and Ti:Al prepared
by coprecipitation, and a considerable shift toward shorter .
wavelength regions was observed for the absorption band of 0 20 40 60 80 100
the highly dispersed titanium oxide spec#$g’ It can be said TiO, Content/ wt%
that such a large shift toward shorter wavelengths for the Ti/Si Figure 8. Specific intensity of the photoluminescence of Ti/Si binary
binary oxides with low Ti content is attributed to the size oxides and their specific photocatalytic reactivities for the liquid-phase
quantization effect arising from the presence of extremely small oxidation of 1-octanol to 1-octanal.
titanium oxide particles and/or the presence of highly dispersed hand, Ti/Si binary oxides having a large Ti concentration did
titanium oxide species having a low coordination number. not exhibit any photoluminescence.
These results obtained by XRD, XPS, and s absorption Figure 8 shows the effect of the Ti content on the yield of
measurements clearly show that a decrease in the Ti contenthe photoluminescence spectrum due to the presence of highly
changes the crystalline structure of the titanium oxides from dispersed titanium oxide species in the Ti/Si binary oxides.
aggregates in an anatase phase to ultrafine titanium oxide speciepecreasing the Ti content led to an increase in the yield of the
with an amorphous structure and eventually to isolated titanium photoluminescence spectrum. At the same time, the band
oxide species having a local coordinate geometry different from position shifted to the shorter wavelength regions. These
those of the crystalline anatase titanium oxide, the extent of findings indicate that such a decrease in the Ti content of the
the transformation strongly depending on the Ti content. binary oxides causes the titanium oxide species to exist in a

Ti/Si binary oxides having a low Ti content of less than 20 highly dispersed state with a low coordination in the SiO
wt % TiO, exhibited the characteristic photoluminescence matrixes. Similar phenomena can be observed for the Zr/Si
spectra at around 490 nm when the catalysts were excited atbinary oxide catalysts prepared by the-sgél method in which
around 280 nm. Figure 7 shows the typical photoluminescencea decrease in the Zr content caused the photoluminescence
spectra observed with Ti/Si binary oxides having a low Ti intensity to increase and its band position to shift to shorter
content by excitation at around 280 nm at 77 K. The observed wavelength regions, indicating that zirconium oxide species are
photoluminescence spectra are in good agreement with thosehighly dispersed in a state of coordinative unsaturation within
of the highly dispersed tetrahedrally coordinated titanium oxides the Zr/Si binary oxide$?
anchored onto Vycor glass where the absorption of UV lightat  Figure 9 shows the XANES spectra of Ti/Si binary oxides.
around 280 nm brought about an electron transfer from the The XANES spectra of the titanium oxide catalyst at the Ti
lattice oxygen (¢87) to the titanium ion (Ti#*) to form a charge- K-edge show several well-defined preedge peaks which are
transfer excited state, &i—0~)*.12-15 These findings show related to the local structures surrounding the Ti atom, while
that the observed photoluminescence spectrum is attributed tothe relative intensities of the preedge peaks also provide useful
the radiative decay process from the thus formed charge-transfeiinformation on the coordination numb&28-31
excited state to the ground state of the highly dispersed titanium  Ti/Si binary oxides having a low Ti content (TS-1, TS-5)
oxide species having a tetrahedral coordination. On the otherexhibit an intense single preedge peak, indicating that the

Photoluminescence Yield / a.u.

Specific Photocatalytic Reactivity

/ 10-2 . mol-octanol
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Figure 9. XANES (left) and Fourier transforms of EXAFS spectra Figure 10. ESR spectra of the 7 ions generated by the photore-
(FT-EXAFS) (right) of Ti/Si binary oxides. Ti contents are (a) 1 wt % duction of Ti/Si binary oxides with Hat 77 K. ESR signal was also
(TS-1), (b) 5 wt % (TS-5), (c) 20 wt % (TS-20), and (d) 80 wt % recorded at 77 K. TS-5, TS-50, and TS-80 samples are the Ti/Si binary
(TS_SO) T|Q’ respective|y. oxides of 5, 50, and 80 wt % Ti@respectively.

titanium oxide species have a tetrahedral coordination in the the titanium oxide species in these cataly$t$. Results of the
SiO, matrixes. The tetrahedrally coordinated Ti such as Ti- coordination numberN) of 5.9+ 0.5 and an atomic distance
(OPY), are known to exhibit an intense single preedge peak (R) of 1.914 0.02 A for the Ti/Si binary oxide having a large
due to the lack of an inversion center in the regular tetrahedron Ti content (TS-80) obtained by the curve-fitting analysts (
structure. As can be seen in Figure 9, for the Ti/Si binary oxide factor of the accuracy of the curve fitting: 8.2%) of the EXAFS
having a high Ti content of 20 wt % T¥QTS-20), the single ~ spectra suggest the presence of an aggregated octahedral
characteristic preedge peak is rather weak, indicating that thetitanium oxide species with this catalyst.
catalyst consists of a mixture of tetrahedrally and octahedrally ~These XANES and FT-EXAFS investigations indicate that
coordinated titanium oxide species. On the other hand, the Ti/ the Ti/Si binary oxides having a low Ti content involve only
Si binary oxide having a large Ti content of 80% as T{DS- the well-isolated tetrahedral titanium oxide species whose local
80) exhibits three characteristic weak preedge peaks. Becaus&tructure is maintained in the regions having the Ti content of
these characteristic small preedge peaks can be attributed tdess than 20 wt % Ti@ while the Ti/Si binary oxides having a
the transitions from the 1s core level of Ti to three different large Ticontentinvolve the aggregated octahedral titanium oxide
kinds of molecular orbitals (1§ 2t and 3g) of anatase TiQ species (anatase Ti(@hase).
these observations indicate the presence of the crystalline anatase TO investigate the local structure of the titanium oxide species
TiO,, being in good agreement with the results of XRD analysis. in Ti/Si binary oxide catalysts, an ESR technique was incor-
Figure 9 also shows the Fourier transforms of EXAFS spectra Porated to monitor the ¥1 ions which were formed by the
(FT-EXAFS) of the catalysts, and all data are given without Photoreduction of the oxide with #at 77 K (1), maintaining
corrections for phase shifts. All of the catalysts investigated the coordination geometry of the original*Tispecies:*32
in the present study exhibit a strong peak at around 1.6 A which
can be assigned to the neighboring oxygen atomsQJji The (Ti*"—0%) + H,— (Ti**—OH") + H (1)
Ti/Si binary oxides having low Ti contents of 1 and 5 wt %
TiO, (TS-1, TS-5) exhibit only T+O peaks, indicating the As shown in Figure 10, the ESR spectrum of thé*Tibns
presence of the isolated titanium oxide species on these catalystsformed in this way in the Ti/Si binary oxide having a low Ti
From the results obtained by the curve-fitting analyBi$actor content of 5 wt % TiQ (TS-5) shows two different types of
of the accuracy of the curve fitting: 9.0%) of the EXAFS Ti%" signals withg values ofgn = 1.981 and 1.962. The
spectra, as can be seen in Figure 9, it was found that the Ti/Siaddition of HO onto the sample led to a decrease in the intensity
binary oxide having the lowest Ti content (TS-1) consists of of the ESR signal with a value af; = 1.981, the extent
4-coordinate titanium ions with a coordination numbilj 6f depending on the amount of,8 added. Furthermore, the
4.1+ 0.5 and an atomic distanc&)(of 1.82+ 0.02 A. This addition of excess amounts of,@8 led to a complete disap-
atomic distance is similar to those observed with tetrahedrally pearance of the signal. Simultaneously, the addition g H
coordinated titanium oxide which is anchored onto Vycor glass also led to an increase in the intensity of the ESR signal with
by the CVD method? It should be mentioned that an atomic  a value ofgy = 1.962. From theg value ofgg = 1.981 and
distance of the F+O bond of the highly dispersed tetrahedrally the characteristic shape of the spectrum as well as the spectrum
coordinated titanium oxide species is shorter by 0.14 A than changes by the addition of.8, it can be concluded that the
that of the bulk TiQ of 1.96 A14 Ti* species are present in a tetrahedral coordination and that
As shown in Figure 9, the Ti/Si binary oxide having a large the original T#* oxide species were also present in a tetrahedral
Ti content (TS-80) exhibits an intense peak at around 2.7 A. coordination, since the photoreduction of the oxide at 77 K did
This peak can be assigned to the neighboring titanium atomsnot modify the coordination structure of the*Tions1432 The
behind the oxygen (FO—Ti), indicating the aggregation of ESR signal with ag value of 1.962 can be assigned as the
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coordinatively saturated ¥i species having 0 or OH™ as nescence spectrum attributed to the radiative decay from the
ligands. These D or OH™ species are formed by the processes charge-transfer excited state of these species. The excited state
of the photoreduction of i ions by H at 77 K. On the other of these tetrahedrally coordinated titanium oxide species plays
hand, the Ti/Si binary oxide having a large Ti content (TS-80) a significant role in the liquid-phase photocatalytic oxidation
exhibits an intense and sharp ESR signal with a valug,of of 1-octanol to 1l-octanal as an active site, their roles being
1.990. This characteristic ESR signal indicates the presencesimilar to the photocatalysis in the gas phase.

of the aggregated octahedral titanium oxide spees.

UV irradiation of the Ti/Si binary oxides in the 1-octanol
acetonitrile solution in the presence of fed to the photocata-
lytic oxidation of 1-octanol to 1-octanal as the major reaction.
The selectivity for the formation of 1-octanal at the initial stage
of the reaction was>95% on the binary oxides having Ti
content lower than 20 wt % Ti© No products could be
detected in the dark under these same reaction conditions
Figure 8 shows the specific photocatalytic reactivities of the
catalysts per unit weight of Ti) A remarkable increase in
the specific photocatalytic reactivity of the catalysts can be seen
for the catalysts having a low Ti content while a slight increase
can be seen for the catalysts having a high Ti content. The
specific photocatalytic reactivity of these binary oxides having References and Notes
Ti content of 0.4-5 wt % T!OZ was found to be mUCh higher (1) Photocatalytic Purification and Treatmer®llis, D. F., Al-Ekabi,
than that of the “standard Ti@atalyst”, anatase TKXDegussa H., Eds.; Elsevier: Amsterdam, 1993.

P-25). The quantum yields determined with the binary oxide (ZgagAnDO, 'é/léReS- Chem. Intermedi989 9, 67. Anpo, M.Catal. Sup.
at 1wt % TG uncjer the UV irradiatio.m(.: 300 nm) of |ight Jpn-é) A?n%)’o,lM..; Yamashita, H. IrBurface PhotochemistryAnpo, M.,
flux of 1 x 10Y/min cn? was 22%, while it was 12% for Ti© Ed.: Wiley: West Sussex, 1996; p 117.

(P-25) and 4% for Ti@powder prepared by the same sgkl o I_(4) tl;h(étocléiézly%i(s’hnFVldlri}gan;Leg?rl]Ss . angWA\r(Jg:ikcaiiggﬁgerpone, N.,
method. These findings indicate that Ti/Si binary oxides, e'fSZ)e Fox. M. A Dulay, M%.Chem.-R& 1693 03 341,
especially the oxides having a low Ti content prepared by the (&) kamat, P. V.Chem. Re. 1993 93, 267.

sol—gel method, are useful and promising photocatalysts to be  (7) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W.
used in liquid-phase reactions. Chem. Re. 1995 95, 69. _

As described above, in situ photoluminescence,—W\é . ggg Egr?g:r)gs,r'}él.I;_'khlrjér;;(;\/?(l?/lt?ﬁf gé};nhoir?vezaltgﬁ%if_?g:
reflectance, FT-IR, ESR, XAFS, XRD, and XPS spectroscopic Eng.1994 36, 617.
i_nve_stigatiqns of th_ese Ti/S_i bina(y oxides_ indicat_ed Fhat the (ﬂ) :re]llgr, I\A/l'-AC/fi'kngZmN Reiaggkﬁ a50?:(-. Che. M. Louis. C.
tltanlum o>§|de species are highly @spersed in theﬁu@nxes . Gia(lmgllo, FE’_J'_ PH'ys. Chemi98% 89, 5017, £689. » Wi 1o
and exist in a tetrahedral coordination. Such titanium oxide ™ (1) Anpo, M.; Chiba, K.J. Mol. Catal. 1992 74, 207.
species exhibited the distinct and characteristic photolumines-  (13) Yamashita, H.; Ichihashi, Y.; Harada, M.; Stewart, G.; Fox, M.
cence, and its yield increased when the Ti content in the Ti/Si A Anpo, M. J. Catal. 1996 158 97. . , o
binary oxides was decreased. As shown in Figure 8, a parallelChgl‘?,l_E‘j"'gﬁ;g'tg’h';&"lgggafga I‘é(ﬁ”fo M.; Hashimoto, M.; Louis, C.;
relationship between the specific photocatalytic reactivities of (1'5) Anpo, M.; Yamashita, H.; Ichihashi, Y.; Fujii Y.; Honda, M.
the titanium ox_id(_a s_pecies and the yields of the photolumines- F’hylsé5 C$:méii27,HlQll&ﬁﬁ2§hi V. Zhana S. G- Matsumura. .- Souma
cence of the T|/S.| binary oxide cqtalystg can clearly_bg seen. It Y.;(Ta)tsumi’ T Anpo. MAppl. Surf 5cilgb7,'12"1&122 305 '
is clear that the high photocatalytic reactivity of the Ti/Si binary " (17) avnir, D. Acc. Chem. Re€.995 28, 328.
oxides is closely associated with the formation of the charge-  (18) Negishi, N.; Matsuoka, M.; Yamashita, H.; Anpo, MPhys. Chem.
transfer excited complexes of the highly dispersed tetrahedral1993 97, 5211. = = ‘ _ .
titanium oxide species and their high reactivities. B 1%3)7, ';"gfrg,’s%_c” Fujino, M.; Yamashita, H.; Anpo, M. Phys. Chem.

On the other hand, such photocatalytic reactivity could not  (20) Anpo, M.; Nakaya, H.; Kodama. S.; Kubokawa, Y.; Domen, K.;
be observed for Ti/Si binary oxides in the middle region of Ti Onishi, T.J. Phys. Chem1985 90, 1633.

Acknowledgment. The present work has been supported in
part by the Grant-in-Aid on Priority-Area-Research on “Catalytic
Chemistry of Unique Reaction Fields” (07242264), “Electro-
chemistry of Ordered Interfaces” (09237258), “Carbon Alloys”
(09243232), and International Joint Project Research (07044162)
of the Ministry of Education, Science, Sports, and Culture of
Japan. We thank the Japan/U.S. Cooperative Program in
‘Photoconversion and Photosynthesis Research for a fellowship
to H.Y. that made his visit to Austin possible. This work at
the University of Texas was supported by the National Science
Foundation. Useful XPS measurements by Dr. M. F. Arendt
and Prof. J. M. White are gratefully acknowledged.

content of about 50 wt % Ti© XPS and XRD investigations Tréﬁ?llgrggn;%r?z%l; Nakai, T.; Kanai, H.; Ito, 3. Chem. Soc., Faraday
of the catalysts suggested that the segregation of BiChe (22) Liu, Z.; Davis, R. 3J. Phys. Cheml994 98, 1253.

surface regions of the binary oxides is remarkable for the catalyst (23) Davis, R. J.; Liu, ZChem. Mater1997, 9, 2311.

having a Ti content of about 50 wt % TO The covering of (24) Yamashita, H.; Matsuoka, M.; Tsuji, K.; Shioya, Y.; Anpo M.; Che,

the titanium oxide species with such Si@oieties suppresses M. (32'5;3 }g;mglgfw&?zé ég?m:’;gk.Pez_Parieme 1. Chem. Soc.. Chem.

and disturbs the accessibility of the reactant molecules with the commun1993 557.
active site of the titanium oxide species, resulting in a dramatic _ (26) Stakheev, A.Y.; Shpiro, E. S.; Apijok, J. Phys. Chent993 97,

decrease in the photocatalytic reactivity of the catalysts. (27) Anpo, M.. Kawamura, T.. Kodama, S. Phys. Chem1988 92,

. 438.
Con.CIL.JSI.OnS . ) ) ) (28) Bordiga, S.; Coluccia, S.; Lamberti, C.; Marchese, L.; Zecchina,
Ti/Si binary oxides having different Ti content were prepared A.; Boscherini, F.; Buffa, F.; Genoni, F.; Leofanti, G.; Petrini, G.; Vlaic,

using the sotgel method and used as photocatalysts. When G- J. Phys. Chem1994 98, 1253.

the Ti content is decreased, the crystalline structure of the 195239%8%‘?””6\"“’ L;On, D.T.; Lopez, Al Chem. Soc., Chem. Commun.

titanium oxides changes from aggregates in an anatase phase (30) Maschmeyer, T.; Rey, F.; Sankar, G.; Thomas, JN&ture1995
to ultrafine species in an amorphous state. In Ti/Si binary oxides 378 159. ‘ ‘
having lower Ti content the isolated titanium oxide species in sr§31§$?sggab§£5J§5§”1%'1"’"8;'1; Tanaka, T.; Hirano, H.; Hayashi, H.
tetrahedral coordination were present separately from each other 35y Anpo, M. Shima, T.; Fujii, T.; Suzuki, S.; Che. Nthem. Lett.

in the SIQ matrixes and exhibited a characteristic photolumi- 1987 1997.



