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Abstract

The photoreduction of Agions at the surface of colloidal Tihanoparticles has been investigated. Irradiation of an aqueous solution
containing TiQ and Ad  ions with near-UV light brings about the growth of a sharp absorption band of colloidal silver in absorption spectrum.
The photoreduction of Agions by TiQ; is optically sensitized by a simple cyanine dye, @i3ulfopropyl-5,5-dichloro-thiacyanine sodium
salt (TC). TC molecules are adsorbed at the surface of madoparticles in the form of the J-aggregate (JA). Visible-light irradiation of the
solution containing Ti@, Ag* ions, and TC causes the growth of a broad absorption band of the colloidal silver and the decrease of whole
absorption bands of TC. Experimental results have been interpreted in terms of electronic energy levels of the colloidal silver and the TC
aggregate, as well as energy bands of;Tilh the sensitized photoreduction, Ti©ould play the role of a medium to facilitate efficient
electron transfer from the excited TC aggregate t& idgs adsorbed at the surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction trodes has attracted much attention. Another important ap-
plication of TiO, to environmental cleaning technologs];

The discovery that ®is produced when a titanium diox-  purification of air and water deodorizing, treatment of waste
ide (TiOy) single crystal electrode is illuminated with near- fluids, relies on generation of oxidizing species such as pos-
UV light by Fujishima and Honda in 1972 triggered a lot itive holes, OH radicals, ®by light. Photocatalytic actions
of activities to find photoelectrochemical systems capable of of TiO, have been extensively studi¢d]. An exploration
splitting water into H and Q [1]. Animportant aspect of the  of novel imaging materialfs], recovery of precious metals,
TiO; electrode superior to other semiconductor electrodes isas well as removal of harmful metals from waste witer]
its tolerance to corrosion under irradiation of light. In 1991, are based on reduction of metal ions by photoelectrons at the
O’Regan and Gitzel proposed a low-cost, high-efficiency TiO2 surface.
solar cell based on dye-sensitized colloidal Tifdms [2]. In 1980s, one of the authors studied the photoreduction
This cell consisted of a 10m thick, optically transparent  of Ag* ions in the TiQ suspension whose particle size was
film of TiO2 nanoparticles coated with sensitizing dye lay- about 0.5.m [8]. With the help of a comparative photoelec-
ers. Since then, dye sensitization of }iQarticulate elec-  trochemical study on the TiDsingle crystal electrodg9],

we proposed a reaction scheme that some conduction-band
. electrons in the Ti@Q produced by near-UV light transfer to
* Corre_spondlng author. Tel.: +81 6 6605 2770; fax: +8:.L 66690 2743. Ag* ions, while positive holes in the valence band react with
E-mail addressyonezawa@a-chem.eng.osaka-cu.ac.jp ’ ) .
(Y. Yonezawa). water molecules. Moser and &rel[10] and Hengleir{11]
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group reported early experimental works with colloidal so- ers[21]. Ti(i-OPr), 2-propanol and HN@were purchased
lutions of TiG, nanopatrticles in 1980s. A great advantage of from Kishida Chemicals Co. Singly distilled water was used
using colloidal TiG nanopatrticles in place of the Ti@ow- for preparation of aqueous solutions. 0.5 g of -OPry was
der would lie in the possibility of a number of spectroscopic dissolved with 10 ml of 2-propanol. The solution was dropped
measurements for the study of interfacial reactions. Recently,under vigorous stirring at room temperature onto 100 mi
aiming at the exploration of nanometer-sized optics and op- of an aqueous HN@solution whose pH was adjusted to
toelectronics devices, metal and semiconductor nanoparti-1.5. After completion of the addition of the THOPr)y so-
cles have been extensively studig®-14] On the other lution, the reaction vessel was closed and the reaction mix-
hand, the investigations of composite nanoparticles which ture was continuously stirred several days for aging at room
are formed by coating the surface of metal or semiconduc- temperature until the solution became almost transparent.
tor nanoparticles with e.g., organic dye layers, have not ad- According to transmission electron microscopy (TEM) ob-
vanced so much. We have attempted to fabricate dye-coatedservations using a Hitachi H-7000 electron microscope, the
Ag and Au nanoparticles by adsorbing dye molecules from an particle size of colloidal Ti@ nanoparticles was 5-30 nm.
agueous solutiofi5]. When anionic dye, 3;3disulfopropyl- X-ray diffraction analysis by means of RINT-2100 (Rigaku
5,5-dichloro-thiacyanine sodium salt (TC), is used, Ag and Denki Co.) showed that the TiOparticles are of anatase-
Au nanoparticles covered with the J-aggregate (JA) of TC; type. Absorption spectra of the Ti@olloidal solution were
Ag/TC, Au/TC, are formedl6]. It appeared that absorption recorded on a UV-vis spectrophotometer, V-560 (Nihon
spectrum of the composite nanopatrticle, Au/TC, is not a sim- Bunko Co.).
ple sum of the colloidal absorption band of Au nanoparticles
and the J-band of the TC aggregate. The absorption spectrun® 2. Photochemical reactions
is characterized by a spectral dip at the wavelength near the
J-band. These spectroscopic properties have been interpreted TC was obtained from Hayashibara Biochemical Labora-
in the context of electromagnetic coupling of the surface plas- tories Inc. The structure of TC is illustrated 8cheme 1
mon band of metal nanoparticles and the exciton band of theAgNOs; and AgCIQ; were purchased from Wako Chemi-
J-aggregate (JA). cals Co. Singly distilled water was used for preparation of
Synthesis, excitation dynamics, photochemistry and all aqueous solutions. The reaction cell was a rectangular
photoelectrochemistry of semiconductor/dye composite quartz vessel of 10 mm 10 mmx 40 mm in size which was
nanoparticles have been studied by a number of grfilifs also used for spectroscopic measurements (lightpath-length
However, there have been a few reports on the,ll®com- 10mm). A 3.0ml aqueous solution was usually composed
posite nanoparticles. Arakawa and coworkers have examinedof a colloidal TiQ solution and AgN@ or AgClQ;, to-
photoelectrochemical properties of the JA of a series of ben- gether with or without TC. A 500 W high-pressure mercury
zothiazole merocyanine dyes on a nanoporous €léctrode lamp, Type USH-500D, with a Type HB-501A power sup-
[18]. It has been reported that the J-aggregation could im- ply (Ushio Denki Co.), was used as the light source. Near-
prove the performance of solar cells having ajpbotoelec- UV light (» =300-400 nm, Ti@-light) was selected by the
trode due to densely packed dye molecules: extension of thecombination of a glass filter, UV-D35 (Toshiba Co.), and a
sensitivity towards the longer wavelength, broadening of the CuSQ, solution filter. Visible light ¢ =460 nm, dye-light)
absorption band. Xiang et al. reported photoinduced electronwas selected with a glass filter, KL-46 (Toshiba Co.), and a
transfer from the excited JA of 3;8lisulfopropyl-4,5,45- water filter. The incident intensities of Ti@ight and dye-
dibenzo-9-phenyl-thiacarbocyanine triethylammonium salt Jight on the reaction vessel were monitored with the aid of
(NC) to colloidal TiG; nanoparticle$l9]. We have observed  a photometer, Type IL-600 (International Light Co.). In this
that TC molecules are adsorbed as the JA at the $iface. work, the ratio of the photon numbers of Tidight to dye-
In this article, we have examined photocatalytic actions of light was about 1.5. Irradiation of the solution was carried
TiO,/TC nanoparticles under irradiation with near-UV light  out at room temperature in air. The progress of photochem-
absorbed by Ti@ and also with visible light absorbed by ical reactions was monitored intermittently by recording the
the TC aggregate. The photoreduction of*Aigns at the  absorption spectra of the reaction mixture with a V-560 spec-
TiO2 surface has been taken up as a typical photocatalytictrophotometer.

reaction.
S S
| K
2. Experimental cl ’Tj ITJ Cl
. . L (HC)3 (CH2)3
2.1. Colloidal synthesis and characterization 033/ \803 N&
Colloidal TiO; was synthesized by hydrolysis of Ti(IV) TC

tetraisopropoxide (Ti(OCH(C4J2)4, Ti(i-OPr)) according
to Gratzel and coworkerf20] and Hoffmann and cowork- Scheme 1. Schematic structure of TC.
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Fig. 1. Absorption spectra of the solution of colloidal pi@anoparticles
obtained by hydrolysis of Ti{OPr),. Lightpath-length; 10 mm. (—) before

dialysis, [TiQ] = 1.6 x 1075 M; (- - -) after dialysis, [TiQ]=1.6 x 10~ M;
[TiO2] =1 M corresponds to 80 g Tisll.

3. Results
3.1. Photochemical reactions with Tidight

Absorption spectrum of a colloidal Tgolution is shown
in Fig. L The absorption rose rapidly at the wavelength

trons of TiQ, giving rise to colloidal silver. The general ten-
dency was the same when Ti©oncentrations were varied
for [TiO2]=1.6x 107> to 1.6x 10~* M.

We have next examined the adsorption of TC molecules
at the TiQ surface. Aqueous solutions of TC were prepared
whose concentration [TC] = 16 to 10~* M was low enough
to avoid J-aggregation in the bulk solution. The dye solution
was mixed with the colloidal Ti@ solution (8x 10~°M)
at room temperature. Absorption spectra of dye solutions
with and without TiQ are shown inFig. 3. In the absence
of TiO,, a 10°°M TC solution had a monomer absorption
band (M-band) at =428 nm and a shoulder of the dimer ab-
sorption band (D-band) arounid=408 nm. An addition of
TiO2 nanoparticles brought about J-aggregation of TC as ev-
idenced by the development of intense J-bard=a462 nm.

A peak around. =428 nm is a remainder M-band. Peak po-
sitions of these bands are practically the same as those re-
ported by our groujl6,22]. Similar results were obtained in
the 10°°M TC solution. On the other hand, Tiaddition

did not cause a serious spectral change in the* M TC
solution because of high dye concentrations. We have found
that the TiQ/JA composite nanoparticles are easily formed
by adsorbing TC molecules at the TiQurface from the

shorter than about 350 nm, which corresponds to the band

gap energy of Ti@. After purification of TiG particles by
dialysis with deionized water, the band edge of Fite-
came more evidenE{g. 1). However, because colloidal T}O

0.2

nanoparticles tend to coagulate themselves after dialysis, we
have employed for the study of photocatalytic reactions a
colloidal TiO; solution without dialysis. The photoreduction

of Ag* ions at the TiQ surface under irradiation with Ti®

light has been examined. The change in the absorption spectra
of a solution containing Ti@and AgNG upon irradiation

is shown inFig. 2 A characteristic absorption band around

A =400 nm, which is assigned to surface plasmon resonance
of colloidal silver, developed with irradiation. Almost the
same results were obtained when AggMas used in place

of AgNO3. However, irradiation of an aqueous Agh©r
AgClO4 solution without TiQ had practically no effect. It is
evident that AJ ions are reduced by conduction-band elec-
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Fig. 2. Variation of absorption spectra of the solution containing Fig. 3. Absorption spectra of the solution containing ZiCand

TiO, and AgNQ with irradiation of TiQ-light. [TiO2]=8 x 107> M,
[AgNO3] =103 M.

TC. (A) [TiO2]=8 x 10°°M, [TC]=10"%M; (B) [TiO2]=8 x 10°°M,
[TC]=10"5M.
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Fig. 4. Variation of absorption spectra of the solution containing, Ta@d Fig. 6. Variation of absorption spectra of the solution containing,Ta@d
TC with irradiation of TiQ-light. [TiO2]=8 x 10-5M, [TC]=10"5M. In- TC with irradiation of dye-light. [TiQ]=8 x 10-°M, [TC]=10"5M. In-
sert: [TC]=10"°M only; irradiation time: 0—60 min. sert: [TC]=10"°M only; irradiation time: 0—60 min.

solution. The TC monomer and dimer are likely to exist in
the bulk solution. About five-fold increase of the absorbance
at the J-band on increasing TC concentrations fromf16
10~ M would imply multilayer adsorption of the TC aggre-
gate. When Ti@/TC composite nanopatrticles are irradiated
with TiO»-light, photoholes could oxidize dye molecules at
the TiO, surface. The change in the absorption spectrum of
the solution containing Tigand TC with irradiation is shown

in Fig. 4 The progress of the photobleach of TC is demon-
strated by the decrease of the absorption in the whole wave
length range. Irradiation of the TC solution without BiO
caused a certain decrease in the M- and D-bands; 1 h irradi
ation of the 10°M TC solution resulted in about 10% de-
crease of the absorbance at the M-band (insefignf4). On

the other hand, the photobleach is more evident in the pres-
ence of TiQ; 1 hirradiation brought about ca. 70% decrease
of the absorbance at the J-band.

have examined the photoreduction ofAgns in the presence
of both TC and TiQ. The change in the absorption spectrum
of the solution containing TiQ AgCIO4 and TC upon ir-
radiation with dye-light is shown ifrig. 5. The absorption
of TC (J-band, M-band) was decreased with the irradiation
time and almost disappeared after 1 h. At the same time, a
broad absorption in the region=350—650 nm with a max-
imum around 460 nm, which is assigned to colloidal silver,
_became evident. The shape of the colloidal absorption is dif-
ferent from the sharp absorption bandRig. 2 We have
_tested the photobleach of TC by dye-light in the presence of
TiO2 nanoparticles. The change in the absorption spectrum
of the solution containing Ti@and TC upon irradiation is
given inFig. 6. The insert shows the spectral change in the
absence of Ti@. After 1h irradiation, J-band and M-band
of TC almost disappeared in the presence of;TiOn the
other hand, the absorbance change at the M-band was only
3.2. Photochemical reactions with dye-light about 20% in the absence of TiQAlthough irradiation of
the solution containing AgCl®and TC caused the photo-
Photocatalytic reactions induced by visible light have at- bleach of TC, the decrease of the M-band remained about
tracted attention in relation to dye-sensitized solar cells. We 20% after 2 h irradiation. These observations clearly indicate
catalytic actions of TiQ nanopatrticles for the photobleach
0-6 ' ' ' ' of TC. Spectral change did not occur when the solution con-
I taining 8x 10-°M TiO, and 103 M AgClO, was irradi-
ated with dye-light for 1 h. It is obvious that the sensitized
photoreduction of A§ ions by TC aggregate proceeds via
TiO» surface. The reduction of the concentration of T
AgClO4 by 1/10 did not affect the results.
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4. Discussion
0.1
One of the authors has studied the photoreduction df Ag
0 ions in ZnO and TiQ suspension,23]. The sensitized pho-
200 400 600 800 toreduction of Ag ions was explored by using xanthene dyes

Wavelength /nm such as uranine and rhodamine B as the spectral sensitizer
. - . . L [24]. Irradiation of near-UV light X =365 nm), which be-
Fig. 5. Variation of absorption spectra of the solution containing,TiO | to the fund tal ab fi band of ZnO th
AgClO; and TC with irradiation of dye-light. [Tig]=8 x 1075 M, ongs 1o the tundamental absorption band of £n©, on the

[AGCIO4] =103 M, [TC] =105 M. Note that the intensity of incidentdye- ~ &queous solution containing ZnO powder and Ag&fo-
light is about 60% of that ifFig. 6. duced deposited silver with a quantum yield of about10
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Fig. 7. Transmission electron micrographs of Ag particles formed by photoreduction. (A) Irradiation of the solution containjjg $HA0->M and
[AgClO4] = 10-3 M with TiO»-light for 1 h. (B) Irradiation of the solution containing [TiP=8 x 10-3M, [AgCIO4]=10"3M and [TC]=3x 10~> M with
dye-light for 4 h.

At the same time, positive holes generated in ZnO brought 1 h irradiation of the solution containing Tiand AgCIQ
about the dissolution of ZnO into 2hand Q. Inthe case of  with TiO»-light is shown inFig. 7(A). Ag particles are about

the TiO, suspension containing AgClOthe photoreduction 10 nmin size. As the patrticle size of Ti@anoparticles does

of Ag® ions (quantum yield 10') was accompanied with  not change so much before and after photochemical reac-
the generation of @ In the present study, colloidal T{O  tions, the corrosion of Ti@nanoparticles is negligible in our
nanoparticles have been used in place of the, pOwder. study.

The molar ratio of Ag ions to TiGy, [Ag*)/[TiIO 2] =6-60, is Irradiation of the aqueous suspensions containing ZnO,
considerably larger than [A§/[TiO,]=10"3to 101 in the AgCIlO4 and xanthene dyes with visible light promotes the
previous study[8]. We have assumed that almost the same photoreduction of Agions, which is accompanied with the
reaction scheme is available to account for the photochemicalphotobleach of dyes. We have examined the mechanism of the

reactions induced by Tiglight (photon energy:vtio,). sensitized photoreduction in terms of electronic energy levels
of ZnO, Ag'/Ag and dyé/dye". Here dyé and dyé denote
TiOp — € (CB) + p™ (VB)(hvTiOy), the oxidized form and the excited state of dyes, respectively.

+ o, - 0 In the present study, the molar ratio [dye]/[TiGamounts to
Ag” +e (CB) ~ Ag™, 102 to 1, which is much larger than [dye]/[ZnO] = 18in
2H,0 + 4p* (VB) — 4H' + Oy, the previous work24]. We have assumed that the same en-
Ag® — AgC (1) ergetic considerations are applicable for the present colloidal
TiO,—Ag*-TC aggregate system as well. The electronic

Conduction-band electrons generated in thesTi€ (CB))
reduce adsorbed Agons, giving rise to Ag atoms (A,
which are finally changed into colloidal silver (&) In case

of the colloidal TiQ nanopatrticles, it has been proposed that

Table 1
Electronic energy levels for Ti Ag* and TC

positive holes not only oxidize water (reaction scheme) but — E/Vvs. NHE

also corrode TiQ itself [25]. To obtain the supporting ev- Tioz* ECB:_ -0.20
idence of the reaction scheme (1), a TEM characterization Eve: +3.0

of the Ag particles was carried out by using a Hitachi H- A9"™ E(AgT/AgY): 1.8
7000 electron microscope operating at 100 kV. Samples for e Egﬁgllﬁg)z)ﬁ%zgg
TEM observation were prepared by placing a small drop of E(TC*/TC'): —=1.06

the reaction mixture on a carbon-coated_grld. The |nd|\{|dual 2 Bandgap energy of Ti§) 3.2 eV[9,19,26]
sample was then allowed to dry before it was placed in the b sypiimation energy of Ag; 2.6 ef28].
specimen holder. A TEM image of Ag particles formed after ¢ Transition energy of TC aggregate; 2.7 7]
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energy levels of Ti@, Ag*/Ag and TC/TC" are summa- 06— T T
rized in Table 1 The conduction-band edgBcg, and the 05'_ ]
valence-band edg&y g, were estimated from the data of the 1 o
TiOg single crystal electrode and the colloidal 3i[9,19,26] 0.4 o .

The electronic redox level&(TC*/TC), E(TC*/TC"), of the
TC aggregate were taken from Hranisavljevic efal]. The
electronic redox leveE(Ag*/Ag®) was taken from our for-

Reduced Ag/ umol
&
T
°
|

0.2 [ ] ]
mer papef28]. Relative positions of electronic energy levels - o
in Table lare illustrated inFig. 8 While Ecg of TiO3 is 0.1 .
more negative than the standard electrode potential of silver, ol e v

E(Ag*/AgM), it is more positive tharE(TC*/TC"). There- 0 50 100

fore, the sensitized photoreduction at the Ti€urface by Irradiation time / min

dye_hght (phOtOIlﬁ energbwdye) IS Inmated, by e_leCtron traps- Fig. 9. Growth of the amount of reduced silver with irradiation time.
fer from the excited TC aggregate to BQvhich results in (@) Irradiation of the solution containing [Tih=8x 10°°M and
increase in the conduction-band electrons. Then, some of thgagClo,] = 10-2 Mwith TiO-light; (O) irradiation of the solution contain-
conduction-band electrons transfer to the"Aans adsorbed  ing [TiOz]=8 x 10> M, [AgCIO4]=10"M and [TC]=2x 10~° M with

on the surface. Ti@thus serves to accept electrons and share dye-light.

them to Ad ions in such a manner that reverse electron trans-

fer is prevented: colloidal absorption bandF{g. 5 would suggest a broad
particle-size distribution of photolytic silver.
TC — TC*(hvaye), We have attempted to evaluate the amount of reduced sil-
TC* + TiO; — TC* + e (CB), ver by atomic absorption spectrometry. After irradiation of
aqueous solutions containing TAOAgCIO4, with or without
Ag" + e (CB) — Ag’, TC* — decomposition  (2)  TC, the reaction mixture was collected and transferred into

a dialysis tubing (VISKASE Co.). After dialysis with deion-
ized water for 24 h, the sample in the tubing was transferred to
the vessel and deposited silver was dissolved in concentration
HNOj3. The solution was then submitted to silver analysis by
means of atomic absorption spectrometry with a HITACHI

Fig. 7(B). The particle size is 20—30 nm. In this solution,
considerable part of photolytic silver precipitated as a gray Z-6100 spec.trophotometer. Thg dep e.”def‘ce pf the amount
of reduced silver ANpg) on the irradiation time is given in

deposit. The existence of the gray precipitate and the broadFig. 9. ANy Of the solution containing Tigand AgCIO)

amounted to about 0j8mol after 1 hirradiation of Ti@-light
and then attained to a saturation value. The conversionbf Ag

A TEM observation of the Ag particles formed by the sen-
sitized photoreduction was carried out. A TEM image of
Ag particles formed after 4 h irradiation of the solution con-
taining TiOp, AgCIO4 and TC with dye-light is shown in

2 //// _E(AdTA]) ions, which existed at the beginning, was about 10%. On the
o . other hand ANag of the solution containing Tie) AgCIO,4
1k E@C7TC) and TC continued increasing with irradiation of dye-light. Af-
- e ter 2 h irradiation, the conversion of Agons was ca. 15%.
ol — A slowdown of the growth oANag with the irradiation time

of TiO»-light would be caused by the electron—hole recom-
bination, as well as a “filter effect” due to photolytic silver at
the TiQ, surface.
“E(TCTO) Irradiation of the solution containing T¥&&nd TC with ei-
ther TiOx-light or dye-light brought about the photobleach of
TC moleculesFigs. 4 and % The progress of the photobleach
3T Ew is explained in the framework dfig. 8 It has been known
/ that conduction-band electrons are transferred to dissolved
7

1 TE(AgAd)

E/V vs NHE

oxygen in solution§29]. Photochemical reactions induced
by TiO»-light are summarized as

Tie Ad e TiO2 — € (CB) + p*(VB)(hvtio,).

Fig. 8. Schematic energy-level diagram for }iOAg* and TC aggre- p+(VB) +TC — TCt
gate.Ecg, Evg: conduction band and valence band of Ti@(Ag*/Ag®), ’

E(Ag*/AgM); electronic redox levels of Ag atom and Ag me&(TC*/TC), e (CB) +0, — O,
E(TC*/TC"); electronic redox levels of TC aggregate in the ground state " »
and excited state, respectively. Electronic energy levels are given as volt vs. TCT — decomposition 3

NHE.
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In the same manner, photochemical reactions caused byor not has been studied. Colloidal Ti@anoparticles syn-

dye-light are described as

TC — TC*(h Udye),
TC* + TiO, — TCT + e (CB),
€ (CB)+ 02 — 0Oy, TC" — decomposition

“4)

It is remarkable that the progress of the photobleach by
dye-light is more pronounced than by Bidght. Actually,

thesized by hydrolysis of Ti(IV) tetraisopropoxide were of
anatase-type with average diameter 5-30 nm. Irradiation of
the solution containing Ti@and Ag' ions with TiO-light
brought about the growth of a sharp colloidal absorption band
of silver particles, which is formed by the photoreduction of
Ag* ions at the surface of TiOnanoparticles. It has been
found that TC molecules are adsorbed at thes8Grface in

the form of the JA. Irradiation of the solution containing 3iO
and TC with TiQ-light caused the photobleach of TC. The
photoreduction of Agions is optically sensitized by the TC

the absorption bands of TC almost disappeared after 1 h ir-aggregate. Irradiation of the solution containing 7i@g*

radiation with dye-light Fig. 6). However, they were still
detectable after 1 h irradiation with Tidight (Fig. 4). Con-
sidering the weaker incident intensity of dye-light than O
light, we infer that the higher absorption coefficient of the

ions and TC with dye-lightinduced the growth of a broad col-
loidal absorption band of silver particles and the photobleach
of TC. The photoreduction of Agions at the TiQ surface
has been interpreted in terms of electronic energy levels of

TC aggregate is responsible to the enhanced photobleach reTi0,, Ag*/Ag and TC/TC". TiO»/JA composite nanopar-
action. Such a property can also contribute to the prevalentticles have relevance to the development of dye-sensitized

photobleach irFig. 5than inFig. 4. A similar consideration
may be partly related with an observatiorFiig. 9that ANag
formed by dye-light is always equal to or larger than that by
TiO»-light.

It has often been stated that adsorbed &ys at the TiQ

solar cells, artificial photosynthesis systems as well as novel
imaging materials.

surface can promote the photobleach of dyes due to the capreterences

ture of conduction-band electrons, preventing back electron
transfer to dy&[26]. However, comparing the resultskify. 5

with Fig. 6, the photobleach is somewhat suppressed in the
presence of Afions. In this study, aside from the reduced
light intensity by about 60%Hig. 5), the suppression of the
J-aggregation by adsorbed Ampns seems to be a reason for
a little bit inferior reactivity inFig. 5. It is noticed inFig. 9

that ANag after prolonged irradiation with dye-light is con-
siderably larger than the amount of TC, which existed at the
beginning. Similar observations have been reported for the
ZnO-Ag'—uranine system by (j24]. The detailed reactions

of TC molecules following the sensitizing action seem to
be rather complicated, indicating the necessity of further ex-
perimental studies for the full understanding of the reaction
mechanism.

In recent years, electron injection and recombination dy-
namics of sensitizing dyes adsorbed at the surface of TiO
nanoparticles and thin films have been intensively studied
in relation with novel dye-sensitized solar ce[B0-33]
TiO2/JA composite nanoparticles are interesting becaus

[1] A. Fujishima, K. Honda, Bull. Chem. Soc. Jpn. 44 (1971) 1148-
1150;
A. Fujishima, K. Honda, Nature 238 (1972) 37-39.

[2] B. O’'Regan, M. Géatzel, Nature 353 (1991) 737-740.

[3] D.F. Ollis, H. Al-Ekabi (Eds.), Photocatalytic Purification and Treat-
ment of Water and Air, Elsevier, Amsterdam, 1993.

[4] N. Serpone, E. Pelizzetti (Eds.), Photocatalysis: Fundamentals and
Application, Wiley/Interscience, New York, 1989.

[5] H. Jonker, L.K.H. van Beek, C.J. Dippel, C.J.G.F. Janssen, A. Mole-
naar, E.J. Spiertz, J. Photogr. Sci. 19 (1971) 96-105.

[6] H. Hada, Y. Yonezawa, Denki Kagaku 49 (1981) 60-61.

[7] B. Kraeutler, A.J. Bard, J. Am. Chem. Soc. 100 (1978) 4317—
4318.

[8] H. Hada, Y. Yonezawa, M. Saikawa, Bull. Chem. Soc. Jpn. 55 (1982)
2010-2014.

[9] H. Hada, Y. Yonezawa, M. Ishino, H. Tanemura, J. Chem. Soc.,

Faraday Trans. | 78 (1982) 2677-2684.

J. Moser, M. Gatzel, Helv. Chim. Acta 65 (1982) 1436-1444;

J. Moser, M. Gatzel, J. Am. Chem. Soc. 105 (1983) 6547—6555.

[11] A. Henglein, Ber. Bunsenges. Phys. Chem. 86 (1982) 241-246;
A. Henglein, Top. Curr. Chem. 143 (1988) 113-180.

(10]

el12] S. Link, M.A. El-Sayed, J. Phys. Chem. B 103 (1999) 8410-

8426.

most of dye molecules are Or(~:]"7‘r]i2(_:‘dimome‘]_aggrega‘te'Th?l3] Y. Yonezawa, N. Kometani, Res. Adv. Photochem. Photobiol. 1

hole delocalization in the JA may result in the slow charge
recombination rate. High-yield of a long-lived charge sepa-

ration state due to such slow charge recombination would be
of relevance for the enhanced performance of dye—sensitizedlls]

solar cell§34,35]

5. Conclusions

The photoreduction of Agions in aqueous solutions con-
taining TiO, and Ad' ions, together with sensitizing dye TC

(2000) 105-128.
[14] P.V. Kamat, D. Meisel (Eds.), Semiconductor Nanoclusters—
Physical, Chemical and Catalytic Aspects, Elsevier, Amsterdam,
1997.
T. Orita, T. Sato, Y. Yonezawa, T. Sakaguchi, K. Kadono, K. Ohta,
Mol. Cryst. Lig. Cryst. 294 (1997) 283-286.
[16] N. Kometani, M. Tsubonishi, T. Fujita, K. Asami, Y. Yonezawa,
Langmuir 17 (2001) 578-580.
[17] P.V. Kamat, Chem. Rev. 93 (1993) 267-300.
[18] K. Sayama, S. Tsukagoshi, K. Hara, Y. Ohga, A. Shinpou, Y. Abe,
S. Suga, H. Arakawa, J. Phys. Chem. B 106 (2002) 1363-1371.
[19] J. Xiang, C. Chen, Z. Chen, W. Yan, X. Aj, Y. Liu, G. Xu, J. Colloid
Int. Sci. 254 (2002) 195-199.



8 Y. Yonezawa et al. / Journal of Photochemistry and Photobiology A: Chemistry 171 (2005) 1-8

[20] B. O'Regan, J. Moser, M. Anderson, M. &rel, J. Phys. Chem. 94 [28] Y. Yonezawa, K. Kawai, M. Okai, K. Nakagawa, H. Hada, J. Imaging

(1990) 8720-8726. Sci. 30 (1986) 114-120.

[21] W. Choi, A. Termin, M.R. Hoffmann, J. Phys. Chem. 98 (1994) [29] A. Haraguchi, Y. Yonezawa, R. Hanawa, Photochem. Photobiol. 52
13669-13679. (1990) 307-313.

[22] H. Fukumoto, Y. Yonezawa, Thin Solid Films 327-329 (1998) [30] Y. Tachibana, J.E. Moser, M. @tzel, D.R. Klug, J.R. Durrant, J.
748-751. Phys. Chem. 100 (1996) 20056—20062.

[23] H. Hada, H. Tanemura, Y. Yonezawa, Bull. Chem. Soc. Jpn. 51 [31] M. Hilgendorff, V. Sundstdm, J. Phys. Chem. B 102 (1998)
(1978) 3154-3160. 10505-10514.

[24] H. Hada, H. Tanemura, Y. Yonezawa, J. Chem. Soc. Jpn. 1984 (1984) [32] Y. Tachibana, S.A. Haque, |.P. Mercer, J.R. Durrant, D.R. Klug, J.
299-305. Phys. Chem. B 104 (2000) 1198-1205.

[25] C. Kormann, D.W. Bahnemann, M.R. Hoffmann, J. Phys. Chem. 92 [33] G. Benlkd, M. Hilgendorff, A.P. Yartsev, V. Sundéim, J. Phys.
(1988) 5196-5201. Chem. B 105 (2001) 967-974.

[26] Y. Yonezawa, R. Hanawa, H. Hada, J. Imaging Sci. 29 (1985) [34] Y. Yonezawa, R. Hanawa, H. Hada, J. Imaging Sci. 34 (1990)
171-174. 249-255.

[27] J. Hranisavljevic, N.M. Dimitrijevic, G.A. Wurtz, G.P. Wiederrecht,  [35] X. Yang, Z. Dai, A. Miura, N. Tamai, Chem. Phys. Lett. 334 (2001)
J. Am. Chem. Soc. 124 (2002) 4536-4537. 257-264.



	Photoreduction of silver ions in a colloidal titanium dioxide suspension
	Introduction
	Experimental
	Colloidal synthesis and characterization
	Photochemical reactions

	Results
	Photochemical reactions with TiO2-light
	Photochemical reactions with dye-light

	Discussion
	Conclusions
	References


