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Quantum yields ranging from 0.084 to 0.191 were obtained for the reduction of Ag* by irradiation of light

at 365 nm on a TiO, surface in aqueous solutions containing 1x 10~ to 1x 10-2 mol dm—2 AgClO,.

Some fea-

tures of the reduction were preliminarily examined with the aid of an electrochemical measurement of TiO, sin-
ter. It is proposed that some conduction-band electrons, produced in the TiO, by irradiation, transfer to Ag+

adsorbed on the TiO, surface and that positive holes react with water molecules.
The apparent quantum yield (the number of reacted ions/the

is optically sensitized by addition of Uranine.

The photoreduction of Agt

number of photons incident to the suspension) of the dye-sensitized photoreduction of Agt is 0.01.

Photodeposition of metals at semiconductor surface
is interesting in that it is related to many applications
including the solar energy conversion: the solid-state
photogalvanic cell capable of storing light energy in
the form of deposited metal and supplying electrical
energy from it;V semiconductor photocatalysis and
anticorrosion of semiconductors;2—% non-silver halide
imaging materials of interesting use.””® However, only
a few reports have dealt with the mechanism of the
photodeposition.” This may be first because even
deposition of colloidal metal by either photolysis or
radiolysis of aqueous solution of metal ions is rather
a complex reaction as revealed by several investi-
gators,1%11) and second because deposited metal may
considerably change semiconductor surface in its phys-
ical and chemical properties. For these reasons, in-
vestigations on photodeposition of metals are limited
to SnOy-, ZnO—-, and TiOzAgt systems,?12:13) TiO,—
Pd2+ system,1® TiO,~Pd?** and -—PtClg2~ systems,5)
TiOy~ and WO,Cu?* systems,'® and TiO,—PtCl?—,
-PdCl2-, -Agt, and —Cu?* systems.l” As to dye-
sensitized reduction of metal ions, only a few reports
have been published which treat TiO,—Ag*—triphenyl-
methane dye® and ZnO-Ag+t—xanthene dye systems,!3)
apart from a qualitative study for photographic ap-
plication.1®)

We have been interested in photochemical reactions
of the ZnO-Ag+ system and carried out photochemical
and electrochemical studies on photoreduction of Ag+
both in ZnO suspension and at ZnO sinter surface.!®)
We have found that the net photochemical reaction
induced by irradiation of UV-light obeys the local-
cell mechanism. In photochemical reactions at TiO,
surface, positive holes produced by optical excitation
of TiO, will not induce dissolution of the semicon-
ductor itself, in contrast to the ZnO system, which
suggests some different situation involved in this case.
We thus investigated photoreduction of Ag* in a TiO,
aqueous suspension by using 365 nm light, which is
within the fundamental absorption band of TiO,,
and examined optical sensitization of this reaction
by Uranine. Also, we carried out preliminary meas-
urements of electrochemical properties of the TiO,—-
aqueous solution interface. We have thus clarified
several characteristics of the photoreduction of Agt
at TiO, surface.

Experimental

The experimental set-up and procedure were almost the

same as those previously reported for the ZnO-Ag+ aqueous
suspension.’® The TiO, used was a highly purified powder
offered from Teikoku Kakou Co., Okayama. This material
had a surface area of 7.3 m?/g-TiO,, an average particle
size of 0.5 pm, and low-level impurities of Nb, Al, and P
(below 0.019%). In an 50 ml aqueous solution containing
1x10% to 1x10-2 Mt AgClO, and 0.5 M KNO, was sus-
pended 0.5 g TiO, powder. For the study of dye-sensitized
reduction, Uranine was added to the aqueous suspension.
Before the reaction, dissolved oxygen was purged by intro-
duction of high-purity nitrogen gas.

The same combination of the light source, monochrometer,
and glass filter as in our previous work!® was used to select
either the 365 nm light (designated TiO,-light) or 500 nm
light (dye-light). The half-band width of the monochrom-
ator was about 20 nm. Irradiation was commenced after
the adsorption equilibrium of Ag* at the TiO, surface had
been established. After irradiation, the amount of photo-
reduced silver was determined by atomic absorption spec-
trometry with a Jarrel-Ash AA-780 spectrophotometer. The
number of incident photons was 1.10X 10% cm~2s1 for
TiO,-light and 2.00x 101 cm—2s-! for dye-light.!® The
transmittance and reflectance for suspensions were measured
with Shimadzu spectrophotometers, MPS-5000 and QV-50
equipped with an integrating sphere, respectively. The
quantum yield of photoreduction of Ag* for the unsensitized
system and the apparent quantum yield for the dye-sensitized
system were evaluated by use of the equation:

_ 1 d[Ag]

where @, is the quantum yield for the unsensitized system
or the apparent quantum yield for the dye-sensitized sys-
tem, d[Ag]/d¢ is the initial rate of formation of the reduced
silver (atoms s~*), and Q is either the number of the photons
absorbed by the suspension (unsensitized system) or of those
incident to the suspension (sensitized system) (photons s-1).
The amount of Agt+ adsorbed at adsorption equilibrium
was determined after TiO, powder had been immersed in
a solution of 1x10* to 1x10-2M AgClO, plus 0.5M
KNO; for 3h under constant stirring.

Electrochemical measurements on a TiO, sinter electrode
were carried out in the conventional manner.20:21) A pellet
from TiO, powder was placed on a disk 12 mm in diameter
and 0.5 mm thick and then sintered at 1300 °C for 2 h in
air. After cooling to room temperature, the pellet was
reduced at 600 °C in a hydrogen atmosphere for 2 h.
Indium was evaporated onto one face of the sinter to provide
an ohmic contact, and a copper wire was soldered on it.
Then, all surfaces, except the other face of the sinter to be
exposed to the electrolyte solution (ca. 0.64 cm?), were cov-

Dy

t 1 M=1 mol dm—3.
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ered with epoxy resin. The electrode prepared in this
manner was dipped into aq HNO, for 30 s and washed in
water before use. The construction of the electrochemical
cell and electrochemical measurements were carried out
by employing the same procedures previously described.'®
The number of incident photons on the electrode (TiO,-
light) was 9.00x 10 cm—2s~%. The electrolyte solutions
were composed of 0.5 M KNO; or a mixed solution of 0.5
M KNOj and 1x10-% to 1 X102 M AgClO,. High purity
nitrogen gas was bubbled through the solution in order
to remove oxygen before the measurement.

Results

Photoreduction in the Unsensitized Sysiem. The de-
pendence of the amount of reduced silver on the ir-
radiation time of TiO,-light for the TiO,~Ag* aqueous
suspension is given in Fig. 1. The reduced silver
resulting from thermal reduction in the dark was
about 0.15 pmol irrespective of either irradiation time
or AgClO, concentration. This value was previously
subtracted before constructing this figure. Quantum
yields of the photoreduction of Agt are 0.19140.014
(AgClO,; 1x102M), 0.159+0.005 (2x10-3M),
0.090£0.003 (1x10-2 M), 0.090+0.003 (5x10-*M),
and 0.084+0.0 (1x10-*M). The pH of the sus-
pension was about 4.5. The quantum yields obtained
here are in the same magnitude as those reported
for TiO, thin film-Ag* system.” However, the de-
pendence of @,; on the initial Ag* concentration,
Chag, significantly deviates from the Stern-Volmer
relation proposed by Fleischauer et al. (Fig. 2).

The adsorption of Agt on the TiO, surface was
measured at 20 °C, the adsorption isotherm being
given in Fig. 3. The equilibrium concentration of
Ag* in the aqueous phase, Ci}+, and the equilibrium
amount of Ag+ adsorbed on the surface of 1.0 g TiO,,
Nag+, satisfy Freundlich’s adsorption formula at
AgClO, concentrations less than 5X10-3 M:

Nyg = A(C33)Y/m, (2a)

1
log N, Agt = log A+ —n—log CZ‘};*, (2b)

Amount of reduced silver/pmol
AY

Irradiation time /min

Fig. 1. Growth of the amount of reduced silver in
TiO, suspension containing AgClO, and 0.5 M KNO,
with irradiation time.
®: [AgClO]=1x10—2M, ©: 2x103M, O: 1x
10* M, [: 5x10%M, and A: 1x10*M.
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where A and n are constants. The adsorption index
I/n is 0.78. However, at higher concentrations, Nag+
began to increase more steeply than expected from
Eq. 2. Substitution of N+ for Cae+ in Fig. 2 could
scarcely improve the linear relation of Stern-Volmer
plot (Fig. 2).

We tried to clarify the behavior of positive holes
through detection of increase in the dissolved oxygen
in the aqueous phase during the photoreaction. A
200 ml aqueous suspension composed of 2.0 g of TiO,,
0.5 M KNO;, and 1x10-3M AgClO, was prepared.
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Fig. 2. Stern-Volmer plots for the reduction of Agt
on TiO,.
@: Reciprocal plot between the quantum yield @,,
and G4+, : reciprocal plot between @,, and Nyg+.
Cug+ and Ny, denote the initial concentration of
AgClO, and the amount of adsorbed Agt on TiO,
surface.
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Fig. 3. Freundlich type plot for Agt adsorption on
TiO, surface.
Nyz+ and G3i- denote the amount of adsorbed
Ag* on TiO, surface and the concentration of Ag*
in aqueous phase.
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After bubbling nitrogen, the suspension was irradiated
by 365 nm light from a 500 W high-pressure mercury
lamp (Ushio Denki Type USH-500D), and the in-
crease in dissolved oxygen was recorded on an oxygen
meter (Nisshin Rika Model OX-36). After 30 min
irradiation, the increase of dissolved oxygen and the
amount of reduced silver were registered as 8.2 pmol
and 39.6 pmol, respectively. The observed O,/Ag ratio
is close to the theoretical value of 1/4. With sus-
pensions containing no AgClO,, on the contrary, dis-
solved oxygen after irradiation was at somewhat a
lower level than that before irradiation. These facts
lead to a conclusion that the positive hole produced
by TiO,-light can react with water and generate
oxygen in the presence of Agt.22-24)

Photoreduction in the Dye-sensitized System. The
dependence of the amount of photoreduced silver on
the irradiation time is given in Fig. 4. The concen-
trations of AgClO, and Uranine were 1x10~* and
1 x10-5 M, respectively. The apparent quantum yield
of the photoreduction of Ag* is 0.01. The optical
absorption spectrum of Uranine solution and the dif-
fuse reflection spectrum of TiO, suspension were rec-
orded on an MPS-5000 spectrophotometer (Fig. 5).
The dependence of apparent quantum yield on the
wavelength of incident light (photochemical action
spectrum) was determined from the amount of photo-
reduced silver after 2 h irradiation. It has a maximum

at ca. 500 nm (Fig. 5).

Discussion

Reaction Scheme for the Unsensitized System. In
our previous paper,'® we examined, with a help of
electrochemical study, a simple reaction scheme pro-
posed by Fleischauer et al.® and concluded that the
scheme is capable of interpreting the general feature
of Ag*t reduction at ZnO surface. Such a simple
scheme, as it is, is not applicable to the present TiO,—
Ag* system, as seen from the significant departure
from linear plot shown in Fig. 2. Nevertheless, aside
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Fig. 4. Growth of the amount of reduced silver in TiO,
suspension containing AgClO,, KNO,, and Uranine
with irradiation of 500 nm light (O 0O). Growth
of the amount of photobleached dye is also given
(O—0).
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Fig. 5. Photochemical action spectrum for sensitized
reduction of Agt on TiO, (A) and absorption spectra
of Uranine adsorbed on TiO, (B) and in aqueous
solution (C).

Bulk solution contains 1x10-*M AgClO,, 1x10-®
M Uranine and 0.5 M KNO,.

from the detailed mechanism, it is natural to assume,
as the above scheme does, that the photoreduction
at semiconductor surface will proceed under the local-
cell condition, i.e., that the rate of net cathodic reac-
tion is equal to that of net anodic reaction in the photo-
stationary state.

To examine this assumption, we carried out the
present photoelectrochemical study on the TiO, sinter
electrode. Figure 6 shows polarization curves of the
TiO, clectrode in 0.5 M KNO; solutions with and
without 5 X 10-* M AgClO,. The curves indicate both
the current measured in the dark and the partial
anodic photocurrent as obtained by subtracting the
current measured in the dark from the current meas-
ured under irradiation. The irradiation did not affect
the cathodic current in our study, contrary to the
finding of Sprinken et al.2®) Therefore, the partial
anodic photocurrent indicates the real anodic element
of the current under irradiation. From these curves,
we have obtained both the zero-current-potential, E,,,,
at which the total current under irradiation is zero,
and the cathodic current at this potential, ;... If
all the cathodic current contributes to the reduction
of Ag*, we can estimate the rate of photoreduction
of Ag* on this electrode from the value of this current.
Indeed, the rate evaluated in this manner at 1Xx
102 M AgClO, is in accord with the value obtained
by the chemical-analysis method for the same elec-
trode system, within the limit of experimental error.
Therefore, almost all the cathodic current at the
zero-current-potential - can be said to contribute to
the silver reduction.

Now, let us assume that the results on the TiO,
suspension can be analyzed through electrochemical
study of the TiO, sinter. On the local-cell model
for the photoreduction at TiO, surface, the electrode
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Fig. 6. Polarization curves of TiO, electrode in 0.5

M KNO, solution with and without 5x 104t M
AgClO,.
(A) @— —@: Partial anodic photocurrent without
AgClO,, (B) @— —@: dark cathodic current with-
out AgClQ,, (C) O——O: partial anodic photocur-
rent with AgClO,, (D) O O: dark cathodic cur-
rent with AgClO,. E,, and igs, denote the zero-
current-potential and the corresponding cathodic cur-
rent in solution with AgClO,.

potential (Fermi level) of the TiO, immersed in a
solution under irradiation is equal to the F,,. Ac-
cording to Fig. 6, the upward band bending still exists
in the space-charge layer of TiO,, because the onset
potential of the partial anodic photocurrent of the
TiO, electrode is more negative than FE,,. Further-
more, the photopotential measurement on this elec-
trode showed that the electrode potential shifts to
a more positive value when the TiO,-light is cutoff.
From these facts, the surface barrier of the TiO, in
the AgClO, solution seems to be much smaller under
irradiation of TiOy-light. The photoelectrons in the
conduction band can react with the adsorbed Ag*
over the surface barrier, which is considerably smaller
than that in the dark.
We have determined the quantum efficiency of the
photocurrent at E=E, , Ow, as
1
Dy = —iazep 3)
which corresponds to the quantum yield of the photo-
reduction of Agt at the TiO, sinter surface. Here,
I denotes the number of photons incident to the elec-
trode surface and ¢ the elementary electric charge.
A linear relation is observed between the logarithms
of @w and Cae+ (Fig. 7). We have next examined
a similar relation between @5z and N4q+ for the TiO,
suspension. The linearity shown in Fig. 7 seems to
be better than that in Fig. 2. If we note a small
amount of the Ag* adsorbed on the TiO, sinter surface,
we may state that log (Pag+) for both the TiO,
suspension and sinter systems depends linearly on
log (Nag+). Such a relation seems to be characteristic

Photoreduction of Silver Ion in Titanium Dioxide Suspension

2013

tog(Cpgt/M)
4o AT 5

-5
T T T
-05 —-05
o o >
<
o1 or
o_1ol Jyp o
e — 10 8
[ ]
o
-15 —-1.5
] I ! L
-6 -5 =

-4
log (NAg-r/mol g“)

Fig. 7. Relation between the quantum vyield and the
concentration of AgClO,.
0 (D: Logarithmic plot between the quantum
yield @,, and Nyg, P (»: logarithmic plot
between the quantum efficiency of the photocurrent
Dy, and Cype.

of the TiO,-Agt reaction systems studied here. It
contrasts markedly with a Stern-Volmer relation pre-
viously reported for ZnO- and TiO4-Ag* systems.?13)
We have further found that E, , depends linearly
on log(Cse+) and that ¢,,,, is proportional to J0-8
irrespective of the Agt concentration. These findings
will offer a clue to the mechanism of photoreduction
at the TiO,-Ag* system. However, the details of
actually operative reaction mechanisms will consider-
ably change depending on physicochemical properties
of semiconductor surfaces. It is, therefore, desirable
to employ the same semiconductor sample for both
photochemical and electrochemical studies; a research
along this line is now in progress.

The Mechanism of Dye Sensitization. Though
there have been many studies on the dye-sensitization
of TiO, electrode,?6-29 little is known about the sen-
sitized photoreaction at TiO, surface. We have shown
in Fig. 4 that silver reduction proceeds by dye-light in
the presence of both TiO, and Uranine. However, the
amount of photoreduced silver after 4 h irradiation of
dye-light was only 0.1 pmol in the absence of Uranine
and it was still as small as about 0.15 pmol even when
Uranine-AgClO, aqueous solution was irradiated by
dye-light for 2 h. Such findings further support the
role of both TiO, and Uranine in this reaction. The
photochemical action spectrum in Fig. 5 may suffer
the influence of the filter effect due to the optical
absorption of dye molecules in the solution bulk.
However, apart from the somewhat longer wavelength
maximum in the photochemical action spectrum, the
general features of these three spectra may be con-
sidered not to be so different from one another, if
we note the relatively large half-width of the mono-
chromator employed. The sensitized reaction at TiO,
surface will be initiated by either electron transfer
(the electron transfer mechanism) or energy transfer
(the energy transfer mechanism) from excited dye
molecules to TiO,, which results in increase in the
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concentration of conduction-band electrons. Then,
conduction-band electrons are transferred to the Ag+
adsorbed on the surface. In this way, TiO, serves
to accept electrons and send them to Ag+ in such
a manner that the reverse electron transfer is pre-
vented from proceeding.

It was observed that a photobleach of dye occurs
in the course of silver reduction. The amount of
photobleached dye in the suspension was determined
by employing the same procedures previously de-
scribed!® and is given in Fig. 4. Apparent quantum
yield of the photobleach is only 0.0005. However,
a similar reaction proceeds to some extent even in
the absence of Ag*, because the photobleached dye
in the TiOy;—Uranine system amounted to 0.12 umol
after 5h irradiation of dye-light. It is remarkable
that the amount of photoreduced silver after more
than 2 h irradiation is larger than the amount of
Uranine initially added to the suspension. To in-
terpret the discrepancy between them, we may as
well take into consideration complicated reactions of
dye molecule following its sensitizing action, including
its regeneration, at least in the case of the electron
transfer mechanism for spectral sensitization. Similar
phenomena have been reported for the ZnO-Ag+—
Uranine system by us.!® The mechanism of the sen-
sitized reduction of Ag+ seems to be much more com-
plicated than that of the unsensitized one and must
be far beyond the simple local-cell consideration.

The authors wish to thank Teikoku Kakou Co.,
for kindly providing us with the TiO, powder. This
work was carried out with a financial support from
the Ministry of Education, Science and Culture of
Japan (Grant-in-Aid No. 311607).
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