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Preface
The technology and manufacturing industry in the world

have beendeveloping with an ever increasing speed. Recentlyr
howeverr people became conscious that the fossil fuel, i.e.,
petroleumr coal, etc., on which their civilization has depended,

will be exhausted. Many alternative energy sources have been
proposed and are being investigated, solar energy being one of
them.

From far before the history of man, the plants on the
land and algae in the sea have been utilizing the solar energy
with the aid of their photosynthetic organs, producing chemical

energy and oxygen. Man and animals have owed their activity to
the products of the photosynthesis. The total amount of the
soiar energy incident on the earth is ca. s.s x io24 J per year,
which is greater than the tota! energy consumed in the world by

a factor of 10,OOO. Solar energy is unexhaustible and can be
' polluting the environments. Therefore, it has
used without
been considered to be one of the most preferable energy sources.

On the other hand, the difficulty in the utilization of
solar energy comes from the low energy density on the earth,

ca. I.4 kJ m-2 s-l. Therefore, large area is necessary to
get a sufficient amount of energy. For instancer in order to
obtain electric power now consumed in Japan by use of the
solid state solar cell with an efficiency of IO 9or the solar

cell must be extended on the land as large as Kanagawa Pre-

-i-

fecture (2.4 Å~ lolO rn2). From the e.ractical point of viewr

the development of low cost devices of the solar cell is one
of the rnost important subjects.

The electrochemical solar cell has .attracted attention

in recent years, since it has the possibility of generating

chemical energy, e.g. hydrogen, directly. In addition, the
junction par' t of the photocell can be made relatively easily;
the imrnersion of the semiconductor electrode in a soiution

usually causes an excellent junction. The potential protile
at semieonductor/solution interface is analogous to that of

semiconductor/metal interface. The photovoltaic effect in
such cells arises essentiaUy from the generation of electrons
and holes in the Ulu.minated s.emicenducto-r and. t.heir efficient

separation by the built-in electric field ins'

ide the space

charge layer of the semiconductor electrode.
'
The semiconductor electrode to be used in an electrochernical solar cell must satisfy the following requirements: (1)
the electrode is resistible against corrosion and dissolution,

(2) the energy of the band-gap is small enough (< 2 eV) to

absorb the soiar light efficiently, etc. Very few systems
have been known, which satisfy the above requirements.

The feasibility of dye-sensitization is one of the most
interesting and important characteristics of the electrochemical photocells. The coloriess seiniconductors dipped in
soluitons containing organic dyes, e.g. xanthene dyes, sorne-
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tirnes cause photocurrents under the visible light. By utilizing this effect, efficient solar cells are expected to

be attained from large-band-gap semiconductors. The present
thesis is on the study of dye-sensitization of electrochemical
photoce1ls.

The fundamental propertÅ}e$ of the dye-sensitization effect

on the semiconductor electrodes will be reviewed in chapter 1.
Chapters 2 to 5 give results of the study on some fundamental
meehanisms of the dye-sensitized photocurrent, i.e.r decay of
the photocurrent during the illumination (chapter 2), relation
between the dye adsorption and the photocurrent (chapter 3),
effect of the surface treatment of the electrode on the photocurrent (chapter 4), and effect of chelating dyes on the photocurrent (chapter 5). In the last chapter the apo.lication of
the dye-sensitized Lphotocurrent to the photocell system will
be de$cribed.

The dye-sensitization is interesting in relation to the

photosynthesis in plants. The effect of the sensitizing dye
on semiconductors can be compared with that of chlorophyll.
The elucidation of the dye-sensitized photocell, therefore,

will give us important suggestions to the understanding of
the mechanisms of the photosynthesis, e.g., energy transfer
in the antenna chloroph\ll, electron-transport steps, etc.

The dye-sensitization effect is related with other brances

of science such as photoehemistry, surface chemistryr
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heterogeneous catalysis,'electrochemistry,

photography. It is hoped that the present
to clarify such variety of scientific and

and electro'
work
may contribute
'
technological

problems.

.
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CHAPTER 1
Fundamental Properties of the Dye-sensitization Effect
on the Semiconductor Photo-e!ectrodes.

rntroduetion

The photovoltages arising from the interfaces between
'
semiconductors and aqueous solutions
have been studied in
detail by rnany authors, and the origin of the photovoltage
has been fairiy well understood.1-3) The spectral sensiti-

zation of the photocurrents by dyes has also been studied by
4-8) In most cases of the semiconductors studied
some groups.
to date, the photocurrent is accompanied by chemical reactions
involving the electrode rnaterial. In the case of n-type semiconductors,r such as zinc oxide and cadrnium sulfide, the reac-

tion is the anodic dissolution of the metal ion into an aqueous
solution. In the case of gallium phosphide, silicon and
germaniurn, the reaction is oxide formation. These reactions
cause either material loss at the eZectrode or the formation
of an opaque or insulating layer on the surface of the elec-

trode; these effects are obviously undesirable for solar
energy converslon.
'
9) reported
Fujishirna and
Honda in 1972 that n-type

'
.
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titanium oxide (Ti02) single crystals show a photovoltaic

effect in aqueous solution without experiencing such corroding reactions; instead they cause decornposÅ}tion of water

into hydrogen and oxygen. Recently, this phenornenon has

received much attention as the basis for a system to convert
solar energy directly into storable fuels.

However, the efficieney of energy conversion of Ti02
photocell is very smali, due to the position of the flat band
potential of Ti02 relative to the reduction potential of
water.10) The flat band potential rneans the potential at

which the potential gradient in the semiconductor electrode
a nearly with the lower limit of the conddisappears, agreeing
'

uction band at the surface. The use of TiOo semiconductor
has another disadvantage in that its sensitive spectral
region lies mainly at short wavelengths (X < 400 nm). As
the solar energy in this region is only 4 g of the total,
no better efficiency than 4 g can be expected even if no
further losses occuri

One direction to improve the properties of the photoeZectrochemical cell is to use sensitizing dyes for expanding
the spectral responses of the semiconductor electrodes into

the visible region. rn this chapter, the fundamental prop'
erties of the dye-sensitization
effect on the semidonductor
electrodes will be reviewed from our preliminary experiments.

-6-

Experimenta2
The electrode materials used were single crystal of
titanium dioxide (rutile) purchased from Nakazumi Crystal Co.,

and zinc oxide (ZnO) sinter. Most specimens for the latter
were donated by Matsushita Electric Industries Co.

The crystal of Ti02 were polished with silicon carbide
and alumina, and etched in hydrochloric acid; they were
then thermally treated in vacuum to render them n-type.

One of the surfaces of each of the specimens was indium-coated
by vacuum evaporation in order to provide an ohmic contact and

a copper wire was attached with silver paste. Finally, all
surfaces except the one which faces the solution were covered

with epoxyTesin toprevent their contact with the solution
'
<Fig. I). In the case of ZnO, the sintered specimens show
n-type characteristics, and the procedure to make the electrode
was the same as2that of TiO .
As a general experimental set-up, the electrode was placed

in a glass cell having a flat plate window and the cell filled
withan electrolyte solution. In all experiments a platinum

counter electrode was used. The potential of the semiconductor
'
electrode was controlled by use of a Hokutodenko potentiostat
against the saturated calomel electrode (SCE). The light
'

'
sources
used were a 500 W high pressure Xe lamp combined

with a small monochromator, and a 500 W high pressure Hg lamp.
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1 SehemaVic diagram of the photocell:

1, semiconduetor

electrode; 2r

Pt electrode; 3t saturated

calomel electrode;

4, eiectrolyte

solution; 5, quartz window;

V, voltmeter; P

, potentiostat.
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6, glass rods;

Results and Diseussion
'
The b4echanism of the Dye-sensitized Photocurrent.

When an organic dye is dissolved in an aqueous electrolyte
solution of a wet photo-cell (Fig. 1), a photocurrent is generated by illumination in the region of the absorption spectra
of the dye as well as in the region of semiconductor absorp--

tion. Fig. 2 gives, as an example, the photocurrent action
spectrum of a <zinc oxide[ag. electrolytelplatinum> photo-cell, with rose bengal as a sensitizer. It can be seen that
the photocurrent action spectrurn is quite similar to the

absorption speetrum of the dye, except for a slight shift to
longer wavelengths. [rhe significance of this shift will be
discussed later.
There are tw•o theories concerning the origin of the dye--

sensitized photocurrent. They are (l) the electron transfer
mechanism and (2) the energy transfer mechanism. When an ntype electrode is anodically biased (i.e. sufficient positive
potential is applied to the electrode so that an anodic photo--

current will flow), the electronic energy band of the semi-

conductor is bent near the surface as shown in Fig. 3. Xn
the first of the two mechanisrns, the electron in the dye is

photo-excited from the ground state to the first singlet (or

triplet) excited state. It is then transferred into the
conduction band of the semiconductor and,moves into the inte'
rior under the influence of the electric field in the space
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the photocurrent action $pectrum of <ZnOlrose
2.4 x lo-6 mol/1 rose bengal and O.2 mol/! Na2SO

anodic bias of O.

5 V (vs. SCE)t for the illumination by 4.7 Å~ 10

14 photons/cm2 s.

Curve (2) is the

absorption spect,rum of the dye obtained from 6

x io-6 moyi

aqueous solution.
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Fig. 3 Electron transfer
anodic photocurrent at

mechanism of dye-sensitized
the solid-liquid interface.
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charge layer. In this mechanism, the energy of the excited
state of the dye must be higher than the energy of the conduction band of the semieonductor.

The second mechanism, the energy transfer mechanismr
implies that the energy of the excited dye is transferred to
the semiconductor, exciting electrons from some "impurity"

levels (associated with defects near the surface of the semi-

conductor) to the conduction band. The electron fiows into
the interior as before. The electron in the dye, or other
species in the solubion, is transferred into the hole thus

created. Tn this mechanism, the sole requirement is that the

t "t

excitation energy of the dye be higher than the energy dif-ference between the bottorn of the conduction band and the
'
'.
'' t/
'
The correlation between the energy levels of the semi-

"impurity" ievel. '

'
conductor conduction
bands and those of the excited states of
'
the dyes is graphically shown in Fig. 4, using available data
on work functions and excitation ,energies of semiconductors
'

and crystalline dyes, together with the presence or absence
of the photocurrents of the photo-cells <semiconductorlaq.
electrolyte--dye solutionlPt> at suffieiently high anodic
bias.

The results show that the photocurrent flows when the
excited state of the dye is high (rhodamine B), but does not

flow when it is low (crystal violet and others). The energies
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of fluoreseein, rose bengai, and eosin Y are not known, but
they could be fairly high,' because all of them are anions, and

the onset potentials for their anodic reactions with applied
voltage in the dark are more negative than that of rhodamine
B. This result supports the electron transfer rnechanisrn

rather than the energy transfer mechanism. A similar opinion
waS expressed by Fujishima et al.li)
'
rt has been tacitly assumed by many
authors so far that

the dye-sensitized photocurrept is caused by the dye adsorbed

on the electrode and not by that dissolved in solution. How-

tt t

ever, there has been no strong evidence for this. We can'
'
up the following three facts as such evidence
frorn our expeic-

t tt '
im.ental results.

ttt
1. The shift of the action spectrurn for the photocurrent

from the absorption spectrum of the solution, as shown in Fig.
2r indicates that the photocurrent is caused rnainly by the dye
adsorbed on the electrode.

2. Frorn the photocurrent observed by use of the ZnO electrode
and an aqueous solution of 6.7 x lo-7 M rose bengal, the
apparent quantum effieiency of the photocurrent, napp, defined
as the number of electrons transferred divided by the number
of incident photons, can be calculated to be 1.8 g, which
rneans that at leaset l.8 g of the photons are absorbed by

the dye. If the photocurrent is assumed to be caused only by the
dye in the bulk of the solution, 3 mrn of the light path length

- l4 -

pick

in the solution is required to make the absorption factor of
the light l.8 9. ati X = 562 nm. However, the same photocurrent
'

was observed with a light path length of O.2 mm or shorter.

This resu!t indecates that the contribution of the dye in the
'
solution is smali or negligible.

3. The photocurrent indicates the tendency of saturation
at a reiatively low concentration of the dye, i.e., s x lo-6 M.
It would be difficult to explain this by attributing the .photo-

current to the dissolved dye. From our preliminary experiments,
the adsorption isotherm of the dye adsorbed on the electrode
surface has been found to be sa.turated at about thesame low dye
concentration as'above.

'
4. When ZnO eZectrodes were dipped into dye solutions for
'
some length of time, taken
out from the solution, washed with
' into an electrolyte solution not containing
water and dipped
the dye, photocurrents of nearly the sarne intensity were observed as those in the dye solutions for the first few seconds.
On the basis of' the conclusion that' the photocurrent is

caused by the dye adsorbed on the electrode, a high efficiency
of the photocurrent is expected to be obtained by use of an '

electrode with large specific surface area. This wiU be
'
discussed later.
Dependence of the Photocurrent on Tirne and the Effect of
"Supersensitizers".

thatauthors
the dye-rt has been reported by4,5,l2)
many
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sensitized photocurrent in a < semiconductorlaq. solutiontpt>
photo--cell is enhanced if a reducing agent such as hydroquinone

orallylthiourea is added in the solution. This effect is often
called super--sensitization by analogy to similar phenomena in
photographic sensitization. Although these papers attribute
/. the reducing agents or super-sensitizexs to sup-the effect of
'
'
plying electrons to the dye which has lost electrons by transfer

tt

to the electrode as illustrated in Fig. 3, explanation of the
details of the action of these super-sensitizers remains contro-versial.
'

Figure 5 shows some of our results of the effect of N, N,

N'r N'-tetramethyl-p-phenylenediamine (TMPD) and hydroquinone
(HQ,) on the photocurrent in ZnO photo-cells sensitized by rose
'

bengal. The dye-sensitized photocurrent generally decays with
' as shown by curves i and 1' until they become nearly time
time
'
independent.
The decay is faster, the more intense the light.

We explain this phenomenon by assuming that the exchange of
photo-oxidized dye (D+) on the surface with the neutral dye
'
(D) in the solution is fairly slow
and, therefore, during the
first few seconds a considerable amount of the dye ions adsorbed
on the surface are photo--oxidized. Consequently, the rate of D+

-D exchange or electron supply from outside is in equilibrium
with photo--oxidation. Curves 2 and 2' show that the photocurrent

decay is suppressed by addition of TMPD to the solution. This
indicates that the TMPD rnolecules near the surface supply elec-
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trons to the oxidized dye ions. In the time independent state,
+ of exchange of D
the current is controlled either by the rate
'
and D in the absence of TMPD, or by the rate of diffusion of
'
TMPD in the presence of it. •(The concentration of TMPD is much
higher than that of the dye.)

, When the platinumcounterelectrode was separated from the
seniconductor eZectrode by a salt bridge, the electrical
equivalent of the TMPD+ cation (as indicated by its absorption

spectrum) appeared in the solution as shown in Table 1. This
result also shows that TMPD plays the role of electron supplier.
Actually, this ion is forrned to a small degree. by irradiating

the solution at the same wa'velength with the circuit open. The
Ag rpMnn+ ;A.mAA ,mtgts. el-A-e--ry4vrN""- nAnA-"AnQ TaA"rNaA

"rnl--""- va. .Ll'uu .Lu.L.i"vu u"uv.L o"v.Lu v.L.Ly.u.l.L- -.v"u".u"-v"L- ."vu"vv.a"Lvu"L.

by the amount formed with the circuit open agreed with the
electricai charge flowing in the cell. The TMPD+ cation is
'
'
known as a very stabie ion.
'

rn the case where hydroquinone is added into the solution,

the decay of the photocurrent is also suppressed as shown by

curves 3 and 3' in Fig. 5. This effect of hydroquinone can be
explained by a similaic electron supply meehanism as in TMPD.
The rnagnitude'

of the effect of the "super-sensitizer" on the

'
photocurrent changes with time and with the light intensity.

Sufficient attention was not devoted to this situation by
previous investigators.

when the <znolaq. electrolyte-rose bengallpt> ceU was

--

l8 -

Table l. The relation

flowing into the
produced.

between the guantity of electricity
+ of TMPD
electrode and the quantity

Quantity of

electricity

Quantity of TMPD+

(EquivalenV

(Faraday)

-- 710
3. 50 Å~

7
--

(a)

Closed circuit

2.28 x 10

(b)

Open circuit

o

1.

29 x-7
10

2.28 x IO -7

2.

21 x-7
IO

(a) - (b)

Illuminated by

a 500 W Hg 1ampwith a
-5

for 6 minutes. Rose

bengalr 2.7

Å~ IO

eleetrode potential,

O.25 V (vs.

SCE)
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e

mol/l;

glass filter(V052)
TMPD, 7 Å~ io-4 moi/i;

under strong and prolonged illumination at short circuit, the
photocurrent kept decreasing slowly with time, the surface of

the ZnO electrode became colored, and the concentration of the

dye in the solution diminished. The color was not removed by
washing With water, showing that the dye photo--oxidized on the
electrode surface caused an irreversible chemical change. No
coloration occurred when the eZectrode was illuminated at open
circuit, or when the electrode was illuminated under short
circuit conditions in the presence of hydroquinone or other

reducing agents. These results confirm the proposed expianation.

The enhancement of the photocurrent from t == O observed
for the ca-se of hydrea.uinone (Fig. 5) w.Ul be djs• cus• sed in

chapter 4, and the decay characteristics of the photocurrent
will be discussed in next chapter in detail.

The stability of the ZnO electrode of the <ZnOIrose
bengal + hydroquinone (pH 6.8)l Pt> photocell was examined
by analyzing the concentration of zinc ion in solutions after
pro].onged illumination by atomic, absorption analysis. From
'
the results, it was found that in the case of the dye-sensitized photocurrent the photo--anodic dissolution of the elec-

trode was trivial, whereas the electrode was dissolved considerably by the band-gap excitation of the ZnO electrode.
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Photocurrent Efficiencies of Various Cells.
In Table 2, the dat.a obtained for various types of photo-cells are given. Zn all cases, rnonochrornatic light whose wavelength wels near the peak of the dye absorption spectrum in

solution was used. The photocurrents were measured at suffi'
'
ciently high anodic biases. The above defined apparent quantum
' , ncan be expressed as
efficiency,
app
napp = ne/nph
arenthe flow rates of the electrons and
where n and
e ph
photons across the electrode, respectively. Furthert no iS
defined as the electron flow rate ne divided by the number of
photons absorbed by the dye per second, nPh•
'

'no=ne/nSh
'
Therefore,

napp = no• a
where a is the optical absorptivity of the dye adsorbed on
the surface.

'
The data for column 3 were obtained for a ZnO electrode

coated with a thin layer of eosin Y. In this case, an ethanol
solution of eosin Y was sprayed on the surface of the electrode
and the ethanol was allowed to evaporate. Then the electrode
was immersed into l,2-dichloroethane solution which did not

t t/

.t

dissolve the dye. The absorbance of the dye layer could be
obtained by measuring the absorbance of the glass plate coqted

by the same dye using the same spraying procedure. The n
o

- 21 •-

calculated in this way amounts to ca. 30 ? which should repre-

sent roughly the probability of electron transfer from the

excited dye to the semiconductor. .
The napp in column 1 which is for the dye solution and
that in column 3 which is for the dye applied on the surface

are both of the order of a few percent. These results suggest

strongly that these low vaiues are caused mostly by the weak
absorptivity of the dye layer on the surface of the semiconductor.
This suggested that the cell performance could be i!nproved by
'
applying
thicker dye films. Therefore, we investigated the

effect of dye film thickness on the photocurrent efficiency in
systems similar to those described in column 3 of Table l.

The results obtained showed that the efficieney n--- ctPP
reaches a maximum of O.05 at q very weak absorbance of the dye

film (ca. O.10). On the other hand, the no value decreased
monotonically with the filrn thickness. These results can be
explained by taking account of either an increase of the
quenching processes for the dye excited state or the increase
of the insulating effeet of the dye film with the filrn thickness.

rn the course of our work, we found that the ZnO disks
sintered in our laboratory using ZnO powder from our stock showed
a strong adsorptivity toward rose bengal and other xanthene dyes.

When such sintered disks of ZnO were used as electrodes, a
l3)
strikingly high photocurrent efficiency
(n
) was obtained.
app
A typical set of results is given in column 2 of Table l. All

- 22 --

Table

2.

Efficiencies

of dye--sensitized<semiconductor[solutionlPt>

Photo-cells.

semiconductor

zno

zno

zno

TiO2

solvent

H20

H20

C2H4Cl2

H2O

supporting'electrolyte

O.2MNa2S04O.2MNa2S04o.1MBu4NCI04O.2M Na2so4
Y
rosebengal
rosebengal
eosinY
-53x10M
-510M
appliedon
adsorbed
7•8x
surface
.eosxn

dye

reducinga.gent

none
o.74

hydroquinone

none'

none

o.47

O.!3

o.4o

568

563

530

538

3•3

41

l.9

O.O084

O.5V

O.5V•

Q.5V

O.5V

o.oio

O.19

O.035

o.

l

N
w

wavelength,nm

1.

appliedpotential,

vs.SCE
cumoentefficieneYnapp
no

O.32

oooo48

other results described in this chapter have been obtained by
use of well sintered ZnO prepared by Matsushita Electric rnd'
ustries Co., Ltd. The difference
between these two sintered
ZnO specimens 'seems to be associated with differences in porosity.
'
The reason for this difference in porosity and the improvement
'

of the electrode will be discussed in chapter 6.

Zn the case of Ti02 crystal, the dye-sensitized photocurrent was much smalier than in the case of sintered ZnO.
'
One of the reasons for this difference
is the low adsorptivity

of dyes on the surface of the Ti02 crystal. When its surface
was abraded, the photocurrent was increased, but it was never
as high as in the ZnO eeils.
'
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CHAPTER 2
Decay Characteristics and Quantum Efficiency of Dye-sensitized
Photocurrents in Zinc Oxide Electrodes

Introduction
ln chapter 1, it has been concluded that the electron
injection is the most likely process for the origin of the
dye-sensitization effect on the n-type semiconductor eZectrode.
The photocurrent decays during the illumination, as the con-

sequence of photo-oxidation of the dye on the electrode. The
prevention of the photo--oxidized dye from the deterioratÅ}on is

indispensable for the application of the dye-sensitized photocurrent to the solar ceZl system.
In this chapter, the effect of reducing agents on the

photocurrent will be discussed. The reducing agent supplies
electrons to the photo-oxidized dye, the oxidized form of the
reducing agent in turn accepts electrons from the counter
electrode. The quanturn efficiency of the photocurrent is also
determined from the anaiysis of the decay curves of the photo-

current. rn order to construct an efficient photocell, it is
essential to deepen our knowledge on such problems.

-26-

Experimental
ZÅ}nc oxide sinter disks were used as the e!eetrodes.

They were prepared by moulding zinc oxide powder by compression

and heating at 1300 OC in the air for 1 h. It was found that
the adsorptive activity of the zinc oxide sinter for the dye

depends on the source of the zinc oxide powder. In the following experiments, we made the sinter out of zine oxide powder
obtained from Kanto Chemical Co. without any purification or

pre-treatment. The sinter had iow adsorptive activity but gave
a reproducible photocurrent. The density of the sinter is
almost equal to that of a single crystal. The scanning electron
micrograph shows a very eompact array of crystalline grains and
no visible pore (Fig. 6a in chapter 6). The sinter has low electric
resistivity fy IO stem. One of the surfaces of the zinc oxide disk

was coated with indium by employing the vacuum evaporation
method so as to rnake an ohmic contact, and a copper wire was

attached with silver paste. The structure of the electrode was
most!y the sarne as that described in chapter 1. Before each
measurement, the electrode was polished with silicon carbide
abrasive, etched in hydrochloric acid or nitric aeid, washed
with water, and dried.

The potential of the semiconductor electrode vexsus the
'
reference electrode (SCE) was controlled by use of a Hokutodenko

HA-101 potentiostat and the current was measured with a Yokogawa-

Hewlett-Packard4304B electrometer. A 500 W xenon lamp of Ushio
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Electric Inc. was used as the light source. The light was
monochromatized by use of a Japan Jarrell-Ash, O.25 m Ebert
type rnonochromator. The light intensity was measured with an
Eppley, bismuth-silver type thermopile. A Shimadzu MPS--50L
spectrometer was used for the measurements of absorption spectra.
All the solutions used contained O.2 M (mol'dm-3) Na2S04,

KN03r etc. as the supporting electrolytes. Oxygen was removed
by bubbling high purity nitrogen gas through the solutions
'
before measurements. All chemicals
were of reagent grade and
used without further purification. The structural formulas of
the dyes used are given below:

1 •I

+ -O..',,7A... N(C2Hs)2
6I-/X-OxhKv'jlO <C2Hs)2N}A...,

12

Z

.ij .4

I llil COO

ct

<k" COO

cs

.6, Ct

Cl

rose bengal

xhodamine B

Results

Figure 1 shows the dye-sensitized photocurrent-potential

curves for the case of rose bengal. The anodic current was
negligible in the dark, while it rose up under illumination
in the wavelength range of the absorption band of rose bengal.
When the solution contained no dyer the photocurrent was less
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rose bengal and

than o.o3 pA.cm-2 under iuumination at the same wavelength
and at the electrode potential of O.35 V. Since the photo-current decayed during the course of illumination, the photocurrent curve was plotted by using the vaiue obtained imme-

diately after the light had been turned on. The photocurrent
appeared at the electrode potnetial more positive than -- O.5 V

vs. SCE, which nearly agreed with the flat band potential of
the zinc oxide electrode reported by Lohmann,!) and became
constant at the potential more positive than O.O V. Therefore,
most of the experiments were made at O.35 V.

The photocurrent decayed rather quickly with time as

shown in Fig. 2. The photocurrent was not restored to the
init.S.al r.ralue, et..en if the electL'"ode was kept i:ri the a"ye- solution

for a few minutes. The photocurrent feii down to zero when
the iight was turned off, and no overshoot to the cathodic

side was observed. The decay of the photocurrent was suppressed or stopped by adding a reducing agent, e.g., potassium

iodide, as shown by curve 3. The logarithm of the photocurrent gave a straight line for the first several seconds as
shown by curve 2, from which we can obtain the initial value
of the photocurrent, i&yer and the decay time constantt Tr

namely the period of illurnination for which the current decays
to 1/e.

The surface of the zinc oxide eiectrode faintly colored

pink, if it was dipped into the rose bengal solution. After
'

'

'
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prolonged illumination in the same solution at closed circuit,

the color changed to brown-red. The color was not removed by
'
washing with water.
On the other hand, no color change occurred
when the electrode was illuminated at open circuit or at closed
circuit in the presence of a reducing agent.
The photocurrent action spectrurn obtained for a solution

containing a sufficient amount of potassium iodide is shown in

Fig. 3. Almost the same action spectrum was obtained for a
solution without any reducing agent by scanning rapidly under

weak illumination. The peak of the action spectrum for the
photocurrent shifted by l3 nm toward the longer wavelength frorn
that of the absorption spectrurn of the dye solution, and nearly

coincided with that of the reflectance spectrum of the dye adsorbed on zinc oxide powder.

The initial value of the photocurrent increased proportionally with the illumination intensity, whiie the decay time

constant wasinverselyproportional to it (Fig. 4). The value
of i&ye and T scareely changed over the electrode potential

range O.O - l.O V. Figure 5 shows the change of i&ye and that
of T with the concentration of rose bengal in the solution.
Thedye
iovalue increased with the concentration of the dye and

approached a constant. The T was constant for the concentration of rose bengal-6up
10increased by the concenM, to
and
-- 6 10
tration above
M.

[rhe T for rose bengai was not affected by the pH < 8.0 of
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the solution (Fig. 6). The T value was practicaliy independent
of the supporting electrolytes, e.g.r KN03, K2S04, KCI, KCI04,

etC., while the i&ye was affected a little by them. This
is assumed to be caused by the adsorption of the electrolytes
on the ZnO electrode in competition with the dye.

The photocurrent decay became slow by addition of a small

amount of reducing agent, e.g., potassium iodide. The logarithmic, plots of the photocurrents gavestraight lines for the

first several seconds. The T obtained from the gradient of
the straight lines increased with the concentration of the

reducing agent as shown in Fig. 7 for the cases of potassium
iodide and hydroquinone. The simil,ar results were obtained
by the addition of N, N, N', N'-tetramethyl-p-phenylenedi.a.m..ine

(TMPD)r allylthiourea, and manganase(ZI) nitrate. In these cases
also, no recovery of the decayed photocurrent was observed,
even after the electrode was kept in the solution in dark Åíor
ca. 30 s.

tt t

The photocurrent for rodamine B increased by addition of

halide ions to the dye solution, while the dependence of the
decay time constant of the photocurrent on the cencentration

of the halide ions was more compZicated (Fig.8a and b).
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the

Dlscusslon
The mechanism of the dye--sensitized photocurrent can be
explained by the energy diagrarn such as shown in Fig. 9, for
the case of an n-type seiyticonductor. The electron injection

from an excited dye (D*) into a conduction band is suggested
by the fact that only those dyes whose excited energy levels
are considerably higher than the conduction band of the semiconductor at the interface can act as effective sensitizers
(chapter 1). The electron deficient dye (D+) may undergo
irreversible reactiont causing the eolor change of the electrode. The total reaction scherne can be represented as follows:

D+ hv ----a>D*, (l)

D*-D+
+ p(Alpat'rnanlmN
..
-.
!.-vv
..-v'vir
NL/
D+ ------=)b reaction product. (3)
The Deeay Curve of the Photocurrent and the Quantum Efficiency
of Electron

Zn'ection from the Excited Dye.

The photocurrent of some semiconductor-aqueous solution
photocell decays with tirne owing to the deposition of opaque

substance on the surface of the electrode, produced by the

reaction with the holes generated. The photocurrent in the
case of zinc oxide electrode does not decayr because in this
case the products, zinc ion and oxygen, do not accumulate on
2)
the surface.
.ln the ease of the dye-sensitized photocurrent for zinc
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injection.

oxide, the photon energy is less than the band gap, and so it
is clear that the decay is not eaused by the reaction of the
electrode itself, since no free hole exists in the electrode.

The decay of the photocurrent should then be attributable
'

either to the decrease of the nurnber of the unoxidized dye
rnolecules (or ions) adsorbed on the electrode or to an accumulation of the deteriorated dye (Reactions 1-3).

The influence of the dye (Dsoln) in solution Qn the decay
of the photocurrent, as shown in Fig. 5, is explained by the
following dye regeneration process f

D + Dsoin----)D+ Dsoin (4)
Process 4 can be achieved either by the electron transfer or
bv the exchanqe of D+ and D . . The decav of the photoeur.rent

is suppressed if the reaction velocitY for process 4 is
greater than those for processes 2 and 3.

When the solution contains no reducing agent, the number
of dye molecules (or ions), N, per unit area of the electrode
surface will change according to
'

dN/dt = -n.SN + kC(No-N) (5)

where no is the quantum efficiency of the electron injection
from the excited dye, S the freguency of excitation of a dye
molecule (or ion), No the number of the dye molecules (or ions)

per unit area of the electrode before illumination, c[M] the
concentration of the dye in the solution, and k the rate

constant. The second term of the right hand side of Eq. 5
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corresponds to the restoring rate of the oxidized dye on the
electrode surface by Reaction 4.

When the concentration of the dye in the solution is very
lows the second term of Eq. 5 can be neglected, and N can be
written as

'

N= No exp (-noSt).
(6)
'

The photocurrent, assumed to be proportional to N, can be
written as

idye = i&ye eXP (-noSt), (7)
and, hence

The exponential decay of the photocurrent, as observed experimentally at the initial stage, coincides with Eq. 7.

The dependenee of T on the concentration of the dye shown

in Fig. 5b can be explained as follows. When the concentration
of the dye is high, the second term of Eq. 5 cannot be neglected.

Therefore, Eqs. 6-8 are valid only in the range of the concen-

tration where T does not depend on C. Figure 5 shows that such
a condition is satisfied when c is lower than lo-6 M.
The absorbance of the dye on the electrode can be written
'
'
'
as
'

log lo/I = 1000eN/NA, (9)

where e [M-1 crn-i] is the rnolar extinction coefficient of the

dye, NA the Avogadro constant, Zo the number of the photons
idcident on the unit area of the dye layer on the electrode
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per seeond, and I the number of the photons transmitted through
the same layer. Since the absorption of light by the dye layer
is smallr the equation can be approxirnated as

(lo - r) /!6 "''= IOOO (ln 10) eN/NA, (IO)
and

'

I-I == SN. (ll)

o
From these equations S can be written as

S= 1000(ln IO)el./NA. (l2)
The relation that T is inversely proportional to Io, as shown
in Fig. 4b, can be derived from Eqs. 8 and l2.

The quantum yield no for rose bengai was determined to be
22 9o by applying Eqs. 8 and 12 to the experiTnentally obtained
pnovocurm'renv aecay curves. 'i'ne quan=um yleLa was oDtainea ror
JLI
l-t
N--t
--ds.-the illumination at the peak wavelength, and the molar extinc-

tion coefticient was assumed to be the same as that at the

peak of the absorption spectrum of the solution. The reflection factor of light at the surface of the electrode was esti-'
mated to be O.7 frorn the comparison of the reflected light

intensity with that from magnesium oxide powder. This means
' of the incident light, which passes through
that seven tenths
the dye layer toward the inside of zinc oxide sinter, is
refiected and passes again through the dye Zayer on the surface
of the electrode. Therefore, we employed the value of measured
number of photons incident upon the sample multiplied by l.7
for ro in Eqs. 9-12.
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The derived quantum yield agreed weU with that obtained
from the measurement of the amount of the dye adsorbed on the

electrode (chapter 3). This agreement substantiates the
validity of the method of calculation of the quantum yield
from the analysis of the decay of idye. [Vhe resultr that T
is independent of the electrolytes and pH, indicates that the
quantum efficiency of electron injection from the excited dye
is not affected by the electrolytes and pH, suggesting that
the strueture of the dye on the electyode is not changed by

pH and the eiectrolytes. The further details will be discussed
in chapter 3.

When the surface coverage of the electrode by the dye
was small, the supply of the fresh dyes from the soZution
phase to the surface of the electrode is easyr
causing the approximation of Eq. 6 to be invalid. Therefore,
the determination of the quantum yield of the photocurrent

for the dyes with weak adsorptivity was unsuccessful. Similarly, the increase of r at higher pH is thought to be caused
by the decrease in adsorptivity of the electrode for the dye.

The Effect of Reducing Agents onthe Decay of the Photocurrent.
'
The life time of D+ in aqueous
solution is estimated to

be no longer than 1 sr from the result that the photocurrent
did not recover from the decayed value even when the electrode
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was kept in the solution containing a redusing agent. Therefore,
the retardation of the decay velocity of the photocurrent by
the reducing agent is concluded to be caused by the electron
supply from the reducing agent, Rr to D+:

D- +R-D + R+ (l3)
" since this is a process competing with the comsumption
of the dye (Eq. 3), the time cbnstant of the decay velocity
of the photocurrent in the presence of reducing agents can be
wrztten as
'
T = (k3
+ k13[Rl)/k3n.S (14)

where k3 and k13 represent the rate constants of Eqs. 3 and

13, respectively. This relation between T and [R] agrees with
the experimental results shown in Fig. 7. From the figure,
the' k13 value 'of hydroquinone is found to be larger than that
'

of potassium iodide by ca. 3 orders. By analyzing the decay
of the photocurrent in this rnanner, the electron supplying
velocity from the reducing agents to the photo--oxidized dye

was determined to decrease in the following order; hydroquinone fts allylthiourea > TMPD > potassium iodide > manganase
'
(ZI) nitrate.

Effect of Halide Ions on the Dye--sensitized Photocurrent.
Hauffe et al.3) found that the dye-sensitized photocur-

rent at a zinc oxide eiectrode was increased by addition of

halide ions to the dye solution. The results shown in Fig. 8a
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indicate similar effects of the halide ions on the photocurrent. The increase in the photocurrent becomes greater in

the sequence Cl < Br <I. ThÅ}s order is the same as that
of the electron donating ability of the ions, i.e., the oxidation potential increases in the reverse order.

Essentially, the visible spectra of the dye solution
were not changed by the additÅ}on of halide ions. Therefore,
the effect of the halide ions on the photocurrent is attributable to one of the following two reasons: (l) the formation
of exciplex between the excited dye and halide ions, which
injects an electron into the electrode more efficiently, (2)
the change of the amount of the dye adsorbed on the electrode
'
caused by the halides. From the careful measurements of the
amount of the dye adsorbed on the electrode, the latter reason

was concluded to be more likely. The details will be
described in chapter 3.

Hauffe et al. proposed the reduced dye formation by the
electron transfer' from halide ions to the excited dyet the

reduced dye injecting an eiectron into the electrode. According to their mechanisin, the dye should not deteriorate, in

contradiction with the experimental result that the decay is
faster in the presence of chloride and bromide ions (Fig. 8).
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CHAPTER 3
The Relation between the Dye--sensitized Photocurrents and

the Adsorption of the Dyes on Serniconductor Electrodes.

Introduction
It has been concluded in the previous chapters that the
dye-sensitized photocurrent is caused by the electron injec-

tion from the excited dye adsorbed on an n-type semiconductor

into the conduction band of the semiconductor. For further
understanding of the mechanisrn, the elucidation of the structure and the amount of the adsorbed dye is indispensable.

It was reported by some authors that the dye-sensitized
photocurrents were affected by the1,2)
pH of the solution,

and the solutes in it.3) They discussed these phenomena on
the assumption that the adsorption of the dye was not affected

by the pH and the additives. This assumption, however, is
found to be invalid as will be described later. Other authors
discussed the phenornena on the basis of the results obtained
for the adsorption of the dyes on the powder of semiconductors.

However, their conclusions should be reexamined, since the
adsorptivity is expected to depend on the structure of the
adsorbents, e.g., powder, sinter, single crystal, etc.

In this chapter, the adsorpiton of dyes on semiconductor
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electrodes is presented. Based on the results, the mechanism
oE the dye-sensitized photocurrents will be discussed.

Experimental

Materials. Rose bengal, erythrosin, phloxine B, eosin Yt
uranin, ethyl eosinr rhodamine B, rhodamine 6Gr and ltl'-

diethyl-2t2'-cyanine chloride were used as the sensitizing

dyes. Their structural formulas in neutral aqueous solutions
are shown below:

6,glbO/pt&,,-iO 6,htio.ystkt/).,o :f:>(,,kli,irp,-g

ct

ct

rose bengal erythrosin phloxine B
' O.,,,,2!.ij 8,
6,, IBI.l.i O Sr.,, & 61 ]]Iill 91;".,:O ,'O',IB'.",,l'

.-.i coO' l li Coo l lllil COOC2H5

eosinY uranin ethyl eosin
'

++
••[., cOOC2Hs ciHsH C2Hs
NR" COO"
l., 1.,,

(c2Hs>2 lj; 9;;fit" N(c2Hs)2 HsC2HN3HclN.." O..,"'.., cNHH3C2H5 :,:,,I 1i.: c fs7lj1".`,,l

rhodamine B rhodamine 6G 1,1'-diethyl-2,2'-cyanine
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All the dyes, except uranin, showed no structural change
over the pH range 5 - 12. ivhe chemicals employed were of
reagent grade and used without further purification.

Serniconductor Electrodes, As the n--type semiconductor
electrodes, the single crystals of CdS and Ti02 were used,
which were obtaÅ}ned from Teikoku Tsushin Co., Ltd. and

Nakazumi Crystals Co., Ltd., respectively. The Ti02 electrode was constructed with its (OOI) face in contact with

the dye solution. For the case of CdS, three types of the
electrodes were prepared, which had their (l120), (OOOI),
and (OOOi) faces, respectively in contact with the solution.
'
The CdS electrodes were polished with alumina of O.3 um in
size and etched in concentrated hydrochloric acid for l5 s,

before the rneasurements. In some cases, the CdS electrodes
were etched Å}n 2 N hydrochloric acid. The Ti02 electrode
was not etched, but washed with ethanol and water before the

measurements. The ZnO sintered disks were also used as the
electrodes, the method of the preparation being described
in chapter 2.

The Photocurrent and the Flat Band Potential. The experimental set--up was the same as that described in chapter 2.
Unless otherwise noted, aqueous solutions with O.l M KN03 as

the supporting electroiyte were used. The flat band potential was determined frorn the differentiai capacitance at the
'
ZnO electrode-electrolyte
interface. The capacitance was
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measured by use of a Yokogawa Hewlett-Packard 4265B universal
bridge at a frequency of l KHz.

The Adsorption of the Dyes. The amount of the dye adsorbed
on the ZnO sinter was determined from the diffuse reflectance
spectra of the sinter which was immersed in and taken out of

the dye solution, the residuai solution on the sinter being

soaked with filter paper. The absorbance of the dye at the
wavelength of the maximum absorption was measuredr from which

the amount of the adsorbed dye was determined. Although the
'
adsorption of the dye practically reached saturation by
immersing the sinter in the dye solution for ca. 1 min., the
measurements were made for samples immersed in the solution
-for longe.r- than 3 min.

Similarly, the amount of the dye adsorbed on the single
crystals of CdS and Ti02 was determined from the absorption
spectra of the single crystals, which were immersed in and
taken out of the dye solution.

Results and Discussion

1. The Photocurrents in the ZnO Eiectrodes Sensitized by
Anionic Xanthene Dyes, and the Adsorption of the Dyes.
The Adsorption rsotherm of Xanthene Dyes.
The amounts of dyes adsorbed frorn aqueous neutral solu-

-- 52 -

tions (pH 5.8 - 6.2) on the ZnO sinter, r, are plotted against
the concentration of the dye, C, in Fig. 1 for the case of rOSe
bengal and phloxine B; The r values re'present the absorbance
of the dyes adsorbed on the ZnO sinter obtaÅ}ned from the

diffuse reflectance spectra. As shown in Fig. 2, the adsorption isotherms fit in with Langmuir adsorption Å}sotherm repre'
sented as

C

Cb
oo

where r is the saturation value of the amount of adsorbed
o
dye, and b a constant. The adsorption equilibrium can be
expressed by the foliowing equation

adsorbed so!vent <or electrolyte) + dye Å}n solution

= adsorbed dye + solvent (or electrolyte) in solution
(2)
The equilibrium constant is gÅ}ven by

K == (a: a2)/(aSl ag) (3)

'
where al and a2 are the activities of the solvent and dye,

respectively, and the superscripts s and b indicate that the

values are for the surface and the bulk, respectively. Since
a? can be approximated to be constant, Eg. 2 is written as
b
K= K'a
l

(4)

where K' is an apparent equ"brium eonstant which is the
reciprocal of b in Eq. 1.
The adsorptÅ}on isotherm for other xanthene dyes were
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for the same result

shown in Fig.

1: Or rose bengal;

also measured and the r and b values obtained are shown in
o
Table 1. [Che halogen substitution and the esterification of
the dye cause no significant effect on the ro values. As the
peak molar extinction coefficients of the dyes are almost
unaffected by such a change, this result indicates that the
saturation values for the adsorption on ZnO are also unchanged.

However, the b values are decreased considerably by the halogen
substitution in the order of H < Br < I.

The heat of adsorption of the dye,Qads, is represented as

Qads == Rll lnK "- TASO (s)
or

Qads/RT
=-lnb+A (6)
'

where A is a constant. The O . and A for r.ose benaal are
ny acts -J
-1t kJ
and
-4.3, respectively, from the
found to be 21
mol
temperature dependence of b value (Fig. 3). The change in
entropy by the adsorption for the other divalent xanthene
dye anions is expected to be nearly the same as that of rose
bengal. Therefore, the A vaZue for them rnay be assumed to

be equal to that of rose bengai. The Qads's calculated from
Eq. 6 by taking A to be -4.3 and,employing the values shown
in Table l for b are also tisted in the table.
The Qads becomes larger by substituting the dye with x,

Br, and Cl, respectively as can be seen in Table 1. [Vhis
result suggests that van der Waals force participates in the

adsorptivity of the dye, as pointed out for the adsorption
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Table

1. Adsorption
containing O.1 M

Dye

of xanthene dyes from

aqueous solutions
KN03 on the ZnO sinter at 22 oC'

-6M
b/ IO

r.

/ KJ
Qads

rose bengal

O.027 + O.03 (562 nm)

2.6 + O.3

21

erythrosin

O.027 + O.03 (538 nm)

3.0 Å} O.3

20

phloxine B

O.027 + O.03 (551 nm)

11

Å}1

l8

eosin Y

O.027 + O.03 (530 nm)

20

'+ 2

l6

ethyl eosin

O.026 + O.03 (534 nm)

10

Å}1

*

r.

indicates

zno sintesc at

the absorbance of the dyes

adsorbed on the

the wavelengths shown in

the parentheses.
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K

b value of Eq. 6 for

rose bengal.

However, the b values for
on the ZnO4)
powder.
'
are found to be 'ca. IO times smaller than those
'
As rose bengal had the largeSt Qadst it WaS

the ZnO sinter
for the powder.

expected that

the rnost reliable results could be obtained for

this dye.

Therefore, experirnents were mostly performed by

use of rose

bengal as a sensitizÅ}ng dye.

The pH Dependence of the Adsorptivity of the Dye

and the

Surface Structure of ZnO.

The saturation value of the dye adsorption on ZnO sinter
is found to increase as the pH becomes lower (Fig. 4), indicatÅ}ng that the ' number of the adsorption sites for the dye is
increased by lowering the pH.

The pH dependence of the amounts of the adsorbed dye in
a solution of l.5 x IO-5 M rose bengal containing O.l ]vl KN03r
at which the adsorption practically reaches saturation, is
plotted in Fig. 5a. :n the experiment, the solutions were not
buffered, and the pH was adjusted by adding a small arnount of

aqueous KOH and HN03 solutions. The change of the ionic
strength by the pH controll can be neglected, because the

solution contains large amount of KN03. The absorption and
fluorescence spectra of the dye in aqueous solutions are

scarcely changed over the pH range 5.0 - l2.0. Therefore,
the change in the' adsorptivity rnust be caused by the effect
of pH on the structure of the ZnO surface.
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The information on the electrical double layer at the
ZnO/electrolyte interface can be obtained from the rneasure--

ment of the flat band potential, Ufb, of the ZnO electrode,

the electrode potential at which the space charge layer in
'j r'

the serniconductor vanishes. The flat band potential of the
ZnO sinter elect.rode in O.i M KN03 solution increases as the

pH decreases, as shown in Fig. 5b. In this case, the solutions are not buffered like 'the case for the adsorption
measurement, and the plot does not lie on a straight line.

On the other hand, the pZot fits on a straight line when the
measurements are performed in buffered solutions, as reported
by Lohrnann.

The p.H dep.endence of th.e Ufb for the oxide electrodes

has been explained by the dissociation of the surface OH
5)
groups as

l)z'no"" + H+ =2 )znoH ' (7)

)znoH 2i)zn+ + oH- (8)
As the pH decreases,the equilibria are shifted to the right
'

sides of the equations and hence the potentiai of the ZnO
'
eZectrode becomes positive.
The surface zinc ion, )Zn+, is concluded to work as
the adsorption site for the anionic xanthene dyes by reasons
'
1. The resonance BaTnan spectrirmofrose bengal adsorbed on
ZnO is similar to that of a zinc salt of the dye as shown in
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aqueous
znO sineerr

Fig. 6. This suggests that the dye is bonded to the surface
zinc ion. The Coulombic force between the zinc Å}on and the

anionic dye is thought to act as the driving force for the
bond forrnation. The result that ethyl eosin, which has no
anionic carboxyl group, shows the same ro value wÅ}th those

of the other xanthene dyes (Table 1) indicates that the
Coulombic force due to the carboxyl group is not important

for the adsbrption of the dye. Therefore, the dyes are concluded to be adsorbed on the surface zinc ion at the nega-

tively charged xanthene ring. The vanderWaals force may
also participate in the bonding as discussed above.

2. Since the iso-electric point of ZnO has a relatively
hiqh value, i.e., g.26), the surface potential of zno in
neutral and acidic solutions are mostly determined by the
number of surface zinc ions, and the change of Ufb is ex--

pected to be proportional to the change of the number of

surface zinc ion$. Therefore, the similarity between the
r-pH and Ufb-pH curves leads us to conclude that the surface
zinc ion works as the adsorption site for the dye.

3. 0n the assumption that the change of Ufb with the pH in
neutral and acidic solutions is determined by the change of
the number of the surface zinc ion, and that a dye is adsorbed
on a surface zinc ion, the capacity at' the ZnO/electrolyte
'
interface can be written as

eAr. =CAUfb (9)
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where e is the elementary electric charge, rn the number of

the adsorbed dyesonthe electrode per unit area, and C the
capacity at the electrode/dye solution interface. The capacity at ZnO/ rose bengal solution interface is calculated to
-2from
be ca. O.6
F m Eq. 9, by using the va]ues shown in
Figs. 5 and 6 and by assuming the roughness factor of 2 for
'
the sUrface. The number
of the dyes adsorbed on the ZnO
sinter is obtained from the absorbance of the dye with the molar
extinction coefficient of i.o x io5 Mdei cm-i. Here, the
light absorption is assumed to be twice that of the single
transmission of the dye layer in the measurement of the
diffuse reflectance spectra, because the light is reflected

at the grain boundaries in the bulk of the sinter. Blok and
7) determined the capacity at the ZnO/O.l M NaN03
de Bruyn
interface to be ca. o.s F m-2 frorR the potentiometric titxa-

tion method. The approximate agreement of this va!ue with
that derived from Eq. 9 also substantiates the adsorption
rnodel for the dye.

The pH Dependence of the Photocurrent Sensitized by Rose
Benga1.

The photocurrent sensitized by rose bengal was found to
increase by lowering the pH of the solution as shown in Fig.

5c• The idye observed over the pH range from 4 to IO is
approximately proportional to the amounts of the dye adsorbed

--
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on the ZnO electrode (see Figs. 5a and 5c). Since the absorbance due to the adsorbed dye is quite low, the number of
photons absorbed by the dye can be approximated to be pro-

portional to the amount of the adsorbed dyes. Therefore, the
proportionality between the idye and r indicates that the
quantum efficiency of the photocurrent is independent of the
8) also
pH of the soZution. Spitler
andreported
Calvin that
the quantum efficiency for the Ti02--rose bengal system was

unchanged by the pH. These results are in contradiction to
those reported by the previous authors for other dyes.l'2'9)
We have reexarnined some of the systems similar to those
reported by therA, and found that the quantum efficiencies

are independent of the pH, in contrast with their reports.
This wiZl be described in section 3.

The quantum efficiency of the photocurrent for the ZnOrose bengal system is calculated to be ca. 28 9o from the

results shown in Fig. 5 and the number of photons passedthrough

the dye layer. This value nearly agrees with that deter-mined from the decay curve of the photocurrent (chapter 2).
The photocurrent is most probably caused by the electron
transfer from the lowest vacant orbital of the dye to the

4s orbitaZ of the surface zinc ion. Conceivably, the relatively high quantum efficiency observed in this system arises
from the fact that the dye is directly coordinated with the

surface zinc ion. Since the 4s orbital of the 2inc ion eon-
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stitutes the conduction band of zinc

10)it is expected
oxide,

that the electron is injected toward

the bulk of the semicond-

uctor efficiently.
[Vhe Effect of Salts in the Solution
on the Adsorption 'of the Dye.

on the Photocurrent and

The addition of potassium nitrate and potassium perchlorate into the solution caused no significant effect on the
dye adsorption and the photocurrent when the concentration
of the salts is lower than O.l M. However, with the addition
of cyanide, -".errocyanide, and phosphate salts, both the amount

of adsorbed dye and the photocurrent decreased drastically as
' to the adsorption of
shown in Fig. 7. These are attrÅ}butable
the anions (CN' , Fe(CN)g-, and Po43-) on the surface zinc ion
corapeting with the dye adsorption, because the anions are

known to cause stable complexes wÅ}th zinc ion. Spitler et
11)reported that the quantum efficiency
for ZnO-of i

al.

dye
4- addition of Fe(CN)6 . They
rose bengal was decrease by the
attributed this effect of Fe(CN)4
6- to its quenching of the
triplet state of the dye. However, our results show that the
quantum yield is hardly affected by the addition of the ion
at the concentrations lower than 1 x lo-4 M. consequently,
4- ion is concluded to inhibit the adsorption of
the Fe(CN)6
the dye in the sarne manner as the CN- and POZ- ions.

On the other hand, the dye adsorption is enhanced by
the addition of multivalent metal cations such as Al3+
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.2+r 2+
Nx
Cu as shown in Fig. 8a 3+
forion
theforcase of Al
example. The metal cations are expected to be adsorbed on ZnO
surface, causing the accumulation of positive charge density

at the surface. Therefore, the anionic dyes will be attracted
by the Coulombic force of the cationic charge toward the sur' 9). However, the photocurrent does not increase in
face (Fig.
'
porportion to r as shown in Fig. 8b,the small increase of i

dye

by the addition of Al(N03)•3 being attributable to the change

of the pH of the solution. The number of surface zinc ionsr

N+.

7Zn , is not expected to be affected by the addition of the
metal cationsr unlesS the capacity at the ZnO-electrolyte
'
interface is drasticaliy
changed, because the potential deter-

mining ions for ZnO are the hydrogen and hydroxyl ions. From
these results, we rnay concZude that the excessive dyes adsorbed
on ZnO are mostly attached on the multÅ}valent metal cations

and are ineffective for the photocurrent.
When the concentration of the dye was lowr howeverr the
' was enhanced by the addition of the multivalent
photocurrent

metal cations to within the saturation value at high dye
concentration. The effect is especially strong for the photocurrent caused by the dyes with srnall heats of adsorption,

such as uranin and eosin Y. These results are attributable
to the enhanced adsorption brought about by the Coulombic
'
force between the dye and rnetal cations adsorbed on ZnO.
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bengal (D )

on

the aluminum .ion.

2. The Dye-sensitization Effect on the CdS and TÅ}02 Electrodes.
'

The flat band potential of the CdS electrode with the
(ll20) face exposed was constant at the pH increasing to 10,

beyond which it decreased as shown in Fig. IO a. The constancy of the Ufb on pH over such a wide pH range indicates
that the potential determining ions for CdS are not hydrogen
and hydroxyl ions but cadmium and sulfide ions.12) The similar result has been reported for the (OOOI) fa'ce of CdS by

watanabe et al.13) At a higher pH range, the hydroxyl ion
will dimini'sh the surface cadmium ionr>iCd+r and decrease the
Ufb according to the following equilibrium.

>.Cd++eH' =- i)CdOH (ll)
The photocurrent sensitized by rose bengal and the amount
of the dye adsorbed on the surface of CdS also depend on the
pH, in a manner simi!ar to that of the fZat band potential as

shown in Fig. IO b and c. By comparison
-pH to r- of the i
dye
pH curves, the quantum yield is found to be ca. 18 rg, being

hardly affected by the pH. These results suggest that the dye
is adsorbed on the positive site of the surface, i.e.,)Cd+,
as in the case of ZnO.

'
The density of the photocurrent 'sensitized by rose bengal

on the (OOOI) face was found to be only one--tenth that observed

at (POOI) and (U20) faces. This resuk is explained by taking
account of the difference in the surface structures of CdS
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crystal at the three crystal faces. Since the cadrnium atoms

are buried under the sulfur atoms at the (OOOi) face, the low
current density at this face is attributable to the lack of

Å~+
the adsorpiton site, i.e.,
-.-- the
Cd crystal face. The
. on
difference in the density of the photocurrents at the crystal
faces was observed only when the electrodes were etched in 2

N HCI for less than.15 minutes. By etching the electrodes in
a more concentrated acid, the surface became rough and the

difference in the photocurrents disappeared. The difference in the behavior of the CdS electrodes at (OOOI) and
(ooob faces was reported also by Tsuiki et al.l3) in the
study of the flat band potential.
'

Fu-r• the case of the Ti02 electroda.., -vho.. idye e-nd r

' decreased (Fig. Il). The quantum yield
increaSed as' the pH
was not affected by the pH of the solution as reported by
spitler and calvin.8) These results are simuar to those

obtained for the ZnO electrode. However, the increase of
idye and r occurred at a lower pH than that observed for the

ZnO eiectrode. This difference between the Ti02 and ZnO
eZectrodes probably arises from the difference in the acidbase dissociation equUibria at the surfaces oÅí the electrodes•

Sinee the iso-electric point of Ti02 is ca. 4.5 lower than
that of ZnO, the forrnation of the positive site, adsorption

siter On Ti02 takes place at a lower pH region than for 7nO.

The quantum efficiency of the photocurrent sensitized by
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rose bengal is ca. I.5 O-., about one-fifteenth that for ZnO.

Such a diEference in quantum efficiency between the Ti02 and
ZnO electrodes might be due to the difference in the structure
of the adsorbed dye on the two electrodes, and possibly the
difference in the position of the electron accepting levels
on the electrodes.
'

3. The Photocurrent in the ZnO EIectrode Sensitized by
Zwitter--ionic and Cationic Dyes.

The aqueous solutions of zwitter-ionic and cationic dyes
caused the precipitates on standing, when halide salts were
added into the soiution. Th'ereEox-e, 'u'nless ot,herwise st.=.ta..di

the photocurrent and the adsorption were measured with freshly

prepared solutions. The solutions were prepared by adding
halide salts or supporting electrolytes into the dye solution,
whose pH had been adjusted by addition of KOH and HN03 solu'

As Fig. Z2 shows, the photocurrents sensitized by
rhodamine B and rhodamine 6G'have maxima at the pH of 7 and
10, respectively, in contrast to the case of the anionic
xanthene dyes (section l). The arnounts of the adsorbed dyes

on zno sinter were approximately proportional to idye. The
pH dependences
of
r and i that the adsorption
suggest
dye
sites for the zwitter-ionic and eationic dyes are different
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'

from those for anionic xanthene dyes.

The idye sensitized by rhodamine B in the acidic solution
is enhanced by the addition of halide salts as shown in Fig.

13 a. The apparent quantum yield of the photocurrent observed
in the presence of 1.0 M KT reaches ca.' 2.5 O-. at pH 2.0.

Certainly, this effect of the halide salts comes from the
enhanced dye adsorption on ZnOr as r also increases approxirnately proportionally to idye as shown in Fig. I3.

The acidic solutions of rhodamine B containing halide

salts caused precipitates gradually. The photocurrents
became as low as those without the halides, when they were
rneasured by use of the solutions which had been left standing

- -- -- .- t. t tt" tl -lt.. .T. .t-

tor severat nours. 'rnererore, lt zs proDapie =naz vne pnoco--

current enhancement is due to the deposition of the dye on
the electrode from the supersaturated dye solution (salting

out). The solubility of rhodamine B in the solution containing
halide saits decreases as the pH decreases, as shown by the

soiid line in Fig. 14. This result explains the enhanced
photoeurrent in the acidic solution. On the other hand, the
solubility of rhodamine 6G, whose struCture has no singificant
difference frorn that of rhodamine B except for the esterification
of thq carboxyl groupr is lower than that of rhodamine B by a
factor ot 10 - 100t o'ver the pH range 3 to il.

As has been mentioned before, in the case of the anionic

xanthene dyes, the photocurrent scarcely increased, even if
'
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the dye adsorption on the electrode was increased beyond the

saturation value for the adsorption equilibrium by addition
of rnetal cations (Figs. 8 and 9), or by using an electrode

thickly covered with the dye by the spraying method. The
enhancement of the photocurrent, Å}n the case of the deposited
rhodamine B, might be due to the crystallization of the dye,

the regu!ar array of the dye being favorable to the energy
transfer.

The action spectrurp. of the photocurrent enhanced by the

halide salts shifts by ca. 25 nm toward longer wavelength
frorn that observed in a neutral O.1 M KN03 soXutiont accom-

panied a minor change in the intensity ratio of the shoulder
with respect to the rnaximum as shown in Fig. I5. The change
of the action spectra is probably caused by the formation
of the dye aggregates on the ZnO surface.

That a high
dyeisi produced by the aggregate is favor-

able for a solar cell. Howeverr in this case the suppression
byi the reducing agent is found to be more
of the decay
of
dye
difficult than in the case of the monorner dyes, probably

because of a low electron mobility in the'dye aggregate.
' reported anby
Bode et ai?'i4)aiso
increase of i
dye the
addition of halide salts into a buffered solution of pH 4.6.

Daltrozzo and Tributsch2) observed that the i in l.O M
dye
KCI solution increased at lower pH. These authors attributed
the increase of
dyeto ian increased quantum efficiency of
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electron injection from the exited dye, caused by the decrease
of the energy barrier (Tributsch) or a formation of reduced

dye or triplet state of the dye by the interaction between the
dye in the excited singlet state and halide ions (Bode).

However, their conclusions should be reexamined,since they

were drawn by assuming that r was not affected by the
addition of the salts or the change of pH
The photocurrent sensitized by l, 1'-diethyl-2, 2'-cyaninet

which is a cationic dye, shows a pH dependence simiiar to that
for rhodamine 6G, as shown by a broken line in Fig. 16 b. The
photocurrent is about a hundred tirnes as low as that for rose
bengal, and was enhanced by the addition of alkali halides,

with the formation of the J-aggregate as was reported by
Tributschi5), and Honda et ai.i6) [Dhe action spectra of the
photocurrents caused by the monorneric dye and the J--aggregate

are shown in Fig. I7. Much iess photocurrent due to the J•aggregate was observed for an electrode immersed in a solution
of the dye and alkali halide, which had been left standing for

several hours, as shown in Fig. Z6 b. :n such a solution the
precipitate of the dye was gradually formed, whose reflection
spectrurn was practically identical to the absorPtion spectrurn
'

of the J-aggregate. From these results, we can conc!ude that
the J-aggregate is generated from a supersaturated dye solution
as in the case of the deposition of rhodamine B.
Thedye
i and r due to the J--aggregate increased as the
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pH became lower as shown by solid iines in Fig. I6, whereas

the solubility was hardly affected by the pH. The result
indicates that the quantum efficiency of the photocurrent is
' ' The formation of the J-aggre-almost independent of the pH.

'
'
gate on the ZnO surface seems to be promoted in an acidic
'
soiution. '
From the results'shown in this chapter, the pH dependence
of the photocurrents sensitized by the anionic, cationic, and
zwitter-ionic dyes are concluded to be mostly due to the
'
changd in the amount of the dyes adsorbed
on the semiconductor

electrodes. on the other hand, some of the previous authorsl'2'9)

tt

usually attributed the pH dependence of the photocurrents to
the chanae of the auantum efficiencv for severai semiconductor-

-l - .s

dye systems similar to those handled in this chapter, e.g.,

ZnO-rhodamine B, N02-l, 1'-diethl-2,2'--cyanine, etc. They
' basis of the pH-dependent change
explained 'the effect on the
of the flat band potential of the semiconductors, which
'
' of the electron injection by
affected the quantum efficiency
' difference 'across the electric doubZe
changing the potential
layer (Helmholz layer) between the semiconductor and the dye

in the solutiop. Such a conclusion seems to be due to their
'
incorreCt
assumptions that the adsorption is not ,affected by
the pH or by the structure ot the adsorbents. On the basis
of our results derived from' the measurements of the dye
'

adsorption on the semiconductors, the electron injection is

- 86 --

concluded to be hardly affected by the change of the potential
difference across the Helmholz layer.
'

References
l) T. Watanabe, A. Fujishima, O. Tatsuoki, and K. Honda, Bull.
Chem. Soc. Jpn., 49, 8 (l976).

2) E. Daltrozzo and H. Tributsch, Photogr. Sci. Eng., 19, 308
(1975).

3) U. Bode, K. Hauffe, Y. Ishikawa, and H. Pusch, Z. Phys.
Chem. N. F., 85, 144 (l973).
4) T. [Vani, S. Kikuchi, and K. Hosoya, Kogyo Kagaku Zasshi,
(J. Chem. Soc. Jpn. !nd. Chem. Sec.), ZLO, 2216 (1967).
5) F. Lohmann, Ber. Bunsenges. Phys.,Chem., 7--ti 428 (l966).

6) G. A. Parks, Chem. Rev., 65, l77 (1965).
7) L. Blok and P. L. de Bruyn, J.. Colloid Interface Sci.,
32, 533 (l970).

8) M. T. Spitler and M. Calvin, J. Chem. Phys., 66, 4294
(1977) .

9) W. D. K. Ciark and N. Sutin, J. Arn. Chem. Soc.r 99, 4676
(l977) .

10) F. J. Morin, in "Semiconductros" ed. N. B. Hannay, Reinholdt
New York (l959).

U) M. Spitler, M. LUbke, and H. Gerisher, Chem. Phys. Lett.,
56, 577 (1978).

-- 87 -

12)

13)

H. Minoura,

T. Watanabe, T. Oki, and M. Tsuiki, Japan J.

Appl. Phys.t

16, 865 (l977).

T. Watanabe, A. Fujishima, and K. Hondat Chem. Lett., l974,
897.

l4)

U. Bode and K. Hauffe, J. Electrochem. Soc., l25, 51 (l978).

l5)

H. Tributsch , Ber. Bunsenges. phys. Chem., ZL3, 582 (1969).

16)

A. Fujishima , T. Watanaber O. Tatsuoki, and K. Honda, Chem.
Lett., 1975,

I3.

- 88 --

CHAPTER 4
Effect of Etching on Intrinsic and Dye-sensitized
Photocurrents in Zinc Oxide Electrodes

Introduction.

The photocurrent arising from the band-gap excitation of

the semiconductor electrode is referredtoas the intrinsic
photocurrentr iintr of the semiconductor eiectrode. Both of
the intrinsic and dye-sensitized photocurrents of the semiconductor eiectrode are expected to be sensitive to the sur-•
face treatrnent of the semiconductor, because the electron

transfer at the electrode-solution interface is often the

rate-determining step. rn this chapter, the effect of grinding
and etching of the ZnO electrode on the photocurrents will be

discussed. The abrading of the semiconductor produces localized
states near the surface,1) and the etching recovers the energy
band structure of the semiconductor by dissolving the defective
layers. To study the difference between the properties of the
intrinsic and dye-sensitÅ}zed photocurrents will help us to
elucidate the characteristic nature of the dye--sensitized photo-

currentr which is the rnain theme of the present work. The effect
of reducing agents will also be discussed by the aid of models
of the semiconductor electronic bands.

M 89 .-

Experirnental

The dye-sensitized photocurrents were studied in aqueous
solutions of rose bengal and o.2 M (mol dm-3) potassium nitrate,

the pH of the solution being 6.1. For the measurements of
intrinsic photocurrents, the pH of the solution was adjusted

to 7.8 with a borate buffer. Dissolved oxygen was removed by
bubbling the solution with high purity nitrogen. In many cases,
the zinc oxide sinter was ground with a silicon carbide abrasive
(No. 2000), etched in 2 M hydrochloric acid, washed with water

and dried. The method of preparation of the ZnO sinter used as
the electrode and the experimental set-up for the electro--

chemical measurements have been described in chapter 2.
The luminescence intensity of' zinc oxide sinter excited by
the same light source used for the photocurrent measurements was

measured by use of an RCA IP28 photomultipZier equipped with
Toshiba B46 and 052 glass filters. [Dhe 1uminescence sr)ectra were

measured with an Aminco-Bownan spectrof!uorimeter. The absorption
spectra and the diffuse reflectance spectra were measured with a
Shimadzu MPS-50L spectrophotometer. The ZnO sinter was colored

slightly after dipping in the dye solution. The amount of the dye
'
adsorbed on the electrode was estimated from the diffuse reflectance spectra of the ZnO sinter taken out of the dye solutionr

the,residual solution on the sinter being soaked with fUter
paper.

The differential capacitance at the semiconductor-elec-
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trolyte interface was measured with a Yokogawa Hewlett-Packard
4265B universal bridge at a frequency of l kHz.

Results
'
'
The dye-sensitized
photocurrent under steady illumination
decayed exponentially during the first several seconds (curve
1, Fig. 1). [Vhe initiai value of the dye-sensitized photo'
current, i&yer was determined
by extrapolating the curve to

zero time of the illumination. When the dye solution contained
a reducing agent such as hydroquinone, allylthiourea, or potas--

sium iodide, the decay was suppressed. In some cases the
initial value of the photocurrent was enhaneed as shown by

curve 2 for the case of hydroquinone as a reducing agent. The
decay of idye was suppressed by addition of hydroquinone or
'
allylthiourea at a concentration
as low as s x io-5 M, while
the'increase of i&ye was srnall at such a low concentration and
reached saturation at ca. 1x lo-3 M. In the case of iodide
'
'
ion, the decay of idye was not prevented at cencentratÅ}ons
'

below 5--2xM,
IO and the increase of i&ye could not be ob'
'
served even at 1.0 M. The difference,
seems to arise from the
weaker electron donor strength of the .iodide ion than hydro-'

quinone or allylthiourea. On the other hand, the intrinsic
photocurrent did not decay even when the electrolyte solution
contained no reducing agent, nor was it affected by the reducing
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agent.

The photocurrent-potential eurves of both iint and i&ye
for electrodes etched for various periods of time are shown

in Fig. 2. The photocurrents are proportional to the illumination intensity, the shapes of the photocurrent-potential
curves not being changed by decrease in the illumination
'
intensity to l/7. The apparent quantum efticienCY Of iint,
'
defined as the number
of electrons flowing per the number of
incident photons on the electrode, is ca. 80 % for the eiectrode etched for' more than 120 s and polarized at a higher

electrode potential than O.3 V (vs. SCE). The onset potentials
of the photocurrents did not change with etching. The flat
band potentials of ZnO electrodes in the solutions used for
the measurements of iint and idye as determined by the Mott--

Schottky plots of the differential capacitance are ca. -O.48
and -O.32 V (vs. SCE), respectively, agreeing nearly with the

onset potentials of photocurrents. The donor densities were
determined to be in the range 4.g x lo22 - 7.l Å~ lo22 rn-3 by
assuming the roughness factor of 2 for the electrode surface.

The photocurrents observed at the electrode potential of
O.4 V (vs. SCE) are plotted against the etching time in Fig. 3.
The iovalue becomes constant at an etching time much shorter

dye
' iint. The enhancement of i&ye by hydroquinone
than that for the

occurs only at etching periods less than l5 s. The addition
of hydroquinone up to the concentration of lo-2 M did not affect
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the adsorptivity of dye. The amount of the dye adsorbed on
the electrode changed slightly by etching, being approximately
proportional to the idye observed in the presence of hydro-

quinone. This might be due to the change of the surface area
caused by etching.

The ZnO sinter emits luminescence when exposed to ultra-

violet light. The emission band lies in the range 400-750 nm
with a .maximum near 530 nm (Fig. 4). The luminescence intensity was quenched drastically by grinding the sinter, but was

gradually restored with etching. By etching for l50 s, the
luminescence intensity returned to the value before grinding.

Figure 5 shows the luminescence intensity at various electrode
potentiaZs. T'he iuminescence intensity falis near the onset
potential of the photocurrents, decreasing nearly to zero at

potential where the iint vaiue is saturated.
By rneasuring the weight loss of the ZnO sinter etched in
2 M HCIr the average thickness of the ZnO sinter dissolved by
the solution was determined to be 4.3 vrn min-l.

Discussion
Our results have reveaied that there are fundamental
differences between the behavior of the intrinsic photocurrent
(iint) and that of the dye--sensitized photocurrent (idye) :

1. The iint is weakened to a greater extent than idye by
'
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time vs.

grinding the electrode.
'
with
2. The increase
in i etching reaches saturation
'
when
etching time is ca. I5 s. The iint value increases much,

more slowly by etching, reachÅ}ng saturation at ca. 120 s.

3• The iint value for an insuffieiently etched electrode
rises gradually as the electrode becomes anodically polarized
up to quite high voltages, whereas idye rises sharply and is
saturated at O.O V (Fig. 2).

4. By addition ofreducing agents to the solution, the decay
of idye is suppressed. Sometimes i&ye increasesr whereas iint
is hardly affected.

Based on these results, we shail discuss the mechanism of
these photocurrents.
Intrinsic Photocurrent.

The mechanism of the generation of iint is shown in Fig.

6a. When an n-type semiconductor immersed in an electrolyte
is polarized anodically, a potential gradient develops in the

space charge layer. By the band-gap excitation, the electrons
in the valence band are excited to the conduction band. The
eiectron-hole pairs thus generated in the space charge layer
are separated efficiently by the electric field.

The iint value of a welZ-etched electrode reaches satu-

ration at the electrode potential of ca. O.3 V (Fig. 2). The
quantum efficiency of the saturated iint is regarded to be
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almost iOO 9o,if the reflection of the incident light at the
surface is taken into account.

The depth of the space charge layer, L, is approximately
given2)by
'

L .= 2(U-Ufb)ee./Nde . (l)

where U is the electrode potential in the bulk, Ufb the flat
band potential, e the dielectric constant, eo the permittivity
of vacuum, and eXthe eiementary eleet'

rx'

c charge. The value of

L is caiculated to be IZO nm at the electrode potential of O.3
V, at which iint of a well-etched electrode reaches saturation,

(the
by substitutxng Ufb = -O.48 V, e = rn
8.5,
Nd = 6 x IO
mean value of the observed donor density) into Eq. 1. 0n the
cther hand, thnv penet.r.at.i.on depth of the incident -lighf. (A. .160

nm) in ZnO, defined as the distance at which the light
intensity becomes 5 g, is calcula.ted to be ca. 100 nm from the
absorption constant of ca. 3 x lo7 m'i,3) in good agreement

with the above derived L value. The result suggests that the
recombination is negligibZe in the space charge layer of a
well-etched electrode.
'
On the other hand, the iint value for an insufficiently

etched electrode did not reach saturation even when the elec-

trode potential was raised to 5 V (vs. SCE). This cannot be
explained by the ralation between the penetration depth of
the light and the depth of the space charge layer, but by
' account the recombination center of electron-hoie
taking into

-- IOO -

•e-.-

(b)

(a)

C.B.

CB.

ooDye
Ni>2!l

o

'

N

N
.MxBx'")}s}{

.V.•.B.•.Å~>ssS

'

semiconductor EXectrolyte
'

semiconductor

Electrolyte
'

Fig. 6. The energy level diagrams of the semiconductor
photocurrent (a)
-e
the intnnsic
ilZustrating the mechanism of
and the dye-sensitized

' (b).
photocurrent

e'• :';O---

/ i?'
r•
:-

C,B. i
oo Reducing
DYe INgnt

'
N'

Y•.B<..]illiiSSI

semiconductor Electrolyte

Fig. 7. The energy level diagram
the surface defect and the
sensitized photocurrent.
- IOI --

explaining

the influence of

reducing agent on the dye-

pair in the space charge layer generated by the grinding. At
a higher anodic polarization, the electric field strength near
the surface of the electrode increases and the electrons and
holes are separated more rapidly, leading to a higher photocurrent.

This mechanism is supported by the measurements of iumi'
' drops sharply at around
nescence from ZnO. The luminescence
'
-o.s v (vs. scE) to the more positive
region where iint begins

to rise (Figs. 2 and 5). This is reasonable since the luminescence is caused by a recombination of the electron-hole
pairs. The figures also indicate that non-radiative recombi-nation centers are generated by grinding the electroder since
both the lunLir.escenc4., and iint are weak xi.'hen. the etrv"hing t-S.rne

is short, increasing in a similar way with longer etching.
'
'
'
'
Dye-sensitized Photocurrent,

It is generally admitted that the dye-sensitized photocurrent (idye) is caused by an electron injection from the
'

excited dye into the conduction band, the electrons being
driven inward by the electric field in the space charge layer
do not/tOf
existidye,
in
(Fig. 6b). In free
theholes
caSe
L
the valence band, and, thereforer the recombination process

does not take place even though defects are present in the

space charge layer. This can
explain
being
less affected
dye
. i
'
than iint by grinding of the electrode.
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The effect of grinding on i&ye can be explained by assurn-

ing the formation of electron traps near the surface which
'
capture electrons injected from the dye and send them back

to the dye. The fact that the photocurrent at sufficiently
high anodic polarization became constant by etching for i5 s
indicates that the density of the traps is high in the region
very close to the sutface (Fig. 3).

Sintered ZnO, normally slight yellow, turns deep yellow

on grinding. The increase in absorbanee of the sinter from
380 to 650 nm thus produced can be measured by diffuse yeflectance spectroscopy. This can be removed by ethcing for ca.
I5 s, which is comparable to that necessary to make i&ye reach

saturation. The increased absorbance seems to be due to the
surface defectsi which trap the injected electrons.
'
The Effect
of Reducing AgentS On idye.

There are two features of' the effect of reducing agents
on ,dye,
z 4) the increase of i&ye and the prevention of decay
Of idye'

Hydroquinone increases i&ye for an electrode etched for
less than l5 s, but not for a sufficiently etched electrode
(Fig. 3). This can be explained by assuming the presence of

surface traps (Fig. 7). Without a reducing agent, a part of
'
the injected electrons are captured by the surface trapsr
returning to the dyes which have injected these electrons.

- I03 -

Such a backward movement of electrons is ptevented by a rapid
electron supply from the reducing agent, increasing i&ye.
'
Some authors
pointed out that the effect of reducing

agents on idye is attributable to either an electron transfer
from the reducing agent to the dye in,excited state or an
exciplex fdrmation between the dye and the reducing agent.

In the present case, however, the results are explained in
terms of' ' the electron transfer from the reducing agents to
'
the photo-oxidized dye. There seems
to be no general "super
sensitization" effect of the reducing agents.

From the-present study, the dye-sensitized photocurrent
has been proved to be less sensitive to the defects in the
electrode than the intrinsic photocurrent, especiaiiy when

the solution contains reducing agents. This is one of the
'
advantag.es
of the dye-sensitized photocurrent as regards
utilization of' impetfect solid specimens for electrochemical

/t
'

''
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CHAPTER 5
Chelation Effect of Alizarin Dyes on the Semiconductor--

Aqueous Soiution Systems

rntroduction

As has been described in chapter 1, the dye-sensitized
'
photocurrent
is caused by the dye adsorbed on the semiconductor' electrode. ,The dye dissolved in the solution some-

'
times loweres the photocurrent by absorbing the incident

light before it reaches the surface of the electrode. There[e o-

re, iLL `:s des•irable for an ef`:.icierst 'v"hotoceU to have the

dye. only on the surface of the'semiconductor electrode. This

chapter deals with the photocurrents arising from alizarin
'
'
dyes chelated to the semiconductor electrodes. Recently, a
'
sirnUar work was repotted by Danzrnann
and Hauffer mainly on
1) crystal.
azo dyes,and zinc oxide

Experirnental

Titanium dioxide single crystal disks with the (OOI)
'
face and zinc oxide'sintered disks, both n-type semiconduc'
'
torsr were used. The structure of the eZectrodes was
'
described
in chapters 2 and 3. The surface of the Ti02 disk

•-

Z06 -

was ground with rough silicon carbide abrasive to make the
surface area large. Alizarin, alizarinS, and quÅ}nalizarin
were used 'as the photosensitizers. The structural forrnulas
'

' given below:
of ',the dyes are
' '
o OH

'

etNOM

O OH

OH

tuo .4

4
kt

OH O OH
l ,
•-.,q ,

Zf

o
alxzann
tt'

aZizaxin

qIl oH

S03' ""• -C,
OH O

s

quinalizarin

Aqueous solutions of

'
o. 2 M Na2S04as the suppporting
elec--

troXyte were used.

The experimental

described in chapter

2.

set-up was the same as

Results and Discussion
When TÅ}02 powder was added into an aqueous solution of
alizarin at the pH of 4.3, the powder colored reddish purple.
'
Figures l a) and b) show the absorption
spectrum of an aque-

ous solution of aiizarin and that of a potassium bromide disk

containing the colored powder, respectively. The absorption
'
spectrum of an ethanol solution of titaniurn tetrachloride and

alizarin nearly coincided with that of the colored Ti02 powder.

It is therefore concluded that the coloration is caused by a
chelate compound formed between alizarin and titanium ion at
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Fig. 2 . Photocurrent action spectra in the -6
solution of 5.2 Å~ 10 mol/1
aiizarin at the anodic bias' of O.5 V. The photocurrents atte corrected

so thatthey correspond to the vaiues for a uniform light intensity at

all waveiengths. (a) For the Ti02 electrode, with the illumination
intensity r = i.4 x ioi4 photons / cm2s. rn these conditions the dark

2 nA / crn . Cb> For the ZnO
13electrode, r= 4.6 Å~ iO
current id was IO
photons / cm2s. id = 4 nA / cm2.
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the surface of the Ti02 powder. 'The absorption spectrum of
'
the chelate compound on a Ti02 single
crystal was rneasured
through the single crystal, which was similar to that formed
on the powder.

When ZnO powder was added into an aqueous alizarin solutionr the powder colored purple whose absorption spectrurn is

shown by Fig. I c). This coloration is also considered to
be due to the chelate formation at the ZnO surface.

Figure 2 shows the action spectra of the photocurrents
for the Ti02 and ZnO electrodes in the alizarin-electrolyte
solution. They were obtained with a weak illumination inten-sity, so that the photocurrents did not change during the
mrAqnrnmnnf.q
Ana -hn wnvnlnnct-hq
wnrcs gr.Annna nf fhp hirTh
v v--- Tr vd- v --F V-----V V- Vt V ---V ------ V-vi--v-- vv ----v- v--v !! -v vd- v--"v----.--

speed of 250 nm/min. The intensity of the photocurrent was
also confirmed to be proportional to the illumination inten-

sity at several wavelengths. The action spectra nearly agreed
with the absorption spectra of the colored powder and not

with those of the solutions. Consequently, the photocurrents
' by the sensitization due to ,the
are concluded to be caused
dheiate compounds forrned on the surface of the electrodes and
'
not by the photochemical reactions of the dye in the solution.
' photocurrents were rneasured in an electrolyte solution
When the

free from the dye by using the electrodes which had been
immers,ed in an alizarin solution for a while and washed with

water, their action spectra agreed with those showh
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in Fig. 2. !n this case, the Å}ntensities of the photocurrents
'
were
nearly the same as those observed in the alizarin-elec-

trolyte solution systems. This indicates that the chelate
compounds formed on the electrode surfaces are insoluble.

The intensities of the photocurrent decayed gradually with
illumination, the decay being the faster, the higher the illu-

mination intensity. In the case of the Ti02 electrode the
decayed photocurrents recovered to the initial values, when
the electrode was kept in the dark solution for a day. This
seems to show that electrons are supplied by some means from
'
'
the solution to the chelate compound.
Photocurrent measurements were also made for alizarin S
and quinalizarin which form chelates simiZar to that of aZiz-

arin. The action spectra for alizarin S were confirmed to
agree with the absorption spectra of the chelate compounds
on the Ti02 and ZnO powders. For the case of quinalizarin,
the photocurrents also seem to be due to the chelate compounds, for their aetion spectra do not agree with the absorption spectrum of the dye in solution.

Concerning the photo-active species, two structures are
considered; one is the alizarin dye directZy coordinated to
the metal ion which is still in the lattice of the oxide, and
the other is the complete chelate compound physically adsorbed

on the oxide surface. At present, we cannot decide which of
the two models is the correct one. Trial to obtain a stoichio-
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metric chelate compound in a pure state failed.

In conclusion, the photocell sensitized by surface
chelate has the merit that• the illumination of the electrode

is not hindered by the dye in the solution phase. Unfortunately, however, the chelating dyes so far studied have the
quantum efficiencies less than those of the xanthene dyes.

The present results have also shown that the photo-electrochemieal measurements provide a highly sensitive means to
obtain the eZectronic spectra of very smalZ quantities of
materials on solid-liquid interface.

Refer. ence

1) H. J. Danzmann and K. Hauffe, Ber. Bunsenges. phys.
79, 438 (1975).
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CHAPTER 6

Dye-sensitized <ZnOlaqueous electrolytel Pt> Photocells.
'

Introduction
Some of the fundamental properties of the dye-sensitized
photocurrents in the semiconductor electrodes have been

described in the previous chapters. In this chapter, on
the basis of the knowledge thus obtained, the dye--sensitized

photocell which consists of a ZnO electrode, a piatinum
counter electrode, and a solution of a redox coupie is

investigated. Search for optimal conditions of both the
solution and the electrode is necessary for attaining
efficient photocells. In section 1, the effect of the
contents of the solution, e.g.r the redox couple,
its concentrationi e,tc., on the perforrnance of the photocell

wili be described. In section 2, the trials to increase
the adsorptive activity for the dye and the electric conductivity
' doping and the sintering methodes
of the ZnO electrode by
will be described.

Experimental
The ZnO sinter containing no dopant was prepared by
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moulding ZnO or ZnC03 powder with compression foilowed by
'
heating at
800 to 13000 C in air. For the preparation ef

ZnO sinter doped with A1203 or Li20r ZnO powder (99.99 g
pure) was kneaded with an aqueous solution oÅí Al(N03)3' 9H20

or LiN03. The slurry thus made was dried with an infrared
lamp, ground in agate mortar, calcinated in air at 6500 c for
6 hoursr ground again in an agate mortarr mouided and sintered.

The structure of the ZnO electrode has been described in
chapter 2. The surface area of the electrode was O.5 to
o.7 cm2. A piatinum piate with a surÅíace area of 2 cm2 was
used as a counter electrode. The solutions were bubbled
with high purity nitrogen gas during the measurernents. Unless

.- - ih " .- " -.=

otnerwise mentionectr tne eiectrocnemical measurernents were

performed without an external bias between the ZnO and
pZatinum electrodes.

Results and Discussion

l. The Performance of the Dye-sensitized Photocell Having a
Redox Couple and a Well-sintered ZnO EIectrode.

The well-sintered ZnO electrode containing no dopant
adsorbed very small amount of the dye, and gave reproducible

photocurrents. Therefore, such electrodes were used to
investigate the effect of the solutes on the performance
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of the photocell.

The energy diagram for a dye-sensitized photocell with
an n--type semiconductor electrode, such as ZnOr is shown

in Fig. I. The electrons injected from the excited dye
into the conduction band of the semiconductor electrode
move toward the counter (metal) electrode through an external

circuitr and transferredintothe solution phase. The redox
couple in the solution acts as the charge carrier; the
reduced form of the redox couple donating electrons to the
photo-oxidized dye, and the oxidized form accepting electrons
from the counter electrode, and the photocell works continuously.

When the electrodes are connected through an externai
resistance, R, photovoltage is generated between the electrodes

by the illumination of the semiconductor electrode. Since
the potential of the counter electrode is fixed at the redox
potential of the solution, the photovoltage, Uph (= idyeX R),
shifts the potential of the semiconductor electrode, as
shpwn in Fig. 1. The maxirnum Uph being able to be obtained

is limited by the difference between the flat band potential
of the semiconductor electrode and the redOX POtential, Uredox Ufb, because the potential of the semiconductor electrode.cannot
be raised above the flat band potential.

The photocurrent observed for the anodically polarized ZnO
electrode immersed in the solution of reducing agents did
not decay during the illumination, nor showed overshoot
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. diagram
<n--type semiconductor1 dye solutionl metal>.
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to the cathodic region when the ilght was turned off (chapter 2).

On the other hand, the photocurrent of the photocell

< ZnO1dye soiutionl Pt> was found to decay even when the
solution contained reducing agents, showing overshoot to
the cathodic region when the light was turned off as shown

in Fig. 2. The decay and oversboot of the photocell system
could be prevented by addition of a redox couple into the
solution. In Fig. 2, the results for the addÅ}tion of the
KI / I2 redox couple is given.

When the concentration of the electron acceptor such
as iodine was low, the potential of the counter electrode
of the above photocell shifted cathodically by the iliumination,

approaching the flat band potential of the ZnO electrode
(Fig. 3). [Vherefore, the decrease of the photocurrent

in the absence of the redox couple (Fig. 2) is attributable
to the disappearance of the potential gradient in the semi--

conductor. The relatively large photocurrent observed
for the first several seconds in the absence of the oxidizing
agent is due to the charging current by the capacity at
the electrode--eiectrolyte interface. On the other hand,
in the presence of the redox couple at high concentrations, the

potential of the counter electrode was practically fixed
at the potential of the redox couple,maintaining the potential
gradient to produce high photocurrent.

The current-potential characteristics of the platinum
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electrode used as a qounter electrode in the solutions with
and without the KI / I2 redox couple are shown in Fig. 4.

The photocurrent, idye, and the photovoltage, Uph, obtained
from the photocell changed with the rnagnitude of the load resistance. The re!ations betvgeen
the i30 s illumiafter
andph
U

nation are plotted in Fig. 5 for the photocells containing
rose bengal and the KI / I2 coupie at various concentrations.

The open circuit photovoltage observed in the presence of O.1 M
Kl and 1--5
xM10T2 waS Oe59 Vr which was O.24 V smaller than
'
the ValUe Of Uredox ps Ufbe This difference is ascribable to
the increase of the recombination rate of the electron-hole
pair as the eiectrode potential reaehes near the Ufb va!ue,

and possibly the back electron transfer from the conduction
band to the solution phase across the energy barrier at the
semiconductor-electrolyte interface.
The power output of the ,photocelZ is given bY idye X Uph,
and the rnaximum output obtained in the presence of the

KT / X2 couple is represented by the hatched area in
Fig. 5, which corresponds to the energy conversion efficiency

of ca. O.l g. The efficiency of the photocell increased
'
with the concentration
of r2. This 'is attributable to the
increase of Uredox and the fixation of the potential of

the counter electrode. When the concentration of I2 was
high (curve d)r howeverr a small value
phdecrease of the U
was observed. This is probably due to the enhanced
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back electron transfer from the conduction band to the
solution, in which iodine acts as the electron acceptor.
The effects of other redox couples were also studied.
The results forhydroquinone / p-benzoquinone were similar
to those for KI / I2t with the Uph somewhat srnaller than

that observed in the latter case. This is probably due
to the lower (negative) value of the redox potential of

hydroquinone / p-benzoquinone than that of KI / !2. In
the gase of3-/4Fe(CN)6 , the idye was quite low, probabiy
due to the inhibition of the adsorption of the dye by the
Fe(cN).3- and Fe(cN).4- ions (chapter 3). By addition

UU

2+/ Fe
3+redox couple, a cathodic current was observed
of Fe
in the dark. $how.ina ti.e exi.sten.ce of a. chemical reaction

tJ

between the redox couple and the electrode. Consequently,
the Kr /r2 couple was concluded to be most suitable for the
ZnO photocell sensitized by rose bengal in the redox couples
studied so far.

2. The Porous ZnO Eiectrodes.
factors for achieving a high

One of the most important
efficiency of the photocell is

to increase the photoabsorption

by the dye on the semiconductor

electrode. The absorption

of light by a dye mono-layer on

a flat surface is expected
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to be ca. 3 O-. at maximum. Trials to increase the photocurrent

by using semiconductor electrodes coated thickly with various
insoluble dyes were unsuccessful, mostly because these

dye films formed electrical insulating layers, when they
became sufficiently thick to absorb light appreciably.

It was then thought that an efficient photocell can be constructed
by using porous ZnO sinter as an electrode, because with
such an electrode the overail quantity of the dye adsorbed
on the surface can be rnade fairly large, with the thickness
of the dye layer on the electrode surface kept rather smail.

At the initial stage of our experiments, we tried to
make ZnO sinter from ZnO powder obtained from many different
sources, and found that the dye-adsorbing capability of the

sinter depended largely on the material. The sinter produced
frorn the ZnO powder (Kadox l5), which had been kept in our

laboratory fer a few years, showed strong adsorptivity for

, 4). By
the electronthe dyer causing efficzent
photocurrent
microscopic observation, it was found that the strong adsorptivity
of the sinter was due to the porous structure of the specimen,

which was caused by a small amount of impurities included

in the materiaZ, e.g., ZnC03. rn order to get a sufficiently
porous specimen reproducibiy, further investigations have
been rnade. As the result, we have found that the porous

sinter could be obtained from any ZnO material by the foUowing
methods.
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1. Sintering the ZnO powder at iow ternperatures. The
degree of sintering, defined as the ratio of the density
of the sinter to that of a single crystal, reaches nearly
one for the specimen obtained from pure (99.99 O-.) ZnO

powder by heating at l300 OC for 1 hour. On the other
hand, those for the specirnens sintered at lower temperatures
decreased with lowering the sÅ}ntering temperature as

shown in Table 1.
2. SinterÅ}ng the ZnO powder, after washing the powder in

dilute hydrochioric acid.

3. Sintering the ZnO powder containing zinc salts being
thermally decomposed,such as ZnC03.
4. Sintering the ZnO powder by adding dopants such as
aluminuml)oxide.
The scanning electron micrographs of the ZnO sinter

made by the different methods are shown in Fig. 6. The
porous specimens (b, c, and d) are dyed easily by imrnersing
'

them into the dye solution, whereas the well-sintered specimen

(a) is dyed scarcely by the same method. The reflectance
spectrum of the well-sintered specimen and that'

of a porous

sinter after immersing into the dye solution are shown
in Fig. 7.

The electric resistivity of the sinter usuaUy increases
as the specimen becomes rrtore porous. The relation between
the electric resistivity of the sinter and the degree of the
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Tab!e 1

. The

degree of

sintering of the

'
zno speclmens

sintered

at various

temperatures for

i or

Dopant

Temperature
(.oC)

Free

A1203, O.5 moi2

A1203, 2.0 molg

Li20, l.O

mo1g

Period
(hour)

5 hours.

Degree of Sintering

(g

700
900

1

69

i

I050
l300

i

94
96
98

1

IOOO
l200
1300

5
5

56
75

5

77

s

1000
i200
!300

5

50
59
65

700

5

92

5
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6. Scanning electron micrographs of the ZnO sinter
obtained by sintering various ZnO powder materiais at
l300 OC for 1 hour: (a) pure ZnO, (b) ZnO powder washed
with 2 N HCI for ca. I min., Cc) ZnO powder containing
ZnC03 (25 g by weight), (d) ZnO doped with O.5 molg A1203.
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Ng. 7. Diffuse reflectance spectra of ZnO sinter after
immersing in an agueous solution of rose bengal a x io-4 M),
the residual soZution on the sinter being soaked with

filter paper: (a) well-sintered ZnO (degree of sintering
98 g); (b) porous ZnO (degree of sintering 70 g).
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sintering is shown in Fig. 8. The specimens of various
sintering degreeswereobtained by sintering at different
temperatures and for different periods. As can be seen from
Fig. 8, the aluminum doped (Al-doped) sinter shows electric

resistivity 2 to 3 orders lower than that of undoped zno
sinter, whereas the lithium doped (Li-doped) sinter shows a

higher resistivity. These results are qualitatively explained
by the principle of controlled valency.2) The density of the
free electrons in ZnO is determined by the equilibria and the
doping processes as,
2+
2- . <-!--ny--a Zn(i) + 1/2 02 (1)
Z"(zn)
+O(o)

Zn(i) -- Zn(i) '+e. (2)
+

znk) o zn?:,) +e (3)

3+
Al203 ' -2 Al
(z.) 2+ 2 O(o) + 1/2 02 + 2e (4)

Li2P. + 1/2 02' + 2e-2 L"z.) + 20i5) (5)
'

'
where the subscripts, i, Zn, and O represent the interstitial,

zinc, and oxygen positions in the crystal, respectively.

The resistivity of the porous sinter is mostly determined
by the high resistivity at the grain boundary in the sinter.
'
The decrease in the resistivity of the Al-doped ZnO rnay be
ascribable to a decrease of the depth of space charge layer,
due to the generation of the high density donor states.

On the other hand, the high resistivity of the Li-doped ZnO
sinter is attributabie to the decrease of the
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donor density as shown by Eq. 5, the effect being opposite
to that of the Al-doped sinter.

The change of the sintering degree by the dopants
can also be undetrrstood on the basis of Eqs. 1 -- 5, since

the velocity of the sintering of ZnO is controlled by the
diffusion of the interstitial zinc ion.3) The addition of the

aluminum ion in ZnO shifts the Eqs. 2 and 3 to ieft hand
sides, leading to a low sintering degree. The effect of the
lithium ion is opposite to that of the aluminum ion (Eq. 5).

The photocurrent sensitized by yose bengal is plotted
in Fig. 9 against the sintering degree oÅí the ZnO sinter

doped with O.5 mol 9o AZ203. The photocurrent shows a rnaximum

at the sintering degree of 65 - 75 g. The decrease of the
photocurrent at the lower sintering degree is attributable to

a high inner resistance of the electrode, whiie that at
the higher sintering degree is attributed to a decrease
of the amount of the adsorbed dye on the electrode.
By doping A1203 at a concentration higher than 2 mol g,

the dye-sensitized photocurrent became smailer. rn this caser
the photocurrent caused by the iarger-than-band--gap iliuntnation
of ZnO also decreased.

Hnally, the energy conversion efficiencyr Åër and the
apparent quanturn efficiency of the photocurrentr napp, the

latter being defined as the number of flowing electrons divided

by the number of incident photonsr for the dye-sensitized

- l30 -

photocelis provided with undoped or Al-doped porous ZnO
electrodes will be discussed.

Zn the case of the photocelis with4)undoped porous ZnO

electrodes prepared by the afore-mentioned several methods, .
the th and napp values attained for monochromatic light (X 562 nm)

were 1.0 to 1.5 g and 15 to 20 9. at maxima, respectively, with
little difference by the preparatiort methods of the sinter.
On the other hand, the Åë and napp values for the photocells
with the Al--doped Zne electrode reached to 2.5 g and 22 g,

-3M KI and IO .M I2 as a redox couple.
respectively, using O.1
These values are considerably higher than the best results
'
obtained
from the undoped ZnO electrodesr due probably to the
higher eiectric conductivity of the Al--doped ZnO electrodes
(Fig. 8).

The above results were obtained under weak illumination
of the order of 1 mw cm-2. The difference in the Åë and n
app
values between undoped and Al-doped Zne electrodes will
become greater in a case of strong illumination, e.g.r under
ordinary solar radiance, since the ohmic loss in the eZectrode
increases with the current density. The energy conversion
efficiency under the solar radiance is estimated to be ca. 1 gr

for a photocell containing an Al-doped ZnO eiectrode, from the
degree of' the overiap of the action spectrurn of the photocurrent
and the solar spectrum (Fig. 10). Further improvement of the
photocell can be expected by the choice of semiconductor
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electrodesr redox couples, and sensitizing dyes.
'
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.

Conclusion
' '
Fundamental
features and mechanisrn of the dye--sensitization

of serniconductor photoelectrodes have been investigated. Frorn
the results, it has been found that the dye-sensitized photocell
has the advantages as a solar energy converter: (i) the dyesensitized photocurrent is insensitive to impurities included
in the semiconductor, (2) the photo-dissolution of the semiconductor electrodes is trivial in the case of dye--sensitized
photocurrent.

The highest energy conversion efficiency for the solar
irradiance obtained with our photoceils reached ca. 1 9e, which

is about one-tenth that of the solid-state solar cells, and
nearly equal to that attained photosyntheticaliy by cane or sugar

beet. The efficiency of the dye•-sensitized photocell is expected
to increase further, possibly to the degree of the solid-state
solar ce!ls in future, by search for the optimal conditions for
the method of preparation of the semiconductor eiectrodes, and
the choice of the dyes, redox cuples, and semiconductors.
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