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INTRODUCTION

Sensitization of a solid is a general term,l one that can be applied
to systems 2- 5 much different from the specific case which will be discussed in detail in the following pages. The basic elements of the process
are, however, always the same. l ,6 A sensitizing agent which can undergo
an electronic transition must be in physical contact with a solid; the excitation of such an adsorbed species results in the induction of an electrical effect in the solid.
This electrical effect can be induced through either of two mechanisms: energy transfer between the adsorbed compound and solld or electron
transfer between the two.

Experimental observation of both of these pro-

cesses has been claimed,?,8 although it is evident that the predominance
of one or the other will depend on the particular system under study.

In

either case, the efficiency of a sensitized mechanism is much smaller than
that of intrinsic absorption of a photon by the solid itself, but it is
initiated at a different, perhaps more desirable, wavelength.
The extension of the sensitivity of a solid to spectral regions beyond its intrinsic absorption has many practical applications of which
the more significant utilize sensitizers that absorb visible radiation.
With this use of dyes as sensitizers, spectral sensitization in the visible can be seen as the basic process behind modern photographic and duplicative techniques.

More recently it has attracted attention as a possible means of solar energy conversion. 9
Stemming from these interests, research in the field of dye sensitization of semiconductors has been long lived and has subjected this system to a great variety of investigative techniques. 5 ,lO,11 One of the
more versatile methods for exploration of this phenomenon can be found in
an electrochemical technique introduced by Tributsch and Gerischer. 10 ,12-l4

2

This approach to the study of sensitization utilizes the semiconductor as an anode or cathode in an electrochemical cell.

The dyestuff is

either deposited on its surface or dissolved in the electrolyte from which
it adsorbs on the semiconductor.

Work with this system has demonstrated

that for sensitization of semiconductors in this configuration, the induced electrical effects are attributable to electron transfer to, or from,
the excited adsorbed dyemolecule. 15
Thus, when the electrode surface is illuminated, the electron transfer between the solid and the excited dye results in current flow through
the electrochemical circuit.

The ability of a dyestuff to sensitize can

then be simply and quantitatively measured.
This technique was selected and used for these studies of the photooxidation of water soluble dyes adsorbed on the surface of single crystal
semiconductor electrodes.

There were two major goals.

the condition of the adsorbed dye.

One was to define

This required knowledge of its absor-

bance spectrum, its heat of adsorption, and its surface concentration,
and a determination of the degree to which excitation is transferred between adsorbed dye molecules.

The other goal was to establish quantita-

tively the energetic relationships between the adsorbed dye and the underlying semiconductor.
towards these ends.

It is hoped that this work represents some progress

,

-I,
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II.

A.

ADSORPTION OF SENSITIZING DYES ON SINGLE CRYSTAL SUBSTRATES
Introduction
The sensitization process described above is a surface reaction.

Only those dye molecules adsorbed on the surface of the appropriate
semiconductor can inject charge carriers into its eJectronic structure;
though the photochemistry of sensitizing dyes in solution is well known,16
the reactive species in the sensitization process ;s located in an
unknown environment on the surface of the solid.
In order to acquire a complete understanding of the photooxidation
or photoreduction reaction, this environment and its effect upon the
adsorbed dye must be ascertained.

Such a definition of the condition

of the dye in its adsorbed state is not possible without answers to
the following questions.

How tightly is the dye bound to the surface?

What forces are responsible for the adsorption of the dye to the surface?
What is the adsorption orientation? What effect do these forces have
upon the physical and electronic structure of the dye?
It is the purpose of the experimentation of this section to provide
this information in the case of sensitization of single crystal substrates.
This is certainly not the first piece of research into the surface
chemistry of sensitizing dyes as the literature of photographic science
is replete with studies of dyes adsorbed on silver halide powders. 1
However, use of a photoelectrochemica"\ arrangement to monitor sensitization
at specific crystallograph"ic faces of solids necessitates concomitant
studies of the dye adsorption on these well defined surfaces.
The techniques for obtaining this information about the effect of
adsorption upon dye photochemistry have, of course, been established
for powders as substrates. l

For example, adsorption isotherms can be

4

measured, often at several temperatures.

The chemical composition

of the substrate can be modified through doping.

The solvent for

these adsorption systems may also be changed. and reflectance spectra
of these dyed powders can be measured at different surface concentrations
of the adsorbate.
For single crystalline substrates, however, these methods become
more difficult to apply.

The small surface area of these crystals

(>1 cm 2) will adsorb correspondingly minute amounts of the dye on the
order of 1014jcm2.

An estimate for the optical density of this dye

concentration on a surface would be .01.
isotherm is no longer an easy task.

Measurement of an adsorption

Adsorption spectra become harder

to determine.
Of these two types of measurements, the electronic excitation
spectrum can reveal the most information about the interaction between
the adsorbed dye and substrate.

Charge transfer complexes, aggregate.

formation and the dielectric of the environment all are manifest in the
electronic absorption of a molecule.

In addition, if the transition

moment of a molecular excitation is conserved upon adsorption from
solution, its surface concentration, and thereby its adsorption isotherm,
can be established. l ? Rina11y, because it is this excited electron
that is involved in the photooxidation of the dye, this absorbance
spectrum can be compared to the photocurrent action spectrum determined
through electrochemical studies.

Thus, it appears that much usable

information about the adsorbed species can be extracted from the absorbance
spectrum of the dye on the surface of a crystal.

Consequently, the

effort was made to establish an experimental system that would enable
measurement of the absorption spectra of dyes adsorbed on substrates
at surface concentrations of less than 1014jcm2.
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At the time these experiments were begun, most electrochemical
studies of sensitization had utilized ZnO as the semiconductor
electrode. 12 ,13,14,18,19 Of all the wide band gap semiconductors,
it had been the most extensively researched and consequently could
be seen as a well defined component of a photoelectrochemical system.
Thus, samples of this crystal were sought as suitable substrates for
adsorption studies.

However, specimens of this crystal were not

immediately available.

Consequently, easily obtainable ZnS crystals

which had the same crystal structure as ZnO were employed to explore
the experimental techniques for the adsorption studies.
Of the dyes that produced a photo-effect at the ZnO electrode,
the two most efficient sensitizers were rose bengal and rhodamine
B.6,13,14 Therefore these dyes were selected for use as sensitizers
because the results could be compared with easily obtainable electrochemical data.

However, the photocurrent action spectra of these

dyes revealed that they most likely adsorbed as monomers. 20

In order

to work with a system where aggregation occurred on the surface,
crystal violet was also included for use in these single crystal
studies.
B.

Materials
Crystal violet (MW 425.97) is a water soluble, triphenylmethane

dye

~vhose

structure is shown in figure 1.

It is cationic and planar

forming dimers at relatively low so"lution concentrations.

The

absorption spectra of the dye as a monomer and dimer are also shown in
figure 1.

At the monomer maximum in ethanol, the extinction

coefficient is x 10 5 . The dimer absorption is blue shifted from
the monomer maximum.

6
10

'0

5

550

600

A.

650

(nm)

Figure 1. Structure and absorption spectrum
in ethanol of crystal violet.
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Figure 2. Structure and absorption spectrum
in ethanol of rose bengal.
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Rose bengal (MW 1019.52) is the common name for tetraiodo,
tetrachlorofluorscein and retains the basic spectral features of
fluorescein albeit red shifted to about 550 nm (figure 2).

The dimer

has an absorption maximum at an energy equal to the shoulder of the
monomer.

The sUbstituents on the phenyl ring constrain its orientation

perpendicular to the remainder of the molecule so that dimerization
is inhibited until fairly high concentrations have been reached.
Below pH 5 the dye precipitates from aqueous solutions with the
protonation of its acidic functions.
The material was purchased from Allied Chemicals and recrystallized
from ethanol.

After this purification the extinction coefficient

of the monomer peak in ethanol was determined to be 1.05 x 105 which is
10

the value reported in the literature.

The structure of rhodamine B is shown in figure 3.

Its spectral

characteristics are similar to rose bengal, but the high energy
shoulder on the monomer is not as pronounced.

Steric effects orient

the phenyl group perpendicular to the plane of the chromophore for
this molecule also.

Dimerization results in an increased absorption

at shorter wavelengths.

At the monomer maximum in

extinction coefficient is 1.10 x 105.

ethanol~

the

This dye was also purchased from

Allied Chemicals and purified through recrystallization in ethanol.
The net charge on the dye will depend on the pK of the carboxyl
function; the molecule will be either cationic or neutral.

To

determine the region of charge neutrality for this dye, gel electrophoresis
was used.

An LKB 7900 Uniphor Column Electrophoresis system was

employed for this determination.
The dye was spread evenly over the entire pH range of a supporting

8
10

¢
I
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Figure 3. Structure and absorption spectrum in
water of rhodamine B.
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Figure 4. The ZnO and ZnS single crystals
used in these studies crystallized in the
hexagonal wurtzite structure pictured above.
The (0001) face consists purely of Zn while
(0001) face is 0 or S6 The latti~e constants
for ZnO are a Q 3.25 A, c = 5.12 ~ and for
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gel.

After 48 hours in this set-up, all the dye at low pH had moved

to a higher pH.

There was a distinct break between colorless gel

and dyed gel at a pH of 4.85.

Higher than this pH there appeared to

be no movement of the dye indicating that above pH 4.85 the dye is
electroneutral.
This result is not in accord with a reported 21 pK of 9 for this
carboxyl group.

However, it is in agreement with other data in the

literature which show a change in the fluorescence and absorbance of
rhodamine solutions near pH 5. 15

Zinc oxide is a semiconductor with a band gap of 3.2 eV.

It is

therefore transparent to visible light and usually crystallizes as
hexagonal prismatic needles with a wurtzite lattice structure. 20 ,21
ZnO is a noncentrosymmetric crystal (figure 4), so that a crystal
cleaved perpendicular to the longitudinal axis of a hexagonal prism
will have two different faces exposed, one Zn (0001), the other 0
(000l) .
Crystals grown through vapor deposition without intentional
dopants are usually n type as a result of interstitial zinc atoms
within the lattice. 24 These zinc atoms function as donors since
they are essentially completely ionized at room temperature.
The ZnO used in these adsorption studies was obtained from two
sources.

A plentiful supply was received as a gift from Dr. Gunther

Heiland of the Technische Hochschule, Aachen.

These came in the form

of long (2-3 cm) hexagonal prisms grown through vapor deposition.
A large 2 cm x 1.5 cm x 1 mm plate crystal of ZnO was purchased from
the Lambda-Airtron Corporation of Morris Plains, New Jersey.

This

10

specimen exposed large areas of the Zn and 0 surfaces.

However, the

crystal was hydrothermally grown in a LiOH solution which introduced
Li into the lattice and lowered its conductivity.
Zinc sulfide is also a wide band gap semiconductor (3.6 eV) that
crystallizes in two lattice structures.

One is in the diamond form;

the other is in the wurtzite structure (figure 4) which was the
habit of the crystal used in these experiments.

Commercial samples

of ZnS are, in general, insulating, and the material purchased was left
undoped since no electrochemical studies were planned for this crystal.
A 10 g boule of single crystalline ZnS, 2 cm in diameter, was purchased
from Eagle-Picher Industries of Miami, Oklahoma.
C.

General Experimental
The investigation of the adsorption of sensitizing dyes on single

cyrstalline substrates required that the visible absorption of dyes
on semiconductor surfaces be known.

Even if the surface is covered with

a complete monolayer of the dye, the maximum absorbance of that dye
layer will only be

~

.01.

Although this optical density is small,

it can be accurately measured if the substrate is fashioned into a
thin plate crystal and placed in the beam of one of the Cary spectrophotometers available in the laboratory.
However, at sub-monolayer surface concentrations of the dye
this accuracy will suffer.

Consequently, some means had to be found

for determining the optical density of adsorbed dye molecules at
very low surface concentrations.
The first method which presented itself utilized the property of
total internal reflection of light within a solid dielectric medium . .
This technique has been explored and explained in detail in an excellent

ou

.~' 1
,t

\]1

11
'/.5

book by N. J. Harrick.

'

If the geometry of the optics and of the

crystal are correct (see figure 5a), visible light entering the
semiconductor will be totally reflected at each gas-solid boundary
encountered.

Thus, before the light path leaves the solid it can

be made to cross through a semiconductor-dye interface enough times
to obtain an accurate measure of the absorbance of the adsorbed
dye.

This is a very elegant physical technique, but it demands

extreme precision in its optical and geometrical arrangements.
simpler and easier arrangement

was~ught

A

and found.

Instead of using one crystal for absorbance measurements, it
was determined that several crystals could be employed instead of
one if they were aligned as plate crystals perpendicular to the
beam of a spectrophotometer.

Each additional semiconductor surface

contributed an additional absorbance of .01 with as many as four
crystal plates employed in this arrangement.

Dye could also be

adsorbed on both s'ides of the crystal.
Using this method it was possible to obtain absorbance spectra
of adsorbed dye layers as a function of the solution concentration
with which the surface dye is in equilibrium.
To align the crystal surfaces perpendicular to the light beam,
a plexig1ass optical cell was fabricated for use in a Cary 118 spectrophotometer with the capability of holding five crystals.
of this device is seen in figure 5b.

The design

The crystals were mounted on

thin plexig1ass rectangles over a 3 mm x 1 mm aperture which permitted
passage of the light beam.
The highest measured optical density approached .08 for four
surfaces.

The smallest absorbance was limited by impurity absorption

12
SAMPLE
BEAM

'CRYSTAL
SUBSTRATE

Figure 5. This diagram shows the geometry and
optics required for use of total internal refl ecti on to meas ure the absorbance of dye adsorbed on the surface of single crystals. Below
is the design of a plexiglass optical cell that
was used in these absorbance measurements. The
crystal could be mounted on plexiglass slips
\A/hichwere inserted into the holder. Up to
five crystals with ten dye layers could be inserted in the spectrophotometer beam at one
time.
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(a) light path. (b) quartz window.
(c) mounting slots. (d) crystal mount.
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in the, crystal and scattering of the light by the crystals.

The

impurity absorption of the crystals takes the form of a sloping
baseline which decreases with increasing wavelength.

The dye ab-

sorption is superimposed on this background absorption; an example is
given in figure 2 for rose bengal on ZnS.

This presents very little

problem because it can be subtracted easily.

However, it does

introduce uncertainties into the determination of the exact
length of an absbrbance maximum.

wave~

As will be demonstrated for the system

rhodamine B/ZnO, this sloping baseline can be eliminated to permit accurate
observation of spectral shifts as a function of surface concentration
of the dye.
Only one problem presented itself when using this technique.

The

. crystals used had to be large enough to handle easily so that an optical
surface could be prepared on both faces through which the light passed .
. A minimum workable crystal surface was found to bean area 4 mm square.
Finding ZnO single crystals of this size proved to be difficuHand time
consuming.

As a consequence, during the time in which the ZnO was being

located, the ZnS was used to sound the technique for its efficacy.
The dye on the semiconductor surface is adsorbed from a solution
of the dye.

The crysta'] is immersed in this dye solution until equilibrium

is reached between the dye in solution arid the dye on the surface.

This

usually required 15-20 minutes.
I n order to preserve the partiti on of dye between surface and sol uti on
when the crystal is removed from the solution, the liquid on the surface
of the crystal must be removed without any evaporation.

This can be

accomplished by washing the crystal immediately with a solvent in which
the dye is not soluble.

It was found that if this liquid were squirted

out of a plastic squeeze bottle, there will be sufficient force in the

14
stream to remove any liquid on the surface of the crystal.
Solubility is a relative term, and it may be that this small
surface concentration of dye, 10'4/cm2, can be solvated and eluted by
the wash solvent.

The possibility can be checked very easily.

An

absorption spectrum of dye adsorbed on a crystal is recorded after a
wash with this nonpolar solvent.

The crystals can be removed from the

optical cell and washed once again followed by another absorbance
measurement.

If the adsorbed dye is insoluble in the washing agent,

the absorbance spectra of the adsorbed dye will remain unchanged after
repeated washings.
Equilibrium in the adsorption of the dye onto the semiconductor
from solution rarely required more than 20 minutes.

This was established

through a variation of the immersion time for each dye, and each dye
concentration, and for each semiconductor.

As expected, concentrated

dye so:lutions attained equilibrium within a couple minutes whereas the
more dilute ones required a longer time period.
D.

Results of Adsorption Studies
This technique was first employed with ZnS as the substrate and

rose bengal and crystal violet as sensitizing dyes.

Adsorption studies

of these dyes on ZnS powders was attempted for comparison purposes,
but acidic surface characteristics of the powder resulted in protonation
and decoloration of the dye solutions. 26 Consequently, the experiments
were performed with ZnO powder.

Finally, single crystal studies using

ZnO were made with rhodamine B and rose bengal.
As a rule, before a set of crystals was utilized for an adsorption
study, the component crystals were soaked inchloroform and methanol to
remove any soluble surface impurities and then boiled in doubly distilled

lS

.07

.05
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u

Z
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0::
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(f)
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.03

.01

450

650
XBL 773- 4234

Figure 6. Rose Bengal adsorbed on ZnS single
crystals from a solution that is 7.9 x 10- 5 M
in the dye. The absorbance represents the
contribution of six surface layers of the dye
superimposed upon the sloping absorption of
the ZnS.
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water for an hour.

It was found that octane, nonane, and decane

functioned very well as washing solvents for these dyes.

Spectroquality

solvents were used in all wash procedures.
1. Rose bengal on ZnS single crystals
Slices of the ZnS boule 1 mm thick were cut with a diamond saw
°1)

perpendi cul a r to the c axi s to expose the (OOOl) Zn and (0001) ·S faces.
These wafers were cut into rectangular pieces 1.5 em x 0.3 cm to fit
in the optical cell of figure 5b.
with

A1 203 powder. The crystals were
not etched so that the adsorption experiments were carried out on
9~

SiC grit and then with

The crystal surfaces were polished first

l~

polished surfaces.
Using both sides of only two crystals, the absorbance spectra
of adsorbed dye in Figure 7a were obtained from crystals.
ab~orbance

If the

of the maxima of these spectra are plotted as a function

of the corresponding solution concentration, the graph of figure 7b
is obtained. As the dye in solution increases from 2 x 10-5M to
5 x 10- 4 M, the surface absorbance remains constant. For purposes of
comparison, the spectra of the dye "in ethanolic solutions of varying
concentrations are in figure 2.
The spectra of figure 7a resemble the absorption of the monomer
in solution (figure 2).

A red shift of 9 nm is evident.
(,!i

2. Crystal violet on ZnS single crystals
The ZnS single crystals prepared above were also employed in
the measurement of absorption spectra of crystal adsorbed from absolute
ethanol. Solutions of the dye up to 6.0 x 10- 4 Mwere used. The
crystals were washed with cyclohexane.

The absorbance spectra of the

crystal violet on the ZnS and in solution are depicted in figures 8 and 1.
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Figure 7. Absorbance spectra of rose bengal
on ZnS single crystals as a function of surface
concentration are shown in (a). In (b) is a
plot of the absorbance of the adsorbed dye at
566 nm as a function of solution concentration.
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Figure 8. Absorbance spectra of crystal
violet on ZnS single crystals at several surface1
II
concentrations are shown in (a). In (b) the
00 at the monomer maximum is plotted as a
function of solution concentration.
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Comparison of these figures reveal that dimerization of crystal
violet occurs on the surface.

This tendency towards aggregation

increases as the dye concentration on the surface becomes larger.
The absorption maxima of both monomer and dimer on the surface are
red shifted from the solution spectra by

~15

nm.

3. Rose bengal on Li-doped ZnO
On ly one crys ta 1 was used in these meas urements .

It was the

plate crystal of Li doped ZnO obtained from Lambda-Airtron.
two exposed surfaces were the Zn (0001) and

a (0001)

The

faces so that

the spectra refl ected absorbance from dyes adsorbed on two chemi ca lly
different surfaces.

However, dyes adsorbed on these two surfaces

gave identical absorption spectra so that this difference appeared to
present no problem.
The crystal was polished to a

l~

finish like the ZnS specimens and

used without etching.

Absorption spectra of rose bengal from aqueous
solutions of up to 600 x 10- 4 Mwere recorded. The absorption spectra
of the dye solutions corresponding to the spectra of figure 9 are
shown in figure 2.
As with the adsorption of this dye on ZnS, the surface species
is predominately monomer in form.

As the surface coverage increases,

the absorbance of the high energy shoulder increases with respect
to the main peak.

This indicates an increasing dimer presence.

These

maxima also are at a longer wavelength than those in the solution
spectra.
At this point it would be useful to compare the results found
with single crystals with data obtained from adsorption of the dye on
powders.

Rose bengal and crystal violet were adsorbed onto ZnO

(A)
/"567

Figure 9. Absorbance spectra of rose bengal
adsorbed from water onto Li doped ZnO at
various surface concentrations are shown in
(a). In (b) the 00 at 566 nm is plotted as
a function of the solution concentration.
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powders from ethanolic solutions.

Adsorption isotherms for these

two systems were established and reflectance spectra for rose bengal
adsorbed onto ZnO were recorded.

Unfortunately, the crystal violet

underwent a photochemical bleaching during the experimental procedure·
and reflectance spectra could not be measured for this dye.
4. Rose bengal and crystal violet on ZnO powder
Ultrapure ZnO powder (99.999% pure) was obtained from Ventron.
Electron microscopically the powder \oJas found to be microcrystalline
with prismatic and plate crystals ranging in size from

0.5~

to

2.0~.

To establish a history for the powder, it was heated in air for 3 hours

200 mg of the powder were deposited in a plastic sealable centrifuge
tube with a 10 ml aliquot of an ehtanolic solution of the dye.

It was

then shaken for a minimum of four hours which was the time required
for the least concentrated solution to attain equilibrium.

After this

time the samples were centrifuged, and a 1 ml sample was removed by
pipette for a spectrophotometric determination of its concentration.
The resultant adsorpti on isotherms are shown in fi gure 11.

Each poi nt

represents the average of three samples.
The remaining solution in the centrifuge tube was removed and
the powder was washed with cyclohexane.

The cyclohexane was allowed

to evaporate and the powder was saved.

Reflectance spectra of the dye

adsorbed onto the ZnO powder was saved.

Reflectance spectra of the

dye adsorbed onto the ZnO powder were taken using a Cary 14 spectrophotometer
with

a Cary Model 1462 Scattered Transmission Accessory

0

With this

apparatus. the photomultiplier tube could be moved to within a few
millimeters of the sample cuvette so that it intercepted a large solid
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angle of the light scattered by a sample.
The dry powder was suspended in an inert silicone oil (Dow 704
diffusion pump fluid) by a rapid stirring of a mixture of the solid and
oil.

Once this suspension was poured into the cuvette, the powder

settled to the bottom within an hour.

Only a couple minutes were

required to record a spectrum so that no distortion was

obs~rved

as

a consequence of the settling process.
Reflectance spectra at several surface concentrations of the dye
are depicted in figure '12.

They appear very similar to the absorbance

of the dye adsorbed on a single crystalline substrate.

The monomer

absorbance is present with a red shift from solution spectrum.

The

most significant difference between the absorbance of adsorbed dye
molecules and those in solutions is the red shift of the absorption
maximum of the dye when it is in the adsorbed state.

For many dyes

this red shift has been reported to increase with increasing surface
concentration of the dye.

Although there are changes evident in the

crystal violet spectra of figure 8. such a red shift is not observed
in the rose bengal spectra.
However, there is some uncertainty in these spectra owing to the
sloping crystal baseline.

To obtain accurate information on this red

shift this baseline problem must be eliminated.

This can be done by

inserting crystals into the reference beam of the spectrophotometer
so that the absorption of the impurities in the crystal will be compensated.

This is a difficult task since the thickness of the crystal

samples in the reference beam must be exactly equal to the thickness
of the material in the sample beam in order to obtain complete cancellation.
With future electrochemical studies in mind the dye-semiconductor
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Figure 12. Spectra taken for the rose benqa1
covered ZnO suspensions usina the Cary scattered
transmission attachment. These spectra v
correspond to points on the adsorption isotherm
of figure 11.
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pair rhodamine B/ZnO was selected for this experiment.

The resistivity

of the Li doped ZnO was too great for use in electrochemical systems
so that higher conductivity crystals had to be found for use as substrates
for these adsorption studies.
5. Rhodamine on undoped ZnO single crystals
Optical density measurements of the dye adsorbed at less than
monolayer coverage of a single crystal surface were made by alignment
of four crystal faces (each with an adsorbed dye layer) in the light
path of a Cary 118 spectrophotometer.

Two special cells were constructed,

each with four crystals, so that the use of one as a reference cell
in the spectrophotometer resulted in the cancellation of the extrinsic,
impurity adsorption of ZnO.

Thus, the absorption spectrum of the

Rhodamine B adsorbed on the surfaces of the sample cell could easily
be recorded.
The crystals used were in the form of cross sectional cuts from a
large hexagonal prism with a diameter of 5 mm.

A crystal cleaved

perpendicular to the main, or "c" axis, the orientation of the cut
described here, will expose two different faces, one Zn (0001), and
the other

a (0001).

a thickness of

250~.

The crystals were cut with a string saw set at
After grinding with 9

of the crystal were polished with 0.3

~

~

SiC grit, both sides

alumina until an optical surface

was obtained. The final thickness was estimated at about 150 ~.
Real surfaces were created from these polished faces through the
use of 85% H3P0 4 as an etching agent. The crystals were mounted with
beeswax on a glass slide so that only one face was exposed; the faces
then could be separately etched.

The Zn face was etched for 5 min in

the phosphoric acid, then rinsed witb distilled water and dipped in O.lM
HCl for 30 sec to remove any phosphates.

For the (0001) face the H3P0 4

26

is about 1 ~/min.27
Since the 0 face is more vigorously attacked by the H3P0 4 than
the Zn surface, a different etch procedure was required for its preparation
due to the rapid accumulation of phosphates.

In this case the crystal

was exposed to H P0 for 2-3 sec with the resultant phosphates being
3 4
removed by immersion in the 0.1 M Hel and a subsequent rinse in distilled
water.

This was repeated until the magnitude of the etch scratches on

the surface was comparable to that of the Zn face.

o face

of several test crystals was

parts were etched as described.

A portion of the

covered with wax and the remaining

When the wax was removed, a step

was visible between these two regions, indicating that nlore than 5

~

of the (0001) face had been removed through this procedure.
Each crystal was mounted on a teflon circle over a hole 4mm in
diameter through which the spectrometer beam passed.
with the (0001) surface outwards.

They were oriented

RTV silicone-rubber glue was used

to secure the crystals around the edges.
The teflon circles were inserted in glass tubing cut so that
each crystal face was accesible (Fig. 13).

When the cell was placed

on end with the Zn faces up, the dye solution could be deposited on
the surfaces through the apertures in the surrounding glass.
About 1-2 ml of an aqueous dye solution were deposited on the Zn
surfaces of the cell designated the sample cell.

Rate studies showed that

20 min were required for the system to attain equilibrium.

The cells

were then placed in the spectrophotometer and spectra were recorded.
An example of the baseline of the sample cell.without adsorbed
dye can be seen in figure 14a.

In the spectral region from 450 nm to

700 nm, the proper orientation of crystals resulted in a baseline flat
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Fioure 13. A olass cell was constructed for
the rhodamine B ZnO adsorption studies.
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to within .003.
Solutions of rhodamine B were prepared using doubly distilled
water as the solvent.

All solutions were adjusted to pH 6.5 and the

experiments performed at room temperature, 21° C.

The dye was adsorbed

onto the Zn faces of the sample cell from solutions ranging from 1 x
10- 5 to 6 x 10-4M. Examples of the absorption spectra of the adsorbed
dye are compared with solution spectra in figure 14 c. The flat baseline
allows observation of a shift of the monomer maximum from 557 to 562
mm as the dye concentration of the solution from which it is adsorbed
ranges from 1 x 10- 5 to 6 x 10-4M. In figure 14c"is a plot of the
optical density of the monomer peak versus the concentration of the
dye in solution with which the surface is in equilibrium.
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E.

ANALYSIS
A cursory comparison of the absorbance of these sensitizing

dyes adsorbed on ZnS and ZnO with their solution absorbance will
reveal that there are only minor differences between them.

The relative

concentrations of the monomer and dimer species may change in going
from solution to surface, but no new transitions appear upon adsorption
to change the envelope of the absorption sepctrum.

The most significant

difference is a red shift of the abs'orption maxima from their corresponding energies in solution.
With only these small changes in the excitation spectra, it is
safe to conclude that no major modification of the electronic structure
of the chrompohore results from adsorption.

Although this is not

always the case with sensitizing dyes,28 the interaction between
the chromophori c functi ons of these dyes with the underlyi ng subs trate
must be only a slight perturbation from that between the dye and the
solvent from which it was adsorbed.
Beginning with a qualitative discussion of the absorbance spectra,
it can be seen from figures 2, 3 &12 that rose bengal and rhodamine B
adsorb from solution as monomers even when the solution dye is to a
great extent dimeric.

This preference for monomer adsorption impldes
that the free energy of adsorption of the monomer, 6Gm
as,
d ' is more
negative than the sum of the free energies of dimerization, 6G dim ,
and dimer adsorption, 6G adds :

6G~ds

<

6G~dS

+ 6G

dim

(1)

For rose bengal and rhodamine B, 6G~~~ has been established to be -3.3
kcal/mole 29 and -4.4 kcal/mole 30 respectively.

Consequently, the

energy difference between dimer adsorption and monomer adsorption is

31
at least 4.4 kcal/mole for rhodamine Band 3.3 kcal/mole for rose
bengal.
This can be interpreted on a more physical level through an
examination of a model for dimer formation of these two dyes (figure
15).31,32 This picture of the dimer pairs the two molecules through
apposition of the chromophoric planes with the attached phenyl groups
oriented about 180 0 apart.

Evidently, adsorption must occur in an

orientation that interferes with this dimer formation.

Such an inhibition

of aggregation ensues if the molecule sits on the surface with its
chromophore next to the surface as seen in figure 16a.
However, as the surface concentration of rose bengal on ZnO
increases, the magnitude of adsorbed dimer appears to increase.

This

is manifest in an increase in the ratio of the absorbance of the
high energy shoulder to that of the lower energy monomer maximum.
This is in contrast to what was observed with this dye on ZnS and
indicates that the inequality of eqn. (1) must not hold at higher
surface concentrations.

This difference in adsorbability of the

dimer can be ascribed to the difference in the surface structure
of these two crystals.

Both the ZnS and ZnO were polished before

use; with ZnO being the softer of the two crystals, more damage is
inflicted on its surface lattice structure with this polishing than
would be on the ZnS structure.
The crystal violet spectra reveal a steady increase in surface
aggregation with the rise in the surface concentration of the dye.
There appears to be a small amount of curvature in the slow climb of
the adsorption isotherm of the ZnO powder which is also present in
the single crystal absorbance plot of figure 8.

This is indicative

32

Fi9ure 15. A model for dimer formation of
rhodamine B and rose bengal. The chromophores
are paired parallel with the axis of one
rotated an angle 8 from the other in the
plane. The two phenyl groups are pointed
away from one another.
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Finure 16. (a) A model for adsorption of
rose ben9al and rhodamine B that hinders dimer
formation on the surface.
(b) Adsorption of the planar
dve probably occurs flat-on at low monomeric
c~verageo The molecule stands on edge as it
interacts to form dimers.
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of a cooperative adsorption which is often observed in systems where
adsorption of a planar dye is concerned.

As has been determined

for adsorption of cyanine dyes on silver halides,l the crystal violet
most likely adsorbs flat on the surface at low 8 and then stands
up perpendicular to the crystal when it dimerizes as parallel molecules
at higher 8.

It is obvious that at high

e the inequality of eqn .(1)

is reversed:

6G~dS

>

6G~dS

+ 6G

A value for 6G dim is 4.0 kcal/mole. 29

dim

An adsorption model for this

dye is shown in figure 15.
A more thorough ana lys is of these spectra, however, will yi e 1d
quantitative information about the dye in its adsorbed state and
will thereby permit a more detailed description of the dye adsorbed
on the crystal surface.

No experimental measurement of the amount

of dye adsorbed on the semiconductor surface was made because of the
small surface area of the crystalso

However, a theoretical analysis~7

of these absorbance spectra can yield the surface concentration, Cs '
of the dye. From these theoretical results, adsorption isotherms can
be constructed and heats of adsorption determined.

This can be

accomplished if it is assumed that the transition moment for the
excitation ;s conserved after the dye enters the adsorbed state.
This transition moment is defined 33 ,34 by the quantum mechanical
expre$si on:
00

where

~l

and

~m

are the wave functions for the ground and excited

state orbitals of the electron that is energetically promoted.

~x

is the dipole moment operator e~ x where ~x is the distance of this
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electron from the center of positive charge.
The square of this transition moment is related 35 to the rate
of excitation, w, and the energy density of the radiation field, p,
through the relation:

This, in turn, can be experssed in terms of the integrated absorption
coefficient, A, of the molecule undergoing excitation:

where vlm is the frequency at the center of the absorption band and
A is defined as:

A = Ja(v)dv
a{v) is the extinction coefficient of the transition and the integral
i ssummed over the frequency range of the absorption.
The transition moment is then proportional to the integrated
absorption of the excitation:
(2)

Through Beer's law, though, the extinction coefficient can be written
in terms of the optical density of the dye on the surface:

a(v)

= (00)

Cs

(3)

With the use of eqns. (2) and (3) the integrated absorption of the
dye in solution may be correlated with the optical density of the
adsorbed dye:

J~A
A

=

-k
J~A
2 s A

Here an orientation factor 3/2 is inserted to account for the two
dimensional arrangement of the transition moments on the surface.
With the rearrangement of these terms the surface concentration

35
of a dye can be expressed:

C

=

£(J(OO)dAlfE dA )

s
3
A
A
The task remains simply to calculate these integrals for each
dye1s solution spectrum and each absorption spectrum recorded for the
adsorbed dye.

This was done for rose bengal and rhodamine B in water

and for the spectra of rose bengal on ZnS and of rhodamine B on
ZnO.

For the crystal violet spectra and the rose bengal on ZnO spectra,

though, the increasing dimer concentrations precluded such a calculation
because two different transitions were involved with relative intensities
that changed from spectrum to spectrum.

The ratio of high energy to

low energy absorption for the two single crystals cases where this
integral was calculated changed by at most 20% during the increase in
surface concentration.
These integrals were estimated numerically by summing the value
of the term (E/A) or (aD/A) every 6 nm between 500 and 60 nm.
resul ts are given in Table 1.

The

At the isotherm plateau in figures

7a and 14c, Cs for rose bengal on ZnS was determined to be 1.29 x
10- 7 mmoles/cm 2 . For rhodamine B on ZnO C was found to be 1.10 x
s
2
7
10- mmoles/cm . Through these calculations, the plots of figures
7aand 14c could be transformed into adsorption isotherms as is shown
with the ordinates on the right side of these figures.
For the rose bengal/ZnS system this surface coverage yields a
surface area of 130 ~2/molecule with a molecule of rhodamine B on
02
ZnO occupying 150 A
Examination of the structures of these dyes in
the orientations depicted in figures 2 and 3 indicates that 100

~2

would be a reasonable approximation of their cross sectional area.
These two isotherms plus that of rose bengal on ZnO powder

36

Table 1. CalclIlated values of the integrated absorption of
rhodamine B and rose bengal (over the range 500-600 nm).

f(E:/A)dA

f(OD)/A)dA

rosebengal
ethanol

1. 301 x 10 2

ZnS
(point J in
fi gure 7b)

9.5 x 10- 5

rhodamine B
ethanol
ZnO
(point 5 in
figure 14 b)

1. 623 x 10 2

3.5 x 10- 5
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conform to Langmuir type adsorption behavior.

In such cases they

should be suited to analysis through a Langmuir expression for adsorption
from solution onto solids: 36

eel

C

=

(4)

C +CB

s
m m
where C is the concentration of the dye in solution in mmoles/cm 3
• u

Cm is the surface concentration corresponding to monolayer
coverage in m/moles/cm2
B is an adsorption constant in cm 3mmole
The slope of this line should yield the concentration at monolayer
coverage, but its intercept will give a value for B which will assist
in determining the heat of adsorption of the dye.
The theoretically established isotherms of figures 7a and 14c have
been plotted according to eqn. (4) in figure 17.

In order to plot

the isotherm of rose bengal on ZnO powder, however, a surface area
for the powder must be found. This will be estimated through figure 2
.
02
to be 100 A per dye molecule at the isotherm plateau. The resultant
Langmuir plot is also shown in figure 17.

The results of this analysis

are listed in Table 2.
The cooperative adsorption isotherm of crystal violet on ZnO
powder (figure 11) indicated a change in the adsorption mechanism of the
dye.

Since this also implies a change in the heat of adsorption with

increasing surface coverage, a Langmuir analysis is no longer valid.
Consequently, such an interpretation has not been made for this system.
Also included in Table 2 are values for the heat of adsorption
of the dyes on their substrates.

These estimates can be derived from

the Langmuir analysis of these isotherms (figure 17) if a Boltzmann
expression is used to describe adsorption at very low concentrations. J6
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Table 2. Calculated values for Langmuir isotherms of
rose bengal and rhodamine B.

ZnS

ZnO (powder)

ZnO (single crystal)
x 10- 7 mmol~s
cm

Cm

1.29

1.79

1.11

1
CmB

2.1 x 10 2

2.5 x 102

3.0 x 10 2

cm- l

3.7 x 104

2.2 x 104

3.0 x 104

cJl1 3/mmole

areal
molecule

130 $.2

93 $.2

L1H

5.7-6.3

5.6-6.2

B

150 $.2

5.7-6.3

kcal/mole
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In this limit where C approaches zero, the equilibrium between
solution dye and adsorbed dye can be written:
C ::: KC s '2r
where r is the radius of the adsorbed species.

Eqn. (4) also has

a simpler form as C becomes very small:

C_ 1
C-CB
m
Combination of these expressions yields:

K ::: 2'r
CmB
The 6H of the adsorption process can then be determined since
6H ::: 2.3 RT log (2r/CmB)
for these dyes, rhodamine B and rose bengal, 2r is taken from models
o
to be 10 A. The intercepts of figure 17 provide values for l/CmK.
The results of such a calculation are subject to error owing
to the assumptions that have been made for the surface concentrations
of the dyes.

This error is certainly larger than the uncertainty

induced in the estimation of 2r since the assumed surface concentration
of the dye can be off by as much as a factor of three.

Thi s woul d

introduce an error of +600 calories into the calculated 6H.

It is

this uncertainty which appears in Table 2.
F.

Discuss-ion
The heats of adsorption found for rose bengal and rhodamine

B on ZnO and ZnS substrates are in the range found for sensitizing
dyes used in photographic and electrophotographic systems. l ,37 In
these systems, a dye with a 6H of 12 kcal/mole is considered to be
very strongly bound although, indeed, a reaction with a 6H of 5-12
kcal/mole is not strongly exothermic at all.

However. a weak interaction

of this size is sufficient to permit electron transfer from the
excited dye to the adsorbent.
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Adsorption studies have been reported 37 where a series' of
fluorescein dyes, including rose bengal, were adsorbed on ZnO powders
with a known surface area.

The heats of adsorption observed for these
.

dyes ranged from 5.0 to 5.9 kcal/mole with rose bengal exhibiting a
6H of 5.9 kcal/mole.

This can be compared with the value derived

here of 6.2 kcal/mole where assumptions were made about the surface
area of the powder.

It appears, then, that these theoretical figures

for 6H are accurate enough to merit further discussion.
There are two different forces that are considered responsible
for adsorption heats of this magnitude. l ,38 One is a Van der Waals
interaction between the adsorbent and the adsorbate, and the other is
a coul ombl c attraction between ,charged dyes and surface defects with
a charge of the opposite sign.
The extent to which coulombic interactions influence the adsorption
of these dyes has been determined in several ways.

Using erythrosin

as an anionic sensitizing dye (which is rose bengal without the four
chlorine atoms) and AgBr as a substrate, it has been reported 36 that
a 10 6 fold increase in the surface Ag+ concentration resulted in
the heat of adsorption climbing from 6.8 to 9.4 kcals/moles.

Further-

more, the extent of adsorption of this dye onto electrophotographic
substrates such as Ti0 2 , ZnO, CdS, Se, and S can be di~inished through
.
. 1ncreases
.
a dd 1. t 10n
0 f a sa 1 t suc h as KNO 3 t 0 th e dye so 1 ut'10ns. 38 .Th 1S
the dielectric of the solution and diminishes the electrostatic
interaction between adsorbate and adsorbent.

This decrease in adsorption

amounted to as much as 20-40 per cent, but part of this is attributable
to competition for surface sites between the dye and the anion of the
salt.

It can be seen though, that adsorption is due in part to coulomb

fortes between dye and solid.
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The remainder of the free energy of adsorption has been ascribed
to di spers i on forces between the crys ta 1 1atti ce and the dye. 38 The
polarizability of the solid is usually greater than that of the
solvent from which the dye is adsorbed so that the energy gained
by an induced dipole-induced dipole interaction at the surface
,

increases the stability of the adsorbed state relative to the solvated
dye.

A linear correlation between l':.H and the polarizability of the
fluorescein dyes has been noted. 37
Consequently, the adsorption of the sensitizing dyes rose bengal,
crystal violet, and rhodamine B to semiconductor surfaces can be
attribued to a combination of dispersion and coulomb forces.
With these forces active in the adsorption process, a better
understanding may be gained as to why the dyes in the adsorbed state
are oriented according to the proposed models of figure 16.

Because

dispersion forces are so important, the most polarizable portion of
the dye molecule will be held closest to the crystal.
polarizable

TI

With its

electron cloud, the chromophore of the dye should be

nearest the surface as pictured for rose bengal and rhodamine B
in figure 16.

This also explains why crystal violet would be held

planar on the surface at lowe.

Introduction of electrostatic forces

into this discussion would appear to place negligible restrictions
on these proposed orientations.

The charged functions on these

molecules can approach an appropriately charged surface site without
disturbing the chromophore from its dispersion favored orientation.
For example, it has been proposed that the carboxyl function of
rhodamine B is attached to acidic surface sites on ZnO. 39 Such a
restriction still permits a nearly parallel arrangement of the'chromophore
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and surface.

The charged ami'no group in crystal violet can be

attached at one location

~nd

allow both monomer flat-on adsorption

and edge-on dimerization.
As the surface coverage increases, it was generally Observed
that dimer formation increases slightly in some cases as with rose
bengal on ZnS and dramatically in others as with rose bengal on ZnO.
A\6ri ety of sites exi s tat the surface, and at hi gher surface concentra ti ons
a greater number of less favorable adsorption sites would be occupied.
The

~Hads

for the molecules at high e will be more positive than

the

~Hads

for the initial adsorption of the dye, and the inequality

of eqn.(l) will no longer hold.

In this case these models of

adsorption of rose bengal and rhodamine B are no longer applicable.
In every case the maximum of the absorbance spectrum of an
adsorbed dye is red shifted about 100 cm- 1 from its peak in ethanolic
or aqueous solutions.

This is a general phenomenon that has bee~
observed for all adsorbed sensitizing dyes 1 and is a manifestation .

of a greater energy stabilization of the excited state of the dye
than of its ground state.
Such a bathochromic shift is observed in solution spectra.when
the dye's solvent is exchanged for one of higher dielectric. Theoretical
explanations 40 ,4l of this shift account for this phenomenon through
consideration of a number of possible interactions of the chromophore
with its environment: dipole-dipole, dipole-induced dipole, and induced
dipole-induced dipole (dispersion) forces.

Dispersion forces con-

stitute the interaction of interest for these dye/semiconductor pairs
since they are responsible to a great extent for the adsorption of
the dye.

Dispersion forces constitute the interaction of interest
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for these dye/semiconductor pairs since they are responsible to a
great extent for the adsorption of the dye.
With the exception of the induced dipole-induced portions of
the theory, however, most of this work fails to correlate with experimental data. The successes 40 occur when solvent shifts of solute
absorption maxima are related to either the index of refraction of the
2

.
n,,- 1
solvent, n, or an expression for the electronic polarizabillty,
nc +2,

2

or another function of n, the "Bayliss" function, ~n2l1.

All of these

correlations are linear; they demonstrate that the macroscopic
property connected with a red shift is the index of refraction n.

On

a physical basis this appears true because the response of the solvent
to a rapidly oscillating transition moment must occur within the
same scale, i.e., the solvent polarization must occur at optical
frequencies.

The constant which describes the capability of such a

response is the o~tical dielectric constant £0=n2
An excellent example of one of these correlations between the
solvent displacement of molecular absorption maxima and these functions
of n can be found in a paper by West and Geddes. 26 In this work the
solvent shifts of a number of cyanine dyes were found to be linear
n 2_1

functions Z=2n 2+l'

In further experiments of interest here, one of

these dyes was adsorbed onto twelve different powder substrates, and
the red shift of this adsorbed dye's absorption maximum (or reflectance
minimum in this case) was also found to be linear with this function Z
where n was taken to be the

ref~active

index of the underlying solid.

The slope of this last relation, however, was approximately one half
of the solution line.

The data are reproduced in figure 18.

On a physical level, the use of the index of refraction of the

l)

.J
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adsorbent would imply that the adsorbed dye is completely immersed
in a medium of this dielectric.

Obviously this is not the case

because the dyes are adsorbed at a solid/gas interface.

It seems

reasonable that a better estimate of the index of refraction of the
environment about the dye would be the mean of n for the crystal
and n for air:

ne =1/2(nsolid+nair).

If the data of West and Geddes

for the adsorbed dye are replotted using this new value for nand Z for
each solid, a new correlation is obtained which overlaps the solution
line extensively (see figure 18).
This new line cannot be expected to coincide with the

olution

data because the solvent displacement of the absorption maximum was
shown to be attributable entirely to dispersion forces, whereas
the condition of the adsorbed dye was not as well defined.

To be

sure, this indicates that the environmental interactions of the
adsorbed dye are determined to a large extent by dispersion forces,
but contributions to this red shift may enter through other forces
such as charge-dipole effects, and hydrogen bonding that may differ
with every substrate.
There are two consequences of these new data.

One is that the

red shift of the absorption maximum of an adsorbed dye can be used
as a measure of the index of refraction and the optical dielectric
constant at the substrate surface.

Second, the deviations of this

new correlations from the solution line probably reflect the influence
of forces other than the dispersion interactions.
It was observed that the red shift for rhodamine B adsorbed on
ZnO increased with increasing surface concentrations.

This should

be expected since close packing of these dyes will change the
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polarizability of the surface layer from that of air to that of the
dye itself.

This would result in n.
in the expression for nen being
alr
replaced by the larger quantity, ndye ' determined by the properties

of the dye molecule itself.

,.
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III.
A.

PHOTOOXIDATION OF RHODAMINE B AT ZnO ELECTRODES
Introduction
In this chapter electrochemical techniques will be used to explore

dye sensitization of semiconductors. In particular the extensively investigated 7 ,lO,18,42 dye-semiconductor system of rhodamine B on ZnO will be
examined once again.

However, the adsorption techniques developed in

Chapter II and the data presented therein permit a much more quantitative
study of this system than has previously been possible.
Semiconductor electrochemistry is a complex intersec'tion of solid
state physics and electrochemistry.

Consequently, some background mater-

ial in this subject will be provided prior to the presentation of the experimentation with this system.

The emphasis in these preliminary discus-

sions will be directed towards the relation between the electronic structures of a molecular species, for example, an adsorbed dye molecule, and
the underlying semiconductor substrate.

The requirements for electron

transfer will be discussed, and the basic experimental set-up of a photoelectrochemical system will be described.
B.

Background

1.

Dye-Semiconductor Energetics

(a) Electronic Structure of Semiconductors
A single dye molecule adsorbed onto a semiconductor will have a
greatly different electronic structure than its substrate.

This differ-

ence may be seen in the delocalization of the bonding, or valence, electrons

of the molecules in the solid semiconductor over its entire volume.

Delocalization results from the ordered arrangement of molecules in a
crystal lattice structure to form a periodic potential for the bonding
electrons. 44 - 45 Such a phenomenon has led to the development of band
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theory to account for the electronic behavior or ordered solids.
According to band theory,46 the energies of the valence orbitals of
the molecules composing the solid no longer retain the single energy value
found for the individual species, but, instead, distribute themselves into
bands as is shown in figure 19. As the atoms approach one another during
formation of the solid (figure 19) and establish an equilibrium interatomic distance, these bands can be seen to be separated from one another by
band gaps where there are no electronic statei.

If there are an odd num-

ber of valence electrons in a molecule which forms a solid, then one half
of the most energetic molecular orbitals and, thus, one half of the most
energetic band in the resultant solid will be filled, and the solid will
be metallic.

On the

oth~r

hand, an even number of valence

electro~s

leads,

ideally, to complete occupancy of the most energetic band and to formation
of a semiconductor or insulator.
The electrons fill these bands according to fermi statistics so that
the probability of an orbital at an energy E being occupied can be expressed:

where Ef is the chemical potential, or fermi level, of electrons in the
solid, and the zero of energy is an electron at infinity in a vacuum. A
graph of this function at T>O° is shown in figure 20 in comparison with a
density of states diagram of a semiconductor, D(E), which is a measure of
the number of electron states in the solid at an energy E.
The fermi level is pictured near the center of the band gap between
the highest occupied, or valence, band and the lowest vacant, or conduction, band. A precise expression 47 for posi~ion of the fermi level is:
(5)
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Fi9ure 19. The molecular orbitals of N carbon
atoms spread into bands as the atoms come together to form the diamond lattice. The energy
gap represents an energy region where there
are no electronic states. For diamond this gap
would separate the filled from the unfilled
bands.
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where Nc is the density of states at the conduction band edge and N is
v
the density of states at the balence band edge. This is a statist'ical
placement of the chemical potential of the electron and is a consequence
of the fact that the probability of occupancy of an orbital at Ec is equal
to the probability of a vacancy of an orbital at Ev.

This equality exists

because thermal excitation of an· electron across the band gap results in a
vacancy in the valence band.
The electron concentration at an energy level E is given by the product of the density of states and the fermi function
n(E) = P(E) ·O(E)
As long as (E

EF»3kT, the fermi function may be written in a Boltzmann

approximation

P()
E = e -(E-E f )/kT
At the conduction band edge Ec' where O(E)

= Nc , the electron population,

n, would be
(6)

A similar relation holds for the vacancies left in the valence band by
thermal excitation of electrons

since these vacancies, or IIholes", are

mobile charge carriers themselves:
P(E ) = N e-(Ev-Ef)/kT
v
v
The difference between a semiconductor and an insulator is in the
size of the band gap between the valence band and the conduction band of
the solid.

This distinction is ,made because the conductivity of an intrin-

sic semiconductor is determined by the thermal excitation of electrons
from the valence band across the band gap to the conduction band according
to eqns. 5 and 6.

If this band gap is larger than 3-4 eV then the ther-

mal population of the conduction band with electrons will be negligible
and the material is called insulating. 44 However, it is evident that the
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Figure 20. The Fermi function on left is
equal to 1/2 at an electron energy in the
center region of the bandgap of a semiconductor.
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Figure 21. An electron energy diagram
in which the photoelectric work function
of a semiconductor has an energy Ev. Ei
is the Fermi level of the intrinsic material.
ED and EA are the energy levels of donors
or acceptors in the lattice.
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line between insulators and semiconductors is not distinct and is in general arbitrarily drawn.
Compared with intrinsic silicon and germanium with band gaps of 1.1
and .76 eV, intrinsic Ina, a wide band gap semiconductor of 3.2 eV, conducts very poorly indeed.

However, the conductivity of wide band gap com-

pounds can be increased through introduction of impuri ty atoms, such as

In or In into Ina, which can donate electrons to the conduction band of
the host lattice and thereby induce lin type" conductivity.
ties are known as donors.

Such impuri-

Other foreign atoms in a lattice can trap elec-

trons from the valence band and leave positive holes in the electronic
structure of the valence band.

Solids in which the conductivity is deter-

mined by holes are knm'ln as "p,type" conductors.
The representation of donor or acceptor state in an electron energy
diagram (figure 21) depends on the ease with which the impurity is ionized
to produce charge carriers.

An easily ionizable donor is represented by

a level, Ed' close to the conduction band just as an easily filled acceptor is denoted by an energy level, Ea , near the valence band. Those impurities more difficult to ionize have levels more distant from the appropriate bands.
It is obvious that the presence of these impurities in the semiconductor will affect the chemical potential of electrons in the solid.

In

the absence of impurities the chemical potential of electrons, the fermi
level, Ef , is given by eqn. 5.

In the presence of Nd completely ionized
donors, however, the fermi level will be given by this rearrangement 47 of
the Boltzmann expression:
(6)
Ef = 1/2(E c+E d )-1/2kTln(N c/N d)
An analogous expression can be written for acceptors:
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Once the fermi level approa.ches within 3 kT of a band edge, though, the
Boltzmann approximation is not an accurate representation of the fermi
function and cannot be used.
(b) Energy Relationships between Dye and Semiconductor
An exchange of a charge carrier between an adsorbed dye molecule in
an excited state and an underlying semiconductor can be observed only when
certain energetic relationships exist between the dye and solid.

The elec-

tronically excited dye has two reactive energy levels: the level at which
the excited electron is found, EO' and the half vacant molecular orbital
from which it originated, EO.

In order to obtain charge transfer, these

two levels must overlap48 with the electronic structure of the semiconductor in one of the two ways diagrammed in figure 22.
When the vacancy in the ground state of the excited dye molecule overlaps with the valence band, the hole can be injected into the solid, and
the dye is reduced.

Oxidation of the dye occurs when the electron in its

first excited state can tunnel into the conduction band (figure 22).

How-

ever, if the excitation energy of the dye is greater than the energy of
the band gap of the underlying semiconductor, then charge transfer will
be precluded by an efficient quenching of the excited dye through resonance energy transfer with the solid.
Thermodynami ca l1y, it is apparent that the photooxi dation of a dye
molecule at a semiconductor surface requires that the chemical potential,
Ef , of electrons in the solid must be more negative than that of the electron in the excited dye molecule. This latter quantity, designated by
the redox potential EO*/O+' is defined by the reaction:
+

D* ---7 0 + e

-

EO*/O+

and will assume greater significance in later electrochemical discussions

o
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Figure 22. There are two possible modes of
electron transfer through dye sensitization.
In (a) an electron is injected into the
conduction band whereas the process in (b)
requires hole injection into the valence
band.
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of this phenomenon.
2.

Semiconductor Electrochemistry
Use of electrochemical techniques to investigate sensitization of

semiconductors was first introduced by Gerischer and Tributsch~2,13,14 A
prerequisite to this initial work, however, was the development of the
basics of semiconductor electrochemistry.49,50,51

To provide some of these

basics as background, a few important aspects of semiconductor e1ectrochemistry will be presented here as they apply to dye sensitized electron transfer.

However, only the energy configuration of figure 22a will be consid-

ered in this discussion because the succeeding experiments deal solely. with
the photooxidation of dyes at n type semiconductors.
If this semiconductor is used as an electrode in an electrochemical
cell, a positive voltage can be applied to the crystal in an amount sufficient to draw off all of the electrons injected by the excited dye.

Given

an electrical circuit consisting of a moderately doped semiconductor, an
aqueous electrolyte, and a Pt wire as in figure 23, an applied voltage

~~,

will not fall evenly across the three elements.

If the electrolyte concentration is greater than 3 millimolar (about 10 18 charge carriers/cc),
the most resistive element of the circuit will be the semiconductor (about
10 16 charge carriers/cc), and it will bear the entire potential drop.52
The effect of such a bias on the band energies is shown in figure 23 as
band bending in the surface region.

In the bulk of the semiconductor, the

electron concentration in the conduction band is given by
n
bulk

=

N e-(Ec-Ef)/kT
c

(7)

However, the band bending in the surface region imposes an additional energy requirement,
face.

e~~,

for population of the conduction band at the sur-

Consequently, the electron concentration at the surface may be
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written:

Thus the surface region across which this potential drop,

e~~,

occurs, is

effectively depleted of all electrons creating a space charge region consisting only of the immobile, positively charged donor atoms.
It should be emphasized that this potential drop falls almost entirely within the semiconductor so that the energy difference between Ec at
the surface and EO* for the dye (see figure 22) does not change with polarization of the electrode. In contrast to metal electrodes, an applied potential has almost no effect on the potential drop across the Helmholtz
layer except when the semiconductor becomes degenerate and begins to behave as a metal.

This occurs when the fermi level of the semiconductor

rises above the conduction band edge, and this band becomes heavily populated with electrons.
This is a critical difference between metal and semiconductor electrochemistry as it implies that the activation energy of the dye photooxidation reaction at the surface is not affected by an applied bias.

Only

that of the reverse reaction, an electron leaving the electrode, will be
changed.
The probability of an electron returning to a dye molecule after injection into the conduction band will depend on the electron concentration
in the solid at the surface.

This concentration, in turn, is determined

through eqn. 8 by the band bending

~~

at the surface so that a large posi-

tive bias voltage will insure that none of the electrons leaving the excited dye species will return to the parent molecule.

However, above a

certain value of the current drawn from this circuit will be limited by
the efficiency of injection from the excited state of the dye, and a saturation current will be attained.
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There is another feature of this charge depletion region in the
solid which affects current flow through the interface, and that is its
capacitive nature. 49 ,51,53 On either side of the space charge region are
charge carriers, electrons in the semiconductor bulk and ions in the Helmholtz layer of the electrolyte which function as charged plates for what
is, in effect, a parallel plate capacitor.

The differential capacitance

of this region may be defined as C:
C= ~

(9)

d~

where the derivative ~ is to be found from solution of Poisson1s equation.
d

2

v_

dx7 - -

Q.hl
K£

where p(x) is the charge density; £ is the dielectric constant of the
solid and

K

is the static permitivity constant.

Integration of this expression for a depletion region (the Mott-Schottky
approximation) is straightforward with the assumption that the charge
distribution, the density of ionized donors, Nd , is uniformly spread
throughout the crystal:
q = ±(±2Ekf~~Nd(~)d~)1/2

°

where q is the total charge and

~s

is the size of the band bending.

Dif-

ferentiation according to the definition of eqn. 9 leads to a relation
between the capacitance of the space charge layer and the potential drop
across it:
2

C = ~ = (9 Nd£Eo) 1/2 {-l- ~}1/2
dv
2kT
kT

(10)

For a real system the capacitance can be measured easily with an
impedance bridge. From eqn. 10 a plot of (1/C 2) against ~ can be seen
to be linear with the slope proportional to the donor density Nd . This
is often used as a measure of the carrier concentration in the semicon-

59

ductor. 53 ,54
At a semiconductor-electrolyte interface, the absolute value of

~

is not known because of other potential drops in the circuit (figure 23).
However, use of a reference electrode can provide a reference voltage,
Eref , against which 1/C 2 can be plotted to obtain Nd (see figure 24).
At one point 1/C 2 intersects the abscissa and it can be seen from eqn. 10
that this represents the potential with respect to the reference electrode,
where there is only a 60mV drop across the space charge region.

The bands

are then effectively flat from the interior of the crystal to the surface.
This condition is called the flat band potential, Efb , and represents the
energy difference between the potential of the reference electrode and
the fermi level of the semiconductor:
(11 )

From eqns. 11 and 7 we can see how the energy level of the conduction band Ec can be related to an electrochemical reference electrode:

It is at this potential, (Ec-E ref ), and-those more negative that oxidative electron transfer occurs via the conduction band of a semiconductor
electrode.
Implicit in this discussion of the flatband potential is the assumption that the potential of the reference electrode corresponds to a specific energy in the electron energy diagram of figure 22.

The usual ref-

erence point for electrochemical studies is the potential of the standard
hydrogen electrode (SHE) which has been set to be zero volts.
These capacitance discussions have assumed, in effect, that an electron in the reference electrode has a defined energy Ere f with respect
to an electron in vacuum. 10 Such an absolute energy scale must then be
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fully parallel to the conventional electrochemical redox scale, but shifted by the energy Eref of the SHE. This has been calculated to be -4.5 eV 55
so that the relation between the two scales may be written
E = -4.5 - eoU
where U is the conventional redox potential.
3.

Experimental Apparatus for Photoelectrochemical Measurements
In figure 25 is shown the basic experimental set-up for photoelectro-

chemical measurements.

A light source provided a photon flux which passed

through a monochromator and was modulated with a mechanical chopper.

The

modulated current produced at the semiconductor/electrolyte interface was
amplified with a current to voltage converter and detected with a lock-in
amplifier.

The bias at the semiconductor was maintained with the use of

a potentiostat,

a counter electrode, and reference electrode.

The electrochemical components consisted of a Wenking potentiostat,
an electrochemical cell and a PAR 175 Universal Programmer function generator used for potential sweeps of the electrode.

A PAR 181 current to

voltage converter was also included in the circuit since the currents
were too small (on the order to 10 nanoamps) to be accurately measured
by the current meter in the potentiostat.
The electrochemical aspect of the set-up which was used for measurem~nt

of photocurrents required the use of three electrodes and a poten-

tiostat.

The semiconductor served as one electrode with a Pt wire as a

counter electrode.

A standard calomel electrode (SCE) served as a third.

A simplified schematic for the employment of these three electrodes with
a potentiostat is shown in figure 26.
volved.

There are two basic circuits in-

One is a potential measuring circuit between the semiconductor

and the SCE through which negligible current is drawn.

This yields the

bias potential of the semiconductor versus a standard reference potential,

------>

=i

X-y
Recorder

Lock in
Voltmeter

Potentiostat
Chopper

Function
Generator

Electrochemical
Cell - -,-,
Figure 25. The basic experimental apparatus
used in the measurement of dye sensitized
photocurrents.
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(EF-E ref ).

The second circuit through the Pt counter electrode and semi-

conductor carries the current by which the bias on the semiconductor can
be controlled.

The desired bias can be selected and applied to the input

of the potentiostat with a function generator where it is compared electronically with (EF-E ref ). If these differ, current is pushed through
the Pt electrode and semiconductor circuit until the voltage seen by the
potential measuring circuit changes to match the input voltage applied
to the potentiostat by the function generator.
Several light sources were used.

A high intensity 450 WXe high

pressure lamp was employed upon occasion as were several different 150 W
,

tungsten lamps.

The latter were much quieter and served quite well for

the rhodamine photocurrent measurements, but they did not have the intensity required for the rapid inducement of a time decay of the photocurrent that was desired in several experiments.
A Bausch and Lomb high intensity monochromator was used in conjunction with Xe lamp for the recording of action spectra.

This was often

supplanted . . /ith interference filters for very high intensity requirements
at specific wavelengths and when relatively high intensity was desired
from the 150 W lamps.
Modulation of the light occurred after wavelength selection to ease
measurement of the photocurrent.

Care had to be taken, however, to avoid

chopping frequencies which exceeded the RC time constant' of the electrode. 20 Larger crystals had larger capacitances so that the modulation
frequencies had to be decreased. Frequencies in the range of 4-12 Hz were
used depending on the surface area of the crystal.
A mechanical chopping system was used which had been fabricated in
the laboratory.

It consisted of a step motor and a control power unit

which applied the stepping pulse after reception of a trigger supplied
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the ~V between SeE and the crystal is
measured with a voltmeter. This is compared
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by a Data Pulse 1000A pulse generator.
The PAR current to voltage converter has a 10-volt full scale output for ranges from 10- 9 to 10- 4 amps. There are two outputs so that
one could be fed into the lock-in amplifier and the other directly to a
recorder if a DC measure of the photocurrent was desired.

The HR-8 lock-

in amplifier demodulated the output of the 181 with the aid of a reference signal from the chopping apparatus.
The crystals used as electrodes have band gaps greater than 3.0 eV
and were, therefore, transparent to the visible spectrum.

Consequently,

they could be used as optical windows for illumination of the dye/semiconductor surface.

This arrangement is included in figure 27a.

Another

configuration of the electrode is shown in figure 27b where the crystal
is mounted on a teflon rod and allowed to rest on the quartz window
through which the actinic light is reflected by a mirror.

The distance

between the crystal and the wi ndow was sma 11 enough to prevent si gnificant absorption of the light by the intervening dye in solution, but not
small enough to impede electrolytic conduction.
.
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Capacitance measurements
of crystals were taken using the set-up
of figure 28.

A General Radio l650A impedance bridge at 1kHz was used

with a Kiethly 151 microvoltmeter which measured the potential of the.
crystal with respect to a saturated calomel electrode.

A 24 V dry cell

supplied the bias voltage to the impedance bridge which imposed it internally across the circuit of the semiconductor electrode and a large
surface area Pt electrode of about 10 cm 2.
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C.

Rhodamine B Sensitization of ZnO

1.

Introduction
A quantitative examination of a dye sensitized system is a logical

followup to the qualitative explorations that have marked the investigations in this field to date. 7 ,lO,12-14,18-20,56-60 This is possible
only when the techniques of Chapter II have been established, and the
resultant data is available for correlation with photoelectrochemical
results from the same dye-semiconductor system.
Such an examination has been attempted here with the dye rhodamine
B at ZnO single crystal electrodes.

The photocurrent data from the el-

ectrochemical measurements can be compared with absorbance measurements
from Chapter II.

As a result, the quantum efficiency of electron trans-

fer can be established as a function of the surface coverage of the dye.
Further use of adsorption data permits a quantitative comparison of the
ability of reducing agents to increase the photocurrent in a process
termed "supersensitization".
Additionally, the time decay of the photocurrent can be analyzed
using classical kinetics.

This yields a figure for the surface concen-

tration of the dye which can be compared with that derived from adsorption studies.
2.

Materials
The undoped ZnO single crystals and purified rhodamine B of Chap-

ter II were used in these experiments.

The crystals were contacted with

conductive silver epoxy on the (OOOT) face to make electrodes.

If the

crystal was to be used as an optical window, the center of the (OOOT)
face was left free of epoxy.

The contacted crystal was mounted on tef-

lon with an inert silicone rubber glue, Dow-Corning 3145 RTV.

Capaci-
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tance measurements gave a donor density of 2.3 x 10 16 /cc and a flatband
potential of -0.4v (SCE).
For additional adsorption studies, the Li doped ZnO plate crystal
described in Chapter II was also used in adsorption studies.

The conduc-

tance of these crystals was not measured but can be calculated as shown
in Appendix II.
3.

Results

(a) Comparisons with Adsorption Data
(i) Action Spectra
At a positive applied bias sufficient to draw off all injected electrons, the current will vary with the wavelength of the light incident
on the dye-semiconductor interface.

An example of such an action spec-

trum for rhodamine B at an ZnO electrode is given in figure 29.

The ab-

sorbance of the dye on the crystal surface is also included in this figure.

It is taken from the data of figure 14b.

For this measurement the

crystal was maintained at a bias of +l.Ov (SCE) and exposed to light
through backside illumination from the Xe lamp modulated at 11.6 hz.
The bandwidth of incident light for both spectra was 0.5 nm.
The photocurrent action spectrum of rhodamine B on ZnO reflects the
absorbance spectra of the adsorbed dye.

Aside from minor differences,

the envelope of the two curves (figure 29) are the same, showing that
the efficiency of electron transfer is constant over the spectral range
of the dye.

Therefore, as expected, the higher energy excitation repre-

sented by the absorption shoulder must then decay quickly to the first
excited singlet state from which oxidation occurs.
The absorbance spectrum is red shifted from the action spectrum by
several nanometers which cannot be explained in terms of the average in-
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dex of refraction method presented in the discussion of Chapter II since
.25 MKCl has a higher index of refraction than air.

There is also a

slightly higher shoulder in the action spectrum where the dimer absorbance of the dye is found.

Both these discrepancies are probably due

to the presence of the salt in solution.' At this dye concentration, it
could salt out the dye to form dimers on the surface to some small extent.

The Helmholtz layer formed by these ions would also subject the

dye to high electric fields of >lo5 V/ cm .

Dyes exposed to these fields

are observed to change their absorbance spectra in many ways of which a
spectral shift is one. 6l ,62 With such minor differences, the action
spectrum can be seen as a measure of the absorbance of the adsorbed dye
1ayer.
(i i) Time Decay
The photocurrent produced, however, does not remain constant with
time, but decays rapidly.

This decline can be seen in figure 30 when

the dye was exposed to monochromatic radiation at the wavelength of maximum response at a +O.5V bias.

After five minutes the photoinjection

has dropped to 25% of the initial value as the dye on the surface is oxidized.

This decay can be diminished to a great extent through the ad-

dition of a reducing agent such as hydroquinone which is known to reduce
the dye in its excited state: 7 ,14,63,64
R + D*

~

+
R + D

(12)

The reducing agent can also regenerate the dye from its oxidized form:
+
+
R + D ----1 R + D

(13)

After a time period where this decay has reached a quasi-steady state,
the current voltage curve for this electron transfer can be established.
This is shown in figure 31 for a sweep rate of 5.6 mY/sec.

The current
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rises from zero at -0.5V

(SCE) and reaches a saturation by +0.2V.

Such

a relation would also be found for the initial photocurrent except that
the value of the saturation limit would be much higher.
A monolayer of rhodamine B adsorbed on ZnO was found to correspond
to a surface concentration of 6.8 x 10 13 dye molecules/cm 2 . With each
dye molecule yielding one electron in the oxidation process, this entire
monolayer would be consumed within the first 60 seconds of illumination
in the experiment represented by figure 31.

Thus, the oxidized dye mole-

cules must be desorbed and replaced by rhodamine B from solution in order
for the current to continue at the observed high consumption rate.

This

desorption process is probably unnecessary in the presence of reducing
agents such as hydroquinone or iodide.
cule can be regenerated

~

In such a situation a dye mole-

situ from an oxidized species (eqn. 13) and

a photoreduced dye molecule (eqn. 12) can return to a photoactive state
after injection of an electron into the electrode.
The magnitude of the photocurrent observed with KN0 3 as an electrolyte differs from that seen with KC1. There has been some work done
which suggests that chloride can function as

~

reducing agent for the

excited dye so that it should induce a greater photocurrent than an inert
salt such as KN0 365 This is what is observed in figure 32. Further
experiments and dsicussion of this photoreductive ability will follow
in the next section.
(iii) Photocurrent vs Solution Concentration
As has already been established, the adsorption of rhodamine B on
ZnO will vary with solution concentration.

Consequently, the photocur-

rent in an electrochemical arrangement can also be expected to change
with the solution concentration of the dye.

It should be informative to

73

-«

00
I

0

OD

-

5

Q)

4

+=-

C

b.
b

:::J
()

0

+->

0

...c

~

/

3

~

~o

_---O-A
0

__

el

llP

_

d

. P . _ _ _ _ CPIOD

~._e~_·O

.05

A",,,,m

, / 0A.~ ttP
b,,p'

l>

cr

en

0
.04 .,
0C
.03 ::J

KC"\

Kil0 3

2

.02
.01

CL

2
Concentration (iOk-i'M)
".,.

0
(1)

3

......

XBL773-4248
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solutions of KN03 and KCl are shown as a
function of the dye concentration in solution.
The absorbance of the dye layer is also included.
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compare the data from the adsorption isotherm of figure 14c with data
from similar photocurrent measurements to obtain a measure of the quantum
efficiency of charge transfer as a function of solution concentration.
However, the photocurrent measurement requires the presence of an
electrolyte in solution, and this may affect the adsorption of the dye.
At pH 6.7 though, rhodamine B is a neutral species so that coulomb forces
can be expected to have little influence on adsorption.

This has been

demonstrated through the measurement of the absorbance of the rhodamine
B that was adsorbed onto the Li doped ZnO crystal from a 3.0 x 10- 5 M
solution of the dye in the presence of .25 M solutions of KN0
(see Table 3).

and KCl
3
Compared with the optical density of the dye adsorbed

from water there is little difference in the amount of dye adsorbed on
the surface.

This confirms literature reports that the adsorption of
rhodamine B is independent of KCl concentration. 43 ,65

The magnitude of the photocurrent at the dye's absorbance maximum
was determined for solutions up to 3.0 x 10- 4 M in rhodamine B for .25 M
KN0 3 and KCl solutions.

The results can be seen in figure 32 along with

the optical density measurements from figure 14b.
very similar.

The three curves are

Each point is the average of six to ten measurements of

the photocurrent at its initial value before the time decay.
was +0.50 V (SCE).

The bias

After each measurement the crystal was washed with

successive baths of doubly distilled water, methanol, and distilled
water.

A fifteen minute equilibration time was allowed after immersion

of the electrode before illumination and measurement.
As the surface concentration of the dye increases, it is not unre3sonable to expect dye-dye interactions such as energy transfer to affect
the efficiency of the charge transfer process.

This point has been dis-

ou

u
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Table 3. The adsorption of rhodamine B on a Li doped ZnO single
crystal does not appear to be affected by the presence of a salt.
The accuracy of the figures are limited to 10% .

Absorbance

.25M
KN0 3

. 25M
KCl

.0044

.0045

.0045

Table 4. The quantum efficiency of electron transfer is listed
for KCl and KN0 3 as a function of solution concentration of the dye.
It is nearly constant.
Solution
Concegtration
(x "\0 M)

KN0 3

KCl

30

.025

.037

15

.026

.035

9

.026

.035

3

.033

.036

1.5

.031

.043

0.75

.020

.038

X

.027

. 037

0

17%

8%
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. prevlous
.
.
t'19a t'lons. 18,19 These interactions could take
cusse d ln
lnves
place via a strong excitonic coupling as occurs in dimers or a weaker
long range energy transfer.

However, the absorbance spectra of figure

14a exclude all but the weakest of energy transfer interactions.
Directing attention to the size of the photocurrent relative to
the absorbance of the adsorbed dye, the data of figure 14 will permit a
calculation of the quantum efficiency of charge transfer as a function
of surface coverage of the electrode.

The results of such a calculation

are listed in Table 4 for each surface concentration at which a photocurrent measurement was taken. Complete surface coverage,
defined as 1.1 x 10- 7 mmoles/cm 2 .

1.0, is

8 =

The quantum efficiency of electron transfer appears to be constant
with surface coverage although the KN0

data are not too convincing. The
3
effect of the salt on adsorption may account for the discrepancies as
the knee of the KN0 3 photocurrent data of figure 32 is different from
the knees of the optical density and KCl data. HOviev2r, the relatively
small range of the

1

data does require serious consideration of the pos-

sibility that the efficiency of the charge injection does not depend on
the surface concentration of the dye over this range of I.
two possibilities.

This suggests

Either the incidence of excitation transfer is neg-

ligible or its effect on the electron transfer efficiency has saturated
before the coverage of 4.0 x 10- 8 mmoles/cm 2 has been reached.
For any long range energy transfer between two dye molecules to be
o

efficient, their separation should be no longer than about 50 A and their
orientations should be compatible.

At the lower limit of the surface

coverage investigated, the dye is distributed over the surface with an
o

average intermolecular distance of about 20 A.

If energy transfer occurs
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in this surface array, it would definitely drop off once the intermoleo

8

cular separation passed 50 A.
This corresponds to a surface concentration of about 2 x 10- 9 mmoles/cm 2 orB = .01. It is evident that surface concentrations covered in this work are not low enough to decide
between these two possibilities.
(b)

Time Decay of Photocurrent

(i)

Introduction
As can be seen in figure 30, the photocurrent produced by rhodamine

B at a ZnO surface diminishes with time.

It is evjdent that a prolonged

exposure of the interface to illumination results in a decrease in the
number of photoactive dye molecules at the surface.

Gradually the sur-

face must become covered with inactive, oxidized rhodamine B which is
only slowly replaced with new dye from solution.

This picture of the

time decay implies that the magnitude of the photocurrent after initial
exposure will depend on the relative rates of photooxidation of the dye
and replacement of the oxidized molecule.
An attempt will be made to correlate this intuitive picture of the
time decay with the observed decline in the photocurrent.
data are available for examination.

Two sets of

One is the time behavior of the

photocurrent for rhodamine B in an inert electrolyte, 0.25 M KN0 3 , and
the other is the corresponding decay for the dye in 1.0 M KCl which
functions to a small extent as a reducing agent.
A model for this decay was formulated using classical kinetics with
the assumption that there are two distinct types of adsorbed rhodamine B,
one of which photoinjects electrons at a more efficient rate than the
other.

Analysis of the data with this assumption yields the relative

quantum efficiencies of these two differently adsorbed dye species.

In-
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formation concerning desorption rates of the oxidized dye and the total
surface concentration of the dye can also be obtained.
(ii) Results
Two different electrolytes were used in an investigation of the time
behavior of the photocurrent, 1.0 M KCl and 0.25 M KN0 . Both of these
3
4
solutions were 1.5 x' 10- Min rhodamine B, a concentration corresponding to the plateau region of the adsorption isotherm of figure 14b.
Qualitatively, the results were similar although the magnitude of the
photocurrent from the KCl experiments was larger than the KN0
The data includes results from both electrolytes.
chemical set-up remains the same.

3

results.

The basic photoelectro-

The photocurrent always represents

that obtained at a saturation bias; monochromatic illumination through
the crystal as an optical window at the dye's absorbance maximum was
used.

The solutions were deoxygenated and stirred with ultrapure N2 .
As can be seen in figure 33, the photocurrent decays in time with

exponential characteristics.

This logarithmic analysis of the time decay

reveals four time constants.

Two are small and their effect disappears

within the first few hundred seconds; the remaining two represent long
term decays in the thousands of seconds.
At this point it is appropriate to mention that accompanying this
photocurrent decay is a dc dark current that results from the potentiostatic control of the electrode's bias potential.

As a polarizable semi-

conductor electrode, zinc oxide is nearly ideal with dark currents of
about 5 nanoamps in these experiments at pH 6.5.

This current is thought

to be partially ionic in character and has been attributed to two sources: 66
the anodic dissolution of the ZnO lattice into Zn++ ions and O2 gas, and
the ionic migration of interstitial Zn+ to the surface where it is oxi-
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Figure 33. A logarithmic plot of the decay
of the photocurrent reveals four time constants.
(a) 1.0 M KCl as electrolyte
(b) 0.25 M KN0 3 as electrolyte
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dized and solvated.

The dark current decays exponentially with time; phy-

sically, it can be pictured as an electrical discharge of the surface as
surface charges with energies above the maintained electrochemical potential are drained from the interface with an RC time constant characteristic of the surface capacitance and the exchange current of the specific
surface species involved.
Several experiments serve to clarify the role of this potentiostatic
dark current in the long term decay of the dye sensitized photocurrent;
two of these experiments are shown in figure 34.

In figure 34a the photo-

current was measured as a function of time, but with significant periods
during which the crystal was in the dark.

It can be seen that the long

term decay is dependent on the dark current; if the experiment is run with
an interruption of the light and the potentiostatic control then the long
term decay in the dark is halted (figure 34b).

These results indicate

that the large decay constants originate from processes closely tied to
the dark current.
In figure 35 can be seen an extension of the experiments depicted in
figure 34a.

Here the dependence of both long term decays on the dark

current is easily seen.

Accompanying each exposure to the light is a

recurrence of the two fast time decays; a log plot of these fast decays
for the first three exposures is shown in figure 36.

It is evident that

with each successive exposure, the first time constant plays a smaller
rol~

in the fast decay.

It appears to be connected with the first long

time constant Tl and disappears by the time that the second long time
constant determines the reaction rate.
These time constants were not quantitatively reproducible.

The pho-

tooxidation of the dye is expected to be very sensitive to surface details
and these will change with long periods of anodic polarization.
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Figure 35. An extension of the experiment
depicted in figure 34 shows two time constants
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oamp dark current should lead to dissolution of 50% of the surface after
2000 seconds of polarization.
Furthermore, the dye's adsorption and desorption rates are dependent
on the stirring of the electrolyte.

With the experimental apparatus used

in these experiments, it was not possible to reproduce this stirring rate
from experiment to experiment.
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A correlation of the sensitized decay constants with the dark
current was not possible because of problems isolating the metalsemiconductor contact from the electrolyte.

The resulting extraneous

currents produced at this metal-electrolyte could not be eliminated
and were, in general, equal to, or greater than, the real dark
current through the semiconductor.

The 5 nanoamp figure quoted here

was the smallest measured dark current.
(iii) Derivation of Kinteic Model
An analysis of the kinetics of this time decay in the absence of
reducing agents requires consideration of the following processes at
the electrode

surface~

Ki :> D
Dsol + S
aD ) D*
D + hv

adsorpti on of dye on site "s
excitation of adsorbed dye

k2 ) D++e-

D*

oxidation of adsorbed dye

~~D+
sol
k4 > D

D+
D*

II

desorption of oxidized dye
excitation relaxation processes

Here the molar extinction of the dye,

E,

is represented as a molecular

cross section a with units of cm 2/molecule.

The photon flux is

represented by D.
The photocurrent measured at an interface reflects the oxidation
of the excited dye
J

=

k2[D*J

The size of [D*J can be determined through solution of this differential
equation:
d[D*J
dt
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The solution to this equation in a steady
[O*J

~tate

approximation is:

aQ[OJ
k2+k4

=

In order for the time dependence of [OJ to be

(14)
e~tablished,

the

adsorption processes described by rate constants kl and k4 must be considered.

At the solution concentrations of rhodamine B used in these

experiments, 1. 5 x 10- 4 M, it can be assumed that the steady state
concentration of vacant surface sites "s" is a constant.

This implies

that every site, s, vacated by desorption of 0+ is filled by an
unoxidized 0 from

solution~

With this steady state assumption for [sJ,

an expression describing the time dependence of [OJ may be written:

With the use of eqn. 14 and a mass balance expression,
[DoJ

[O+J+[DJ+[O*J

=

where [DoJ is the total number of rhodamine B molecules on the surface,
eqn. 15 may be It/ritten
d[DJ
dt

=

The solution to this equation is
[OJ

=

[DoJ
K3+Q

Q = aQ( k2+k3 )
k2+K4

whe)'e

Substituting this into eqn. 14 yields an expression for the phorocurrent
J

where

cl> =

= (

k2

k2+k4

)a~ [DoJ {k +Qe - (Q+k3) t}
3
k3+ Q

(16)

(k k~k ) is the quantum eff; ci ency of the photoi njecti on process.
2

4

() U ;,

U <-i

?
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A plot of eqn. 16 yields a curve which does not agree with the
observed experimental time decay.

This simple model assumes that

after the initial sharp decay, the concentration of dye at the surface
will depend on the rate constant k3 for desorption of 0+

This will be

a constant determined by the stirring rate of the solution; the photocurrent should then remain constant as depicted in figure 37.
However, it has been observed (figure 34a) that continuous
potentiostatic control of the crystal results in
constants for decay that apply even in the dark.

long term time
This can be explained

qualitatively as a decrease in the number of surface sites available for
occupation by photoactive molecules.

In the mass balance expression, Do,

the number of sites available for occupation, should not be constant
but will decay exponentially with a rate constant k6:
[0 ] = [0 ]e- k6 t

t
0
Such a blockage of the surface may proceed through several

processes.

( 17)

The dark current production of oxygen at the crystal surface

may result in adsorption of molecular oxygen and subsequent abstraction
of an electron to form 02 at the electrode.

The 02 at the surface

could also react with the adsorbed dyestuff to form non-desorbable
oxidation products.

Both of these reactions would result in a physical

occupation of the surface by photoinactive species other than the oxidized dye molecule.
The introduction of eqn. 17 into eqn. 15 gives a new solution for
the photocurrent decay.
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This model for the time decay accounts for two time constants.

One

is large, (k + Q + k )-, and the other is small, k .
3
6
6
These constants agree with the data in figure 36 in that a fast
decay is coupled with a slower one; after the initial dye layer is
quickly oxidized, the rate limiting step is its replacement by intact
solution species.

This replacement gradually decreases as the

number of photoactivesurface sites is diminished through an undetermined dark reaction.
The observation that there are two such couples in the experimental
decay curve suggests that every dye molecule adsorbed onto the surface
does not exhibit the same quantum efficiency of sensitization, ¢, but,
instead, falls into one of two groups.

The differing

ability of

adsorbed rhodamine B molecules to sensitize ZnO may be due to different
adsorption orientation or different adsorption sites.

These would

also affect the desorption rate of an oxidized dye molecule.
Consequently, in the interpretation of the data of figure 33a
according to eqn. 18, it will be assumed that there are tv.JO kinds of
adsorbed dye with two different sensitizing abilities.

Thus, the total

observed photocurrent will be the sum of contributions from these two
sources, each with its own set of decay time constants:
tot = J l + J 2
This may be written in full for both as:
J

J

where

Ylt + Sle- 01t + Ci e- Y2t + e -o2 t
S2
tot = Cile2
k
+ ~ + Q)[DoJ i
6k +3 Q
.
S·1 = ¢ia0.(k ~ k + Q)[DoJ i
6
3
y. = (k + k3 + Q)
1
6

Ci. = ¢i Ci0.(k
1

( 19)
(20)

(21 )
(22)

..•

ou

I
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8.

1

= k 6 1.

( 23)

An analysis of the photocurrent decay of figure 33 for rhodamine B
adsorbed from a KN0 3 electrolyte yields values for the constants of eqn.
19. They are listed in Table 5. The arithmetical manipulations
required for extraction of these values from figure 33 are included in
Appendix I.
With a, S, y, and 8 known, the constants k6 , k3 and Q can be
determined for each "i" from eqns. 20 through 23. Additionally, if it
is assumed that k3 « k2' i.e., the rate constant for desotpion of the
oxidized dye molecule is much smaller than that for electron transfer,
then

+ k2 )as'2 ~ <PaS'2
k2 + k4
With this assumption, the concentration of each class [0 o].1 of dye
molecules on the surface can be determined. This information permits
Q

= (k3

calculation of the [OoJ i for the two classes since the overall quantum
efficiency at t = 0 is known to be .033. All of these results are listed
in Tab le 5.
An estimate of the molecular cross section a
the photon flux

can be made since

is a known quantity. This can be compared with the
measured value of a for rhodamine 810 which is also listed in Table 5.
S'2

An analysis of the time decay when the electrolyte contains a
reducing agent would be more complex than the simple model presented
here.

The complexity results from the competition between the two

energeti ca lly plausible reactions of a reducing agent:

-

R + 0*

-').

0

R + 0+

7-

0

+ R+

(A)

+ R+

(B)

If one reaction could be excluded, a relatively simple analysis could
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Table 5.

The data from the kinetic analysis

;

2

units

a·1

3.96 x 10"

2.36 x 10"

sec- 1 cm- 2

(3;

2.56 x lOll

9.11 x lOll

sec- 1 cm- 2

Y;

9.95 x 10- 3

1.04 x 10- 3

sec- 1

6.

1

4.68 x 10- 4

7.98 x 10- 5

sec- 1

Q;

3.43 x 10- 3

7.49 x 10- 4

sec- 1

K3;

6.04 x 10- 3

2.14 x 10- 4

sec- 1 cm- 2

K6;

4.68 x 10- 4

7.98 x 10- 5

sec- 1 cm- 2

[Do];

1.90 x 10 14

1.53 x 1015

mo1ecu1es/cm 2

<Pi

.115

.025

a'1

3.2 x 10- 17

Sli
ai

1.85 x 10 15
3 x 10- 16

crn 2/mo1ecule
Photons/cm 2-sec
cm 2/molecule

-,;

I
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be formulated for the other.

However, until some measure of the

relative values of kA and kB has been made, such an analysis would be
speculative and has not been attempted here.
Furthermore, a much more rigorous control of experimental
conditions would be required in an examination of this decay.

Speci-

fically, a rotating electrode would be necessary for accurate and
complete control of the diffusion processes at the surface.
(iv) Discussion
This interpretation of the photocurrent time decay has been based
on the assumption that the dye adsorbed on the electrode is photooxidized at two different rates.
different~

quantum efficiencies,

These rates are reflected in the two
~l

=

11.5% and

~2 =

derived for this system. According to the definition

2.5% that were
¢=

k /(k +k )

2 2 4
the difference between these two efficiencies can be seen to originate in

the relative rates of electron transfer, k2 , and decay from the excited
state, k4 . Dye adsorption at the different surface sites must then
affect the relative values of these competing processes.
The assumption that there are two distinctly differ.ent relationships
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between k2 and k4 for the adsorbed dye molecules is interesting.

Consid-

ering the weak adsorption of the dye to the surface, it is unlikely that
k4 will change from site to site.

It is probable then, that the electron

transfer rate k2 is the significant factor contributing to these differing efficiencies.
The k6 values in Table 5 also imply that the more efficient adsorption sites are disabled faster through the dark reaction than the less
efficient sensitizing sites even though the desorption rate of oxidized molecule is faster from this site.

With fewer adsorption sites, a

greater rate of disablement would insure a relatively quick disappearance
of sensitization from rhodamine B adsorbed on these locations.
This analysis of the time decay of figure 33b does not yield quantitativelj reliable information.

Unfortunately, the experimental conditions

are much more complex than the simple model presented here because of the
modulation techniques employed for current detection.

In the chopping

cycle each exposure of the surface to light is followed by a dark period
during which the system can recover to some extent.

Consequently, the

observed decay is not as fast as it would be under a condition of continuous illumination.
As a result, some of the data tabulated in Table 5 are clearly in
error.

The total surface concentration of the dye is at least an order

of magnitude too large while the calculated a is only a tenth of its measured value.

Both of these values are derived from Q which .is determined

by the time decay of the photocurrent.
to be correct.

Therefore, they cannot be expected
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(c)

Photoreduction of Rhodamine B at the ZnO Electrode

(i)

Introduction
It was seen in fi gure 32 that the quantum effi ci ency of electron

transfer in a system with a KCl electrolyte exceeds that observed with a
The difference in photocurrent for these two systems
has been reported in the literature. 43 ,65 but no measure of the quantum
KN0

3

electrolyte.

efficiency of these reactions has been possible heretofore because the
opti ca 1 dens ity of the dye 1ayer was not known.

In thi s secti on the quan-

tum efficiency of electron transfer from excited rhodamine B will be determined for electrolytes which contain Cl-, Br-, r-, and hydroquinone.
The photoreduction of excited dyes on the surface of semiconductors
leading to increased electron injection into the electrode has been termed supersensitization. 67 Tributsch and Gerischer 14 have propsed that this
reaction proceeds through adduct formation between the excited dye and reducing agents such as hydroquinone and allyl thiourea.

This leads to the

reduction of the dye and subsequent transfer of an electron to the electrade:
0* + R

----?

[0* ... RJ

[0* ... RJ

o

>

o

+ e

(24)

This adduct proposal is supported by the fluorescence quenching of dyes
by these reducing agents. 7 ,16,63,64 It has also been reported that the
halides quench the fluorescence of rhodamine B.
The quantum efficiency for photoreduction of adsorbed rhodamine B
for these reducing agents can be determined electrochemically by the
measured increase in photocurrent induced by reaction 24.
ment has been made and will be presented here.

Such a measure-
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(ii) Experimental
Six solutions of 3.0 x 10- 5 M rhodamine B were prepared with ohe solution each of 0.25 M KI, KBr, KN0 3 , K2S0 , and one with 0.25 M K2S0 and
4
4
3
2.5 x 10- M hydroquinone. The adosrption of rhodamine B from these solutions onto the Li doped ZnO crystal was established through absorbance
measurements.

The results are listed in Table 6.

jsuted to pH 6.7.

All solutions were ad-

The ZnO electrode was biased at 0.50 V (SeE).

Photocurrent measurements were recorded for these solutions and are
also listed in Table 6.

This permits a calculation of the relative quan-

tum efficiency for electron transfer assuming that the relative ability
of the dye to adsorb from these solutions on the Li doped ZnO will also
apply for the undoped ZnO used as the electrode.
Table 4 that

If it is recalled from

for KN0 3 is .033 then the remainder of the quantum efficiencies can be calculated from this one value.
<P

(iii) Discussion
These data do not agree with the photoelectrochemical data reported
by Bode, et ~~65 for rhodamine B at ZnO electrodes immersed in an electrolyte buffered at pH 4.6.

Assuming no change in the dye's surface concen-

tration, the relative quantum efficiencies of photooxidation reported
from this source for this salt concentration and these ions would be those
listed in column 5 of Table 6.
The discrepancies between the data of Bode et

~

here can be attributed to the pH of the electrolyte.

and those found

At the pH of these

experiments, 6.7, rhodamine is a neutral species while at pH 4.6 it is
cationic.

This would lead to a definite change in the attraction of the

dye for a negative reducing species such as the halides.
In fact, in the case of iodide, a charge transfer complex is visible

0

';'1
~J

U

I"~

Ii,

"

U

•/

f\)
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in acidic solutions.

This can be seen in figure 38 as a change in the

absorbance of the dye as the pH decreases.
at 610 nm which increases at lower pH.

A new transition is evident

The total absorbance is less be-

cause reduction of the dye involves abstraction of a proton and precipitation from solution.

Consequently, it should be expected that the re-

duction of the dye should increase dramatically at low pH.

Although a

charge transfer complex was not found for Br and Cl-, it must be concluded that coulomb forces are significant in the interaction between the
excited rhodamine B and these ions, too.
From these values of

~

listed in Table 6, an overall rate constant

k can be derived for the reaction of these reducing agents with excited
a

To obtain K for these species, it will

dye molecules on the surface.

o

be assumed that all photoreduced molecules on the surface are oxidized
to produce the current by which this photoreduction rate is measured.
This one to one relation between photoinjection and photoreduction has
been confirmed experimentally with hydroquinone and rhodamine B at a
CdS electrode. 7
In the case of adduct formation, the tendency of a reducing agent
to associate with an excited dye molecule may be described by race con-

0* + R

ka

==:

"'k -

[0* ... RJ

a

The reduction of the dye will proceed from this adduct in competition
with a nonreactive decomposition:

kr

[0* ... RJ

--!.7

[0* ... R]

~

o+ R

Using a steady state assumption for the concentration of the adduct, the

(a)

0.5
cv
uO.4
c::

a

..Q

"-

o

CJ)

~ 0.3

0.2

0.1

500

550

600
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A (nm)
Figure 38.

These

~pectra

represent rhodamine

B at about 3 x 10- 5 t·1 in the presence of .25

M KI at three different pHis. At low pH a
charge transfer band at 610 nm emerges.
(a) pH (a) 8.3 (b) 6.0 (c) 3.9

773-4251
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overall rate constant ko can be derived:
kr ka
7""k-+-"kc-d-+-;-k--r
a
e

k0

=

(25)

In the absence of a reducing agent, the quantum efficiency of electron transfer is:

<Po =

k2/(k2+k~r

Thus, k2«k 4 . An estimate for k4 can be taken from the singlet lifetime, T, of the excited
dye in solution which is about 3 x 10- 9 sec. Although the lifetime of

The data of Table 4 give a value for

of .033.

<P

the excited, adsorbed dye may be much shorter, this should serve as an
upper limit for

T.

Therefore, a lower limit on k2 can be seen as:
k2

= <Po/T = 1.1

7 -1

x 10 M sec

-1

In the presence of a reducing agent the quantum efficiency of electron injection into the conduction band is
(26)
if it is assumed that kr»k d . Assuming that (k 2 + ko[R])«k 4 , this expression may be rewritten:

In this case, the magnitude of ko is:
k

o

= (L'I<pI[R]'T)

However, given the measured values of

<P

( 27)

in Table 6, ko is not insignifi-

cant in comparison with k4 . In the case of I the ratio (ko/k4) is about
.15. Consequently an iterative procedure using eqns. 26 and 27 was used
to establish the k figures in Table 6 for the various reducing agents
o
used in these experiments.
The solution concentration of hydroquinone was 2.5 millimolar.
ever, the data in Table 6 indicate that the adsorption of the dye is

How-
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affected through competitive adsorption by hydroquinone.

Thus, the local

surface concentration may be much higher than that in solution.

From the

difference in absorbance between the dye adsorbed from the k2S0 4 solutions
with and without hydroquinone was made. An upper limit to the volume occupied by the molecule would be that occupied by rhodamine B, about
600 A3.

With this figure and the data from Table 6, the local concentra-

tion of hydroquinone was found to be 0.3 M.

The overall rate constant

ko for hydroquinone is also included in Table 6.
The desired information is the value of kr for photoreduction of
excited rhodamine B at the ZnO surface:
kr ) 0- +R +
[R ... O*J
As was shown here, it is not possible to obtain this rate constilnt from
electrochemical measurements.
e.;tablished.

Ir

•

o~~er
I'..

to

Only the overall rate constant ko can be

c~t~?ct
I

......,

~....

valuQ~
I
, .....

Cn~
I -..,I,

k for each of the reducing
l'r

agents, kinetic studies of the fluorescence quenching of rhodamine B in
solution would have to be made at the same conditions used for these e1ectrochemical measurements.

In this way the unknowns ka' ka -, and kd
in eqn. 25 could be determined.
However, the electrochemical data in Table 6 do provide information

concerning the most efficacious reducing agent.

Even though hydroqui-

none nas a much more negative redox potential than I

(-.12 vs SHE com-

pared with +.54), it does not induce greater photocurrents than 1-.
This may result from larger values of ka - and kd in eqn. 25, but it is
also possible that kr is smaller.
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IV.
A.

ELECTRON TRANSFER AT ROSE BENGAL SENSITIZED Ti0 2 ELECTRODES
Introduction
After this initial introduction to experimentation in dye

sensitization with rhodamine Band ZnO, it was decided to extend these
investigations to other semiconductor substrates.

One compound which

had become noteworthy69 because of its electrochemical properties
was Ti0 2 . At that time little work had been reported on the dye
sensitization of this semiconductor, and as it was readily available
in the laboratory, work was started using rose bengal as the sensitizing
agent.
The goal was to pursue the investigation of this system in
the same manner as with the rhodamine Band ZnO so that a quantitative
description could be obtained.

Towards this end adsorption isotherms

were established for this dye on the crystals to be used as electrodes.
The combined surface area of a several crystals was large enough to
measure this adsorption empirically through elution of the dye without
resorting to the theoretical techniques used in Chapter II. Since
. 1u t·lon, 70 , 71 th 1· s
the crystal is inert to electroche~lical
dlSSO
adsorption and absorbance information would still be applicable
when these same crystals were employed as electrodes.
In order to probe the energy level relationships between the
first excited state of rose bengal and the Ti0 2 conduction band,
the pH dependence of the photooxidation rate was measured. In
coordination with these measurements a temperature studv
was made so that an Arrhenius activation energy for electron transfer
could be derived. 72 ,75
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An unexpected development in the work with this system was
the observation of a photoreduction reaction at the electrode
surface whereby an electron leaves the conduction band to reduce
the oxidized dye molecule in solution.

B.

Experimental
Rose bengal was obtained commercially and purified through

recrystallization in ethanol.

In these experiments all dye solutions

were made with distilled water and were 1 M in KC1.

In this solution

the dye accepted an electron from a mercury electrode at a potential
of -1.08 V vs. a saturated calomel electrode (SCE).
The Ti0 2 was purcha sed from Nakazumi Crys ta 1s of Osaka, Japan.
The crystal came as a long boule grown along the "c" axis by flame
fusion. Slices 250~ thick with a cross section of about 1.5 cm 2
were cut with a string saw so that the (001) basal plane was exposed.
The crystals were polished to a
a Vacuum oven for four hours at 650 0
their conductivity.

finish and then heated in
and 5 x 10- 6 torr to increase
l~

This treatment creates oxygen vacancies which

serve as donors. 76
Prior to use they were etched for one hour in conc. H2S0 4, The
final surface was glassy smooth with some ripples that were barely
visible to the eye.
The concentration of donors in the crystal was established through
capacitance measurements to be 5 x 1018/ cc .

The flat-band potential

of these crystals exhibited a frequency dependence over the range
of 1 to 10 kHz becoming more negative with increasing frequency.

The

slope of the resultant Mott-Schottky plots, however, remained constant.
A General Radio 1670A impedance bridge was used in conjunction with

0 U

D .J
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I
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a Hewlett Packard 3310A function generator.
Ohmic contacts to the crystals were made through vacuum deposition
of indium. A window of several mm 2 was masked during deposition to
allow illumination of the semiconductor surface through the electrode.
Adsorption isotherms for the adsorption of rose bengal on
these Ti0 2 single crystals at 21.5° C and 36.5° C were determined using
an elution technique. l ? The crystals were immersed in dye solution
of up to 4.38 x 10- 4 M (all of which were 1 M in KC1). The equilibrium
time varied with temperature and dye concentration but was always less
than 20 minutes.

After a 20 minute immersion the crystals were

removed from the dye solution and washed with decane in which rose
bengal is insoluble.
Absorption spectra of the dye adsorbed onto the surface of the
e12c~~Jde

are required for determination of both quantum efficiency

charge injection and adsorption isotherms.

In order to increase the

measurement precision a stack of three crystals, with six surfaces,
was ali gned in the beam of a Cary 118 spectrophotometer for absorbance
measurements of dye adsorbed on these surfaces.

Another stack of

three crystals was placed in the reference beam of the spectrophotometer
to compensate for the absorbance of the crystals.
The dye adsorbed on these crystals was eluted with methanol
and saved.

The product of the concentration of the dye in the eluent

and its volume yielded a figure for the absolute amount of dye adsorbed
on the crystals.

Normalized to unit surface area, this figure can

be correlated with the integrated absorption of the adsorbed dye.
From it, points on an adsorption isotherm can also be obtained.
The electrochemical cell was constructed so that the light
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passed through the Ti0 2 electrode to the active surface before
being absorbed in the bulk of the solution. A Pt counter electrode
and a saturated calomel electrode used as a reference were separated
from the main body of the dye solution by glass frits.

Provisions

were made for addition of reagents and stirring of the electrolyte with
gas.

The electrolyte solutions were not deoxygenated in view of the

oxygen evolution at the Ti0 2 surface at anodic bias potentials. A
thermal jacket surrounded the cell for temperature control. The
cell was shielded by a Faraday cage of copper mesh.
Photocurrent measurements were made with the experimental
set up depicted in Fig. 25.

A 450 WXe high pressure lamp served

as a light source; a Bausch and Lomb high intensity monochromator
or interference filters were used for wavelength selection.

The light

was modulated by mechanical chopper at frequencies ranging from 3
to 11 Hz.

Between photocurrent measurements the Ti0 2 electrode was
washed in successive baths of acetone and distilled water.
Light intensity was measured with the use of silicon solar
cell and a Hewlett-Packard 8330A Radiant Flux Meter with an 8334A
radiant Flux Detector.

In the experiment requiring signal averaging,

a" Nicolet NIC-80 computer was
C.

Results

1.

Adsorption Measurments

u~ed.

Adsorption isotherms for rose bengal on the Ti0 2 crystals were
obtained at two temperatures 21.5° C and 36.5° C as shown in figure 39
Langmuir type behavior was observed with plate3us at~ained at solution
concentrations of about 1 x 10- 4 M. The information derived from analysis
of this isotherm according to the Langmuir expression of eqn. (4)

.C\.I

Figure 39. Adsor~tion isother~s of rose ben0al on TiJ 2 single c~vstals were
d2terminecl by an elution method at t\/o tefrel~atures, 2T.5°
- - and 36.5° C---.
A plateau was attained at 2.1~ x 10- 7 mmo1es/c8 2 for 21.5° C and at 1.95 x 10- 7
mmoles/cm 2 for 36.5° C. The dV2 solutions were 1 >1 in KCl.
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is assembled in Table 7.

Assuming a surface with a roughness factor

of unity, the area for each molecule can be calculated to be 75~2 at
21.5° C and

81~2 at 35° C.

Absorbance spectra of the dye adsorbed on the trystal indicate
adsorption in predominantly the monomer form.

The spectra of figure

40 revealed a gradual increase in surface dimer concentration which
is reflected in a greater relative adsorption in the high energy
shoulder.

Solution spectra of the dye are shown in figure 41 for

comparison.
2.

Dye photooxidation

These Ti0 2 crystals used in the adsorption measurements were
fashioned into electrodes for use in the electrochemical set-up.
Immersed in an electrolyte containing the dye, the crystals were
illuminated with light in the spectral region of the dye; at anodic
potentials,an oxidative photocurrent was observed.

With this bias

sufficient to draw off all injected charge, the photocurrent at the
absorbance maximum was recorded as a function of time (figure 42).
A fast decay was observed which was followed by a slower long
term decline in the photocurrent.

The decay can be attributed to

an accumulation of the oxidized dye on the surface of the electrode
with the oxidized form apparently stable enough to permit regeneration
of the dye.

A coulometric analysis of the current passed through

the electrode in the first 500 sec of illumination revealed that only
8% of the dye on the surface of the electrode has been oxidized.
With the electrolyte at pH 6.6 and 21.5° C, the quantum efficiency
the initial charge injection was determined to be 4.0 x 10 -3 .

Here

the quantum efficiency is defined as the number of electrons transferred

.--..
C\I

Figure 39. Adsor~tion isother~s of rose ben~al on Ti8 2 single cryst~ls were
d2termi nec; by an e 1uti on method at tl,)O ter:l:,eratures, 2T.
5° and 36.5° C---.
A plateau was attained at 2.14 x 10- 7 m1:101es/c8 2 for 21.5° C and at 1.95 x 10-7
mmoles/cm 2 for 36.5° C. The dye solutions were 1 :'1 in KCl.
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is assembled in Table 7.

Assuming a surface with a roughness factor
02
of unity, the area for each molecule can be calculated to be 75A at
21.5° C and

8l~2 at 35° C.

Absorbance spectra of the dye adsorbed on the trystal indicate
adsorption in predominantly the monomer form.

The spectra of figure

40 revealed a gradual increase in surface dimer concentration which
is reflected in a greater relative adsorption in the high energy
shoulder.

Solution spectra of the dye are shown in figure 41 for

comparison.
2.

Dye photooxidation

These Ti0 2 crystals used in the adsorption measurements were
fashioned into electrodes for use in the electrochemical set-up.
Immersed in an electrolyte containing the dye, the crystals were
illuminated with light in the spectral region of the dye; at anodic
potentials an oxidative photocurrent was observed.

With this bias

sufficient to draw off all injected charge, the photocurrent at the
absorbance maximum was recorded as a function of time (figure 42).
A fast decay was observed which was followed by a slower long
term decline in the photocurrent.

The decay can be attributed to

an accumulation of the oxidized dye on the surface of the electrode
with the oxidized form apparently stable enough to permit regeneration
of the dye.

A coulometric analysis of the current passed through

the electrode in the first 500 sec of illumination revealed that only
8% of the dye on the surface of the electrode has been oxidized.
With the electrolyte at pH 6.6 and 21.5° C, the quantum efficiency
the initial charge injection was determined to be 4.0 x 10 -3 . Here
the quantum efficiency is defined as the number of electrons transferred
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Figure 42. (a) The time decay af rose ben]al sensitized photocurrents at
Ti0 2 reveals .:<n initial fast decay with a subsequent slow decrease in the
rate of rhotooxidation. 500 nfTl light \'/as used l>Jith a 3.6 hz modulation
.-and a 0.0 V bias (vs. SeE). Dye concentration was 4.38 x 10- 4 ;1. (b)
C\I .,
of -0.50 V the photocurrent is noi s i er but does not decay from
E
its initial level.
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per photon absorbed by the dye.
After a quasi-steady state was reached in the time decay of
the current corresponding to point A of figure 42, the light was
swept through the spectral region of the dye, giving the spectrum of
figure 43.

This curve compares very well with the absorbance

spectra of figure 40.
In Chapter III it was demonstrated that Cl
reducing agent for rhodamine B adsorbed on ZnO.

functions as a
It is necessary to

show for the system rose bengal/1M KC1/ Ti0 2 that chloride does
not photoreduce the excited dye since the electrochemical properties
of the reduced dye are not of interest in this work.
This was accomplished through the measurement of the quantum
efficiency of electron injection as a function of chloride concentration
when the electrolyte is 3.2 x 10- 5 M in the rose bengal (figure 44).
To evaluate the quantum efficiency it was necessary to measure the
optical density of the adsorbed dye at each concentration of KCl and
correlate it with the observed photocurrent.

The absorbance measure-

ments were taken as described in the experimental section.

Photo-

oxidation

of rose bengal at Ti0 2 appears to be insensitive to
chloride and the observed photocurrent may be seen to reflect the

oxidation of the excited dye at the electrode surface.
With the use of a 560 nm interference filter, the photocurrent
was measured as a function of the solution concentration of the dye
(figure 45).

Since the absorbance of the adsorbed dye for specific

surface concentrations is known, a determination of the quantum
efficiency as a function of surface coverage is possible.

In

figure 46 it can be seen that the efficiency of charge transfer is
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independent of surface concentration of the dye over the range
i nves ti ga ted.

The dye molecule is adsorbed on the surface of the Ti0 2 in
the Helmholtz region of the double layer. Except when the semiconductor
becomes degenerate, there is a negligible change of the potential
drop across the Helmholtz layer with a change in the polarization
of the electrode.

Hm'Jever, through capacitance meas urements thi s

drop has been found to be dependent upon the pH of the electrolyte
solution; for Ti0 2 , it has been reported to change by about 60 mV/pH
uni t. 77

In order to find the extent to which a change in the Helmholtz
potential drop affects the electron transfer reaction, the photocurrent
was measured as a function of pH. This experiment has been done
with rhodamine on Zn0 15 and is conceptually similar to currentvoltage curves

for~actions

at metal electrodes.

Measurements were

taken from pH 5 to 11; acidic pH's were avoided because of protonation
of the dye.

A logarithmic plot of the photocurrent is seen in

figure 47 as a linear function of pH with an average slope of .07
+ .01.

The absorbance of the adsorbed dye layer was also measured
as a function of pH and was found to describe a similar logarithmic
relation with slope .07 + .01.

The quantum efficiency of electron

transfer must then be independent of the change in the potential
drop across the Helmholtz region over the range covered by these
pH experiments.

The spectral characteristics of the dye were also

examined as a function of pH.

Absorption and fluorescence spectra

exhibited no significant change over the pH range of interest
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indicating no pH dependent properties of the ground or excited
s ta te of the dye.
3.

Temperature Dependence
Activation energy determinations in spectral sensitization

have been confined to systems where the dye was adsorbed at a gassolid interface or was applied to the solid as a thin film.

In

electrochemical systems some difficulties are encountered in the experimental determination of an activation energy.

The potential

of the reference electrode is a temperature dependent quantity,
a condition which can hinder comparison of current densities at
different temperatures.

At sensitized electrodes, the use of water

soluble dyes brings in another temperature dependent variable in the
form of an adsorption isotherm.
As described earlier, adsorption information for rose bengal
on Ti0 2 at two temperatures was determined. It is important, too, to
reiterate that the quantum efficiency of charge injection is not
sensitive to the change in surface concentration that occurs between
these two temperatures.

Also, a change in the reference potential

is unimportant because the semiconductor electrode can be polarized
in a saturation region where a change in bias does not affect the
photocurrent.

An additional complication in a temperature study

would be a temperature dependent potential drop across the Helmholz
layer at the electrode surface.

Through capacitance measurements,

this change in the Helmholtz potential drop at Ti0 2 was measured
to be + 0.10 V over the 15° range between 21.5° and 36.5° C. Through
the pH study above, however, the effect of such a change in the
region on the quantum efficiency is known to be negligible.

Hel~holtz

With

these variables determined, it should be possible to obtain an
activation enthalpy for the photooxidation of rose bengal at Ti0 2
electrode.
In order to derive this quantity from photocurrent measurements,
it is necessary to compute the temperature dependent quantum efficiency,
qJ(T) :
~(T) =

I(T)/n·A(T)

where T is the temperature; I(T) is the current density at T in
electrons cm- 2sec- l ; A(T) is the absorption of the dye adsorbed on
the electrode; n is the photon flux in photons cm -2 sec -1 .
Values for A(T) were taken from the absorbance spectra used to
construct the isotherms of figure 39.

Interpolation between the

absorbances of 21.5° C and 36.5° C yields figures for A(T) at
intermediate temperatures.

I(T) was taken as the initial magnitude of

the photocurrent before the time decay set in.

A plot of the logarithm

of 'I>(T) vs inverse temperature should yield an activation enthalpy for
the electron transfer.
The temperature dependence of the photocurrent between 21.5° C
and 37.5° C was measured.

~(T)

was computed for each experimental

point and used to construct the Arrhenius plot of figure 48.

A slope

of 6.7 ± .5 kcals/mole was obtained with a least mean squares fit.
The pre-exponential factor was 4 x 10 3 within a factor of two.
These measurements began at room temperature; the solution was
then heated to 37° C and data were taken as the solution cooled.
Between measurements the Ti0 2 electrode was washed in successive
baths of acetone and d"istilled water. A twenty minute equilibration
period in the dye solution was allowed prior to illumination; the

Figure 48. An Arrhenius plot of the
quantum efficiency for photooxidation of
rose bengal yields an activation enthalpy
of 6.7 ± .5 kcal/mole. Each data points
represents a single experimental measurement;
illumination was at 560 nm with a 0.20 V
bias on the electrode. The rose bengal
concentration was 1.6 x 10- 4 M. The preexponential factor was 4 x 10 3 .
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acquisition of the data in figure 11 required several experimental
runs.
4. Sensitized photoreduction
The commonly observed bias dependence of the photocurrent from
a dye-semiconductor pair can be seen in figure 31 for rhodamine B
adsorbed on ZnO.

The current rises from zero at cathodic potentials

to saturation at a more anodic bias.

Since KC1 was used as the

electrolyte in this system, it is the reduced rhodamine B that injects
the electron to produce the current depicted in this figure.
In the system of rose bengal and Ti0 2 , however, the bias
dependence of the photocurrent is characterized by the unusual
(

features depicted in figure 49.

Instead of the photocurrent

disappearing at lower potentials, a reduction current set in which
peaked at about -0.85 V.
The magnitude of this reduction reaction at -0.85 V was found
to be linearly dependent upon the absorbance of the dye in solution.
An action spectrum at this peak corresponds to the absorbance of
the dye in solution depicted in figure 41.

Stirring of the electrolyte

increased the reduction photocurrent while deoxygenating the solution
with N2 greatly diminshed it.

Introduction of hydroquinone also

resulted in a decrease of the reduction current.

Stirring of the

solution with air increased the current, but a subsequent changeover
of stirring gases to pure 02 did not result in any further increase.
Thus, the concentration of excited dye in solution appears to be
the rate limiting species.

This reduction reaction could never

be eliminated, presumably because of the dark current evolution of 02
at the Ti0 2 surface.
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b) 0.36 hz
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Figure :)0. ::aintaining t:le Ti0 2 bias
at -O.~9 ~, which corres~onds to the
anodic peak of fi~ur2 49b, the photocurrent measured for
one ()eriod of~:le c:lo~:J'in~ cj1cle revealed different t"ir:ie XBL 767-6057
scales ;or the oxidatian and reduction reactions. In (a) a 3.G hz
choT):Jil1<] frequency yielded J.llodic and cat:lOdic currents of ec]ual
Ii!u(~litucle but ',,,ittl dil'l'erent rise til;les.
In (b) t:12 iJoJulation is
dcc:-eds2d by ten. iIi t:'l increased time of ex:;osure to ill umi nati on
t:12 r2(iuction current predominates. /\ signal averager If/as used to
obtain these results.
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bengal).
At a bias potential more negative than -0.24 V the net current
flowing across the Ti02 surface reflects contributions from several
reactions, the dye sensitized oxidation and reduction, reduction of
oxygen, and hydrogen and oxygen evol uti on from the conducti on and valence
bands of the semi conductor.

These parti a 1 currents are depi cted in

fi gure 5l.
The dark current at the electrode (figure 51a) reflects the evolution and reduction of oxygen at the surface and at more negative
potentials, evolution of hydrogen.

The potential dependence of oxygen

evolution at the electrode (figure 5lb) can be seen in the currentvoltage characteristics of the Ti0

2

intrinsic photocurrent.

The photo-

modulated sensitized oxidation and reduction currents are superimposed
upon these t\'10 background reactions.

The influence of the dark reactions

on the sensitized photocurrent is clear.

D.

Discussion

1.

Adsorpti on Isotherm
From the absorbance spectra of the dye adsorbed on the Ti0

2

crystals it is evident that the dye is adsorbed from solution in the
monomer form.

The spectra in figure 40 reflect a progressively larger

fraction of surface coverage \'Iith a relatively small increase of 20% in
the high energy shoulder \'/here dimer absorbance occurs.

This increase

in surface dimerization can probably be attributed to the increasing
concentration of the dimer in solution.
An estimate of the heat of adsorpti on of tile dye may be made \'1ith
data obtained from analysis of the adsorption isothenns. Using a 10 'A
as an estimate for 0 in eqn. (4a), a

.6H of approximately 7.6 kcal/rnole
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Figure 51. A number of reactions can occur
at a negatively biased Ti02 electrode. (a)
The cathodic sweep of the dark current reveals
reduction of oxygen at the surface (-0.25 V)
followed by hydrogen evolution (-0.80 V). (b)
The potential range over which oxygen is
evolved is shown through measurement of the
intrinsic photocurrent produced ,by illumination
at ~ = 390 nm. The 390 n~ light was modulated
at 11.0 hz. (c) The dye sensitized oxidized
oxidation and reduction behavior of Fig. l3b
is included for comparison.
N
W

is obtained for both temperatures (see Table 6 ). As discussed in
Chapter II, a tlH of this size is considered large enough to insure
monolayer coverage of the surface.
Implicit in the use of a Langmuir analysis of an adsorption isotherm is the assumption that tlH is independent of surface coverage.
This is probably true for the surface concentrations covered by these·
experiments, However, the data only extended down to a coverage of
8 = 0.4 so that use of this Langmuir analysis places no a priori
assumptions on variations in tlH below this limit. Indeed, it has long
78
been established that the heat of adsorption is greatest for the first
additions of dye to the surface.

Physically, this higher tlH can be

seen as the manifestation of a small number of more active adsorption
sites which are preferentially occupied at

101'/

surface coverage. tlH

subsequently decreases as 8 becomes larger with the differential heat
of adsorption eventually tending to zero. It is not unreasonable to
expect a similar 8 dependence of tlH for the adsorption of rose bengal
on Ti0 2 at small 8.
A complete coverage of the surface appears probab le upon examination of the experimentally determined surface area/unit dye molecule.
At 21.5 0 C vdth an assumed surface roughness factor of unity, each dye
molecule occupies 75 A2 of the surface.
100 A2 is expected for thi s dye.

Usinq models, a maximum of

Thi s \·/oul d imp ly ti ght packi ng of the

dye and, indeed, some increase in dimerization is present in the
absorbance spectra.

However, some degree of roughness greater than

unity can be expected and the existence of a plateau in the isotherm
suggests a not unreasonable minimum value of 1.3 for this etched
surface.
Excitati on of the rose bengal at the Ti 02 surface res ults in
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Table 6. Calculated values for the rose bengal adsorption
isotherms of Figure 39.

l/C m

4.57 x 106±.07

cm 2/mmole

4.85 x 106±. 04'

cm 2/ml
l/cmB
Cm
liB

27.+13
2. 19 x 10- 7±. 04
6 x 16 6±3

4. l±7
mmole/cm 2
2.05 x 10-7±.02
Illmole clll 3

8 x 10- 6+.02

$.2/molecule
Area

81

75
kcal/mole

6H

7.3-7.9

7.5-7.7
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Qeneration of an oxidative photocurrent \'Iith action spectra (figure
43) closely matching the absorbance of the adsorbed dye (figure 40).
The di sti nct di fference between these spectra and the sol uti on spectra
of the dye excludes the probability of participation of solution
species in the photooxidation reaction.
This comparison also shows that the surface spectra maxima are
shifted about 15 nm to the red from the corresponding solution peaks.
If adsorption of the dye were due entirely to dispersion forces, an
absorbance maximum at the wavelength of the peak photocurrent response
in figure 43 would yield a value for the index of refraction of nd

'V

1.4

for the semiconductor surface. This would imply that the optical
dielectric constant of the adsorbed layer is larger than that for the
soluti on bulk.
2.

Excitati on Trans fer
The time decay of the photocurrent reveals that after a 500

second exposure to 560 nil! light only 8% of the dye on the surface has.
been oxidized.

Evidently, very few of the excited, adsorbed molecules

are able to inject an electron into the crystal It,hi le in an excited
state.
It is probable that the adsorption site of the dye plays a
critical role in determining its ability to sensitize the substrate.
Given a dye at the electrode surface, its adsorption orientation and its
distance from the surface should vary according to the molecular
details of its adsorption site.

These details, for example, will be

closely tied to the dye molecule's heat of adsorption.

Those molecules

with a high heat of adsorption vii 11 be more tightly b.ound to their sites
and \'/i 11 be closer to the surface than those "lith lO';ler adsorpti on
heats.

Less favorab le sites bi nd the dye mo lecule more loose ly and

Od

f

I
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thereby

\'IOU 1d

have less of an ; n fl uence upon the adsorpt; on or; entati on

of the molecule.

Consequently, dye molecules at fifferent sites on the

surface may be expected to exhibit different efficiencies of electron
transfer.
This argument is a microscopic examination of the primary
assumption in the kinetic analysis of the tirr:-e decay discussed in
Chapter III: not all dye molecules adsorbed on the semiconductor surface
exhibit the sarre efficiency of sensitization.

This condition is more

apparent in this system than at the rhodamine B/ZnOinterface since
such a small percentage of .the adsorbed rose bengal molecules participate
in the photooxidation reaction.
In figure 42 a rapid decline of the photocurrent is seen
follm'led by a slov/er, long term decay.

~'1hich

is

Thus. those molecules on

"reactive" sites . . 'hich permit high quantum efficiencies of electron
transfer can be seen to be quickly oxidized with the subsequent photocurrent dye mainly to dye on IIreactive" sites with lower quantum efficiencies.

The remainder of the adsorbed dye must then be adsorbed at

nonreacti ve locati ons.
To determine if there was excitation transfer among the dye
molecules in the adsorbed layer, the quantum efficiency of electron
transfer \'las calculated as a function of surface coverage just as \'1as
done in Chapter III. Once again the absorbance aspectra of the adsorbed
dye is evi dence that such excitati on trans fer coul d on ly be that
resulting

from a very \'/eak interaction.

The data of figure 46 demonstrate that the quantum efficiency
of charge injecti on remains constant over a range of surface coverage
from 1.0 to 2.2 x 10- 7 mmole/cm2 .

These results are much more con-

vincing than the data for rhodamine B on ZnO since the per cent mean

128

standard devi ati on is 5% as compared with 7 % for rhodami ne BIKel
and

l7;~

for rhodamine B/KN0 . However, the question of the existence
3

of excitati on trans fer is not unequi vocab ly determi ned.
energy trans fer coul d be negl i gi b le or its effect on

<I>

Such an
coul d

saturate before the coverage of 1.0 x 10- 7 mmole/cm2 has been reached.
This coverage, 8
limit of 8

= 0.01

= 0.4,

is much larger than the previously established

which must be reached in order to make an absolute

dtermi nati on of the exi stence of excitati on trans fer.
Further examination of the data in figure 46, however, provides
a basis for postulating the existence of excitation transfer among the
dye molecules on the semiconductor surface.

It must be assumed. though,

that the efficiency of electron transfer from the dye to the semiconductor is dependent on its site of adsorption and therby on its
energy of adsorption.
It has has been discussed previously

energy, i.e., the heat of

adsorption~

hO\,I

a measure of this

can be expected to decrease

with increasing coverage of the surface with the last molecules adsorbed
having the smallest heat of adsorption.

Yet, the data of figure 46 .

show that the quantum efficiency of charge injection remains constant
as an increasing number of the most weakly bound molecules are removed.
This experimental result is compatible with the above assumption
only if the orobability of excitation of a molecule at a reactive
site is directly proportional to the number of quanta absorbed by the
dye later on the electrode surface.
tation from

This implies transfer of exci-

nonreactive molecules to reactive molecules even at
o

8 = 0.4 \'/here the intermolecular separation is 13 fl..
The greater part of the dye on the surface must then function
as an antenna \'/hich absorbs the quanta of light and transfers the
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excitation to reactive sites \'Ihere oxidation can occur.
3.

Dye-Semi conductor Energeti cs
There are tV/o mai n components in theoreti ca 1 express ions 76

for the activation energy of an electron transfer reaction.

One deals

with the energy required to rearrange, or polarize, the environment
about the electron so that transfer may occur.

The other accounts

for the work necessary to bring the reactants together \'Iithin the
required distance and in proper orientation to allovi the electronic
interaction necessary for transfer.
For the case of dye sensitized semiconductors, a relation
describing the first of these contributions to the activation energy
ahs been suggested by Gerischer 48 :
(-(E C - ED - E*)2)
J ~ exp
4\*kT

( 23)

\vhere EC is the energy of the semi conductor conducti on band; ED is
the energy level of the ground state of the adsorbed dye; E* is the
exci tati on energy;

\* is the energy requi red to rearrange the atoms

of the solvent molecules surrounding the excited dye so that they
occupy positions compatible with the product species at equilibrium.
These terms are pictorally defined in figure 52.
defined by eqn. (28) is 6E2/4\* \'Ihere 6E

= (EC

The activation energy

- ED - E*) is the energy

di fference between the conducti on band and the maxi mum of the excited
single state of the dye on the surface.
As figure 52 shows, the molecular orbital energies of the dye are
distributed about energy maxima oV/ing to thermal fluctuations in
the interactions of the

mol~cule

with the solvent.

This time dependent

variation in the positions of the atoms in the species which form the
environment about the molecule of interest induces corresponding time
dependent changes in the energy of its molecular orbi tals.

The ranqe
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of this variation in the energy of the molecular orbital can be
described by a distribution function 48 :
W(E)

=

1
(-( E - Eo)2)
4TIA*kT exp
4AXkT

(29

)

The overlap of this energy distribution for the excited state
with the density of states of the semiconductor conduction band will
dtermine, according to eqn. (28), the rate of electron transfer from
the excited dye to the semiconductor.
52, this overlap
energy,

~E,

~"ill

If EO* rests below EC in figure

be small and there \·,ill be a minimum rearrangement

required of the environment about the dye for activation

of the occupied electronic orbital to EC from its mean value EO*' In
the case ""here EO* is above EC there will be no minimum polarization
energy necessary for electron trans fer and no contri buti on to the
activation energy from this source.
The relative valueS

of EC for Ti0 2 and Eo* for the dye in solution

can be obtained easily.

This is done through comparison of the reduction

potettial of the dye, ER

= -1.08

V, and the flat band potential of

the semiconductor Hhich indirectly yields the energy of the conduction
band, EC

= -0.5

V (taken from literature sburces

80

because a frequency

independent flatband potential could not be obtained from capacitance
measurements of these crystals).

As seen in figure 52, EC rests bel 0\"

Eo* for the solution dye species.
For the adsorbed dye, the energy di fference between EC and EO*
will not be equivalent to that for the solution species, as is depicted
in figure 52 in the extreme limit where EO*> EC'

This difference

between adsorbed and solution species will depend on the potential drop
across the Helmholtz layer at the surface and the position of the dye
vJitllin this layer.

u

Figure 52. An analysis of the energetics of
a dye-semiconductor pair is presented here.
The ordinate represents an energy scale with
the abscissa providing a measure of the density
of states of the semiconductor and a distribution function for the dye as expressed by
Eq. (29). The lowest level of the conduction
band is labeled EC with the means of the ground
and excited state distribution of the adsorbed
dye labeled EO and EO*. The reduction
potential for the solution dye, ER, yields a
value for EO*sol. This distribution is
placed on a scale with the estimates of the
oxidation potentials, 0+/0, of some of the dyes
which sensitized the photoreduction at Ti02:
rose bengal (RB), acridine orange (AO),
th ion i ne (TH).
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A change in the potential drop across the Helmholtz layer through
variation of the pH of the electrolyte will thereby change i1E for the
surface dye.

Varying i1E changes the free energy of the reaction; the

magnitude of this i1G change will depend on the fractional distance, a,
relative to the Helmholtz layer thickness, from the electrode surface
to the plane of the chromophore.

According to eqn. (28), if EO* > EC'

a change in i1E results in an exponential change in the electron transfer
rate. 81
In contrast to this situation, the quantum efficiency of oxidation
of excited rose bengal remai ns constant over the pH range from 5 to 12.
This pH difference corresponds to a change in i1E ofO.42·uV revealing
that the rate of the photooxidation is

indepen(k~nt

of the free en'2':"0'/

of the reaction over this region of small change in i1G.

This indicates

that ED does not rest belm'l EC for tile dye adsorbed on the surface of
the semiconductor.

Thus, there appears to be no minimum rearrangement

energy required of the solvent for this electron

transF'~r

to take place,

and the relation of eqn. (28) does not determine the rate of this electron transfer action.

It is evident that the measured activation

enthalpy of 6.7 kcal/mole for this electron transfer must originate in
phenomena other than the polarization of the environment involved in
the rearrangement process.
The most probable source of the activation barrier can be found
in the second source menti oned above: the work requi red for the approach
and orientation of the excited dye.

Attribution of the activation energy

to v/ork terms requires some exploration since the reactive species is
already adsorbed on the surface of the electrode.

The contribution of

the free energy of adsorption to the \'Iork has already been accounted for

!

,

u
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in the use of the quantum efficiency of the reaction in the activation
analysis.

This implies that adsorption does not guarantee the orienta-

tion and approach distance that may be required for reaction.
Electron transfer from the excited dye will originate at the
regions of the chromophore where the electron density of the excited
electron is localized.

In order for these parts of the molecule to

approach the crystal lattice to within the critical distance, additional
repulsion from the crystal lattice may have to be overcome.

The move-

ment of the excited species into an energetically unfavorable adsorption
orientation could also be necessar"j.

If there is an. intervening solva-

tion sheath on the surface, this too, may have to be displaced before
transfer can occur.

Thus, it can be seen hm'l '.'1ork terms may be neces-

sary for activation of an adsorbed species.
It has been implicit in the discussion thus far that only the
singlet state of the dye is responsible for sensitization.

Hith the

proper energeti c re 1at; onshi p to the semi conductor, the tri p let energy
level of the dye should be able, in principle, to contribute to the
charge injection.

If the sensitization were due entirely to electrons

from the triplet dye, then 6E vlOuld represent the energy difference
bet~"een

the conducti on band and the dye tri p let

ener~'y

leve 1.

In search of the role of the triplet in sensitization, the para..
+2
1 .
magnetlc lOllS r~n
\'/ere added to the electro yte to serve as triplet
quenchers.

No change in the photocurrent was observed. It has been
19
suqgested by Tributsch
that the lifetime of the triplet state of the
adsor~ed

dye may already be shortened to the extent that it is rela-

tively unaffected by the paramagnetic ions.

In general, little evidence

has surfaced in the literature 43 v/hich has established the participation
of the triplet state in this reaction.
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4.

Solution Photochemistry
The photomodulated reduction observed at the cathodically

polarized Ti02 was initiated by a solution species that is created by
the interaction of excited rose bengal \'Iith oxygen.

The role of

oxygen in this reaction was demonstrated through the decrease in the
cathodic current following deoxygenation by the introduction of either
N2 or hydroquinone.
Investigation of the solution

photochemist~y

of the sensitizing

dyes used in this investigation has determined that their reactivity
to oxygen is due almost exclusively to the activity of the triplet
state. 16

The reduction photocurrent would also be diminished through

addition of hydroquinone because of its ability to reduce the trip1et
dye.
As triplets in solution, these dyes can either create singlet
oxygen th rough energy trans fer or they can be oxi di zed by oxygen:
3D +

02 ~ 0 + 102

3D + 02

~ 0+ + 02

Both of these reactions result in products whi ch could function as
. oxidants at the electrode surface:

102 + e 0+ +

e

---7'

°2

~o

( 30)

\'iith the except; on of triphenylmethane 82 compounds, the dyes
'tlhich sensitize the reduction at the Ti0 2 electrodes are knm'ln to
produce singlet oxygen which can be reduced electrochemically at the
Ti02 surface.

Although the lifetime of singlet oxygen in aqueous solu-

ti ons is on the order of mi croseconds, 16,83 it vii 11 be created as long
as the trirlet dye exists in solution.

The lifetimes of the triolet
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states of these dyes, hm'lever, are in the mi 11 i second range.

In the

dark segment of figure 14b, the sensitized photoreduction requires
several seconds to decay, yielding a lifetime for the reactive species
of about one second.

Thus, while reduction of singlet oxygen is

possible it cannot account for the long lifetime of the solution species
reduced at Ti02.
On the other hand, reduction of the oxidized dye in solution,
eqn. (30), has been reported 82 at metal electrodes biased at potentials
from 0.0 V to -0.5 V, an energy range in which the conduction band
of Ti0 2 rests.

The feasibility of such a reaction occurring at Ti0 2

can be estimated through a comparison of the redox potenti a1s of the
O+/D

couples and th e ene rgy

0 .cI

t'ne COl, d uc t'lon b an d EC = -0. 5 V•

Approximate values 84 of the potentials of the O+/D couples for
some of the dyes that exhibited this sensitized reduction current are
shown in figure 52 in comparison \'1ith EC'

This comparison reveals an

energy di fference between the redox leve ls and the conducti on band of

1. 2 to 1. 7 eV.

Accordi ng to theory85 the dens i ty of the unoccupi ed 0+

levels is described by eqn. (29) with a maximum found at a potential

+

more negative than the 0 /0 redox level by an amount equal to the
rearrangement energy, A, for the oxi di zed dye.
estimation

lO

of

For these dyes an

A can be taken to be 0.4 V which indicates that there

will be a sufficient de,nsity of unoccupied 0+ levels at EC able to
accept an electron from the electrode.

Reduction of the oxidized dye

is possible at the electrode surface in a diffusion controlled situation.

It corresponds, essentially, to a back reaction of the photo-

oxidation reaction.
There is another pathway by which this reduction of the oxidized
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.dye can proceed.

The superoxide radical 0; which results from reduc-

tion of oxygen at the Ti0

2

surface, can reduce the oxidized dye which

has diffused to the electrode from the bulk of the solution.

The

resultant molecule may then be reduced once more at the Ti02 surface
yielding a net reaction equivalent to eqn. (30):

At a Ti0

2

02

+

02

+

+

e

D

) 02

electrode biased at these potentials it would not be possible

to distinguish these

t\'10

pathways for the reduction of the oxidized dye.

These path\'/ays for the sensitized reduction reaction explain the
regeneration of the dye on the surface v/hich has been oxidized through
the photomodulated surface reaction.

Figure 49 reveals that the regene-

ration during a cathodic polarization sweep does not occur until -0.25 V,
a potential at \'lhich the dark current reduction of oxygen has become
discernible.

Thus, the increase in the oxidative photocurrent is

intimately tied to the ability of the electrode to donate an electron.
In a DC measurement of the oxidative photocurrent, ttie regenerative
characteristics of figure 49 could not be

obse~·ved.

It is possible to

detect it through photomodulation only because the rise times of the
tVIO

currents are so di fferent.

These di ffering rates may be attributed

to the small overlap between the conduction band density of states and
the D+ energy distribution (the unoccupied levels of a 0+/0 redox couple)
as cOr.1pared \'1i th the 1arger overl ap of the conducti on band . . Ii th the
D* distribution (the occupied levels of a D ID* redox couple).68
·Although several investigations of dye sensitization of semiconductors have utilized

photomod~lation

to aid the detection of the

res ultant photocurrents, no observati on of a sensiti zed reduct; on current
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has been reported.

If this reduction current originated from surface

states in the band gap of Ti0 , the energy level of this surface state
2
could be no more than 0.3 V more positive than the conduction band since
the onset of the reduction current is about 0.3 V positive of the f1atband potential.

This energy difference should not preclude a contri-

bution to the reduction current from the conduction band.

Therefore,

even if surface states are involved in this reaction, there is no energetic basis for the observation of this sensitized reduction reaction
at Ti0 2 and not at ZnO which has a conduction band energy EC

= -0.4 V,

very close to that for Ti0 2 ,
This directs attention to the chemical nature of the Ti0 2
surface which differs from ZnO. Ti0 2 is stable under anodic polarization while ZnO decomposes.

Reduction reactions via the Ti0 conduction
2
band yield different Tafel slopes than the same reactions at a ZnO
electrode. 80 Furthermore, C1- does not appear to playa significant
role in dye sensitized ohotooxidation at Ti0 2 surfaces whereas it does
at ZnO. The sensitized reduction current may also be another of the
observed di fferences between ZnO and Ti 02 electrodes.

138

APPEND! X I

Anal.vsis of the data of figure 33b requires expansion of eqn.(19):
t
t
+ B,e -olt + a2e -Y2 + B2e -02 )
10g(a,(l-Y1 t ) +Bi'(l-o,t) + Ct2('-y 2t) + 8 2('-02 t ))

log J = log( ale -Y1
=

= ,og(

t

8,0,

+ Ct 2Y2 + ( 202)t)
where D = Ct, + B1 + Ct + 8
2
2
= log 0 + 10g(l-nt)
0 - (Ct,Y, +

where

= (Ct1Y1 + 8 1° 1 + Ct2Y2 + 82° 2)/0

= log 0 - nt

This approximation will be accurate as long as ('/2)nt< .1
where n is the measured slope from figure 33b. For -the first and largest
time decay region:
01

= a 1 + 61 + Ct2 + 82

n1

=

(Y 1 + Y2 +°1 +°2)/0 1
For the second time decay region:
0-'"

2

v'2

+B+B
2
1

n2 = (Y2 + °2 + °,)/°2
For the third decay:
°3 = 82 + 81
n3 = (01 + 02)/03
For the fourth:
04

= B1

n4

= 02

The data provides n·1 and O.1 for each decay region. Startinq with 04
and n4 , all of the constants in eqn. (19) can be derived.

o u "

u
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APPENDI X I I

Conductance is defined as 44 :
a

= nell

is the carrier density in cc- 1
is the mobility of the charge carrier
II
e . is the e 1e ct ron i c ch a rge
n

where

For the undoped ZnO used in thi s work ,n '.'/as me as ured to be 2 x 10
cc- 1 .
em

-1

.

2.

A va 1ue for II may be taken as 100 cmlVsec

24

.

16

'-1
a is then - .4 ohm

The Li doped crystal was insulating and n was not determined.

Both crystals were clear.
The TiO

2

\'1as found to have a carrier density of n

=5 x

1018/ cc .

Its mobility is reported to be low, about 1 cm 2/Vsec. 80 The conductance
is then - 0.8 ohm

-1

cm

-1

.

The crystals are slightly grey in color.

ZnS can be doped with In to yield a colorless, conducting crystal. 86
Hm'lever, such an effort vias not mad2 with the specimens used in these
studies.
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