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ABSTRACT

This thesis is concerned with the photophysical and photo-
electrochemical behaviour of colloidal semiconductors such as
cadmium sulfide. CdS can absorb a significant fraction of the
solar spectrum and is an efficient photosensstiser for various
chemical reactions.

The kinetics study of the semiconductor/solution interface
demonstrated a complex kinetic behaviour of electron transfer
reaction, which was explained by the "Gaussian Model"”. This

s

model provided a valuable explanation of the kinetics of
fieterogeneous systems which are not simple firts-crder or second-
order but result from a distribution of first-order rate
constants. In the case of colloidal semiconductors, a
relationship was obtained between the dispersed kinetics and the
dispersed radii of colloidal particles.

Our studies in photocolloidal systems extended to wide band
gap semiconductor colloids such as zinc sulfide {2ZnS}). The
photophysical and photochemical behaviour of doped and undoped-
zinc sulfide were investigated in more detail.

In the case of CdS colloids particular features of its
surface chemistry using time-resolved techniques, the desorption
of the dimer of cationic radical methyl viologen, (MV*)Z. from
the surface of CdS particles into the bulk of solution and the
deramatic effect of cysteine concentration, as an electron donor,
on the vyield of methyl viologen photoreduced by the conduction
band electrons of CdS colloids are investigated.

A new method has been developed for the synthesis of CdS



particles in inexpensive matrices such as Dialysis Membrane.
Using this system, we produced small CdS particles (diameter (
5nm) immobilised within the DM to keep them from coagulating.
This system enables us to remove CdS film from solution for
analysis of the reaction product and regeneration of the uniform
semiconductor particles. The studies of both photophysical
properties, such as quantisation effect, and photochemical
behaviour, such as photoreduction of methyl viologen, photo-
oxidation of methyl orange, photocorrosion and stabilisation of
CdS film wusing steady-state and photolysis techniques, have
revealed that the method is an excellent media for studying
photo(-electrolchemical reactions and the factors which control
the rate of interfacial charge transfer.

Finally attempt to immobilise CdS on an electrode modified

by polypyrrole as a conducting polymer are discussed.
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Abbreviations

A° Ang strem

CcB Conduction band

CLS Conventional light scattering
CTAB Cetyltrimethylammonium bromide
cys Cysteine

DDW Double distilled water

DLS Dynamic light scattering

DM Dialysis membrane

EDTA Ethylenediaminetetra acetic acid
EF Fermi level

Egap Energy of band gap

FP Flash photolysis

LD Debye length

M mol dm-3

MO Methyl Orange

Mv2" Methyl Viologen

NHE Normal hydrogen electrode

oD Optical density (Absorbance)
PAA Polyacrylamide

PPy Polypyrrole

PVA Polyvinyl alcohol

PVP Poly(2-vinyl)pyridine

SCE Saturated calomel electrode
SEM Scanning electron microscope
SHMP Sodium hexametaphosphate

SS Steady state



TBAT

TEM

o}

VB

Tetrabutylammoniumtetrafluoroborate
Transmission electron microscope

Volt, vacancy

Valence band

Trapped electron

Trapped hole

Wavelengths

Extinction coefficient, dielectric constant
Electron affinity

Electron of conduction band

Hole of valence band
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INTRODUCTION

Since it is clear that our fossil and nuclear fuel reserves
are limited and must eventually be consumed; much attention has
been focussed over the past ten to fifteen years on renewable
energy resources.

Solar energy is one of these resources and its application
in different ways dates back to the period of thousands of years
before Christ.[1] While it is true that many energy sources such
as hydroelectric, tidal, wave and wind energy are indirectly
related to the solar energy, this thesis is concerned with the
direct trapping of solar radiation.

The sun as a "furnace” radiates large amounts of energy into
space every day througn thermonuclear fusion of hydrogen atoms;
the earth receives approximately 1019kj per day which 1is one
billionth of the sun’'s total energy. This enormous amount of
energy will in a few days equal the total known reserves of
conventional energy on the earth’'s surface. However, 1if we can
trap only a small fraction of this energy flux, the world's
critical energy problem would be solved.

Solar energy has many advantages in comparison with other
energy sources, it is free, easily avallable and clean. Its
exploitation is a field that involves many branches of science

and technology including physics, chemistry, biology,

mathematics; mechanical, electrical, chemical engineering;
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agriculture and economics.

In recent vyears the promotion of photochemical and
. . . . [2-61]
photoelectrochemnical reactions by colloidal particles and
th€tr application in conversion of solar energy into electrical

and chemical energy[7_15] has received much attention. It 1is

worthwhile studying the nature of <colloids as a neglected

. . [17] . .
dimension to 1ncrease our understanding about these systems and
their exploitation in future technology.

1.1 The Nature of go;;oids['8-21]

A dispersion of small particles of one substance in another
is ~called a colloid. The word colloid (Greec Koll, glu&; -
{221

oeides, 1ike) was introduced first by Graham in 1861 to refer

to material that diffused slowly and would not pass through
parchment. Graham from the slow diffusion and the lack of
crystallinity of all colloidal systems concluded that <colloid
partiCles are larger than inm and from the fact that the same
colloid solutions under normal gravity sediment very slowly if at
all argued that the size of particles can not be larger than tum.
For instance Michael Faraday[za] reduced a gold chloride solution

with phosphorus to produce colloidal gold sol (Faraday sols}),

whose particles had a radius of about 3nm.
Colloidal systems, in which the particles are aggregates of
many atoms or particles, are too small to see with the eye or

with the ordinary optical microscope, and can easily pass through

most filters. But they can be detected by electron microscopy,
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light scattering, sedimentatlon and osmosis. Particles smaller

than 1 nm approach true solution, such as sugar or salt 1n water,

where the particles consist of individual molecules or ions. on
the other hand particles larger than tum, which consist of more

than one molecule, are colloidal suspensions and can be seen at

least by ordinary microscope. A sharp distinction between true
solutions, colloidal dispersions and suspensions cannalt be drawn.

The most impértant feature of colloidal systems is the large
ratio of surface area to volume. For example, a tcm cube of
material has a surface area of ggmz; but when 1t is dispersed

into small cube of side 10nm, typical of colloidal systems, 1cm

6.3 -
cube = (10} 10nm cubes and 10nm square = (10 8chm square,

therefore the total surface area of 1018 small cubes 1is

101ax8x10-12 = Bx106 ng This simple calculation shows that the

surface area has increased by a factor of one million. Owing to
this large area, surface effects are very important in
determining colloidal properties such as the surface potential

and adsorption.

1.1.1 assificatio 0 i stems

A true solution is a one phase system, since the solute
particles are individual molecules or ions; but a simple
colloidal dispersion is a two-phase system, since each particle
contains a definite separation surface between its dispersed
phase (the phase formed by particles) and dispersion medium {the

medium, in which the particles are dispersed). The name given to
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the colloid depends on the nature of both phases, which may be

gaseous, liquid or solid.

Since gases are completely miscible, it is impossible to

have a gas-in-gas colloid, but all other combinations are
possible and eight different colloids are listed in Table 1.1

with general names and examples for each colloidal system.

TABLE 1.1: TYPES OF COLLOIDAL SYSTEMS

Dispersed Dispersion Name of System Examples

Phase Medium

Gas Liquid Foam Soap solution, whipped
cream

Gas Solid Solid Foam Pumice, floating soap,

expanded polystyrene

Liquid Gas Liquid aerosol Fog, mist, liquid spray

Liquid Liquid Emulsion Milk, mayonnaise

Liquid Solid Solid emulsion Opal, pearl, jelly

Solid Gas Solid aerosol Smoke, dust

Solid Liquid Sol, colloidal Gold in water, toothpaste
suspension

Solid Solid Solid suspension Ruby glass, pigmented

plastic

In this <classification the most important types of colloidal
systems are sols and emulsions. Sols are dispersion of solids in

liquid.
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Colloids with a 1liquid dispersison medium can also be
classified as solvent attracting (Lyophilic) or solvent repelling
(Lyophobic). The term hydrophobic was first wused by Jean
Baptiste persin in 1905 to denote a dispersed phase, such as gold
or cadmium sulphide, which has a low affinity for water; but it
is now applied in surface chemistry to a water-repellent surface.
Lyophilic (liquid loving} sols have a strong affinity between the
dispersed phase and dispersion medium and are therefore
thermodynamically much more stable. They behave as a true
solution of macromolecular material {(natural or synthetic), and
are reversible, in the sense that after separations of solute
from solvent they can easily be reconstituted.

Lyophobic {(Greek: solvent-fearing) sols are
thermedynamically unstable owing to their low affinity for water
{high surface free energy). They are irreversible systems, 1in
that they are not easily converted to the same state after phase
separation.

It is possible to change the Lyophilic surface to Lyophobic
and vice versa. For example by coating wax on the surface of
clean glass, one may convert a hydrophilic surface into a
hydrophobic one. Alternatively by the addition of proteins to an
oil-in-water emulsion, a hydrophobic system can be changed to a
hydrophilic one; this 1is achieved by the protein molecules
adsorbing on the o0il droplet surfaces.

The last class of colloidal systems are Association colloids

(sometimes called colloidal electrolytes) which are

thermodynamically stable. These types of colloids consist of
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soap solutions and other amphipolar substances. These are
molecules which contain both a non-polar part (such as a

hydrocarbon or fluorocarbon) and a water-compatible polar part.
+

The polar substance may be anionic, as 1in C12H250563Na, or

. . . +
onic, H -1 ic, 1
cati as in C16 33N(CH3)3 Br or non-ionic as 1in

C9H19(C5H4)0(CH CHZO)BH' Above a certain concentration in

2
aqueous solution a number of these molecules (20 or more)
aggregate and form micelles which are association «colloids, and

shown 1in Figure 1.1. The non-polar (hydrocarbon} parts of

antipolar micelles are insoluble in water and thus come together

and form a separate phase, the nucleus of the micelle. The
growth of particles stops when the polar groups have surrounded
the non-polar nucleus, thereby minimizing the contact of water to

hydrocarbon. Inverse micelles can be made from the same

substances 1in non-polar solvents, but in this case the polar
parts form the nucleus of the micelle.

When micelles or inverse micelles take up other molecules
inside, we have the phenomenon of stabilization. If a relatively
large droplet with radius of 10nm or more is formed, this 1is

called a microemulsion.

1.1.2 Preparation of Colloidal Dispersions

Colloidal dispersions can be made by a variety of methods.
They <can be <classified as intrinsic or extrinsic <colloids.

Intrinsic colloids are usually soluble substances which readily

form dispersion colloids such as sols in contact with a suiltable

dispersion medium. For example a colloidal solution of starch
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Spherical
Micelle Micelle

Fig. 1.1 Cross section of a spherical or cylindrical micelle with

counterions.




35

can be prepared simply by introducing starch into boiling water.
This kind of colloid is usually Lyophilic being either long chain
molecules with polar end groups forming micelles {such as soaps
and other detergents) or macromolecules (such as proteins).

Extrinsic colloids are often insoluble substances and do not

easily form <colloidal dispersions. This type of colloid 1is
usually Lyophobic and must be prepared by special methods. There

are two major categories of these:

1.1.2.1 Condensation Methods

In this method the insoluble substance is precipitated from
a true solution (small molecules or ions) under circumstances in
which a high rate of nucleation is combined with a fairly slow
rate of growth of these nuclei. Figure 1.2 shows this process
schematically. Sometimes, the nucleation process 1s carried out
in a very short time, whereas the growth of the nuclei to larger
particles occurs in a long time without further nucleation. In
these conditions all particles have the same size which leads to

mono-disperse systems. In this method care should be taken, such

as concentration controlling, to prevent the growth of the
particles and therefore precipitation, such as in the preparation

of various oxide sols carried out by hydrolysis of salts.

1.1.2.2 pispersion Methods

The simplest method used to make a colloidal dispersion 1is
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Fig. 1.2 Schematic diagram of nucleation process

b ¢
Cs: solubility, C : «critical super-

saturation (Ref.24, 25).
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mechanical grinding. This can also be daone by irradiation of the
substance with ultrasonic waves which are essentially mechanical.
An electrical dispersion method, called Bredig‘'s method, 1s
performed by dispersion of the electrode material. Another
variation of this method is known as peptization (Greek:pepticos,
promoting digestion). Peptization is the process af dispersing
precipitated substances 1into <colloidal systems by chemical
reaction. For example, precipitates of certain metal hydroxides
in water can be peptized by dilute alkali hydroxides. These

methods are illustrated in the following scheme:

splitting aggregating
Massive Colloidal state__ Micromolecular
Systems Systems
Dispersion Condensation
Method Method

1.2 The Optical Properties of Colloids

t

This section is only concerned with light absorption and

light scattering as follows:-

1.2.1 Light Absorption

Lambert’s law states that the amount of light (-dI) absorbed

by a medium of thickness dx is directly proportional to the

w

intensity of the incident light.

dl = - k I dx (1.1)
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or

J %l = k J dx (1.2)

and hence

0
o - (1.3)
log 7 k17, 303 A

where I0 is the intensity of light before passage through the
medium, A is the absorbance and 1 is the light path in cm.

The transmittance T is the ratio of the intensities of
transmitted to incident 1light:

T = = exp — {(1.4)

I
1
o

Beer has formulated the law for solutions. The Lambert-Beer

Law therefore is written as follows:
A = gcl {(1.5)

where ¢ is the concentration of solution {mol dm-a) and € is the

extinction coefficient in dm3m01_1cm-1.

1.2.2 Light §cgtter;’,ng[25'27J

This phenomenon was first investigated in 1871 by John

Tyndall, and 1is known as Tyndall effect(281 Light scattering
results from the periodic oscillation of the electron clouds of
the atoms, which is induced by the field of the incident 1light.

Analysis of the scattered light provides valuable information
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about the numbers, sizes, shapes and interactions of colloidal

particles. The 1light scattering increases with an increase 1n

the number and size of particles. The intensity of transmitted

radiation 1s governed by I = Ioe-rl where T is the turbididy,
. . . [29]

given in 1871 by Lord Rayleigh as:

32n3n {{n -n )/C]2CM
2 1 2
T = i (1.6)
AL

where n1 and n2 are the refractive indices of the particle and
solution respectively, C is the concentration of the scattering
particles, M 1is the molar mass for spherical macromolecules and L
is Avagadro's constant.

Conventional (or time averaged) light scattering measures
the absolute intensity of light scattered as a function of
scattering angle. It started around 1940. An important advance
in 1light scattering was in 1961, when the laser was 1invented.
Since that time a new technique called dynamic light scattering
{DLS) has been developed. This technique provides information

about the dynamics {(i.e. the Brownian motion) of colloidal

particles.

1.2.2.1 Conventional Light Scattering (CLS)

There are three classes of CLS as follows:-

{1) Rayleigh Scattering - When the frequency of the scattered
light 1is the same as that of the incident light, that 1is

the scattering particles are small enough relative to the
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wavelength of light, A: R/A <<1, where R 1is the particle

radius.

(ii) Debye Scattering - The particles are large, but the
difference between the refractive indices of Particle and

solution is small (R/A << 1/(n1—n2)).

(iii) Mie Scattering - When the dimension of the particles are not
small compared to A and the particles are not spherical.
The theory is very complicated (R/A 3 1/(n1—n2)).

r
Important theories have been described by Mie‘30] in 1908,

. 31 32
and in more recent years by 21mm[ ] and Doty{ ].
1.2.2.2 Dynamic Light Scattering (prs)t33-381

Since 1970, analysis of the intensity fluctuations in a DLS
experiment has been performed by the technique of “Photon
Correlation Spectroscopy™ (PCS). The function, gl{t), 1is the
temporal correlation function of the scattered light field and T
is the “correlation delay time". For a dilute suspension of
identical spheres, correlation between the positions and motions
of different particles can be neglected. In this case the glt)

quantity which is measured by DLS, takes its simplest form:

glt) = exp (-1/7) (1.7)

where T is the fluctuation time, the time which 1is taken by a

particle to diffuse a distance equal to the wavelength of light,

A. It is given by equation (1.8):



1

TC = ~l§ {1.8)
()] 8]

where D is the translational diffusion coefficient of a particle

and Q@ is the scattering vector:

Q = (4n/A) sin(8/2) (1.9)
D is given by the Stokes-Einstein relationship

D = kT/SnnRH (1.10)

where k 1s Boltzman's constant, T, the temperature, n. the
viscosity of the liquid and RH the hydrodynamic radius of the
particles.

Since @, T and 0n are all mensurable quantities, wuse of

equations (1.8) and (1.10) then gives the particles hydrodynamic

radius RH' For particles smaller than one micron, Tc is in the
microsecond to millisecond range. In many cases RH is close to
the actual particles radius R. The DLS technique is a good

method of measuring particle sizes in the range of 20A to 1um.
For polydisperse colloids, the equations for g{t) and rc are

generalised to:

J F(R).I(R, 8)exp[-D(R) Q°t1dR
g (t}) = (1.11}

I FI(R) I (R, B) dR

where F(R) 1is the distribution of particle ratii. The intensity
of light scattered at an angle O by a suspension of N identical

particles is given by equation (1.12).
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I(R.8) = I x P(8) (1.12)
2 24 2

I tor 'R 17" (1.13)

R L2, 4 nlen? '
1"

P(B) = [3 (SinQR-QR cosQR)/(OR)3]2

where IR is the intensity of light scattered by an 1isolated
particle of much smaller size than A (Wavelength of light in the
suspension), and nt,nz are the refractive indices as before. The
subscript R indicates a "Rayleigh” or point scatterer. P(8) is a

shape factor with the properties
P(O) =1 P(B)<1 for >0

For narrower distributions the exponential term 1in equation

{1.11) may be expanded to give:

Ing(t) = -AQ%t + g ' A (1.15)

By assuming RH=R for spherical Rayleigh scatterers,

A s — KT (1.16)

6nZ (RO /R%)

and
o6 ok
B = R_R -1 (1.17)
_52
R
- ‘
where R 1is the n'th moment of F(R). By measuring g{t) and

putting it in equation (1.15), it is possible to obtain an average
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radius and a measure, B/Az, of the width of the particle size
distribution. Figure 1.3 shows a plot of equation (1.15),
measured by DLS, as 1n g{t) against delay time T.

The average size of the particles can be calculated from the

slope of the diagram.

1.3 The Electrical Properties of Colloids

The electrical double layer and electrophoresis measurements

are the important aspects of colloidal systems.

1.3.1 Electrical Double lLayers

Electrical double 1layers play an important role in the
understanding of stability of colloids. The double layer (e.g.
in sols and suspensions) consists of a charge on the particle,
the surface charge 00, and an equal but opposite charge in the
solution, the countercharge. Double layers as a whole are
electrically neutral. But this does not mean that the potential
difference ¢0, known as the surface potential, between the
interior of a particle and the bulk of the solution is zero. The
separation of the electrochemical potential, ﬁ;, into (Z£F¢o) and

chemical potential, pi, terms according to:

o. = . . AR
v g, 4+ Z1 F ¢ (1.18)

is wuseful only if one of the two terms is generally accepted as
being fixed. If for example ZgFOo, the binding energy, 1s a

purely ¢omlombic term, all remaining terms are then defined as g,
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Fig. 1.3 Decay of the autocorrelation function gi¥v),

in dynamic light scattering experiments.



45

where 7 is the valancy of the ion with the sign included, and F

is the Faraday constant.
The simplest theory for the electric double layer was given
: [391 . . .
first by Helmholtz in 1879. According to this model the
surface of the suspensions particles can be positive or negative.
A single layer of counter charge will be attached to the surface

from the solution. As in Figure 1.4.a shown, a fixed double

layer 1is formed. This will correspond to an electric capacitor.

By wusing electrostatic theory, the potential difference between

the two layers is:-

6 = O (1.19)

where a 1s the distance between the 1layers of charge and

countercharge, € 1is the dielectric constant of the solution, and

e, = 8.854x10" 2cv 'm™ ! is the permittivity of free space.

There are two different capacitances: The integral
capacitance:-
%
K = — 1.
. (1.20)
0

C= =2 (1.21)

Equation (1.21) is more commonly used for two reasons:

(1) ¢O 1s 1inaccessible to direct measurements but d¢0 is not;

(ii) in wvarious experimental techniques the variation of o due
o



o f‘,v‘r“qr." .
-

4,6

to a given change of surface charge 1is measured.

The two capacitances are related through the expression:-

K = A J cd¢ {(1.22)
$ o
o
dk
C=K+ ¢ — {1.23)
o dé
o
. [40]
The Helmholtz model was modified by 6. Gouy and D. L.

Chapman[‘1] in 1910. According to their model, the theory of
Helmholtz 1is wunsatisfactory in that it neglects the Boltzman
distribution of the ions. They suggest a diffuse double layer as
represented in Fig.{1.4.b). Thermal agitation in solution
permits the free movement of the ions, but the distribution of
positive and negative ions is nct uniform. The idea behind this
theory is very similar to the Debye-Hlickel theory of the 1ionic

atmosphere surrounding an ion.

In Chapman’'s theory as x becomes very large, 00 approaches

zero, when x=a, the potential is:-

¢ = = 2 (1.24)

where d=1/k is the effective thickness of the double layer.

The potential Oa with respect to the bulk solution is known

as the electrokinetic potential or ¢ potential and is given by:-

Q
Q

(1.25)

N
i
m
o]
(]

s 421 .
The Gouy-Chapman theory was modified by O.Stern[ ] in 1924.
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The Stern model, shown in Fig. {(1.4.c), combined the fixed double

layer and diffuse double layer models.

1.3.2 Electrophoresis

If particles are suspended in a solution to which an
electric potential is applied, the particles often move towards
one of the electrodes. This process is known as electrophoresis.
This phenomenon was discovered in 1807 by Reuss. The first

important experiment on electrophoresis was carried out by A.

[‘3]. The

Wilhelm Kaurin Tiselius in studying mixtures of proteins
electrophoretic velocity of a cylindrical particle along its axis

is:-

v = 0 (1.26)

where ¢ is the viscosity of the 1liquid. This equation

(1.26) was formulated by Debye and Huckel in 1924 for spherical

particles by:-

ZEeoe
Vo G 32 (1.27)
The technique of electrophoresis supplements the

ultracentrifuge, which separates the molecules according to sizes

and shapes.

1.4 Colloidal Semiconductors

puring the past few years considerable interest has been
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Fig. 1.4 The model of double layers.
a) Helmholtz Model
b) Gouy-Chapman Model
c)Stern Model.

(Ref. Laidler,K.J.; Meiser,J.H. Physical Chemistry

1982)
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focused on photo-induced electron transfer reactions in colloidal

[44-90)

semiconductors From the solar energy conversion view they

exhibit several advantages as follows:-

(1) high absorption coefficient;

(11) optimal exploitation of the solar energy by suitable choice
of material;

{(iii)high quantum yield for clectron-hole (ewh+) pairs separation
following band gap excitation;

(iv} very fast charge diffusion to the interface in
comparison with (e_h+) recombination;

(v} possibility of surface modification of semiconductor
particles by chemisorption, chemical deriviation or
catalyst.

However, before discussing more about these systems a review of

electronic properties of semiconductors could hnelp 1in the

understanding of the photo{electro)chemical process occurring at

the colloidal semiconductor/electrolyte interface.

1.4.1 Ener ands

An isolated atom has a set of discrete energy levels. In a
. . . . L 22 3
solid, which is a lattice containing ca. 5x10 "atoms/cm , the

energy levels are split due to interatomic interactians.

Therefore electrons occupy energy bands rather than energy levels

(Fig. 1.5).

In the language of solid state physics the highest occupied

energy band is called the valence band (VB) and the lowest empty

energy band the conduction band (CB). These bands are separated

— e
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Fig. 1.5 Energy bands of solid particles
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by a forbidden region, called the band gap, and the difference 1n
their energies 1is known as the band gap energy (Egap).

In metals Egap<<kT, l.e. ca. 0.26 eV at 298K. Then the
conduction bands and valence bands overlap and electrons have
enough thermal energy to move froam VB to (8. However, 1if
keV>Egap>>kT, the specific resistance would be between 10_Z to
109 Q-cm, and materials with these properties, are called

semiconductors. Insulators have band gap energies over 4eV

{Fig.1.6).

1.4.2 Jypes of Semiconductors

At T=0 K semiconductors behave as insulators. But at
temperatures higher than absoclute zero, thermal activation can
excite VB electrons into the CB and holes (the vacancies caused
by the removal of electrons) are created in the VB. Such a
material is called an Intrinsic Semiconductor (Fig. 1.7 ). For

an intrinsic semiconductor the density of electrons and holes 1in

CB and VB respectively can be calculated as below.[g1]
(-E )
19 gap -3
R .ox 2. 1 —_— w 1.28
ny Pl 2.5%x10 “exp T 2KT cm at 298K {1.28)
For example, Silicon with Egap = 1.1 ev posesses
ni:Pi:1.4x1010cm—3. The mobilities of electrons,un and holes,
v in semiconductors are larger than ions in solution. The

D’

properties of some important semiconductors are listed in Table

1.2.
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Fig. 1.7 The CdS lattice at T7=0 and T>0 K
(Formation of conduction band electrons,

- +
e cg and valence band holes, h VB).




Table 1.2

Properties of Some Important Semiconductors

o
Semiconductors Band gap (eV) pn(cmzlv—sec) pp(cm2/V-sec) 2Q-cm)
Element C 5.47 1800 1200
Ge 0.66 3900 1800 43
Si 1.12 a 1500 450 2.5x105*
Sn 0.082 1400 1200 10
IVv-1V a-SicC 2.996 400 50 10
IT1-V Al Sb 1.58 200 420 5
Ga Sb 0.72 5000 850 0.048
Ga As 1.42 8500 400 Ax10 %
Ga P 2.26 110 75 1
In Sb 0.17 80000 1250 0.06
In AS 0.36 33000 460 0.03
In P 1.35 4600 150
I11-v1 cd S 2.42 340 50 15
Cd Se 1.70 800 1010
Cd Te 1.56 1050 100 10
11-VI Zn 0 3.35 200 180 10
Zn S 3.68 165 5 109
Zn Se 2.7 600 10
Zn Te 2.25 100 100 -3
IV-VvI Pb S 0.41 600 700 5x19
Pb Si 0.27 1000 1000 10_2
Pb Te 0.31 5000 4000 10
Ti O2 3.0
(a) at T 300K * Intrinsic Resistivity

1S
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By doping foreign atoms into the «crystal lattice of a

semiconductor additional energy levels form within the energy
[91] . L.
spectrum of crystal. These materials are <called extrinsic

semiconductors. An extrinsically doped CdS lattice with electron

donor, ED, and electron acceptor, EA is represented in Fig. 1.8.

Semiconductors doped with ED and EA are called n-type and p-
type extrinsic semiconductor respectively. Conduction 1n n-type
semiconductor occurs via electrons promoted from the donor sites

to the CB, while 1in p-type semiconductor it is due to hole

migration throughout the VB.

1.4.3 The Fermi Level

For semiconductors, the chemical potential of electrons 1is
represented by the Fermi level in the semiconductor. The Fermi
level 1s the energy (EF) at which the probability of occupation
by an electron is exactly 1/2. This probability is given by the
Fermi-Dirac distribution:

F(E) = probability of occupation = {1+[exp(E-EF)/kT]}_1

{1.29)
when E = EF‘ F(E) = 1/2. Therefore the Fermi level for an
intrinsic semiconductor lies very clcose to the middle of the band

gap.
For a doped material, the location of EF depends on the

doping level, N, or Np given by[gﬂ:
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(E ~EF)
= N- 1 —_ 1.30
NA NA [1+g exp T 1 (1.30}
Eo-5
N = Nﬁ i kT {(1.31)
D g + exp (ED-Eg
kT

Where NK and N6 are the number of ionised acceptors and donors
respectively and g 1s their ground state degeneracy.
. 17 -3 . .

For n-type semiconductor (ND>10 cm 7)), EF lies slightly
below the CB and for p-type semiconductors, EF lies just above
the VB as shown in Fig. 1.9. Since we are dealing with electron
transfer across the semiconductor solution interface it 1s

convenient to identify an equivalent Fermi level in the solution.

Since the Fermi level of a phase, o, E_, can be identified as the

F
oL
electrochemical potential of an electron in a,p [93'94]:
= &
Ep = by = b, - eé¢n {ev) (1.32)

where ¢ 1s the work function of semiconductors. This is simply
the electrochemical potential of whatever is present in the

solution.

1.4.4 Macroscopic and Microscopic Semiconductor Elg;t[gge[95_97]

One of the important points in the semiconductor electrodes
with which we will be concerned is the crucial difference between

macroscopic electrodes and colloidal semiconductors which are
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Fig. 1.9 Schematic Fermi level (EF) of semiconductors.
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“ [55]

micrascopic. Most authors such as Grazel and Frank have
assumed that microscopic semiconductor particles behave 1in =&
similar fashion to the macroscopic semiconductor electrodes.
However, Albery and Bartlett[97] have analysed the recombination
and transport kinetics of carriers and the kinetics of their
reactions at the surface of the particle and concluded that the
behaviour of particles 1is very different from that of their
macroscopic analogues. According to their model, the comparison
of potential distributions and Fermi levels for a macroscope
planar electrode and for spherical particle is given 1in Fig.
1.10.

By solving the poisson-Boltzmann equation for the depletion

layer of a spherical particle one can obtain

1 2
= — ~ (1.33
e 5 (p Qw) (1+2gw/g) (1 )

where

o = I

LD

and

8 = ¢F/RT

are dimensionless variables, r is the distance from the centre of

the particle, LD is the Debye length and ¢ is potential measured

with respect to the centre of the particle so that ¢ = 0 at r =

In large particles the width of the depletion layer, 0, 1S
small compared to the radius of the particle (at 8 = 0, 96/d¢ =

o, p = Qw) equation (1.33) simplifies for a macroscapic
semiconductor planar electrode (eq. 1.34) to

8 = 1/2 (Q_Qw)z {(1.34)
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-6 .
For a small colloidal particle, r w10 cm, the radius of the
S
particle may be smaller than the width of depletion layer;

therefore equation (1.33) simplifies to

2
) :gL (1.35)

As shown in Fig. 1.10, the whole of the particle is depleted
of majority carriers and there is no field free region. Equation
(1.35) expresses a major difference between the small colloidal
particle and the macroscopic electrode. The conditions under

which eq. (1.35) will hold are given by

1 Vs 2 1 w 2
— (~~)" =8 <8_ =—- ()
6 LD S F 2 Lp
or
/2 1/2 .
T < 3 w (GBF) LD {1.36)

where BS is the maximum value of 8 from equation (1.35) for too
small particles and BF is the shifting of Fermi level from 1its
position at flatband. In a planar electrode BF describes the
potential drop across the depletion layer of width w. For
colloidal particles where T < 10 "cm, equation (1.36) will be
satisfied, that is, the particle is completely depleted of its
majority carriers and the potential distribution will be given by
equation (1.33).

When BS<9F there is much less potential difference within

the particle than within the macroscopic depletion layer. Under

conditions
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the particle can be treated as being field free.
GF is an important parameter and (from equation (1.37)} 1t

plays the same role for semiconductor particles as the electrode

potential does for the macroscopic electrode:
6 - 1n P2 - 1nP (1.37)
) FB '

D . . . . .
where PFB 1s the concentration of majority carriers in the dark

at flat band and 1is equal to the carrier density of the

macroscopic material.

1.4. [98-105]

wn

Flat Band Potential

The flat-band potential is the electrode potential at which

the semiconductor bands are flat (zero space charge in the

semiconductor). It 1is measured with respect to a reference

electrode, either the normal H+/H2 redox potential (NHE) or the

saturated calomel electrode (SCE). The band bending is given by
V. = E_-E (1.38)

At equilibrium in the dark, EF is the same as the potential of

the redox couple in the electrolyte (Fig. 1.11).

It should be mentioned that the Helmholtz layer does usually

(98] and adsorption of

change wupon variation of the pH of solution
ions on the semiconductor surface.

By experimental methods one can determine the position of

energy bands at the surface. This is achieved by capacity
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) N . (981
measurements of the semiconductor 1liquid 1interface. The

interface 1s wusually determined by two capacities in series,
Helmholtz capacity CH and space charge capacity CSC' To obtain a

relation between the space charge capacity CSC and the potential

drop across the space charge layer V one can use the Mott-

SC
Schottky relation as given by
2
(2L _*) v
D SC
1/CSC (oo ) ( A 1) (1.39)
02

*
where LD is the effective Debye length given by

(ee kT 1/2
0

Ly = —> (1.40)
2n e
o]

where ¢ 1s the dielectric constant and no the majority carrier
density. By plotting 1/CS§ versus the electrode potential VE one
can obtain information on the potential distribution across the
interface by comparison af the slope of the experimental curve

with that of the theoretical relation of 1/CS§ vVs. VSC (eq.1.39).

can be ascribed completely to

2
VSC' so that EFB can be found from the value of VE when 1/CSC = 0

It is found that any change of VE

Fig. 1.12 represents the experimental flat band potential which

. 139 L . 1
i1s found for CdS[ ], and 1t 1s pH—lndependent[ 05]. However,
[104] . . .
Gomes and Gordon reported a change consistent with equation
(1.61).
EFB(SCE) = x ¢+ AEF+ VH~ L.5 = ¢S@ VH- 4.5 (1.41)

In which x is the electron affinity of the semiconductor, AEF is
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the difference between the Fermi level and majority carrjer band

edge of the semiconductor and ¢SC is the semiconductor work

function. VH 1s the potential drop across the Helmholtz layer.

VH can be obtained from the point of zero zeta potential (PZZP)

where the numbers of adsorbed positive and negative 1ons are

equal, so that VH=0. For many semiconductors 1n aqueous
electrolytes, the change of VH with pH follows a simple equation
{1.41) and therefore

VH(volts) = 0.059 (pHPZZP -pH) (1.42)

pHPZZP can be obtained experimentally by a simple
poténtiometric titration of an agueous suspension of a powder of

the semiconductor in a solution of known ionic strength.

1.4.6 Semiconductor Electrolyte In;erface[ga_gs' anl

The semiconductor/electrolyte junction plays an important
role 1in photoelectrochemical systems as a means of solar energy
conversion. The great difference between the electrolyte
junctions of a metal, macroscopic semiconductor electrode and a
small <colloidal semiconductor particle are shown in Fig. 1.13.
In a semiconductor the charge carrier density is smaller than

that in the electrolyte and much smaller than that in the metal.

Thus, accofd;ng to expression (1.43) we can say thattgs]

/2

1/LD(Debye Length} « (Cq carrier concentration)1 (1.43)

and



67

Electrode Solution

Helmholtz-Layer
V

Metal

Macroscopic-

@ Semiconductor

Colloidal -
/_\\, Semiconductor
1Y

Fig. 1.13 Schematic potential distribution at a metal macroscopic

semiconductor and colloidal semiconductor/electrolyte

interface.
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(LD) semiconductor > (LD) electrolyte > (LD)metal (1.44)
Therefore the charge distribution for a semiconductor/electrolyte
interface 1is the reverse of the metal/electrolyte system (Fig.
1.13).The lower charge carrier density in the semiconductor leads
to a charge distribution over a distance of between 1002 and
several microns in the bulk of the macroscopi€ semiconductor,
which 1is called the space charge region or depletion layer.
There 1s an analogue between the semiconductor/electrolyte
interface and the conventional diffuse double layer,[SSJ except 1in
the macroscopic semiconductor the positive charges are fixed oan
the lattice sites and only negative charges are free to move. 1In
a2 small colloidal semiconductor the radius of the particle may be
smaller than .the width of the depletion 1layer, therefore the
whole of the particle may be depleted of majority carriers as
shown in Fig. 1.13.

A charged layer also exists in the electrolyte in contact
with the solid phase, called the Helmholtz layer. This layer may
consist of dipoles at the interface or ions adsorbed from the
solution to the solid electrode surface; these 1ons are of
opposite sign to the charge induced in the solid electrode. The
width of the Helmholtz layer is generally of the order of a few
A%, Applying a potential to the macroscopic
semiconductor/electrolyte interface from an external source

causes more potential drop in the space charge region than in the

Helmholtz 1layer, while 1in a metal/electrolyte system the
potential drop occurs more rapidly in the Helmholtz layer (Fig.

1.13). This 1s an important point in electron transfer process.
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1.4.7 Photo-Induced Electro rapnsfer Reactions

Light-induced electron transfer reactions in <colloidal
semiconductor dispersion have become an exciting and rapidly
growing area of research in the field of solar energy conversion
over the last few years. Photochemists and photoelectrochemists
are nowadays trying to develop a cyclic system for solar energy
collection and storage in the form of chemical and electrical
potential.

Natural photosynthesis in green plants 1s an example in the
field of energy storage process. The <challenge facing
photochemists is to find an artificial cycle, which produces a
storable fuel from readily available, plentiful and 1inexpensive
material.[108_1oe] Amongst the numerous systems, the following
have been extensively considered by several groups all over the

0r1d[109-114]:

(1) photosplitting of water into H2 and 02

(ii) photo reduction of CO2

(1ii)photo reduction of N2 to hydrazine or ammonin
{iv) photodecomposition of hydrogen halides and sulfide

{v) photochemical treatment of natural and industrial wastes.

The common features of all photoconversion systems are a

photoredox reaction and fuel production such as:-

hv x - +
A+D)—> (A} —————> A + D (1.45)

2A + 2H,0 ———— 2A+20H + H ) (1.46)
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- +
4D +2H 0 — 3 4D + &4H +02 (1.47)
2
The overall photoredox reaction {1.45) to cyclic
photodecomposition of water {1.46,1.47) can be performed either in

dye—based-systems[tz" 1251 or semiconductor-based

73,89,115-123 .

systems:[ ) Because of the small fraction of solar
radiation absorbed in dye-based systems the englineering
efficiency of H2 formation will be lower. This problem can be

solved by using colloidal semiconductor dispersions as a light

harvesting unit.

1.4.8 Sol C i Effici [t26-131]

The spectra of sunlight in space (AM=0) and at the surface

127,132 Absorption

of the earth (AM=1) are shown in Figure 1.t4
by a dye solution corresponds to this absorption spectrum, whilst
a semiconductor absorbs only radiation of higher energy than the
band gap energy {threshold absorber). The efficiency of solar

energy conversion into redox energy for any threshold absorber is

given by equation (1.48):-

E +AE
[ th
£ E A(E)N(E)dE
stor th
{ = {1.48)
f N(E)dE
o

In a semiconductor the threshold energy Eth is the band gap

energy and Estor is the cell voltage (less than Eth due to

. . 13 .
entropy production upon absorption and band bendlng)[ 3].A(E) is

32
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the fraction of the photons energy absorbed by the dye or
semiconductor. N(E) is the incident photon flux density.

The maximum possible solar conversion efficiency has been

[127.928.131] e 1.1eV giving

a maximum value of n = 145. Albery and Bartlett[97] calculated

calculated by a number of authors

the optimum value for solar energy conversion which corresponds

L1347 calculation gives a maximum

to a band gap of t.5eV.Memming's
around 1.6ev with 287 maximum theoretical efficieny (Fig. 1.15).
However smaller band gap semiconductors produce 1larger maximum
conversion efficiency.

It 1is necessary to mention that the theoretical conversion
efficiency for photoelectrolysis cells has not yet been achieved.
Because of basic differences between photoelectrolysis {(one-step
process for water clearage) and photovoltaic cell (two-step
process), a separate and independent efficiency calculation for

photoelectrolysis cells is essential.tias ]

1.5 Conclysion

In recent years photochemical (PC) and photoelectrochemical
(PEC) systems for the generation of either electricity or fuel
using sun 1light have generated considerable interest. Solar-
hydrogen production from photodecomposition of water is one of
the new ideas for supplying the future energy requirement.

Side reaction 1limitation in organic, inorganic dye based
systems caused attention to be directed towards semiconductors,
particulate and colloidal systems as a light harvesting unit.

Colloidal semiconductors have many advantages from a solar energy
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conversion view point. A number of disadvantages such as

stability, efficiency, production and maintenance costs are

investigated.
Colloidal CdS has been chosen in photolelectro)chemical
reactions by the author for several reasons.

(i) CdS with Egap = 2.42eV (corresponding to light of wave-
length 520nm or less) absorbs approximately half of the
visible spectrum of sunlight.

(ii) It can be prepared easily to produce relatively small {nm
diameters) particles.

(iii)Colloidal CdS particles have a ratio of large surface area
to volume, therefore can be expected to produce a high
yield.

{(iv) From the economic point it is much cheaper than expensive

semiconductors, such as, silicon, GaP and so on.
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1.6 Qutline of this Thesis

The second chapter 1is concerned with the experimental
equipment which was wused in this work. The third chapter
describes the photochemical reactions at the surface of (ds and
developes a new method to study the kinetics of «colloidal
semiconductors. The surface chemistry of CdS is dealt with 1in
Chapter 4. Some photophysical and photochemical aspects of ZnS
are discussed in Chapter 5. Chapter 6 deals with immobilized Cds
particles 1in Dialysis Membrane and organic compounds. Finally,
the study of modified electrodes using immobilised CdS colloids
within an electronically conducting polymer such as Polypyrrole

is discussed in Chapter 7.
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Experimental Apparatus
Numerous experimental techniques were employed 1in this

thesis as below.

2.1 Instrumentation

2.1.1 Steadv-State Technigue

Steady-state experiments were carried out with an Applied
photophysics Clincial Photoirradiator system using a 900w Xenon
lamp. Experiments with very intense light were carried out and
using the 900K Xenon lamp filtered by a S5cm quartz cell filled
with water to remove infrared wavelengths {Chapter 6).
Experiments with low intensity monochromatic light were performed
by passing white light through a high radiance monochromator.
Light intensities of the 900 watt Xenon lamp were measured with a

calibrated thermopile.

2.1.2 Conventional Flash Photolysis

The flash photolysis method is an important technique for
studying fast reactions. Porter and Norris138 showed that a

large number of reactions can be initiated by a very intense

flash of 1light. The excited state 1lifetimes of chemical
. -12

compounds vary from less than a picosecond (10 sec) to tens of

seconds.

Microsecond flash photolysis experiments were made at pH 7.5
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in a 10cm quartz cell using an Applied Photophysics K200 system
as described in Reference [137]. Data analysis was performed on
a Sinclair ZX spectrum microcomputer, which was interfaced to the
flash photolysis system.

The excitation of colloidal CdS particles was carried out by
using two flash lamps as shown in Figure (2.1). The change 1in
the solution's transmittance was monitored continuously at a
fixed wavelength using light from a tungsten halogen lamp which
passed through the sample and then through a high radiance mono-
chromator. A photomultiplier detected any transmittance change
and displayed it on a Gould type O0S4100 digital storage
oscilloscope. It 1is triggered by a photodiode connected to a
quartz fibre optic from the excitation cavity. The excitation
beam was filtered with quartz jackets containing the appropriate
solution on the front of flush lamps and monitoring beam by glass
or appropriate plastic filters.

The samples were in a 10cm cylindrical quartz cell bubbled
with N2 to remove 02 before any experiment. The kinetics of
reactions were analysed with two microcomputer programs
(Appendicies 1 and 2) and traces were transferfed directly to the
computer via an analogue to digital converter. Any change in
transmittance could be converted itno absorbance by equations

{2.1),(2.2) as shown in Figure 2.2.

(2.1)

Absorbance AOD = 1log

since V=RI, so
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Voo

Ve BV (2.2)

AOD = log

The computer analysed the transmittance change in terms of first
and second order kinetics by using linear least squares method as
below:

For first order reaction:

Xx = 1n AOD and y = time {2.3)
for second order:

X = — (2.4)

The rate constant can be calculated using least-squares
linear regression with the following equations”
t[(xi-x)(yi—y)]

K = — (2.5)
L (yi~y)

[[(xi-§)(yi-§)]
and correlation coefficient = (2.6)
-2 -2
[[(xi—x) (yi—y) ]

Correlation coefficients were usually better than 0.99.

2.1.3 Laser Flash Photolvsis

A pulsed laser reduced the time by a factor of 1000 and
provided a monochromatic and coherent light sources. The Ruby
laser consisted of A1203, containing about 0.057 by weight of
Chromium ions as Cr203. Chromium ions give ruby its pink colour.

The excitation of Cr3+ ions by flash is shown in Figure 2.3.

Nanosecond flash photolysis experiments were made at pH 7.5 in a
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fcm quartz cell using a Spectrum Laser Systems ruby laser with
max output of 650mJ.
Data analysis was carried out on a BBC microcomputer, which

was interfaced to the flash-photolysis system.

2.1.4 Dynamic Light Scattering

The size of colloidal CdS particles was determined by
dynamic laser light scattering which is schematically illustrated
in Fig. 2.4. A spectra physics model 168.2-W argon laser
operating at 4#88nm was combined with a ganiometer to measure the
amplitude of scattered light, using a Malvern K7025 correlator
and an EMI 9863 photomultiplier tube in a Malvern RR 109 housing
system. Samples were filtered through Millipore 0.22 um filters.
The average of CdS particles was 17nm. The size of particles

depend on the method of preparation of colloids.

2.1.5 Absorption Spectroscopv

Energy absorbed in the IR region causes changes in
vibrational energy accompanied by changes in rotation energy.
Absorption in the visible and UV-regions changes the electron
energy of atoms or molecules, accompanied by change in
vibrational and rotational energy. The change 1in electronic
energy involve the guter-electrons. With high-energy radiation,
X-rays, the 1inner-electrons will be raised to an excited state.

The energy levels of diatomic molecules are shown in Fig. 2.5.
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Absorption spectroscopy was used for analytical studies in
the UV-Vis region. It is a powerful tool in the observation and
study of low concentration and transient species, as in flash
photolysis. Absorption spectroscopy consists of four major
components as shown in Fig. 2.6.

Steady state absorption spectra were recorded by a double-
beam Perkin-fElmer 554 and a Perkin-Elmer 402 for tcm and 10cm

quartz cells respectively at room temperature.

2.1.6 Emigsion Spectroscopy

The emission technique is about 1000 times more sensitive
than absorption spectrophotometry. Fluorescence spectroscopy

1010. The

can detect a concentration as low as one part in
reason for this high sensitivity is that luminescence measurement
involves the detection of emitted photons. In contrast,
conventional absorption spectrophotometry involves 3
determination of the difference between two measureme@nts of
light intensity, one derived from a cell containing solvent only

and the other from a cell containing solute and solvent. The

basic components of a luminescence instrument are shown in Fig.

Luminescence intensity allows measurement of the change in
concentration with time of the emitting species, while the
wavelength distribution of the luminescence provides information

on the nature and energy of the emitting species. The intensity
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of 1luminescence can be calculated by using Beer’'s law {(equation

2.7).

L= sn 1 (1-e ©C1) (2.7)

In which S is the cross-sectional area of the sample under
exciting radiation and nL is the quantum efficiency of the
luminescence. Equation 2.7 simplifies for fluorescence (if ecl <

0.05) and phosphorescence (if €cl < 0.01) as below
1 = S n 1 ecl (2.8)
I = KI ¢ {2.9)

From equation {(2.9) it becomes apparent that luminescence of a
sample 1is directly proportional to the intensity of incident
radiation, Io, and the concentration of luminescent species, c.
The emission/excitation spectra were measured on a Parkin

Elmer MP4 and LSS5 spectrofluorimeter, interfaced to the recorder.
The photoemission {PE} spectrometer consists of two diffraction
grating monochromators with continuously variable band pass
selection from 0.2 to 20nm. The excitation monochromator
selected wavelengths from 150 watt Xenon source 1lamp and
illuminated the sample with monochromatic light in the range of
200-800nm. The emission monochromator emitted light at 90° angle
to the incident light and permitted lective measurement of its
intensity in the range of 200-800nm. All experiments were

performed 1in a 1cm quartz cell.
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2.1.7 Electron Microscope

Observation of «colloidal particles such as CdS and ZnS,
which are 1in the range of nm is impossible with an optical
microscope. The resolution power of this apparatus is limited by
the wavelength A of the light wused for illumination. The
resolution limit & (smallest distance to separate two objects) 1is
given by

5§ = A/2nSin8 (2.10)
where 0 1is half the angle subtended at the object [(angular
aperture), n 1s the refractive index of the medium object and
objective 1lense and nSinB is the numerical aperture of the
objective lense for a given immersion medium.

There are two techniques for overcoming the 1limitation of
optical microscopy in the study of colloidal systems:

(i) Transmission and scanning electron microscopy

{(ii) Dark-field microscopy
For measurement of colloidal semiconductors particles only the
first technique was selected by the author during the

experimental work. It is illustrated briefly below.

2.1.7.1 Jransmission Electron Microscopy (TEM)

Determination of colloidal particle size was performed using
a JEOL 200CX electron microscope with resolution of 1.4A°. A
small amount of the sample was deposited dropwise on plastic or

carbon film supported on a fine copper grid, any surplus wiped

off with filter paper and dried in open air. The electron beams
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were directed on the sample and scattered beams made the final
image which could be made visible on a fluorescent screen. The
amount of scattering depended on the thickness and atomic number

of the sample’'s atoms.

2.1.7.2 Scapning Electron Microscopy (SEM)

In this technique only electron beams with medium energy
scan across the sample in a serlies of parallel tracks.
Interaction of electron beams with sample produces various
signals, such as X-rays, cathodoluminescence, back-scattered
electrons and secondary electron emission which can be detected
on a fluorescent screen. The magnification in a SEM is less than
in TEM but several hundred times greater than that in an optical
microscope. The significant advantage of this technique is the
great depth of focus which is very important in the study of
colloids and surface science.

Determination of sizér;articles was carried out using a JEOL
35CF electron microscope. Samples before being subjected to
ené&etic electron-beams should be either a conductor or have a
thin 1layer of gold or graphite deposited on them by EM Scope
evaporation apparatus. The main reason for this process is to

control and earth the energetic beams.

2.1.8 The RRD aratus

The Rotating Ring Disc Electrode (RRDE) consists of the

various components as described in turn:
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2.1.8.1 ectrode

The RRDE consists of a platinum disc, an insulating gap of
teflon, a platinum ring and a teflon mantle. The electrode
surface was first polished with 25um aluminium oxide 1in a
glycerol slurry followed with diamond lapping compounds of 6um
and 3um. The final polish was carried out by hand using 1pm and
0.3um aluminia (Banher Scientific) in pure water on cotton wool.
Usually only the final polish was repeated before each
experiment. The schematic of a rotating ring-di8< electrode is
shown in Fig. 2.8.

The reference electrode employed was a home made saturated
calomel electrode (SCE) for aqueous solution. The counter

electrode was a platinum gauze.

2.1.8.2 Electronics

In all experiments a three electrode configuration was used
(Fig. 2.9). The cell current flows between the working and the
counter electrodes, while the potential of the working electrode
is measured with respect to the reference electrode using a high
impedance measuring device.

The basic unit used for the control and measurement
electronics was the operational amplifier (op.amp.) Fig. 2.10.
The properties of an ideal op.amp are
1. Zero current at the inputs

11. vin' = Vin+' provided there is a closed feedback loop
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by using 20kQ resistance between the V. + and V
in out
The circuitry was constructed on a modular basis comprising the

following modules.

(I) VYoltage Follower

In this case V1 = V2 (Fig. 2.11})

This provides a means of drawing zero current at the input, V’,

and giving a low impedance output of the same voltage.

(IT) Yoltage Inverter
For this module V1 = -V (Fig. 2.12)

(IIT) Summing Inverting Amplifier

This unit is used tc add voltages and then multiply the sum by a2

factor -x, where x-1, 10 or 25 (Fig. 2.13).

V3—VO
_ - = {
(V1 V3) + (V2 V3) " (2.11}
and
dV0
d(V1+V2) = (2.12)

(IV) Potentiostat

Figure 2.14 shows schematic diagram of a potentiostat. This
module allows the control of either one or two working
electrodes, and employes three op-amps. Op-amp 1 holds the

reference electrode at the chosen potential and forces current
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through the counter electrode. Op-amps 2 and 3 are wused to
control the ring and disc electrode respectively. The output

voltage of either disc or ring electrodes is found from

Vout = TRg = Vip*

The current passed (by both Ring and Disc) 1s given by the
differences between vin+ and VO, provided the value of RF is

known. RF generally may be varied from 1kQ@ to 1MQ, to extend the

range of currents that may be measured.

(V) Iriangular Wave Generator

The TWG produces a triangular ramped voltage which consists
of a wave generator (Fig. 2.15a) and a power supply {(Fig. 2.15b).
The power supply converts +15V to 8V and :5V and allows the
potential limits to be set independently up to 25V. The range of
sweep rates could be varied . from tmV/s to 2V/s. The setting of

potential is also possible manually.

(VI) Yoltage Source

This provides two variable sources which could be set to any
value between 5V for one source and 21V for the other (Fig.

2.16).

2.1.8.3 Rotation System

The 1light source, electrodes and electrochemical cell were
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all mounted on a bearing block. The block supported on two
vertical stainless steel rods attached to a heavy base to ensure
stability. The motor was a printed armature d.c. servo motor
with (Printed Motors Ltd). Rotention way controlled by an
{Oxford Electrodes) motor controller with digital readout of the

rotation speed to :£0.01HZ up to a maximum of 50HZ.

2.1.8.4 The Electrochemical Cell

The electrochemical cell was built of double-wall glass
vessel with a quartz flat (Heraeus Silica and Metals Ltd). The
double-wall allows circulation of water around the cell for
temperature control. A side-arm was used to hold a fitted
compartment containing the counter electrode to prevent any
undesirable counter electrodes products from reaching the working
electrode. The cell had a 1lid of teflon fitted with holes for
the working electrode, Reference elctrode and for the nitrogen
delivery teflon tube. Figure 2.17 shows the diagram of an

electrochemical cell.

2.1.9 Light Source

The 1light source in RRD experiments was an AL/223, 250W,
24V quartz-iodine projector lamp with a filament temperature of
3350K. The lamp was powered by a Farnell 30/10s stabilised power
supply. The light was focused onto the electrode using a front-
silvaved mirror as shown in Figure 2.18.

Ealing-IRI 25mm interference filters (10nm band width) were

used to provide monochromatic light and Ealing neutral density
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filters were used to vary the irradiance.

2.2 Sample Preparation

2.2.1 Colloidal CdS was prepared by passing H2S gas into a
. -3 -3 . -2 -3

solution of Cd(N03)2 (5%10 mol dm ) with (10 mol dm )

sodium hexametaphosphate (SHMP) as a supporting agent. The

method of preparation was as described by Gratzel and
coworkers[szl, except that solutions were purged for about half
an hour with N2 to prevent occlusion of 02 before bubbling with
HZS' Colloids were also made from Cdz’ and Na2$ with and without
SHMP . In some «colloidal CdS the ~cationic supporting agent
cetyltrimethylammonium bromide (CTAB} was used instead of SHMFP
{Chapter 3).

2.2.2 Platinized CdS was used in Chapter 4.This method[138]
involved the preparation of a pt-citrate complex by refluxing for
30min and 60min, a solution containing 30mg of <Chloroplatinic
acid [HzptCls, 6H20 {BDH)1, 30ml of a 11 sodium citrate solution
[1gram citric acid (powder) and 80ml double-distilled water
{DDW), then NaOH to adjust to pH 7-8, finally made up to 100ml],
and 120ml of DODW. Final pH was 6.6. 50ml of pt-citrate + 1
gram (CdS powder were stirred and then 5.8 gram of NaCl added.

Pt/semiconductor precipitated. It was filtered and repeatedly

washed with DDW before being dried in air.

2.2.3 CdS Thin Film Preparation (Chapter 6)

2.2.3.1 By Polymers
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{1) 17 PVA was prepared in boiled DDW. 0.4gram (Cd(N03)2 was

dissolved 1in 11 PVA, A few drops were placed onto glass slide
-3 .

and water allowed to evaporate. 0.1 mol dm NaZS solution was

prepared separately and the glass slides were dipped into this
solution. A thin yellow film of CdS was observed on the surface
of the glass slides. They were washed and left to dry 1in an

autoclave at about SOOC.

{(i1) The above process was carried out with 1] polyvinylpyridine
{PVP) and polyacrylamide (PAA). When the PAA was dissolved 1in

boiled ethanol, the solution precipitated upon adding Cd(N03)2.

2.2.3.2 Dialvysis Membrape

Transparent dialysis membranes is produced by Fision Co.

from cotton lint, one of the purest naturally-occuring cellulose

sources. Normal molecular welght is reported by
. . [140] )

investigators to be 12000 to 14000. The thickness of the
membrane 1is 0.32mm and the average pore radius 1s ZLAO. The

membrane was washed in boiling DDW for about one hour followed by

washing with normal temperature DDW to remove the glycerine. It
. 2+ -2

was left to dry and then soaked for 24 hours in a Cd {5x10

-3 . . .
mol dm } solution at room temperature. After washing with ODDW
. . . . . -3 -3

and drying it was dipped either into (10 mol dm ) NaZS or

purged with HZS for a few minutes. Simultaneously the yellow

colour appeared 1indicating immobilized CdS particles in the

dialysis membrane. Finally the CdS membrane film was washed and

dried.
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2.2.4 Colloidal S

This colloid was prepared in the same manner as CdS/SHMP.
In the <case of doped ZnS, purging with HZS to yield 2ZnS was

. . . , 3+ 3+
carried out after dissolving the dopant ions such as Eu , Tb

. . -3 -3 2+
i1n a solution containing {S5xi0 moel dm ) Zn .

2.3 Materials

All the chemicals, suppliers and degree of purifications

used by the author are listed in the following table 2.1.



Materials Supplier Purification Materials Supplier Purification
Cd(NOB) , HZO BDH Analar HZS BOC
CdClz, 5% H O Aldrich 02 BOC
Cd Brz, HZB BDH 9817 N2 BOC white dot
Cd 1 Hopkin & William Alr BOC
CdSO‘ BDH Water - double distilled
cdo Aldraich H? Pt Cl6 BDH
KC1 BDH sodium hexameta- BDH
phosphate
KBr BDH
KI BDH Methyle Viologen BDH Analar
K3Fe(CN) BDH Methyle orange Fision 897
K” Fe (CES).BHZO BDH EDTA BDH 987
K2 S2 08 BDH Cysteine Sigma
Na2 52 03 BDH polyv?nylalcgnql BDH ‘ 9817
polyvinylpyridine Aldrich
Zn Cl1 BDH polyacrylamid BDH
Zn (NS )., B6H_O BDH CTAB BDH
MnCl_, Lﬁ 0 2 BDH Visking tube Fision plc
Euclz, XH20 Citric acid "
Eu (RO.)_25H_0
TbCl_, XH_O 2 Aldrich
Na 83 2 BDH Analar

2

LOL
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CHAPTER 3
Time resolved photoredox reactions of collodial CdS

Introduction

Qver the past few years C(dS <colloids have received
considerable interest as microheterogeneous electrodes for solar
energy conversion (52,731 or photocatalysis [145'1461. Colloidal
semiconductors can be assumed to be dispersed microelectrodes in
solution for the study of the kinetics of photoinduced electron
transfer reactions.

The purpose of this Chapter is to describe the photophysical
and photochemical behaviour of colloidal <CdS and to study
interfacial electron transfer at the surface of colloidal

semiconductors. A relation between the kinetic data and particle

size will be established.

3.1 otoa i i d

When the semiconductor-electrolyte junction is illuminated
with light, photons of energy greater than the semiconductor band
gap (Egap)are absorbed and produce electron-hole pairs 1in the
semiconductors. While photons with energy less than band gap are
transmitted. The absorption coefficient, a, in a semiconductor
varies with wavelength and near the band edge exhibits the

. 102,121,144
following form [ ]:

n/2 .
V] T A (hv-Eg) /hv if hv > Eg (3.1)
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a = 0 if hv < Eg (3.2)

in which A 1s a constant, and n depends on whether the transition
is direct (n=1} or indirect (n=4) as shown in figure 3.1.

A typical absorption spectrum of CdS sols with sodium
hexametaphosphate as a stabilizer is shown in figure 3.2.

The similar results were obtained by Gr;tzel, Henglein,
Thomas and co-workers using different surf@ctants.

The onset of CdS colloid absorption at A = 510 nm correlates
with the band gap energy (2.42 eV) and the spectrum of single
crystals.[1‘2] Comparison of this spectrum with an 1deal
(theoretical} plot of absorption coefficient against wavelength
as shown in Fig. 3.2, results that the absorption at the band
edge does not rise as sharply. It 1s possible to interpret this
as being due to the small size of the particles (less than 20
nm), so that 1light can pass through several particles before
becoming completely absorbed. This 1s an important aspect of
colloidal semiconductors 1in the study of the nature of
luminescence and interfacial electron transfer kinetics.

Illumination of colloidal CdS produces electron-hole pairs
which may reduce or oxidise suitable electron acceptors or
electron donors respectively.

In the presence of oxygen as an electron acceptor
photodecomposition of colloidal CdS is observed. These processes
can be shown as below

hv
cdS —> C(dS (é-,h’) absorption (3.3)
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Fig. 3.1 The electronic transitions upon the absorption

of a photon by the semiconductor.
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hv
e +h’ > hv + heat luminescence {3.4)
e_+02 —> 0; (superoxide) oxidation (3.5)
+ 2+ L
2h  + CdS —————(Cd +S photodecomposition (3.6)
147,148

Bard and Gerisher t ] reported that the standard redox

potential for equation (3.6) is 0.32V VS. NHE which 1s

sufficiently negative with respect to the value band edge in CdS
at 1.74V vs. NHE so that oxidation of CdS by VB holes 1s
thermodynamically favourable.

Photodecomposition of (dS can be prevented by wusing a

. . . 6
suitable hole scavenger such as sulfide anions ].
+ 2~ (X
h + S —>S (3.7)
S ¢ 02——~—-—>02' + S (3.8)

Thomas and co—worker[1‘3] reported that photodecomposition of
colloidal CdS could be prevented by using sodium dodecyl sulfite
(SDS) Wy C(CH, ) . 0.7 Na', as a stabilizer. Stability in
the CdS/SDS colloid was achieved because oxygen was not reduced

by the CB electrons and decomposition by holes was prevented by

rapid recombination of holes with these CB electrons.

3.2 Photoluminescence of (dS

Absorption of light by colloidal CdS creates electron-hole

palrs in the semiconductor and a substantial proportion of these
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species recombine to give heat and a weak luminescence (hv in
equation 3.4).

The direct recombination between an electron-hole pair (from
CB to VB) which emits band gap light is a fast process. Previous
workers have shown that the recombination process occurs on the

[52'81]. In the case of colloidal CdS it is

{52]

nanosecond timescale
found to have a 300 picosecond lifetime A fraction of the

photogenerated minority carriers (hole) can also react with

electrons in intraband gap states et as below:

ecg * v —————}et (3.9)
Ao ey ——>Vishv') (3.10)
where V 1is a vacant trap, 5{ is a full trap and hv' is
luminescence. Gratzel and Ramsden have used this mechanism to

explain the observation of red (700 nm) luminescence from

CdStsa].

colloidal We also observed such luminescence 1in

colloidal CdS when photobleaching occurred on the microsecond

timescale. It is found that the luminescence spectra were quite
different for colloids prepared from HZS and Cd2+ depending on
whether they were stabilized with a cationic

(hexadecyletrimethylammonium bromide, CTAB) or aniomic (Sodium

hexametaphosphate SHMP) surfactant. THe HZS colloids had two

emission bands at 510 and 700 nm, as observed by Gratzel and

[53]. Whereas the material with excess 82_ showed only

Ramsden
a band-edge emission at 530 nm (see fig. 3.3). These results

show how the properties of this type of colloid depend critically

on the method of preparation, which may account for different
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Fig. 3.3 Luminescence emission from CdS colloids (a) prepared

from HZS( ) and (b} prepared from NaZS( —————— )

Cds 5x10 > M, SHMP 1072 M.
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results being obtained in different laboratories.

In direct recombination the probability of electron-hole

. . . . [149]
recombination 1s given by :

2
- = a nit) p(t) - arni (3.11)

in which ar is a proportionality constant for recombination, n(t)
and p(t) as the number of electrons and holes remaining at time t
respectively and arni2 is the rate of thermal generation of
electron-hole pairs. Since the electrons and holes annihilate
each other in pairs, the instantaneous concentrations of excess

carriers produced by a short pulse An(t) and Ap(t) are equal.

Therefore
dAn(t) 2
- 3t =a [(n0 + An(t))(po + Ap(t))] - an, (3.12)
= arAn(t)(nO + po) - Aﬁﬁt)
where Ano = Apo are the initial excess electron and hole
concentration at t = o and nopo = niz. If the Anz(t) term is so
small that
dAn(t) _
- 9t = ar(no + po) An(t) {3.13)
equation (3.13) may be rewritten as L144]
dan(t) _ An(t)
dt = I (3.14)
Where 1 = S E— is the excess carrier lifetime
a_ (n + p)
r o [¢]
At t = 0 An (t) = An(0); hence[150]
-t
An(t) = An(0) exp ( /1) (3.15)
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Trapping centres may be assumed as defect or impurity levels
within the bandgap of the semiconductor. If a conduction band
electron 1is trapped at a centre, then subsequently recombines
with the VB hole before thermal re-excitation to the CB, the
light emitted will be of lower energy than that due to band gap
recombination. The nature of such an emission is dependent on
the energy of the trapping centres. Localised energy levels
within the band gap are important not only for luminescence, but

also for conduction.

3.2.1 Ihe guenching effect

The quenching of luminescence of CdS colloids can be
explained as adsorption of ions or molecules on the surface of
colloidal particles. Studies of fluorescence quenching by
dissolved substances were expected to give some information about
the scavenging of electrons or holes at the surface of the
colloids.

The quenching of the fluorescence of semiconductor colloids

by colloidal metals [80]. by colloidal semiconductors and other

solutes £58] was studied. It has been reported that charged

solutes are generally stronger quenchers of the fluorescence than

[56]

uncharged ones When the quencher is not adsorbed on the

surface of the particles, its reduction potential should be less
negative than the potential of the lower edge of the conduction

band of the semiconductor for electron scavenging to occur.
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3.2.1.1. Fe°' Jons

As shown in figure 3.4, addition of a very low concentration
of Feo', 10°° mol dm™>, to 5 x 107" mo1 dm ’ cdSs colloids,
quenched about 207 of the blue luminescence. When the
concentration of metal ions was increased to 5 x 10_5 mol dm_a,
the luminescence Qquenching rose up to 601 and 307 for blue and

red emission respectively, The quenching effect of the ferric

cation can be written as
Fe3* + e—----—--—5>Fe2+ (3.16)

Fe3+ is more soluble and may be adsorbed more strongly than 0, on
the surface of CdS particles. The Ferrous cation produced by
electron scavenging may be reoxidised by scavengiquositive holes

to regenerate ferric cation.

Fe?t + nt — et (3.17)

According to the proposed mechanism for reduction and oxidation
of metal ions, a small number of metal ions should be deposited
on the surface of colloidal particles when illuminated in stationary
condition. The magnitude of the quenching effect depends on the

amount of this deposited metal.

3.2.1.2 Pt Colloids

Figure 3.5 shows the effect of platinum on the fluorescence
of CdS sols. When 1.5 x 10-5 mcldm—3 of platinum citrate was
added to 5 x 10_4 moldm—a of aerated colloidal CdS, about 5071 of

the blue luminescence and nearly all of the red luminescence were
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3
3

. -4
Fig. 3.4 Luminescence quenching of (dS(5x10 M)/SHMP (10 M)

by Feo' (5x10°° M).

(a) CdS alone

3+

(b) CdS plus Fe
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Fig. 3.5 Luminescence quenching of CdS(SxIO_L M)/ SHMP

(1072 M) by Pt(1x5.10"° M) colloids.
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quenched. This quenching effect was observed immediately after
the addition of colloidal pt showing the rapid interaction
between the two types of particle. This result can be
accomplished through the adsorption of Pt on the surface of CdS
particles. This modification of a CdS particle‘'s surface by
platinum creates a heterogeneous surface which potentially can
offer different sites for oxidation and reduction.
Photogenerated electron-hole pairs in the presence of platinum

particles lead to a degradation of colloidal CdS and H_ evolution

2
[56'187]. These reactions may be written as:
hv .
Ccds > CdS{e h ) {3.18)
2H+ + 2 e-—————4>H2 (Hydrogen evolution} {3.19)
s?7 4 ont — 55 (Photodegradation) (3.20)

The holes on the surface of CdS colloid easily oxidised anions
such as 52_, leading to a radical anion such as S . Further
oxidation of S by hole scavenging produces the sulphur atom, S ,
which could act as a trap for electron.

Therefore by adding platinum the rates of quenching and of
semiconductor degradation both increased and the capture of an
electron by a Pt particle is accompanied by the consumption of

proton and H2 evolution.

3.2.2 Sonicating Effect

The effect of sonication on photoluminscence of platinised
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CdS colloids is shown in figure 3.6. It is clear that sonicating
pt/CdS sol increased its luminescence up to 451 . However,
sanication only increased luminescence of unplatinised CdS sols
by a small amount. This effect may be explained by the
desorption of platinum particles from cadmium sulphide surfaces
allowing the recombination of photogenerated electron-hole pairs,

and hence luminescence to increase.

3.2.3 Doping Effect

It has been shown that[ssl the fluorescence of colloidal CdS

doped with less than 11 Cu2+ or Ag+ is much stronger than that of
undoped ones. We have observed the same effect in CdS doped with

cu?® and zns doped with Tb>'.

3.3 Photobleachi f CdS

Photobleaching of <colleidal CdS sols was observed when
samples of CdS were subjected to a 10pys photoflash ( A > 300 nm).
There was a small blue shift (3.0 nm).in the absorption edge. As
shown 1in Figure 3.7, this resulted in a sharp decrease in
absorbance in the region of 450 - 508 nm. As far as we know this
transient has not been reported before, although Thomas and co-

workers have described short-lived photobleaching at 475 nm for

[‘51]. In their case the sample was

CdS particles in Nafion film
illuminated at low temperature (77K} and the absorption recovered

completely in > 1 ps. This recovery matched the 1luminescence

decay at 575 nm and was attributed to direct electron-hole
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(a) Ground state absorption spectrum ({ ) and derived

transient spectrum 10 ms after photoflash(------ ).

(b) Transient difference spectrum 10 ms after photoflash

for N, purged CdS(5.10°% M )/ sHMP 107> M and pH 7.5.
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recombination. However, the results reported here deal with a
process which occurs on the millisecond timescale at 7room
temperature. It was also found that the magnitude of the
transient signal was proportional to the square root of the flash
intensity ({fig 3.8) which suggests that the transient does not
reflect the direct decay of photogenerated charge carriers. The
majority of generated electron-hole pairs will directly recombine
electron-hole pairs (eh) during the photoflash, so that the rate

of photoabsorption (IA) is balanced by the rate of recombination

(kR[h][e]):

IA = kR[h][e] {3.21)

The number of electrons and holes generated by the intense
flash will greatly exceed their dark concentration. As a result
their concentration during the flash will depend on the square

root of the flash intensity:
_ _ 1/2
[h]l = [el = (IA/kR) (3.22)

Any minor decay route present after 10 ps flash leading to a
transient will depend on the steady-state concentration of
electrons and holes in the flash and so on the square root of the
flash intensity. In N2— purged solutions the half-life for
recovery of photobleaching was <ca. 50ms. This transient

absorption experiment was performed in order to gain further

insight into the nature of electron-hole recombination of excited

colloidal CdS sols.
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3.4 e Kinetics of Electro ransf ecation

Considerable attention has been paid to the study of

. , . . [44-47, 52-55, B82-84,
dispersed kinetics 1n heterogeneous systems.

151-155] In the homogeneous system, the data can often be
analysed by first- and second-order kinetics. In 1inhomogeneous
systems such as semiconductor electrodes and colloidal particles,
by contrast , reactions often do not obey simple first- or
second-order kinetics. For instance, typical data for the
recovery of the absorption of CdS <colloids after a 10ps
photoflash are shown in Fig. 3.9. These refer to a range of
initial absorbance changes (AAO) and are normalised to fit on a
common curve by dividing by (AAO). The data are shown as log
(AA/AAO). Such a normalising procedure will not work for systems
where the kinetics are higher than first order. A simple first-
order reaction would give a straight line, as in a classical
homogeneous system whereas the semilogarithmic plots in Fig. 3.9
are not linear. The normalising procedure implies that the
kinetics are first-order for any other of reaction, a change in
AO would alter the initial half-life and the curves would not be
superimpossible. For example, if the reaction were second order
the first half life would decrease by a factor of two when AAO
doubled. Similar non-exponential behaviour has been observed for

2+)[76]

electron transfer from TiO2 to methyl viologen (Mv and

seems to be common for colloidal semiconductors[sl' 3. 84, 137,

151_155]. It may be resolved by postulating a distribution of
first-order rate constants for a heterogeneous collection of

particles. In collaboration with Bartlett and Wilde we have
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Recovery of absorption at 485nm for CdS, (A) for
CdS alone: (AAO) was -0.09 (O ), -0.13 ( @),
-0.19 (@ ) and (B} for CdS plus cysteine (10_2 M)
(AAO): was -0.08 ( O ), -0.13 (@), -0.17 (@ ).
The curve was calculated from equation (3.31) with

y=2p= 2x0.7 for (A) and Yy = 2xp = 2x0.8 for (B).
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developed a general model for dispersed kinetics in heterogeneous

L
systems[ ].

In this method it is assumed that the first order rate

constant is dispersed according to a normal distribution,

exp (—xz):-
k = k exp¥n%) (3.23)

where Kk is the average rate constant and y describes the spread
of the Gaussian distribution. The rate law for first order
reactions is

<

o]
o]

= exp (-kt) (3.24)

Here we defined a dimensionless time, 1, related to the mean

rate constant, k, as

T = kt {3.25)

Substitution of equations (2.23) and (3.25) into (3.24) gives

<

C
0

= exp [- 1 exp (yx])] {3.26)

Now intergrating equation (3.26) across the normal distribution,
exp (-xz). we find that the decay of the concentration, ¢, of

species from their initial concentration, Cos 18 given by:

J exp (—xz) expl-1 exp{yx)ldx

Cc ~o00
< Ta > (3.27)
f~w exp (-x )dx
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+ 00 ’ ‘]/2
J exp(-x") dx =

when there 1s no dispersion, Y = o and equation (3.27) reduces

to the simple first order exponential decay such as equation

= exp (-1) (3.28)

oln
1

It 1is possible that the dispersion in the first order rate
constant 1s <caused by the dispersion in the radii of the
particles. It has been shown that the rate of photochemical
reactiorn 1in colloidal semiconductor particles is proportional to

[76]

the surface area of the particles Hence if we write for the

radial distribution
In{r) = ln(;) + px {3.29)

then the distribution of rate constants will be given by

1n k = 1n kx + 2pX (3.30)

This equation has the same form as equation (3.23). Hence the

same results will obtain with
Y = 2e

In systems such as flash photolysis of colloidal

semiconductors, electron transfer reactions are initiated by the

light absorption. In this case there 1s an additional
complication of equation (3.27). Since the larger particles will

absorb more light during the photoflash and produce more
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electrons at t = o, the absorption of light will be a function of
the volume of particles. Hence equation (3.27) will be modified

. -3
in favour of the larger particles by {(r/r) so that

{ L, exp (—22) exp [-texp(yz)ldz
- {3.31)

) . EXP (-22) dz

where the factor x is replaced by z using the equations (3.32) to

{3.34):
z = x-3g/2 (3.32)
1 z k t (3.33)
z
. - - 2
and y=2p with kz = kx exp (3p ) {3.341}

Equation {3.371} represents the distribution of more and

faster electrons as the large particles immediately after the

flash. Under this condition iz, the average rate constant for
large particles, will be larger than &x‘ the average rate
constant for a particle of average size. As mentioned above, in

our studies on colloidal CdS with flash photolysis, we have found
that the flash causes a transient <change in the optical
absorbances of the C(CdS. We attribute this <change to the
separation of photogenerated electrons and holes and their
trapping by surface states. Typical data for transients are

plotted in Fig. 3.10a. The data have been normalised on to a
common curve by dividing (AA, by the initial absorbance change
(A@), as above. Equation (3.31) was solved numerically with y =

20 = 1.4 to fit the common curve. The fit is reasonable and as
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A N =605nm
4 + 1//’ t 1 - +
2ms/div.
2uV/div.
B A =485nm ’
$ $ $ + +
2ms/div.

SOmV/ div.

See overleaf
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Fig. 3.10 Oscilloscope traces for formation of Al at 605nm

( A ) and recovery of absorbance at 4#85nm ( B ) for a

3

colloid containing CdS (5.10 ° M ), cys (10_2 M)

and Mv2" (5.107% M)
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mentioned before, the good agreement suggests that the process 1is
first order with a dispersion of rate constants. By the time the
reaction reaches the third half life there is some deviation
from the theoretical curve in Fig. 3.10a but this is likely to
result from baseline errors in the absorption measurements.
Another method can be used to determine the distribution of

[156, 157]. In

radii directly by dynamic laser light scattering
this technique the logarithm of the autocorrelation function 1is
plotted against the delay time. The slope of this plot 1is
proportional to the diffusion coefficient D(cm25—1). Typical
data for CdS particles are shown in Fig. 3.11. A straight line
would be obtained for perfectly monodisperse collection of
particles. If the distribution of particle radii is given by
equation (3.23) then since the diffusion coefficient[158]

proportional to r_', the distribution of diffusion coefficients

will be
1nD = 1nD- px (3.35)

The curve in Fig. 3.11 was analysed using equation (3.31}) with
Y=-¢ and the best fit was found with ¢ = 0.7, This 1is in
excellent agreement with the kinetics data and confirms that the
non-exponential behaviour can be attributed to a dispersion in
the radii of the particles. Interestingly the kinetic data are
more sensitive to the variation in radius than the 1light-
scattering measurements, since the rate constants depend on rz.
We may conclude firstly that the dispersion in the kinetic data

1s largely explained by the dispersion in the radii of the

colloidal semiconductor (CdS} and secondly that the Gaussian




-1.0

-2.0

-3.0

138

1n ( G(t)-G(ew)
G(0)-G(e0)

200 400 600 800

Delay Time (ps)

Fig. 3.11 Decay of the autocorrelation function of G{t) from

Dynamic laser light scattering for CdS. The curve was

calculated from equation (3.35) with @ = y =0.7
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model is sufficient to analyse both the kinetics and the 1light

scattering data.

Cysteine has previously been used as an electron donor for
the reduction of water by sensitising CdS.[159‘ 1601 When CdS

. . -2 - .
colloids containing 10 mol dm 3 cysteine were flashed there was

a strong decrease in the rate of recovery of absorbance and the

process now occurred over a pericd of 10 seconds. However, as
shown in Fig. (3.10b) the shapes of the curves were identical to
those found for CdS alone. Applications of the same analysis

gave the values of Fé and vy shown in Table 3.1. This shows that ¥y

has remained essentially unchanged although ﬁz is much smaller.

TABLE 3.1 Decay constants (iz) for recovery at 485nm

Reaction conditions® kz/s Y

cdS alone 15°, 13%, 149 1.4

cds/10 2moldm > cysteine 0.6%, 0.8, 0.69 1.6

cds/10 *moldm > cysteine/1o_5moldm'3nv2+ 350 1.4
-2 -3 ) -3 -3

CdS/10 "moldm cysteine/10 "moldm 02 250 1.6

3 Conditions as Fig. 3.7 unless specified

BA_ b _o.08  S-0.16 9-0.23  ©®-0.08  f-0.14 9.90.17



140

. 2+
3.5 Photoreduction of NV _and O,

As described above, when colloidal CdS was flashed in the
presence of 10-2moldm—3 cysteine, the recovery occurred over a
long time (low reaction process). By adding even a 1low

6mol dm_a) to the

concentration of the electron acceptor MV2+(10-
solution of CdS colloids containing 10_2 mol dm_3 cysteine, there
was a marked acceleration in the rate of recovery (fast reaction
process). As shown in Table 3.1 there was again no significant
change in y. The same result was obtained when 02 was present as
an electron acceptor in the solution of CdS and cysteine. Fig.

3.12 shows that iz was linearly related to the concentration of

02 or HV2+. For samples containing cysteine (10_2mol dm_a) and

MVZ* [(1—5)x10-6mol dm-3], the recovery at 485nm was accompanied

by an increase in absorbance at 605nm due to formation of the
cationic radical Mv'" {as shown in Fig. 3.10).

The correlation between the absorbance transient and
electron transfer from the CdS particle to HVZ* forming MV* shows
that the absorbance change must be caused by electrons trapped on
the particles. By comparing the absorbance change at 485 and
605nm when cysteine and Hvz’ were present, the change in
extinction coefficient for CdS at 485nm was found to be
-(7*1)x103dm3m01-1cm-1. Both processes had the same rate
constant , iz' and from Fig. 3.12 the bimolecular rate constant

for electron transfer from the trapping sites in CdS to MV2+ was

calculated to be 3.5 x 10%dmomo1""'.

The decay of the trapped
electrons is impeded by cysteine which reacts with photogenerated

holes but 1is accelerated by electron acceptors such as 02 and
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Fig. 3.12 Variation in rate constants for recovery at 485nm
. 2+
with O2 {—O— ) and MV ( —e——13
concentrations and conditions as for Figure 3.7

plus 10-2 M cysteine.
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2+
MV .

When no cysteine was present in the colloidal CdS solution,

02 accelerated the recovery of absorbance (fast reaction process)
at 485nm. However no photobleaching could be detected when only
CdS and Mvz’ were present. Instead HV* was generated within the
. 2+ -6 -3

photoflash (10us) for all concentrations of MV {(>10 moldm )

HVZ* is known to adsorb on CdS particles[sl' 151] and can

intercept direct electron-hole recombination. Clearly then, MV2+
was removing photogenerated electrons before they could be
trapped in CdS, so that no photobleaching was observed.
Apparently 10-2m01 clm"3 cysteine can inhibit the reaction of HVZ+
with electrons at least for low MVZ+ concentrations, since the
absorbance transient and bimolecular electron transfer to MVZ’
are both observed. This may result from preferential adsorption
of cysteine on the surface of CdS.

To provide a full mechanism for our observations further

experiments are required. We have chosen the following scheme

which is consistent with our observations:

Cds + hv — 5 ¢ds (e, h') (3.36)

- +

e ca +h ——5 heat (+ hv) (3.37)

h' o+ e, ——> V [+ ') (3.38)
ecgtV—> e, (3.39)

- 2+ + -

e CB+(MV or 02) ————— 3 MV or 02 (3.40)

cysSH + (V or h') ———— 3 1/2 (cysSScys) + H' (3.41)
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where cysSH is cysteine, cysSScys is cystine, e_t is full trap
electron, V is a vacant trap, h' is a hole in the valence and e_CB
is a conduction band electron.

Reactions (3.36) to (3.38) will occur during the photoflash
and result in a net increase in the concentration of conduction
band electrons. Their subsequent reaction with vacant traps V
(equation 3.39) 1is apparently a slow process and gives rise to
decay curves on the millisecond timescale. Cysteine can react
with V and possibly with h* to block the decay of conduction-band
electrons. When 02 or HV2+ are also present in the solution the
rate of recovery increases as expected if the transient is due to
e-CB' and the formation of MV' was observed. From these reactions
the bimolecular rate constants for electron transfer to Hv2+ and

-1~
02 were found to be 3.8x108 and 2.2x105 dm3mol 1s , respectively.

The photochemical formation of superoxide {0 _) sensitised by CdS

2
was first reported by Harbour and Hair.[181] Our experimental
results show that interfacial electron transfer from CdS to 02 is
a slow process compared with electron transfer to MV2+. Slow

electron transfer to 02 is encouraging since this would be an
unfavourable side reaction in water photolysis. Fast electron

transfer to MV2+ may result from electrostatic attraction between

MV2+ and the negative CdS particles.

The number of electrons trapped during the photoflash can be

estimated from Fig. 3.7. With a change in extinction coefficient

of -7000 dmmol 'em ! at 485nm, the absorption change will

6 mo1 dm™? in a 10cm

correspond to an e cB concentration of 10~

cell. This is equivalent to 800 e”C8 per particle where each

particle contains about 400,000 CdS. Similar numbers of



145

conduction band electrons have also been observed by rotating

disc photoelectrochemistry of CdS colloids.[‘7]
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3.6 Conclusion

This work presented the photophysical and photochemical
behaviour of colloidal cds particles. The colloidal
semiconductors exhibit a 1lively photochemistry and are most
useful for kinetic studies at the semiconductor/solution
interface. The complex kinetic behaviour of electron transfer
reactions in colloidal semiconductors are explained by the
“"Gaussian model”. This model provides an explanation of the
kinetics of heterogeneous systems where normalising a set of
transient data causes them to +fall on a common curved
semilogarithmic plot. It 1is shown that the kinetics of
heterogeneous systems such as colloidal semiconductor are not
simple first- or second-order but result from a distribution of
first-order rate constants. The dispersion in the kinetic
transient in turn arises from a distribution of particle sizes.
These types of transient, which are described in this work,
should be a valuable probe for studying electron transfer
reactions at the surface of colloidal particles. The studies of

interfacial reactions in micro-heterogeneous systems add a new
aspect to the field of photoelectrochemistry. The main goal of
these efforts is evidently to wunderstand the behaviour of

colloidal semiconductor (CdS) in solar ‘energy conversion and

storage.
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Time- 1ved : 't in CdS colloid

The data presented in this chapter concern some aspects of
surface effects in CdS colloids using time-resolved techniques.
Photoreduction of methyl viologen, HV2+, and its dimer desorption
from the surface of particles into solution is discussed. The
yield of reduced methyl viologen affected by variation of pH,

adsorption of cysteine and pt, and photoflash intensity.

Introduction

Time-resolved photoexcitation techniques such as flash
photolysis have been used to investigate photoinduced processes
at the surface of colloidal CdS. In the past five or six years a
new area of photochemistry has been established to study the
behaviour of ’Eolloids. particularly colloidal semiconductors.
Since the colloids are optically transparent, photochemical
reactions can be studied by fast reaction techniques.
Consequently the parameters which control charge transfer through
the surface can be followed in real time and intermediates of
reactions can be observed and characterised directly.

In the third chapter transient absorption change in the
spectrum of colloidal CdS was discussed and assigned to electrons

[45]

trapped on the particles after a short flash In the

following section we discuss the photoreduction of methyl
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viologen (Mvz’) and the desorption of dimer, (Mv*)z, from the CdS

surface.

4.1 ngigzn&iﬂn_gi_nimg:‘_iuxfl?_ixgm_sﬂs_zuxissg

As we know the conduction band edge of CdS is around -0.6V

[{162]

vs. Normal Hydrogen Electrode potential (NHE) The redox

potential of the HVZ'/MV' couple is -0.446V vs. NHE and lies
under the conduction band of CdS particle. Therefore, HVZ+ can

be reduced by electron transfer from the conduction band of (CdS

as below.

VITLAN ECB-—-———;MV*

It is also clear that any species undergoing the electron
transfer reaction, such as MV2+, must be adsorbed on the surface
of the semiconductor particle, in order to react efficiently with
the photoinduced electron-hole pairs. This means that the
surfaces of femiconductor particles play an important role in
this interfacial electron transfer process.

*moldm 3 stabilised with 10 moldm >

2

When CdS colloids (5x10
sodium hexametaphosphate) containing MV2+ (10_7~10_ moldm-al are
subjected to a 10&5 photoflash of visible light (A > 400nm)
reduced methylviologen (HV*) is produced during the flash and 1is
readily observed by its broad absorption spectrum between 450 and
800nm. This process has also been studied by other workers and
these have shown that HV2+ is adsorbed on CdS particles and 1is
then able to inhibit the recombination of photogenerated

{61, 151]

electrons and holes by intercepting electrons Our
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observation can be explained by Scheme I.

+

MV
Mv2* i 3o
km[e](moldm s )
light absorption
CdS + hv —> cas(e + h') o, 3 -4
-3 \\\\:: (ellh J{moldm "s ')
IA(moldm s )
hv + heat

SCHEME 1

where kM and kR are rate constants for the photoreduction of Mv2+
and recombination respectively. As mentioned in Chapter 3, the
lifetime of carrier transition to the surface of CdS is much less
than the recombination 1lifetime (w10-":10—gsec). Therefore
photogenerated carriers in a small CdS particle will reach the
surface before being destroyed by recombination process.

As a result, MV+ is formed on the picosecond timescale and
leads to a decrease or guenching of the long wavelength emission
(hv') from .the particles, since it reduces the amount of
regombination occurring.

This is supported by Fig. &.1 which shows that above a
critical value the yield of MV’ increases linearly with flash
intensity. Similar results were obtained with TiO2 colloids when

the supporting polymer 1s an electron donor, such as

polyvinylalcohol which can intercept charge recombination[163],

2+ . 164
and also in the photoreduction of MV by colloidal CdS.[ ]
In Scheme I this will occur when kM is much larger than

kR[h+]. It is interesting to compare this result with the
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Fig. 4.1 Photoreduction of MVZ' (107° M) by cas(5.10”" ),

SHMP(10™ > M) as a function of flash intensity.
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dependence of the photobleaching of CdS on the flash 1intensity.
In Chapter 3 it was shown that the transient bleaching resulted
from a minor reaction pathway compared to charge recombination
and that the concentration of electrons and hence the amount of
the bleaching increased with the square root of the flash
intensity.[‘S]

The transient absorption spectrum of photoreduced MV+ is
shown in Fig. 4.2 immediately after the photoflash and again 3ms
later. During this short time, the spectrum shifts to a longer
wavelength. The kinetic traces, in Fig. 4.3 show the spectral
shift more clearly for 480nm and 600nm.

There could be at least two explanations for our

observations:

i) Homogeneous dimer equilibrium;
ii) desorption of dimer from the surface of colloidal CdS

particles.

(i) In the firsf explanation it is possible that the high local

concentration of photoreduced MV+ leads to the formation of
. [165] R

dimers. Kosower has shown that the equilibrium constant for

the dimerisation in homogeneous solution is:

v K S mv*) (4.1)
-~ 2

K = 2.6x10 mo1” "

and the spectrum shows a similar shift, when dimers are present,
to that shown in Fig. 4.2. In contrast research wusing time-

resolved high resolution Raman Spectroscopy has found no evidence
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Transient absorption spectrum of photoreduced
MvETL ax1070 M) by cds (1070 M)
immediately after photoflash {( O ) and again

3 ms later (@ ).
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Fig. 4.3 Oscilloscope traces of {(8) absorbance of photoreduced

HVZ* at 605 nm and (A) recovery of absorbance at 485

nm for a colloid containing CdS(5.10_‘ M) and

Mv*? (4,107 M),
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s . + {1661
for specific adsorption of MV on (CdS.

By using the mass transport model the particle size 1is
calculated and found to be around 1000nm (Appendix 3), whereas
the size of particles 1is measured as around 17nm by high
resolution transmission electron microscopy. This model and some
other calculations (Appendix &), show that no dimers are formed

in the solution to dissociate to the monomers.

(ii) In the second explanation of desorption surface kinetics we

can write:

(4.2)

D
aq

where kH and kD are the rate constants for desorption of monomer,
HV*. and dimer, (MV’)2 from the CdS particle, respectively. It
is assumed that at t = = no dimer exist in the bulk.

We have supposed that the dimers and monomers immediately

after the photoflash are on the surface of C(CdS particles.

Therefore we can write:
d = Km (4.3)
S

where ds and ms are the concentrations of dimers and monomers
respectively on the surface and K is the equilibrium constant.

The kinetics of the desorption reactions give:
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d(2ds + ms)
_—-EE—“—"” = -ZkD ds - kH ms (4.4)

These balance between the surface of area A and the bulk solution

of volume V gives

2 A ds + A ms + Vm = Vm (4.5)

in which m is the concentration of monomer at time t and m_ is
the concentration of monomer at the end.

By changing the variables to

d
u = LU v = A Tﬁ and w = E-i A
“m "V om “m v
) o0 o
equation (4.5) becomes
u+va+w=i (4.6)

using equation (4.3) gives:

2Kmnv 2
w = A v (4.7)
2
or w= Y V
2Km~V
where Y = A

. . A .
Multiplying equation (4.4) by vm_ 9ives:
o0

.

diw + v)

e = - Kw - v (4.8)
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where Tt = k., t and K =

By substitution of w = yvz

(2y v +# 1) == = - (YK v + 1) v

or

(2yv + 1) dv
vit + yKv) dt

The desorption

using equation (4.10) we can have four cases as below:

reactions are assumed to be

in equation (4.8) we have

first-order,

Yv <<t v >>1
1) I111)
M D — 2M
S § - s
YKv <«1 l
Magq 2Haq
11) iv)
——
Ds —2M Ds
YKv >>1 l
Daq—;ZHaq Daq—--—> ZMaq

CASE 1

If Yy v << 1 and YK v << 1,

d << nd k =k .
S ms a M desorption

becomes:

In

this case

equation

(4.9)

(4.10)

then

//s

then we have (by substitution)

(4.10)
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becomes:
dv
— z -V (4.11)
a1
-1
ar vV = ve

This means that the reaction is first order for v with t.

1/2

Substitution of equation {(4.11) by v = (w/Y]} and ds from
Appendix 5 gives
(ODOﬂODm)
lnw‘)—-= 2kMt (4.12)

As shown in Fig. 4.&, the experimental data for different
concentrations of MV2+ are a good fit to equation (4.12). In

this case only desorption of monomer from the CdS surface occurs.

CASE 11

If yv << 1 and yKv >> 1, then we have

g% = - ysz (4.13)
and
1 1
; = '\B + YKt
or
1/2 1/2
(—L) o + YKT
w w
(o]

By substitution of parameters and using Appendix 5 we obtain

1 1 A
e — z — k.t (&4.14)
/2 (OD()-ODW)”2 vmm(Ke )1/2 D

1
(0D-0D_) eff
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Fig. 4.4 Desorption of dimers, (MV’) from CdS
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surface, where the solution contains CdS$S

(5x10" % M)and MVZ' (4x107> M).

CASE I & CASE 1V.
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Fig. 4.5 shows the plot of the left side of equation (4.14)
against t, which 1is not a straight line. Since yv << 1, then K
>> 1. Therefore, desorption of the dimer from the surface should
be very much higher than that of the monomer, 1i.e. kD>)>kH.
This case is not possible, because the diffusion coefficient for

dimer is less than monomer one.

If yv >> 1 and YKv << 1, then we have

ov 1
a,r - = ZY (4.15,
Integration of eq. (4.15) gives
v=uv - L T
T Y0 2y
Substitution of v, w and ds from Appendix 5 gives
72w M2 L s
2(y)
or
k
a1’ as M
4(K)
or
k e 1/2
(oo -a0_) "2 (op-0p )72 - B ey (4.16)

Fig. &.6 shows the plot of the left side of eq.(4.16) against t,
which 1is very scattered. This means that the experimental data

cannot be fitted to equation (4.16) and therefore Case III does
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not explain the situation observed in the experiments.

CASE IV

This case is the same as case I, except that ds > m . so

that desorption of dimer from the CdS surface occurs, 1i.e. kD s
kdesorption

O0f the above four cases, only case I and IV were first-order
and thus consistent with our experimental data. To determine
whether case I (monomer desorption) or case IV (dimer déspersion)
is the correct one for our results, we go back to Fig. 4.2. |In
the monomer case, we expect the absorption curve after 3ms to be
broader, and flattened with respect to that for the monomer
adsorbed at the CdS surface immediately after flash. For case
IV, the dimer desorbs from the surface, the absorption curve
should be shifted with respect to the surface monomer (at

[82'155]. Therefore, Fig. 4.2 reveals that the desorption of

t=o}
dimer rather than monomer, from the particle surface 1is more

probably the case of the change in the absorption spectrum.

. . +
4.2 Cysteine effect on the vield of MV

In the third chapter we described the rate of reduction of

methyl-viologen (HVZ*) to MV’ from photoexcited CdS colloids 1in

. 451
the presence of cysteine as an electron donor.[ Where only

l(l—zmoldm—3 cysteine was present in the solution containing CdS

and MVZ* [(1—5)x10_6moldm-3], the yield of MV* was much smaller
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than for CdS and MVZ‘ alone. The photoreduced MV+ was formed by
a bimolecular process with a rate constant of 3.6x108 dm3mol_

s 1. In the absence of cysteine the reaction appears within the
photoflash for methyl viologen concentrations as low as
10-6moldm_3 and the reaction involves direct electron transfer

from the conduction band of CdS to adsorbed Hvz*.

The dramatic effect of cysteine on the yield of MV’ for a
range of cysteine and MV2+ concentrations is shown in Fig. 4.7.
Cysteine concentrations as low as 2x10—"moldm—3 decrease the
yield of Mv* by up to a factor of 30. This effect and the shape
of figure 4.7 suggest that cysteine effectively coats the surface
of CdS particles, dislodges HVZ* from the surface and prevents
the methyl viologen from accepting electrons and hence decreasing
charges recombination. Instead the reduced methyl viologen 1is
produced in a slower reaction with electrons trapped on the
particles, so that it is now formed after the photoflash as shown

in Fig. 4.8.

4.3 pH effect on the n‘glg_p_f__tnfi

It is well known that the reduction potential of an electron
on oxide particles is controlled by the pH of the solution and

this in turn controls the rate of electron transfer, for example

[76]

from TiO to methyl-viologen. Due to the changing surface

2
charge this is not generally the case for non-oxide

semiconductors, such as CdS, since they are less susceptible to

the surface protection. As shown in Fig. 4.9.a, the yield of
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radical cation MV+ increases approximately linearly with pH after
the photoflash. Since the vyield of viologen depends on
competition between electron transfer to MVZ* and charge
recombination, either charge recombination is slower at higher pH
or the rate of electron transfer to methyl-viologen (MV2+)
increases with pH. The latter case seems the more probable
explanation. In our solutions, the surface is coated with
sodium hexametaphosphate as a stabilizer and this may reflect the
concentration of protons in the solution. Alternatively, the pH
effect on CdS particles may arise from a coating of cadmium oxide

on the particles, which could similarly respond to pH changes by

the adsorption of either cations, H+ or anions, OH .

. +
4.4 Pt effect on the vield of MV

The effect of Pt on the yield of methyl viologen radical
cations (HV*) at different pH is shown in Figs. 4.%.a and .b. In
these experiments the platinised CdS particles were formed by
mixing Pt and CdS colloids.

When Pt is present in solution the kinetics suggest that at
pH 3-10 the Pt is attached to the CdS particles catalysing the
reduction of protons to gaseous hydrogen. Thus the yield of MV+
is smaller immediately after the photo flash. If the particles
were not attached to the CdS, then the viologen concentration
would be expected to be identical to that in the absence of Pt,
immediately after the flash. When the Pt is bound to the
particles, photogenerated electrons have three decay routes -

. . . 2+ .
charge recombination, reduction of MV or reduction of water at
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Fig. 4.9 pH-effect on the yield of photoreduced HV2+:

—4 -~
(0 cdsisx10™ " M) and MvZ (1072 M),

-4 2+ -2
(O ) %1 Pt/CdS(5x10 ~ M) and MV (10 ° M).
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Pt islands - as shown in Scheme I1I.

heat
+
h
I, My 2?
e > MV+
Pt/H’
H,
SCHEME 11

In the above scheme II there is either free carrier recombination

(heat, hv') or electron transfer (MV+. H2). The relative yields

of H2 and MV’ for a given Pt, as a catalyst and Hv2+

concentration will depend on the overvoltage for the two
processes, since this is expected to determine the rate constant
for electron transfer in line with the Tafel equation.[82] The

redox potential of HV24 is fixed at -0.448 mV (against NHE) and

is 1independent of pH.[52] whereas the redox potential for H2
formation shifts by 53 mV per pH unit[52] according to the Nernst
equation:

3 (H’/Hz) = 0 - 0.059 pHmV (4.17)

At pH 7.5 the standard potentials of the two reactions are the
same and Fig. 4.9.b shows that below this pH the yield of Mv' ois
significantly reduced. When the pH is increased above 7.5 the
relative vyield of Al gradually increases until pH 12 when the
yield is the same in the presence and absence of Pt.

Gr;tzel and Ramsden measured the effect of Pt on the vyield

of MV’ at pHS and observed that at 81 Pt loading, one third of
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) . [52]
the conduction band electrons react with Pt. In all of our

experiments with MV2+ and Pt, the formation of MV* was observed
during the photoflash and its concentration did not significantly
increase or decrease within 10us of the flash. This suggests
that MV+ does not readily transfer electrons to Pt bound to the
CdS, even though the reaction is thermodynamically favourable
below pH 7.5. Nor is MV2+ reduced by the low concentrations of
H2 formed on the Pt islands during the flash, a process would be
thermodynamically favourable above pH 7.5. It is possible that

these processes occur during the photoflash before MV+ or H2 can

leave the environment of the particles.

- o k3 ’
4.5 Jhe effect of flash intensitv on the vield of MV

We have shown (Chapter 3) that the magnitude of the
transient signal in the absorption spectrum of CdS subjected to a
photoflash 1is proportional to the square root of the flash
intensity. In this section the effect of flash intensity on the

yield of HV+ is studied in two ways as below:

4.5.1 At varjous pH

The effect of flash intensity on the vyield of HV+ in
solution containing C€dS and 4IPt colloids at different pH 1is
shown 1in Fig. 4.10, At any pH the yield of reduced methyl
viologen, NV+, could be increased by increasing the flash
intensity. When the CdS/Pt sols 1in the presence of MV2+ were

flashed continually for about 20 times at pH = 12 and then
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Fig. 4.10 The effect of flash intensity on the vyield

of MV’ for a colloid containing CdS(5x10—‘ M)
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+
subjected to different flash intensity, the yield of MV  was
reduced by a factor of 5. This effect may possibly be explained

by decomposition of CdS particles in every photoflash.

4.5.2 Photodegradation of CdS

The quantum vyield of degradation in the absence of any

additives in aerated CdS sol has been reported as 0.04 CdS

186 .
molecules per photon.[ ] They also found that, in the presence
2+ . -4 -3

of MV at a concentration of 10 moldm -, the rate of
degradation increased by a factor of 6. These effects can be
understood in terms of the following mechanism:

e e v 5w (4.18)

Mv' s 0, — s uv?t 4 D (4.19)

.
2 2
[56] . ..

It has been shown that oxygen itself does not efficiently
pick up electrons directly from C(dS particles. Hence, MVZ’

facilitates the removal of electrons, and the remaining positive

holes efficiently oxidise sulfide anions to sulfur:

+ 2

h + 8 ———— 3§ (4.20)
i N .
S o+ 02 —_—s S+ 02 {4.21)
. . . . [186]
The superoxide radical anions mainly form H2 02. The rate

of degradation of aerated CdS sols was analogously increased by

addition of Pt sols.

In our experiment, when deaerated CdS sols were illuminated

15
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in the presence of 10_2moldm“3 of MV2+ and different per cent of
Pt sols photodegradation of CdS was observed, as shown in Fig.
4.11, Adsorbed Pt colloids caused a retardation of the
degradation of CdS in the presence of HVZ*. The proposed

mechanism of photodegradation of CdS in the presence of Pt 1is

shown as:

+

H +e + Pt —>Pt-H (4.22)

together with equations (4.20) and (4.21), and in the presence of

both pt and MVZ*, retardation of degradation, is shown as:

Pt-H + h® ——— 5 Pt + H' (4.23)

The effect of flash intensity on degradation of CdS is also shown
in Fig. 4.11, By increasing flash intensity from 10kV to 20 kV
the rate of degradation approximately doubled. This process may
possibly be first-order, but due to insufficient results, we

cannot prove it.

4.6 Conclusion

The studies presented here serve to illustrate the important
features of surface effects in the colloidal semiconductor, CdS,
by using time-resolved techniques:

When Hvz* is photoreduced at the surface of colloidal (dS,
desorption of the dimer cationic methyl viologen radicol, (HV‘)Z,
from the surface of the particle into the bulk of solution causes
a shift in the absorption spectrum after the photoflash.

The presence of a low concentration of cysteine in the
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_ 2+ ) 2+
solution containing CdS and MV prevents the adsorption of MV

on CdS particles and reduces the yield of MV+ by a factor of 30.

The yield of MV+, in the absence of any additives, increases
with pH (pH 2-12). This effect may be explained by the
increasing of the potential of conduction band's electron on the
particle with pH.

The vyield of HV* in the presence of adsorbed pt is reduced
at pH < 17.5. However, above pH 7.5 it is the same as that
obtained in the absence of Pt. This is because the reduction
potential of H+ above pH 7.5 is more negative than that of HV2+
and the reduction of HV2+ by any H2 which was formed on the Pt
"islands”™ during the photoflash is thermodynamically favourable.

Thus the study of surface effects in the photo-
electrochemistry of semiconductors provides valuable information

in the search for an efficient method of solar energy

conversion.
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Phot st ¢ Colloidal Zns

In the last two chapters {(3,4), the kinetics, photophysical
and photochemical behaviour of colloidal CdS have been described.
It was shown that the photoreduction of adsorbed molecules,
photodegradiation of the colloid, photobleaching of the
absorption of the colloid and the quenching of its 1luminescence
can be explained in terms of the formation of electron-hole pairs
by bandgap photoexcitation of CdS and subsequent reactions of
these charge carriers. In this chapter we 1likewise consider
absorption, luminescence, photagradiation and the kinetics of

interfacial reactions at ZnS particles.

INTRODUCTION

Zinc sulfide is a n-type (II-XI) semiconductor with a much
larger energy band gap (3.64 eV) than that in CdS (2.42 eV).
Tributsch and Bennett[170] have found that the upper edge of the
valence band in ZnS is located at about 2.3V which is 0.8V more
positive than that of CdS. Similarly, the lower edge of the
conduction band is loacated at -1.4V which is more negative than
in CdS. Therefore electrons in ZnS should have more reducing
power and positive holes stronger oxidising power than in CdS.

The photochemistry of ZnS particles in aqueous suspension

. . 171, 17
was studied more than fifty years ago.[ 21 It not only
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photolyses but also catalyses the photo-decomposition of

.[60'173'181] From the viewpoint of solar energy

water
utilization, the photo-(electro)chemical behaviour of colloidal
Zns has been intensively studied during the last few
years.[173'181] However, the solar production of hydrogen by
photolysis of water using ZnS has drawn little attention, because
ZnS is photodegradable in water.[171] But in the presence of an
electron donor, such as tetrahydrofuran, methanol or ethanol it
has been found that ZnS is very efficient in the photocatalytic
cleavage of water.[182]

ZnS exists in two «crystal forms: Blende (cubic) and
Wurtzite (hexagonal). Its valence band consists largely of s and
p orbitals from sulfur and the conduction band is mainly due to s
states of Zinc metal.[183] ZnS possesses high specific
resistance and therefore it is difficult to study by
electrochemical methods. The direct observation of photochemical
reactions in ZnS complements electrochemical investigations. In

the following section some aspects of the photophysical and

photochemical behaviour of colloidal ZnS are considered.

5.1 Photophvsical Properties

5.1.1 Absorption Spectrum

The absorption spectrum of 5x10_3moldm~3 undoped colloidal

. -3 - .
ZnS with 5x10 moldm 3 of sodium hexametaphosphate as a
stabiliser at pH»7.5 is shown in Fig. 5.1. The onset of the

light absorption was observed at 336nm, which is very close to
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the band gap energy of the macrocrystalline ZnS. Therefore
colloidal 2ZnS 1is transparent in the visible region and this
allows one to study the surface photoeffects in more detail. As
shown in Fig. 5.1. at wavelengths shorter than 336nm
(corresponding to photon energies greater than the band gap). the
absorption rises steeply. This means that the absorption
spectrum of colloidal 2ZnS particles is typical of that for a
crystalline semiconductor. When the concentration of colloidal
ZnS was lowered from 5x10-3moldm_3 to 10-3moldm-3 a shoulder
appeared around 300nm and the onset of absorption shifted from
336nm to 320nm. This means that dilution of the stoick solution
by a factor of 5 produce smaller colloidal semiconductors
particles. It was also found that the stability of the diluted
solution 1is much greater than that of the stock solution.
Therefore dilution prevents the coagulation of colloidal
particles and precipitation in a short time. There is a fair
similarity between our results and those reported by Henglein and
(1771

coworkers for the absorption spectrum of wundoped Zns

colloids.

5.1.2 The Fluorescence of Zn$

The fluorescence spectrum of undoped colloidal ZnS is shown
in Fig. §5.2. The colloidal ZnS fluorescences upon excitation
with 1light of wavelength below 320nm.[58] As shwon in Fig. 5.2
the broad fluorescence spectrum of ZnS starts at 335nm (the onset

of the absorption spectrum). ZnS has a larger quantum yield of

fluorescence than CdS. It is reported that the quantum yield for
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Fig. 5.1 Absorption spectrum of undoped ZnS {5x10 M).
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60
ZnS is 131, while that for CdS is only 21.[ ! Because of the

high emission efficiency of the ZnS crystal, luminescence studies
of both doped and undoped colloidal ZnS are more convenient than

for CdS or Ti02.

5.1.2.1 Quenching Effect

Quenching of the fluorescence of colloidal ZnS is observed
in the presence of an electron acceptor such as methyl viologen.
This effect 1is shown 1in Fig. 5.3. Addition of even low
concentrations of HV2+ has a dramatic effect on the quenching of
fluorescence. For example, addition of 8x10_6m01dm-
methylviologen as one third of the photoluminescence of ZnS.
Increasing the concentration of HV2+ increased the quenching
effect. As shown in Fig. 5.4, 951 of the fluorescence was

2+ This means that metyhyl viologen

quenched by 8x10 “moldm > MV
is strongly adsorbed at the surface of ZnS particles and removes
excited conduction band electrons from the surface of the
semiconductor particles. Hence the vyield of electron-hole
recombination which 1is responsible for the fluorescence, 1is
decreased by increasing the concentration of electron acceptor in
solution. The remaining holes on the valence band may decompose

the ZnS particles. The mechanism for quenching and degradation

is:
hv - +
ZnS ————3» ZnS{e, h ) (5.1)

e + HVZ* —_— My’ Quenching (5.2)
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Fig. 5.3 Fluorescence quenching of undoped ZnS(5x10 M)
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e + h’ _— 5 hv' Luminescence (5.3)

] M LN Degradation (5.4)

Fig. 5.3 shows that the time of illumination has an effect
on the quenching. for example, after 2min illumination, the
quenching increased by about 47. This may be explained either as
adsorption of more quenchers on the surface of colloidal
semiconductor particles during the illumination, or as
photodecomposition of the colleid. Photodegradation of ZnS could

be decreased by adding hole scavengers such as NaZS or methanol.

5.1.2.2 The Kinetics of Quenching at the Interface

The kinetics for the reaction of excited electrons in the
conduction band with molecules of methyl viologen (MV2+) adsorbed
on a colloidal ZnS surface coated with sodium hexametaphosphate
(SHMP) as a stabiliser are described by the poisson equation as

i1llustrated in Fig. 5.5. The equation is:

I 2+
12 . VD (5.4)

N1
where IO and I are the absence and presence of methylviologen
respectively and N is the number of reaction sites on the surface
of colloids. The figure also shows a Stern-Volmer plot of the
fluorescence of ZnS as a function of the concentration of HV2+,

according to the standard relationship:

, ka iMv2*y

k
0

(5.5)

IO
T !
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where Kq is the quenching rate constant for the reaction between

v2?

M and excited electrons in ZnS and k0 is the recombination

rate constant. Fig. 5.5 shows that a steady-state Stern-Volmer
plot of fluorescence quenching is curved, but a semilogarithmic
plot is linear, indicating that the data are explained by Poisson
kinectics. Analysis of the data by equation (5.4) provides
information on the reaction sites, N. From the slope of the

straight 1line, the site concentration is calculated to be about

3x10~5mol.

5.2 Photophysical Properties of Doped Zn$ -
5.2.1 Absorption Spectrum

The doped colloidal 2ZnS particles were prepared from
5x1(]_3m01dm-3 zinc chloride with 10-‘2moldm—3 phosphate stabiliser
and different concentrations of doped materials. They were
prepared at room temperature and solutions were flushed with
nitrogen both before and after purging with HZS' The absorption
spectrum of an*—doped ZnS is shown in Fig. 5.6. The absorption

b34 3+ n2+ 3+

spectra of ZnS colloids doped with T , Eu , M /Tb and

Mn2+/Eu3+ were all observed to be similar to that of Hn2+ doped
ZnS (Fig. 5.6). The onset of absorption of all of these spectra
was faund to be between 325 and 335nm, similar to the wundoped

ZnsS.
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Fig. 5.6 Absorption spectrum of ZnS (‘3)(10_3 M)
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5.2.2 Flyorescence Spectrum

The luminescence of colloidal ZnS and Mn2+—doped ZnS was
first reported by Bard and Becker.[17‘] They obtained a maximum
luminescence efficiency of 0.08 for a 51 Hn2+—doped ZnS
dispersion. When the colloidal dispersion was prepared under
oxygen free conditions, they obtained a weak blue and strong
orange luminescence around 4#30nm and 580nm respectively. In our
method, when 101 Mn2+—doped ZnS colloids were prepared at room
temperature and flushed with nitrogen, strong blue and weak red
emissions, centered at 430nm and 670nm respectively, were
observed. As shown 1in Fig. §5.7. the intensity of the blue
emission is about 20 times that of the red luminescence. There
is a great difference in both the emission centers and the
intensities of the red and orange luminescence observed in the
two methods. This difference may arise from the different
methods of preparation and the quantity of anQ and sulfide ions
added during the preparation.

The blue luminescence of an*-doped ZnS colloids lies in the
spectral region associated with luminescence from self-activated
centers which 1is attributed to various kinds of lattice
defects.[184'185] The orange emission in Bard's experiment
arises from incorporation of Mn2+ in the crystal lattice. Its
intensity depends on the amounts of Mn2+ doping and excess
sulfide ions. The appearance of the an* emission required the
absence of excess sulfide ions and the presence of dissolved

[174]

oxygen in solution. In our experiment the disappearance of

orange luminescence may be attributed to the presence of excess
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sulfide 1ions and the absence of dissolved oxygen. The weak red
luminescence 1in our experiment may possibly be due to scattered
light.

The blue luminescence of zinc sulfide colloids doped with
an’/Tba*, an*/Eua*, Eu3* or Tb3+ are very similar to that of
the Mn2+ doped ZnS. For 17 doping of the above-mentioned
colloids, the Tba*—doped one had the most intense blue emission.

If the doping in this colloid was increased to 37, the blue

luminescence increased by a factor of 157.
. . 3+ 2+
When the colloidal ZnS was doped with 11 Tb + 11 Mn
there was a decrease of about 30 in the blue luminescence

3+
compared to the 11 Tb -doped ZnS. Our experimental results are

explained as follows.

Uchida has observed that self activated luminescence (SAL)
appears strongly in ZnS phosphors with excess zinc but disappears
in phosphors having excess sulfur.[1ag] He therefore suggested
that the self activated luminescence (SAL) center is associated
with sulfur vacancies which are located below the conduction
band. Sulfur vacancies 1in ZnS generate localised donor sites
which can attract and trap electrons. Emissions occurs when a

trapped electron recombines with a hole in the valence band or in

some acceptor level. (Fig. 5.8).

Tba’ ions present in the bulk of ZnS will act as sulfur

vacancies and increasing their concentration increases the sulfur
vacancies so more electrons will be trapped in localised donor

2+
sites. It has been argued that the Mn -doped site can attend

. . [189,190
holes and act as a hole trapping site. ] Therefore, the

number of trapped electrons and holes when both Tb3‘ and an* are
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Fig. 5.8 Luminescence mechanism for colloidal ZnS emission.
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IS: sulfur Interinsity
e_t: electron traped level
h*.: hole traped level.
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-+
present may be increased and consequently the direct eh pair

recombination decreased.

5.2.3 Aging Effect

L. . . -2 3
The solubility of ZnS in water is so low (7x10 gram/cm )
that, if a dilute solution of Zn2+ is mixed with a Sz_solution of

. . 2 . . . . .
high concentration, Zn * will exist entirely in the form of solid

ZnS in the equilibrium condition. Small ZnS particles are 1less
. . 2023}

stable than larger ones and tend to dissolve rapidly. The

dissolved ions, in order to achieve higher thermodynamic

stability, tend to transfer from smaller to larger particles as a
function of time. This effect is the "aging effect” or Ost.wald
ripening.

It has been reported that the absorption and emission

spectra of undoped and doped ZnS particles changed upon aging for

about one day.[175' 1771 We have obtained similar results for

. . . 2+ 3+ 3+ 2+
solutions of colloidal ZnS doped with Mn , Eu , Tb  , Mn

or Hn2+ITb3+, after aging for 80 days. As shown in Fig. 5.9 the

luminescence 1intensity of ZnS doped with Hn2+/Tb3+ is doubled

/Eua*

after 80 days and shifted about 25nm towards red luminescence.
The emission intensity of 21/Tb3+-doped ZnS was nearly the same.
This indicates that, with aging the size of the particle was
slightly increased. The smooth curve in the aged solution shows
that the distribution of the particles during this period becomes
more uniform. This uniformity may be attributed to the settling

of particles with time.
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Fig. 5.9 Aging effect on the emission spectrum of ZnS

doped with 21 Tb>' /102 Mn2'.
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5.2.4 Photodegradation

Colloidal 2ZnS photochemically wunstable. The effect of
irradation time on the fluorescence of fresh 27, Tba’—doped Zns
is shown in Fig. 5.10.

The photodecomposition of ZnS crystals and powders 1in the
presence and absence of various additives has been recently

. [(1717] .
studied. In the absence of oxygen no degradation was
observed for CdS but a very slow degradation was observed for

both doped and undoped ZnS colloids. In the latter case one may

write the foliowing mechanism for degradation:

Zns —™Y 5 7ns (e, h')

2H" s2”

The conduction band in ZnS <colloids possesses a more
negative potential than in CdS, which facilitates H2 formation,
and the valence band has a more positive potential, which may
oxidise the sulfide. H2 production has not been tested by us,
but Kirsch has recently reported H2 formation by near UV
illumination of ZnS powder.[173]

Photodegradation 1is a process that competes with electron
hole recombination. In the presence of an electron scavenger, a
significant rate of degradation can be achieved. This is because
removal of electrons from the conduction band gives the positive

holes a greater chance to oxidise sulfide ions, thus promoting

the degradation.
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Recently Reber and Meier have been reported that sulfide
sulfite 1ions in solution are hole scavengers which stabilise the
ZnS surface very efficiently against anodic

. [191] . .
photodegradation. They have produced sixteen 1litres of

hydrogen with 1.0g of ZnS in 35h without any observable

deactivation of the photocatalyst.

5.3. Kinetjcs Study

The photoinduced charge transfer reaction at the interface
of undoped colloidal ZnS was studied by time-resolved microsecond
flash photolysis. When the solution containing colloidal ZnS
(5x10_3m01dm-3) and KBr (3x10-3moldm_3) was deaerated and then
subjected to a microsecond flash, a transient absorption was
observed on the timescale of several hundred milliseconds. When
the same concentration of KBr was flashed in the colloidal CdS
solution, the transient was on the sub-millisecond timescale.
These transients revealed that the photoreaction of ZnS with KBr
was slower than that of CdS colloids. Such a striking difference
in the process of two colloidal semiconductors could be due to
the difference in band gap energies.

In the introduction, we have shown that the electrons and
holes 1in the conduction and valence bands of ZnS possess more
reducing and oxidising power respectievly than that of (dS. By
this explanation, we may be able to suggest that the slow
reaction of KBr with 2ZnS arises from photo-oxidation of bromide

to bromine by the positive holes of ZnS colloids.

and
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5.4. Conclusion

Absorption spectra of doped and undoped ZnS colloids have
been shown to be similar with an onset at around 330nm,
indicating that the absorption spectra of ZnS colloids are
typical of those for a crystalline semiconductors.

. 2 3+
The study of the fluorescence of ZnS doped with Mn +, Eu

7", Mn?'/e®® or Mn?* /167" indicated that MnZ'/Tb>" may have
more electron and positive hole traps than the others. The study
of trapped charge carriers in the particle is very important as
they can influence the photocatalytic activity and
photodecomposition of the semiconductor.

In the kinetics study of a wide band gap semiconductor (such
as 2ZnS) with respect to a narrow band gap one (such as CdS), we

have demonstrated the photo-oxidation of bromide to bromine on

the surface of ZnS colloids.



CHAPTER 6
ic otochemic I ie cd mmobilised
thin embrane
Introduction

The aim of this chapter 1is to draw attention tc the
photophysical and photochemical aspects of cadmium sulfide
immobilised in 2 dizlysis membrane {DM). The study of absorption
spectra of CdS incorporated inte membranes and polymers showed
that small semiconductor particles were formed. The techniques
of both steady-state and pulsed methods have been successfully
used to investigate some reactions at the semiconductor-liquid
interface. Photoreduction of Mvz*, photo-oxidation of methyl
orange and luminescence gquenching by HVZ* were studied by
trapping CdS particles in the membrane.

Studies wusing colloidal CdS have been discussed in previous
chapters. Colloidal semiconductors possess the potential for
solar energy conversion and therefore have been studied by a
growing number of laboratories worldwide.[44_90'192_198]

Ideally, colloidal semiconductor particles should be small,
uniform and stable. The smaller the particle the greater is the
chance of charge carriers escaping to the surface of particle
before recombination occurs. Very small colloidal semiconductor
particles, which are named Q-particles, are a subject currently

. . . 193,196,189-215 .
under intense 1nvestlgatlon.{ 9 ] The size of
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particle has & dramatic effect on the semiconductor properties of
these colloids.

When the size of semiconductor particle decreases, the band
gap 1is blue shifted. The smallest diameter for colloidal CdS
reported 1is about 5nm and even 1ess.£199'201*202'205] It 1is
difficult for such a small particle to be stable in solution for
a long time and coagulation occurs. Furthermore CdS and more
generally, the non-oxide n-type semiconductors are unstable and
under 1llumination photoanodic decomposition occurs.
Stabilisation of small semiconductor particles with respect to
photodecomposition involved the use of either organised
surfactant assemblies such as micelles, reversed micelles and

[67-70,143,193,196-197,222-224%1 . .
or solid matrices such as

Clay, cellulose, Nafion or a polyurethane membrane.[151'216-221]

vesicles

It bhas been shown that in situy generation of small CdS
particles 1in such systems enhanced their stability and produced
semiconductor particles of a more uniform size.[151] The polymer
immobilised semiconductor has several advantages:

i) They are very simple to remove from solution for analysis of
the reaction solution and regeneration of the semiconductor
particles.

11) The polymer matrix may play a role 1in ion-exchange
properties, concentrating some solution reactants and
rejecting others.[2203

ii1i) The membrane system offers the potential for charge transfer

with separation of the reduced and oxidised products.

iv) Stability to flocculation and/or precipitation.
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v) Usefulness in flow systems.
vi) Very simple preparation.

vii} fFabrication to multicomponent systems 1is possible.

In an effort to obtain a better understanding of these
systems, C€dS particles were synthesised within several polymers
and dialysis membrane. The photophysical and photochemical
behaviour of these systems are discussed in the following

sections.

6.1 CdS in Polymer

The thin film of embedded CdS was prepared using different
polymers as mentioned in chapter 2. Thin films of CdS with
various stabilisers such as polyvinyl alcohol {PVA},
polyacrylamide (PAA) and poly (2-vinyllpyridine (PVP) were
successfully prepared on the glass slide and their photophysical
behaviour studied. The best results were obtained using 11 PAA.

Fig. 6.1a shows the absorption spectrum of in situ generated

CdS in 17 PAA polymer. The onset of the absorption spectrum
started at 515nm, which 1is similar to the onset of colloidal CdS
absorptions, as mentioned in the last two chapters. There 1is
also a weak maximum at about 420nm. We can attribute this
maximum to excitation of electrons from the wvalance band to
exciton states (the natural excited states of the lattice, where
the charge carriers do not move independently of each other). At
shorter wavelengths (Fig. 6.1a) the absorbance increases and a

very weak shoulder at the blue edge of the band gap appears
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around 370nm. Development of this shoulder in agreement with

203 . 06|
s{ ) and Hengleln[2 ! corresponds to the

Bru
exciton state.

The fluorescence spectrum contains broad and sharp bands
around 390m and 470nm respectively and two weak sharp bands at
490m and 500m. Lee and Heisel[zzgl reported that, due to some
non-exchangeable impurities (the amount of impurity varies from
batch to batch) in the prepared film, excitation of the polymer
film in the UV region (Aex = 260, 300nm) resulted in the emission
band at 33%0nm. We can also attribute the first maximum to the
impurity present in the polymer. Other peaks can be attributed
to the emission of the non-uniform surface of the polymer film
(Fig. €.1b). Although, shape of the flucrescence was not

dependent on the wavelength of the exciting light, 1its position

did depend on this wavelength.

6.2 CdS in Dialvsis Membrane (DM)

Recently, immobilisation of CdS particles into special
-221
matrices has received considerable attention‘“s"218 2211 Some

workers have produced CdS particles in thin films of different

membranes in order to study the photochemical, photophysical and

photocatalytic properties of such systems.[151'180'220’225]

However, no mention has been made concerning the preparation of

CdS incorporated into DM.
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Fig. 6.1 (a) Absorption and

-2 ,
{(b) emission spectra of CdS (5x10 M) incorporated

into 171 PVA;

Xe, =300 nm -
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6.3 Photophvsical Properties

In this section special attention was focused on the
absorption spectra of DM alone and incorporated with CdS colloid.
Before proceeding with an account of the photophysical
properties, 1t 1is pertinent to consider the nature of thin film
dialysis membrane.

DM, as mentioned in the second chapter, 1is produced from
cellulose (C6H1205)' and contains water, glycerol as a humectant
and small quantities of sulfur compound (0.171). Both glycerol
and sulfides may be removed by proper washing. The normal

. . {140
molecular weight 1is reportedL ! to be 12000-14000. The average

pore radius of the membrane is reported as 24Ao {thickness
0.32nm) which i< the correct size to immobilise small particles
of CdS colloids.

DM as well as Nafion[151] became slightly vellow after being
stored in air at room temperature for a long time. The yellowish
coloured compound may be due to degradation and/or an oxidation
product of the polymer. It can be removed by boiling repeatedly
in distilled water. The film of DM with incorporated C€dS 1is
bright yellow/orange {depending on the concentration of

synthesised CdS) and transparent. Therefore it is a medium whose

photophysical, chemical properties can easily be studied.

6.3.1 Absorption

. . 2
Figure 6.2 shows the absorption spectrum of 8cm of the

dialysis membrane and CdS film measured in a 1cm quartz cell.
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This figure indicates that the DM is transparent in the wvisible
region but absorbs light of the UV region. This figure also
shows the absorption spectrum of CdS (from 10_2moldm_3Cd(N03)2)
immobilised within DM. The absorption threshold of incorporated
CdS 1is at about 480nm i.e. the onset of light absorption was
shifted towards shorter wavelength. In other words, small
colloidal particles are formed within the DM. If the Cdz‘—
trapped film is permitted to soak in NaZS (0.1m01dm—3) for a long
time, the membrane becomes orange in colour and at still longer
times translucent. Furthermore its absorbance becomes greatly
enhanced at all wavelengths.

We have attempted to measure the size of the incorporated
particles using high resolution transmission and scanning
electron microscopies. But due to the low resistivity (and high
thickness) of the membranes to high energetic electrons the film
burnt and we could not determine the size of the particles. This
may be the only disadvantage of the DM with respect to other
membranes such as Nafion.

From the estaimations by Henglein and coworkers.[zoel this
value of the absorption edge (480nm4 corresponds to an average
particle diameter of less than Snm. This estimated size for CdS
particles 1is consistent with the membrane pore size. Therefore
small CdS particles are trapped within the pores of the dial;ysis
membrane. The absorption spectrum of CdS incorporated into the

DM is affected by at least two factors. The concentration of CdS

particles and the method of preparation.
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6.3.1.1 The Concent i c

When the concentration of immobilised CdS was increased (by
dipping DM into concentrated Cd2+ before using NaZS) from 10ﬁ2 to
10_1moldm—3 (Fig. 6.3.) the absorption threshold shifted from
480nm to 520nm. This shift towards longer wavelength indicates

that larger particles are formed within the DM by increasing the

concentration of CdS.

6.3.1.2 The Effect of Preparation

The thin film of CdS prepared from H)—Zmoldmh3 Cd2+ cations
and 5x10’2moldm~3 of sodium Hexametaphosphate as a stabiliser
either by adding Nazs or by purging with HZS gas. A striking
difference was observed in the absorption spectrum of the two
types of CdS in the DM. CdS which was prepared by purging with
HZS had an onset of absorption at 497nm while that of the film
prepared by NaZS was at 480nm. This difference was even larger

when there was no supporting agent. This wavelength was also

observed to depend on the salt of Cd2+ ions, as listed in Table
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Fig. 6.3 The concentration effect on the absorption

onset of CdS film.

a) 1072 M

b) 5x10 % M

c) 0.1 M.
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TABLE 6.1: The effect of Cdz* ions and preparation method on At

h
Threshold wavelength
(Ath) in nm

ca??
Na2$ HZS
Chloride 476 504
Bromide 480 504
Iodide 502 520
Nitrate 480 497
Sulphate 510 537

Table 6.1 shows that the onset of absorption was affected by the
method of preparation with the smaller CdS formed by Nazs. The
formation of large particles when purging with HZS may arise from
the rate of HZS passing the surface of the membrane which is
difficult to control. The difference in the spectrum of CdS
(from cadmium chloride) prepared by the two methods is presented
in Figure. 6.4.

The smooth curves of the absorption spectrum reveals that
the CdS particles have a uniform size distribution in the DM
membrane. In our studies by scanning electron microscopy (SEM) we

observed the rough surface of the CdS film but not detect any of

the CdS particles when the film was not burnt at the beginning of

the study.

Bard and coworkers[221] have reported that the «crystal

structure affected the efficiency of hydrogen production. They
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Fig. 6.4 The effect of preparation method on the absorp-

tion spectrum of CdS f£ilm(10 2 M):

2

a) CdC1L(5x10 ° M), DM, Na,S(0.1 M)

b) CdC1(5x10 2 M). DM, H.S( gas )
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have produced CdS-impregnated Nafion films by two different
methods. By using SEM they observed a striking difference in the
surface roughness of a- and B- CdS in Nafion with B being much
rougher. They found that B- CdS (cubic) was much more active
with respect to hydrogen photoreduction than a- CdS (hexagonal).
The preparation of Nafion/B-CdS also had the advanatge of being
very reproducible with respect to the rate of H2 evolution.
Large particles were observed by XRD for the cubic film, while
the hexagonal film surface was flat and no particles were
observed. The similar result was obtained when we used SEM with
a cold stage to avoid the film burning. We could expect that, in
agreement with Bard's results,[220-221] in our preparation
method, cubic and hexagonal CdS particles wre synthesised within
the DM when prepared by HZS and NaZS respectively.

The absorption spectrum shown in Figure 6.4 for CdS
incorporated within dialysis membrane appears similar with that

of colloidal CdS stabilised with sodium Hexametaphosphate when

prepared by HZS'

6.3.2 Emission

Figure 6.5 shows the emission spectrum of 5x10-2moldm—3 cds
film at room temperature. The emission peak maximum occured at
520nm. This is virtually identical to the 1luminescence of
colloidal CdS which had been prepared with NaZS and stabilised
with sodium Hexametaphosphate. Luminescence studies of CdS film,

prepared either by HZS or Nazs, were carried out for different
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cadmium salts. The results are listed in Table 6.2.

TABLE 6.2: The emission spectra maxima of different CdS films

when excited.

A {(nm)
em

ca??

Nazs HZS
Chloride 480 490
Bromide 480 510
Iodide 500 515
Nitrate 515 530
Sulphate 485 500

Table 6.2 shows that the emission peak maximum (Aem).for the
twe types of CdS film are different. Comparison of data
represented in Tables 6.1 and 6.2 indicates that the Ath and Aem
in CdS film which 1is prepared with HZS are higher than those for
the film prepared with Nazs. This effect may be due to the large
number of defects incorporated in the lattice of CdS or upon the
particles surface, especially in the CdS film prepared with HZS'

When the preparation method changed and the DM was soaked in

cadmium nitrate for about three months (Method II) the emission
spectrum changed and a broad green and red luminescence were

observed at 520 and 660nm respectively. The appearance of a red
luminescence 1in Method II implies that long term soaking of the

. . 2+ .
DM 1in Cdz’ solution may cause an excess of Cd ' 1ons and hence
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centres. This can be proved by quenching the red luminescence
which 1is extremely sensitive to the presence of electron
acceptors such as methyl viologen. Excess sulfide 1ons also
quench the red peak due to filling of the sulfur vacancies, while
excess cadmium ions increase the number of sulfur vacancies and
. . [53] . .
hence 1ncrease the red luminescence. Luminescence quenching

will be discussed in greater detail in section 6.4.1.

6.3.2.1 Effect of Water

It has been shown that synthesis of CdS in solid matrices
produces small wuniform particles, enhanced in stability from
coagulation. In order to keep them stable and uniform even after
removal of the water, it 1s necessary to study the effect of
water on the surface properties of small CdS particles.

Figure 6.6 shows that water has quite a significant effect
on the emission spectrum of CdS film. We can expect that the
interaction of water molecules with charge carriers at the
surface of the CdS film would quench emission. When the CdS film
was removed from the water and left to dry in the open air, the
original spectrum was obtained. A similar effect was reported
for CdS deposited in Porous Vycor Glass.[1‘3] This work leads us
to suggest that the process is reversible and water contact with
synthesised CdS particles in the DM does not damage them.
Furthermore, wet film decreases the scattering of emission which
occurs in dry conditions for the green emission.

CdS film appears to be stable over many years in the absence



221

d

1,0k

=

[

<

0.5k-
b

O O ] | i

500 600 700

A nm)

Fig. 6.6 Water effect ( b ) on the emission spectrum of
dry ( a ) cds film(10™2 M),

A = 400nm Filter: 43um.
ex



222

of oxygen. When the film ' was kept in the open ailr over 12
months, a small fraction of oxidation occured on the CdS filim.

The effect of water on the absorption of the CdS film 1is shown in

Figure 6.7. A small change in the absorption spectrum occurs
below 480nm. However above 480nm the absorption increased and
extended to longer wavelengths. In the presence of water, the

clusters may migrate from membrane pores to the surface and grow
continuously toward large particles over a long period. This
behaviour 1s similar to what has been observed in colloidal

. [202-203,2098-2111
solution.

6.4 hoto mi

This section deals with the photochemical behaviour of (dS$S
film using flash photolysis and steady state techniques. Here we
are concerned with photoanodic dissolution of CdS film and its
stabilisation, photoreduction of methyl viologen and photo-
oxidation of methyl orange by CdS film and the effect of some
ellectron donor and acceptors on the yield of photo-oxidised
methyl orange. Luminescence quenching as a photochemical

reaction is discussed in the following section.

6.4.1. Luminescence Quenching

A  luminescence quenching study was carried out by adding

- -3, . .
methyl viologen (8x10 5moldm ) in a 1cm double-sided quartz cell
containing ca. ch2 CdS film (0.5moldm_3) and water (3ml). In

contrast to green luminescence {(which was increased by 101), the




223

0,75]-
0,5/-
o)
c
o
=
o
7))
0
<
0,25-
0,0
400 450 500
Wavelength (nm)
Fig. 6.7 Water effect (- —) on the absorption spectrum

of dry (—) cdS £i1m(10 % M)



224

red luminescence was quenched by about 507. Increasing methyl
viologen concentration fivefold (4x10_4moldm_3) increased red
luminescence quenching to over 901.

It is reported that the quenching of the red luminescence of
colloidal cds by methyl viologen follows a poisson

distribution:[s‘]

%— = exp {(-Q) (6.1)

where Io and 1 are the emission intensities in the absence and
prescence of a concentration of quencher, Q(MVZ*) of molecules
per particle.

Equation (6.1) shows that one molecule of MV2+ per particle

is sufficient to completely quench the luminescence. @ i1s the

quenching factor and is given by:

2+
NI[MV 1/[CdS]

[
"

I
In 79 (6.2)

Wher¢ N is the number of CdS molecules per particle. By plotting
the quenching data in accordance with equation (6.2), we can
obtain a straightline. Its slope gives the number of CdS
molecules per particle, N. Figure 6.8 shows such a plot. From
the slope of this figure N=1100 :+ 100. The average radius of CdS
particles can be calculated from equation (6.3):

{r/cm) = 13ﬂ—ﬂ—11/3 {(6.3)

(4wg % )
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where M 1s the molecular welght in g, ¢ the density and NA
Arogadro's numbers. Equation (6.3) gives a diameter of 8.2nm for
N=11@0 This 1s about twice that of an elementary particle as
estimated from the photophysical properties of CdS film 1in
section 6.3.1. The difference can be explained in terms of
aggregation of particles to form a cluster which are 1n
electronic contact, so that one MV2+ per cluster suffices to
quench 1ts luminescence. This 1is not unusual, since the Bohr

radius of the electron in CdS is given by:

r_ = EEE = 2.4 nm {(6.4)

For CdS € = 8.9 and m* = 0.2me

This value 1s comparable to the dimension of the elementary
particle. However, it 1is surprising that one MVZ+ ion 1is
sufficient to quench luminescence from an aggregate consisting of
two or more elementary particles. This explanation leads us to

propose the possibility of an inter-particle electron and energy

transfer.

6.4.2 Flash Photolysis Experiment

In order to gain further insight into the mechanism of
electron transfer reactions of excited CdS film, a transient
absorption experiment was performed using microsecond and
nanosecond Flash photolysis techniques.

In the nanosecond technique a 1tcm double-sided quartz

cuvette containing 0.1moldm_3 CdS film (chz) and l.x10_3moldm_3
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methyl viologen as an “electron relay” was deaeranted and
subjected to a 347nm pulse from a Ruby laser with a 20ns half
width. Upon excitation by the laser pulse, transient absorption
at 395 and 605nm relating to reduced methyl viologen (HV* were
observed. In the absence of O, the mechanism of electron

2

transfer is described by the following equations:

hv
Cds ————  ¢dS (e, h') (6.5)
CdS + heat (6.6)
*
CdS —&———— > CdS + hv' (luminescence) (6.7)
ket
e + Myt mv? (6.8)
[45]
We have shown that the electron transfer rate constant, ket'

in equation (6.8) in colloidal CdS solutions has a value of about

10 s in agreement with data published by several

‘ : ’ 1] 3
authors.[ 8.49.194,228) However, Figure 6.9 reveals that the

absorption transient in CdS immobilised within the DM extended
5 -1
over 8ys (ket = 10 s ) for both 395 and 605nm wavelengths. Such

a significant difference in ket between immobilised and colloidal
CdS solutions may be explained by bleaching of My’ by the
positive holes.
. (591 . .
It 1s reported that during the high-energy pulse

hydrated electrons, hydrogen ions and hydroxyl radicals are

formed:

HO—— e + H + OH’ (6.9)
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Photo-emitted electrons from (CdS particles, which are hydrated in
aqueous solution, may react with CdS particles and be stored by
them. OH radicals attach on CdS (eqgm. 6.10), resulting in the
injection of positive holes, which can re-oxidise the reduced
methyl viologen in the absence of 5

OH" + CdS ————— CdS’® +OH (6.10)
+ + 2+
cds’ + MV ———  cdSs + MV (6.11)

If 02 were present, reoxidation of MV+ by localised holes 1is

prevented as:

+ 2+ -
MV + 02————————9 MV + 02 (6.12)

This reaction is faster than that given by equation (6.11) and
photoanodic dissolution occurs.

The fact that the absorption of the radical cation (MV+)
continued to increase ofter the 1laser flash 1indicates the
existance of an excess of positive holes and a long-lived
oxidising intermediate in the photolysis of CdS film. The amount
of MV* formed corresponded to the amount of consumed holes. The

same effect as observed by Gratzel and Henglein 1in colloidal
. [81,84] . L. .

T102 supported by polyvinylpyridine and polyvinyl alcohol
polymers respectively.

Figure 6.10 shows the optical absorption on the millisecond

-3 -3 .

timescale of methyl vioclogen (4x10 moldm ) 1in a dearated
solution containing CdS film using a microsecond flash. This 1is

attributed to the long-lived oxidising intermediates, HV’, from

the'photolysis of CdS film. The sharp and broad peak maximum at
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Fig. 6.10 Absorption transient of HV‘, photoreduced from

MV (10 2moldm ) by €dS film(10 2 M)

using microsecond flash.
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395 and 605nm apparently belong to methyl viologen reduced by
excited electrons of the conduction band of CdS film. Absorption
at 395nm 1is stronger than 605nm by a factor of three. Such a
strong absorption at 395nm was not observed by us using colloidal
CdS solution. The reason may be due to formation of 1large
particles which scattered the flash light. In other words,
Figure 6.10 indicates the absence of scattered light due to the
formation of small particles in the dialysis membrane. The shape
as well as the long-lived oxidising intermediates depends on the
method of preparation of the CdS film.

One way to increase the availability of viologen for
reduction 1is to increase the methyl viologen concentration.
6

Figure 6.11 shows that the MV+ yield approaches a value of Ix10

moldm—3 at 605nm as the methyl viologen concentration increases.

6.4.3 Steady-State Experiments

The continuoius 1illumination technique has been used to
study the reduction of methyl viologen by conduction-band
electrons. The photocorrosion effects, the stabilisation of CdS
film and the photo-oxidation of methyl orange by valance band

holes are also described.

6.4.3.1 Photoreduction of MV>'

A deé&ated solution of methyl wviologen (1.5x10_4m01dm_3)

. . -3 . . . .
containing CdS film (0.1moldm ) was continuously irradiated with
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a 900W Xenon lamp in a steady state experiment. The spectral
change observed by continuous iradiation is shown in Figure 6.12.
The bluish <color with absorption maximum at 605 and 395nm
develops with white light irradiation due to the formation of the
methyl viologen radical, (equation 6.8). After approximately 20
minutes irradiation the system appears to reach a photostationery
state. When the sample is irradiated for a long time the vyield
of viologen radical cation diminishes. This effect, as described
in the flash photolysis experiment, involves hole (h+) oxidation
of MV’ (equation 6.11) followed by re-reduction of MV2+ (produced
in equation 6.8) by conduction band electrons. Another approach
to the hole reaction is the formation of hydroxyl radicals which
are compatible with the oxidation of viologen radicals and are

adsorbed to the surface of CdS film:

+

h' + H.0 ———— (0H") + H (6.13)
2 ads

The adsorbed hydroxyl radicals can reoxidise the viologen radical
according to equations (6.10) and (6.11). Figure 6.12 shows that
prolonged irradiation produced a new absorption around 380nm
which was absent prior to iradiation. Gr;tzel and coworkers
observed the same effect by polymeric viologen with colloidal
Tio2 when the sample was irradiated for a long time and then
aerated.[81] They also obtained an 1isobestic point at
approximately 460nm as was obtained by us with CdS film. These
similarities suggest that the new absorption at 380nm is due to
the second reduction of viologen radical cation to the doubly
reduced form Mi . This 1s likely to be due to addition of

+ [231 -
hydroxyl radicals to MV .[ ) The slower growth of MV
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absorption 1indicates a considerably lower rate for this process.
The second reduction proceeds only after virtual completion of
the first reduction. Gr;tzel's results show that after reaching
a maximum after 2 minutes the 380nm absorption of doubly-reduced
viologen radical (V') diminishes as irradiation 1is continued.
They suggest that the viologen moiety decomposes while undergoing
a photostationary cycle, i.e. hole-oxidation of V' to V* and

subsequent re-reduction by conduction-band electrons to V. In

our experiment such photostationary cycle was not observed upon

irradiation of wup to 20 minutes. In our experiment we only
observed the monomer (MV+). while they observed monomer and
dimer.[81] The absorption maxima for viologen radical cation

monomer occurs at 605 and 395nm, while for dimers at around 540
and 360nm.[81'194]

When the concentration of methyl viologen was increased from
1.5x10_4 to 10~3moldm-3 the same photostationery state occurred
ten time more quickly (2 min). This leads us to conclude that an
approximately inverse relationship exists between concentration
of Mvz* and the irradiation time required to reach a stationary
state. This conclusion is represented in Figure 6.13. Another
important result from Figure 6.13 is that a quantum vyield of
close to 101 was obtained for electron transfer in the stationery
state experiment. The high rate and yield of electron transfer
in continuous irradiation may be explained by more precipitation
of radical methyl viologen onto the CdS film and therefore
formation of MV’ and MV'.

When the sample containing CdS film and methyl viologen
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- -3 .
(10 3moldm ) was deaerated and subjected to a monochromatic beam

at 450nm and irradiated for 15 minutes, the same results (single

and doubly-reduced methyl viologen) were obtained as with white

light irradiation. In the former case the yield of MV’ was about

107 lower than the latter case. (Figure 6.14).

6.4.3.2 Photocorrosjon of CdS Film

In chapter & we have discussed the photodegradation of
colloidal C(CdS 1in the presence of oxygen. The photoanodic
dissolution of metal sulfides and selenides is an obstacle to the
use of these materials in photochemical and photoelectrical
systems.[56'188'232] The same effect was observed for CdS
synthesised in the DM. When the CdS film, in the absence of 02,
was irradiated continuously using a 900w xenon lamp for about 20
min, no corrosion effect was observed. Figure 6.15 shows that
dissolution occurs at an appreciable rate only in the presence of

oxygen.

It has been shown that the only oxidation product of

CdS[58'177'232-233] and ZnS[177] is sulfate anions:
hv
2+ 2-
_—
CcdsS + 02 Ccd + SO‘

The corrosion effect is clearly observed in the CdS film and the
yellow colour of film decreased as a function of 1irradiation
time.
. + 2+
Certain electron acceptors such as T1 and MV ions

186 .
accelerate the dissolution of CdS.[SG' ] Figure ©6.16 shows
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+
that in the presence of oxygen the reduced methyl viologen ({MV )
completely disappeared and this was the only time that the

dissolution effect was observed in the steady state experiment.

. 2+ .
The mechanism of photodegradation in the absence of MV is
described by equations (6.5)-(6.7) and (6.15)-(6.17):
e + 0, —— o; (6.15)
+ 2- -
h +§ —— § (6.16)
- - further .
S + 02 — SO2 — S0, (6.17)
oxidation

The 1initiation of photocorrosion occurs by excited conduction-
band electrons being scavenged by dissolved oxygen [Equ. (6.15)1].
However, 02 as an 1initiator of photocorrosion cannot be
substituted by other electron scavengers. For example, no
dissolution was observed in a dearated solution of HVZ*
containing C€dS film (Figure 6.16). In the absence of oxygen
rapid re-oxidation of MV* by the positive holes takes place
[(Equ. (6.11)]. When 02 is present, the re-oxidation reaction by
positive holes 1is prevented by reaction (6.12) which is faster
than the reaction (6.11). Since reaction (6.8) is faster than

. 2 L.
(6.15), then 1in the presence of MV * and 0, the positive holes

2

can more efficiently oxidise sulfide anions.

6.4.3.3 Quantjisation Effect

Another point to be noted from Figure 6.15 1is that the

absorption spectrum of photodegraded CdS film shifts to shorter
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wavelengths after irradiation with the intense light of a xenon

lamp. The onset of absorption (before irradiation) was around
508nm, i.e. slightly below the onset of 515nm where
macrocrystalline CdS absorbs. During photodegradation of CdS

film, the particles become smaller and the onset was shifted to
. [206] . . . .
below 500nm. Henglein, using a photodissolution experiment
with a CdS solution, developed methods for the preparation of
extremely small particles both in aqueous solution and in organic

solvents in which a size quantisation effect was observed for the

first time.

. . . . 6
Q-semiconductor particles, such as cadmium arsenlde,[23 ]
. . 23 . . 5 . .
cadmium phosphlde.[ 2 cadmium selenlde,[20 ] zinc selenlde[205]
. ., [205] . . .
and zinc sulfide were made using the precipitation

techniques. Q-materials are characterised with the prefix "Q~ to
show that their optical and catalytic properties differ from
macrocrystalline materials. The Q indicates that the quantum
mechanical effect 1is responsible for these changes. For example,
Cd3P2 and Cd3A52 are black semiconductors with 0.5 anmd 0.1eV.
band gaps respectively, which adsorb in the infrared. When the
size of the Cd3P2 particles 1is decreaszed from 10 to 2nm, the
band gap is shifted from above 0.1eV to about 3eV. The Q—Cd3P2
particles with 3eV band gap exhibit a white colour with a vyellow
tinge. The onset of absorption of this semiconductor shifted
from infrared for normal particles to the visible region in the
G-state.

In @Q-materials, the photo-induced electrons and positive

holes should be on more negative and positive potentials
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respectively than 1in the macrocrystalline materials. For
example, Q-CdS particles catalyse the formation of hydroperoxide
(CH3)2C(OH)00H when they are illuminated in aerated propan-2-ol
solution, while 1larger particles are not efficient 1in this
respect.[206]

The studies on the photocorrosion effect of CdS are
important for the understanding of photo-electrochemical
reactions. The observations of quantum mechanical size effects

in extremely small particles have added a new dimension to the

physics and chemistry of colloidal systems.

6.4.3.4 Stabjlisation of CdS Film

When the solution containing CdS film and cysteine

5moldmna) as an electron donor was dearated and then

(8x10°
irradiated by the intense light of a xenon lamp, there was no
significant effect on photocorrosion of the CdS film. Increasing
the concentration of cysteine to 10_2moldm—3 completely blocked
the photocorrosion effect during continuous illumination. This
effect may be explained by the coating of CdS film with cysteine
as described with colloidal CdS solution in Chapter 4. We have
shown that cysteine concentrations as low as 2x10—4moldm_

decrease the yield of electron transfer from the conduction band
of CdS into MV2+ by a factor of 30. The same explanation can be
proposed for stabilisation of CdS film 1i.e. the cysteine

effectively coats the CdS film surface, dislodges O2 and prevents

the corrosion effect (Figure 6.17).
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Fig. 6.17 Cysteine (10 zmoldm ) effect on the photocorrosion

of CdS (0.1 M) film.
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6.4.3.5 Photo-oxidation of Methyl Orange

The chemistry of methyl orange (4-[p-
(dimethylaminophenylazobenzenensulphonic acid, sodium salt) with

the formula:

MO: (CHj)ZNC5H4N = NC8 H4 SO3

has recently been studied by our groups to probe reduction and

oxidation reactions at the surface of TiO2 and Zn0 colloidal

. 71-78, . . .
partlcles.[ 236) In continuation of this work, we began to

investigate the photo-oxidation of methyl orange on cds
immobilised in the DM.

As shown 1in Figure 6.18, MO absorbs light in the visible
region and the maximum occurs at 465nm, which is close to the
absorption onset (around 480nm) of the immobilised CdS colloid.

MO belongs to a class of coloured azocompounds which are one of

[237]

the commenest classes of organic dyes. It has been used as
. . . . [238]
an 1indicator in the analysis of bromine, and can be used as
a probe for photochemical oxidation reactions of
[78.236]

semiconductor/liquid interfaces.
When the solution containing CdS film (10-3moldm-3) and

-5 -3 .
methyl orange (5x10 moldm ) was purged with oxygen and then

irradiated with an intense 1light of the xenon lamp, the
absorption is destroyed (Figure 6.19). The photocorrosion of CdS
particles in the presence of oxygen is well known. In order to

determine whether the destruction is due to either CdS or methyl
orange or both we used another CdS film as a reference to

determine the absorption of methyl orange alone. The change of
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Fig. 6.18 Absorption spectrum of methyl orange (5x10 M).
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Fig. 6.19 Photo-oxidation of methyl orange (5)(10-5 M) by CdS
. -2
film(10 M):
Upper) without CdS film as a reference,

Lower) with CdS film as a reference.
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the absorption spectrum is shown in (Figure 6.19). This figure
clearly demonstrates that the spectral c¢hange can only be

attributed to methyl orange. It 1s similar to that observed when

. . . . 23
methyl oranbge is photo-oxidised by colloidal T102,[78] nO( 61

or thermally oxidised by bromine.[238] Methyl orange is

Z

remarkably stable and is not bleached by visible or near U.V.

light. The energy absorbed by methyl orange 1s rapidly lost by
{77-78.2391]

the fast photo-isomerisation reaction. Apparently the
bleaching of the dye in the presence of CdS film can only be
attributed to photo-oxidation of the dye by photo-induced
positive holes of the CdS valance band. The photoproducts of the
reaction were identified[238] by NMR spectroscopy. It was found
that the oxidation reaction occurred in a number of stages. The
majority of the photo-oxidation belongs to the demethylation of
methyl orange.

The kinetics of dye oxidation under conditions of constant
oxygen concentration are shown in Figure 6.20. This figure
indicates that the reaction is zero-order with respect to methyl
orange. The same result has been reported for photooxidation of
methyl orange by Zn0 colloids.[238] Photolysis of methyl orange
for up to 60min in the presence of Zn0 gives a linear region and
then the rate of reaction decreases. The initial linear region

for Zn0 is also shown in Figure 6.20. Photo-oxidation of methyl

orange by Z2n0 colloid and CdS film was carried out at the same
concentration and under the same conditions. Comparing our
results (CdS) with the reported data (Zn0O) shows that photo-

oxidation of methyl orange with CdS film is more than three times

faster than that with Zn0 colloids. This difference may arise
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Fig. 6.20 Absorption change of photo-oxidised methyl orange
(4)(10—5 M) as a function of time:
CdS within film (10 ° M),

ZNO colloids (7.5x10 ° M).
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from the narrower band gap of CdS film (2.42eV) compared to ZnO0
(3.12eV). We can conclude that, under the same conditions, the
efficiency of methyl orange oxidation by CdS film is much higher

than by Zn0 colloids.

6.4.3.5.1 stein Effec

In section 6.4.3.4 we have shown that 10—2moldm—3 cys
completely prevented photodegradation of CdS film. When the
solution containing CdS film, 5x10_5moldm_3 methyl orange and
9)(10~3moldm—3 cys was aerated and irradiated for about 10min,
photo-oxidation of methyl orange decreased. In the same
conditions the photo-oxidation process in the absence of cys was
about 10 times faster. That means that cys, as a positive hole
scavenger, not only stabilises the CdS film but also prevents the
dye bleaching under continuous irradiation. This effect possibly
may arise from the coating of the CdS film with cysteine which
prevents the tight binding methyl orange to the CdS surface

necessary for the photo-oxidation process to occur.

6.4.3.5.2 Methvl Viologen (n12+1_£iig§1

Addition of methyl viologen to an aerated solution of CdS
film and methyl orange increased the yield of photo-oxidation.
- 2+ -4 -3 .
Addition of only MV (6x10 moldm ) to the above solution
approximately doubled the yield of photo-oxidised methyl orange.

Excited electrons 1in the conduction bands of CdS film can be
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. 2+
scavenged more rapidly by electron acceptors, such as MV and

then by oxygen therefore decrease electron-hole recombination.
Hence excess positive holes at the surface of CdS film can in
turn to scavenged by methyl orange and so increase the yield of

the oxidised dye.

6.4.3.5.3 The Combined MV’' and Cysteine Effect

In the 1last two sections we have studied the effect of
cysteine and methyl viologen on the yield of photo-oxidised
methyl orange MVZ* in the absence of cysteine doubled the vyield
of photo-oxidation. When cysteine (10_2moldm_3) was added to the
aerated solution containing CdS film (10'3moldm_3), methyl orange
(5x10_5moldm_3) and MVZ* (leo—‘moldm-a) and irradiated under
steady state conditions, no photo-oxiidation was observed. That
means the cysteine as stated in the previous sections,
efficiently coated the surface of CdS film even in the presence

of HV2+ and prevented any photo-oxidation from occurring.

6.4.3.5.4 Poly Phosphate Effect

The effect of sodium hexametaphosphate (SHMP) as a
supporter, on the vyield of methyl orange oxidation has been
studied into two ways: (i) before, and (11) after preparing the

CdS film.
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In this method SHMP (10 “moldm ) was added to the

. . . . . -2 -3
continuously strred solution of cadmium nitrate (5x10 moldm )
and the DM. Then the DM was immersed in sodium sulfide

-3 . .
(0.tmoldm 7). In this method we prepared supported C€dS film.
. -5 -

Then the aerated solution of methyl orange (5x10 moldm )
containing supported CdS film was irradiated for about 5 minutes.

No significant photo-oxidation was observed.

(ii) After Making CdS Fil

When the SHMP (10-3moldm—3) was added to the aerated
solution of CdS film and methyl orange, then irradiated for about
5 minutes, photo-oxidation of methyl orange was observed.

We can conclude that the polyphosphate has little effect on
the vyield of photo-oxidation of methyl orange except when it
supports CdS particles in the DM. This means that polyphosphate
molecules were adsorbed onto CdS particles (in the former case)
and these prevented significant attachment of methyl orange

molecules to the CdS.

6.4.3.5.5 Polvphosphate and MV’ Effect

When the polyphosphate effect was studied in the presence of

4 3

methyl viologen (6x10 'moldm ~), not only did photo-oxidation of

methyl orange occur but also photodegradation of CdS film was

observed. This process has been studied in both cases of adding
polyphosphate before and after preparing the CdS film. In the

latter case, the yield of photo-oxidation of methyl orange and
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photodegradation of CdS film was much higher than in the former
case. These observations indicate the significant effect of SHMP
in reducing both photo-oxidation and photodegradation processes.
These effects are represented in Figures 6.21 and 6.22. In these
figures, photo-oxidation is shown in part a, while both photo-
oxidation and -degradation are depicted in part b. It seems that
the yield of photo-degradation is higher than the photo-
oxidation. This effect may be explained by absorption of MV2+,
as an electron acceptor, on the surface of C(CdS particles.
Photogenerated electrons in the conduction band of CdS film can
be removed by MVZ*, while excess positive holes on the CdS
surface may partially oxidise methyl orange and partially oxidise

sulfide anions of the CdS particles (photodegradation). Figure

6.21 shows that the latter case is dominant.

6.5 Conclusion

In this chapter a simple method of preparing and
immobilising small colloidal CdS (diameter < 5nm) within
inexpensive matrices such as dialysis membrane was developed.
This system keeps the particles from coagulating and 1is very
simple to remove from solution for analysis of the reaction

products and regeneration of the uniform semiconductor particles.

It is also useful in flow systems.

Formation of small CdS particles within the DM was
determined wusing absorption spectroscopy and particle size and
shape were estimated by electron microscopy. The dramatic effect

of particle size on the photophysical and -chemical properties of
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Fig. 6.22 Supported CdS effect on the photo-oxidation
of MOI5x10°> M),

(conditions as Fig. 6.19).
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colloidal semiconductors was discussed. The photo-physical and -
chemical behaviour of this system was studied wusing Flash
photolysis (FP) and steady state (SS) techniques. Using these
techniques we optimised the CdS film with respect to the
colloidal CdS soslution. The study of photophysical properties
of CdS film, prepared by different methods and from different
cadmium salts, revealed that the smaller CdS particles were
formed wusing Nazs instead oftgs and that high absorption was
obtained using cadmium sulfate (casoa).

The photochemical properties of CdS film were studied wusing
some electron-donors and -acceptors. Photoreduced methyl
viologen (MV+) and doubly-reduced methyl viologen (Mv'), were
observed in the SS technique. Methyl viologen efficiently
quenched the red emission of CdS film. Photocorrosion of C(dS
film was studied in the presence of oxygen.

The photocorrosion effect was completely prevented using
cysteine (10—2moldm_3) as an electron donor. Photo-oxidation of
methyl orange was observed using CdS film in the presence of
oxygen. The effects of an electron donor (cys), electron
acceptor (HVZ’) and supporting agent (SHMP), either individually
or in combination on the yield of photo-oxidised methyl orange
were studied.

These results indicate that the method developed for

immobilising C(dS particles in the DM yields an excellent medium
to study both photo-physical and -chemical properties of small,

trapped CdS particles. .It will be important in developing an

understanding of the important photoreactions involved in solar

energy conversion and storage.
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Modified Electrod

This chapter considers briefly polypyrole (PPy) modified

electrodes and incorporation of CdS particles into PPy film.

Introduction

In the 1last decade, interest in the field of conducting
polymers has dramatically increased.[2‘1-290] Most electrodes
which have been modified with these polymers have made use of the
Polyvinyl system.[Z‘O] Unfortunately they are not sufficiently
conductive to achieve a useful current density. Electronically
conducting polymers, such as PPy, can significantly improve the
stability of n-type semiconductors, such as CdS, against
photoanodic dissolution in an electrolyte during

photoelectrochemical reactions.[241-2‘9‘ 211, 289-290]

The
mechanism of stabilisation involves the high conductivity and
large capacitance (the number of oxidised molecules per monomer
unit) of the polymer and the presence of electroactive redox

speclies to efficiently trap the photogenerated holes before they

react with the semiconductor to destroy it.

7.1 emi odifj i f t s

When an electrode, such as carbon or platinum, 1is dipped

into a solution containing some species, its surface becomes
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covered with a layer of species’ molecules. The presence of
such adsorbed species will often modify the electrochemical
behaviour of the electrode. Figure 7.1 shows how electron
transfer occurs at the modified electrode. The discovery of

. L. 250
conducting polymers such as polysulfur nitride, (SN)n,[ ) and

doped polyacetylene, (CH)n,[251] has encouraged the search for
other polymeric systems with greater conductivity and chemical
stability.

Polypyrole (PPy), as a conducting polymer, has been studied
for many yaars.[zsz_zs‘] Since 1979, worldwide research has been
carried out on the use of PPy film for different purposes and
many papers, describing their preparation, physical and chemical
properties and their behaviour as modified electrodes, have been

[255-290]

published. In the following section, we consider the

different methods of preparation of modified electrodes.

7.2 Preparatjon Techniques

Modified electrodes can be prepared by several different

techniques as below:

7.2.1 Chemisorption

Some species find the surface of the electrode more

hospitable than the bulk solution and so at most a monolayer coat

-2 -2 -
{about 10 "molcm or 8x1013 molecules cm 2) attaches

spontaneously to the surface. For example, organic species



260

Electrode o

Ox

Coating

Red

0x

Ox

Red

Electrolyte

RNvavv’

Fig. 7.1 Schematic diagram of mediated electron transfer

at a chemically-modified electrode.
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containing double bonds are often hydrophobic and strongly adsorb
from aqueous solutions on carbon or platinum surfaces. This

method has frequently been used for modification of electrodes by

porphyrin[zg‘] and polypyridine.[293]
7.2.2 C(Covalent Attachment

In this technique covalent bonds are formed between the
electrode and the molecules (Figure 7.2). The electrode surface
can be "silanised” by reaction with an organosilane and
subsequently with another molecule of interest. In this case the
silane 1s a means of immobilisation of the molecule at the
surface. This method has been employed by many workers and 1is

generally restricted to monolayer coats.

7.2.3 Polymer film

By dipping the electrode into a solution <containing a
dissolved polymer and leaving the solvent to evaporate , a thin
film forms (ca. o.1 - 10 pym) on the surface of the electrode.
The best method for producing more uniform film , which is also

used in the production of semiconductor chips, is spin coating.

In this method the rotation speed of electrode into solution 1is

as low as 1t to & Hz and the applied potential on the electrode

sweeps during the deposition of film on the surface.
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Fig. 7.2 Schematic diagram of an electrode modified by

covalent attachment techniques [Ref.298].
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7.3 Characterjsation

After the modification of the electrode surface, one must
prove that the desired polymer has been made and find out about
the properties and nature of the layer. Since one may be dealing
with a very small amount of material on the surface, rather
sensitive analytical techniques are required. To learn about the
composition and structure of the layers or chemical and physical

properties, several different methods are available.
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7.3.1 mi Method

Using electrochemical techniques even monolayer amounts of
material can be analysed, since small currents can be measured
quite readily and, by Faraday's law, 10_10 moles of material per
cm2 is equivalent to about 10—5 coulombs {(n=1). Thus, the cyclic
voltammetry of a monolayer of material, as shown in Fig. 7.3,
will demonstrate a peak with an integrated area equivalent to
that amount of material on the electrode surface. The position
of the peak on this potential axis is a direct measure of the
redox potential of the couple on the surface. For thicker
layers (n=2,3...), the electrochemical response will show larger
integrated areas, representing greater amounts of material on the

electrode surface.

7.3.2 tros i hniqu

Electron spectroscopy., such as X-ray photoelectron and Auger
electron spectroscopy, can be wused for an analysis of the
elements present 1in the surface layers. Direct optical
spectroscopic measurements in the visible, IR and UV regions are
also possible, either by absorption, when the films are on a
transparent electrode substrate, or by reflectance for metal

substrates.

7.3.3 0Other Methods

Direct observation of the surface by optical or scanning
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Fig. 7.3 The ideal cyclic voltammogram of a monolayer of material.

[: the amount of material on the electrode

Q: in coulombs

n: the number of electrons in the electrode
reactions

F: Faraday constant

A: the electrode area. [Ref.298)
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electron microscopy is often useful for multilayer films to
provide 1information about the texture and porosity of the
layers. An important measurement that is difficult to make 1is
the determination of the thicknesses of the layers. Techniques
for measuring hard, dry, films with thicknesses greater than 10nm
have been developed for applications in semiconductor technology.
But applying such techniques to the softer films on electrode
surfaces cause problems because such films change dimension when
they are immersed 1in the electrolyte solution. Therefore
measurements of dry coat thickness can only be considered as
rough estimates for the thickness as used under electrochemical

conditions.

7.4 Applijcations

Recently conducting organic polymers have generated
widespread interest as potential choice materials for a variety
of applications. However, the utilisation of electrodes modified

by such conducting polymers is described briefly below:-

Many reactions such as the reduction of oxygen or the

oxidisation of natural gas components to C02 (for use 1in fuel

cells), do not occur readily at inexpensive electrode surfaces

such as carbon.[zgal For example, the rate of oxidation of

ascorbic acid is dramatically improved at electrodes coated with

cationic fixed site polypyrrole films, when compared to that of
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[283 . .
naked glassy carbon electrodes. ) Thus, 1t 1s necessary to

catalyse these reactions by 1ntroducing suitable, stable layers
to the electrode surface. The electrocatalytic properties of the
surface modification of semiconductors was also examined using
transition metals (pt, Rh, Ru02) immobilised in polymer films

271
such as polystyrene.[ ]

7.4.2 Electropic Devjces

Electrodes 1in electrochemical cells that change colour or

emit 1light when excited electrically are of interest in the
. . . . [298] .
production of displays for electronic devices. This type of
modified electrode with polymer layers, which can change colour
when they are oxidised or reduced, 1is called an electrochromic
system. For example, modification of Au microelectrode arrays by
oxidation of pyrrole and N-Methylpyrrole fabrices molecule-based
) . [299] .

electronlc devices. Since the reduced form of these
polymers are insulating and the oxidised forms are electronically
conducting, 1t is possible to prepare electronic devices that are

analogous to diodes and transistors using adjacent

microelectrodes connected with polymer.

7.4.3. Batteries

During the last decade, worldwide research has been carried
out on the wuse of polymer films for reversible electrodes 1in
[286, 304-3101

secondary batteries. The main emphasis has been on

polymeric batteries either with polyacetylene as the cathode
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., 30
active material and Li as the anode.[30‘ 308] It has been found

that the polyacetylene electrode has some stability problems.
Polypyrrole films have been chosen as polymer films for this
purpose, since when PPy is electrochemically oxidised, it changes

from an insulator into a highly electronically conductive

polymer. Therefore PPy cellstzas] can be used as secondary
batteries.
7.4.4 Photoelectrochemical Applications

The wutilisation of polymeric materials in this field of

. ., 28 . .
solar energy converSJ.on[275 285] and protection of semiconductor
-249, 289-290 . . .
phot:oamnodestz['1 9 9 ] in photoelectrochemical cells 1is
attracting much attention. Techniques for surface modification

are useful 1in preventing photodegradation in semiconductor
electrodes. For example, a silicon electrode upon immersion in
an aqueous solution usually rapidly forms an insulating oxide
layer that prevents useful operation of the cell. In aqueous
solution, water plays a key role in the solvation of electrode
lattice ions or supplies oxygen for forming passive oxide
layers.[300_303] In principle, the absence of a liquid
electrolyte may increase the stability of the
photoelectrochemical cell for operation in an energy conversion
scheme. When a layer of the electronically conductive polymer
such as polypyrrole is deposited on the electrode surface, the

semiconductor electrode shows much more stable behaviour.

Modification of semiconductors can also improve the efficiency of
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solar energy conversion to electricity and can be employed to
incorporate catalysts on the electrode to promote desired
. [298]
reactions.
In the following sections we describe our results with

regard to the modification of a platinum electrode surface using

CdS colloids immobilised within polypyrrole.

7.5 Experimentals

A platinum rotating ring disc electrode (RRDE) was selected
as the working electrode whose surface was to be modified with
polypyrrole. It was initially polished mechanically using a
rotating polishing disc across which the electrode was swept by
an arm. The polishing procedure was carried out as follows:-

(1) 25, 6 and 3pym diamond lapping compounds respectively,

(1i) Hand polishing using a slurry of 1 ym alumina 1in doubly
distilled water with a cotton wool.

(111)Final hand polishing wusing a 0.3pm alumina to a mirror
finish.

The reference electrodes were home-made Ag/Ag+ or saturated

colomel electrodes (SCE).

The counter electrode was platinum gauze.

Electronics and the rotation system have been described in the

second chapter.
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7.5.2 Cell Assembly

The cell was a glass vessel of capacity 125cm3 with an outer
jacket through which water was pumped for thermostatting purpose.
All experiments were carried out at ZSOC. A side arm carried the
counter electrode compartment which was separated by a glass frit
to exclude the products of the counter electrode reaction from
the working electrode. A téflon led covered the upper side of
the <cell and had holes for the working and reference electrodes
and also a hole for a teflon tube leading nitrogen through the

solution (Figure 2.17).

7.5.3 Purification

Deionised and doubly-distilled water (DDW) was prepared
through a Millipore Milli-@ filter system.

Pyrole was distilled around 1300C under an inert atmospher
and colourless purified pyrole was stored in a refrigerator under

argon.

7.6 Incorporation of CdS in Polvpyrole Films

We have shown that conducting polymers such as polypyrrole
(PPy) have been used to protect semiconductor photoanodes.
Interestingly, this polymer (PPy) can be modified by inclusion of
catalytic agents in order to improve the surface kinetics for the

oxidation process that occurs at the semiconductor

photoanode.[zeg]



271

Inclusion of metallic particles such as cadmium, cobalt,
copper, lead, nickel, palladium, platinum, silver or zinc in
conducting polymer films have been reported by several
authors.[272' 311-313] As far as we know, no report has been
published about immobilisation of CdS particles in PPy.

From this point of view we have studied the modification of
a platinum electrode by immobilising CdS particles within a film
of PPy on the surface. This system was expected to have some
advantages as below: -

{i) modification of metal surface by semiconductor;

(ii) obtaining Shotteky barrier for solar energy conversiocn;
(iii)protecting semiconductor photoelectrode from corrosion:

(iv) catalysing photoelectrochemical reactions.

Preparation of such catalyst-containing films will be considered

in the following section. The generally accepted structure of

the polypyrrole chain is shown in Figure 7.4,

7.6.1 Coating Procedure

In order to prepare immobilised CdS within PPy film on the
surface of a Pt-electrode, two different methods were employed as
below:

(1) In the first method PPy film was prepared by electrochemical
oxidation of pyrrole on a platinum electrode in a three-
electrode electro-chemical cell, where the reference
electrode was either a saturated calomel electrode (SCE) for
aqueous solutions or a silver/silver 1ion (Ag/Ag+) electrode

for non-aqueous solutions and the counter electrode was
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Fig. 7.4 The structure of polypyrrole.
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platinum gauze. The electrolytic solution consisted of
purified, deoxygenated acetonitrile containing 0.1mol dm
Tetrabutylammonium tetrafluoroborate [(TBTA):[CH3 CH2 CH2

CH2)4 N (BFA)] as a supporting electrolyte and 5)(10_2moldm—3
distilled pyrrole.

When the applied potential for oxidation of pyrrole was
between 0.1 and 0.80V and the rotation speed of the working
electrode was adjusted to tHz, we obtained an adherent shiny
coat on the surface. Its colour changed from yellow to blue
and then black by extending oxidation and thereby increasing
the thickness of the film.

When the applied potential was increased up to 1.0V, a
black PPy film was quickly formed, indicating a thick coat.

From our results in Chapter 6 where CdS particles were
immobilised in DM, we expected to be able to immobilise them
in PPy film also. In an attempt to immobilise CdS particles
on the surface of an electrode modified by PPy, the former
non-aqueous solution containing acetronitrile, TBAT and PPy
was replaced by fresh colloidal CdS (10-3moldm-3) containing
sodium nitrate (0.1moldm—3) as a background electrolyte
under an oxygen-free atmospherg. The modified electrode was
immersed in this solution with a rotation speed of 1Hz. The
experiments were carried out at room temperature.

In order to investigate whether the colloidal particles
were incorporated into the film or not, the easiest way 1s
to- observe a thin yellow layer of CdS colloids within the

PPy film. This was difficult to investigate because the PPy
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film was either yellow (thin coat) or black (thick coat).
Another way was to study the CV behaviour of the modified

electrode.

(ii) In the second method, PPy (5x10—2moldm_3) was injected into
a fresh solution containing CdS colloids (10-3moldm_3) and
sodium nitrate (0.1m01dm-3). and the platinum plate (1cm3)
acting as a working electrode was immersed in the solution.
The rotation speed was selected as 4Hz. The experiment was
carried out at room temperature under nitrogen atmosphere to
remove oxygen from the solution. By applying a potential in
the range of 0.0-0.8V, electrodeposition of PPy from aqueous
solution on the platinum plate was observed. The pH of

solution was T7.95.

7.6.2 Resuylts

In the first method, when the platinum electrode was coated
by PPy film and then immersed in CdS solution, surprisingly we
observed deactivation of the electrode modified by PPy film in
every cycle of the CV technique.

Figure 7.5 shows the cyclic voltammetry of PPy in a fresh
solution of CdS colloids under deoxygenated conditions. This
figure shows that the activation of the modified electrode
decreases in every cycle. This effect was greater with
increasing rotation speed and with illumination of the solution
and electrode by the Xenon lamp.

In the second method, to detect the presence of CdS
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Fig. 7.5 Cyclic voltammogram of Pt-electrode modified

by PPy.
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particles on the surface of PPy film, we used scanning electron
microscopy (SEM). Using SEM analysis revealed that no CdS
particles existed on the surface of the electrode modified by PPy
film. So it seems likely, CdS particles are not immobilised
within PPy film. Cyclic voltammetry curves in the second method
were similar to those of the first method, we can suggest that in
the first method as well as the second method, no CdS particles

were incorporated into the PPy film.

7.7 Conclusion

Photo-electrochemical studies of modified electrodes are
leading to better understanding of charge transfer reactions
through surface layers. The study of modified electrodes wusing
immobilised n-type semiconductors within an electronically-
conducting polymer remains field of high activity. Our results
for photo-electrodeposition of CdS onto polypyrrole reveals that
n-type semiconductors such as CdS cannot be doped onto
Polyrrole. These results also leads us to suggest that the PPy

films formed in our experiemnts were possibly free of pores.
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Sinclair Baslc programme used to analyse the kinetic data

g a least squares

in terms of first and second order reactions usin

fit.
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1¢1le

iaze

1939 O Rz
i@zl 5:%
1949 = =y

1850 | = St

1860 XT =

1065 LET U=R:i12}-Ri9i +1
1Q7@ LET =T -4

1959 =x it

1929 =9

1189 =@

1119 =8

1129 =A1{9} TO Az
1izi AT 1,15, " "
1izz2 AT 1,15:4Q
1129 Bid, oy -x

1140 B(S,0!-T

11509 G+ZxZ

1155 =F+¥v$2

1160 H+Y &Y

1179 NEXT &

1189 PRINT AT @,@;"SECOND ORDER
RATE CONSTANT=";

113230 PRINT F-H;

128? PRINT "M-15-1 (ASSUMING E=1
R L - o tl 11

1218 PRINT "CORRELATION COEFFICI

1220 PRINT FsS@R (GxH]
: FLOT DRATAH ?i¥Y=1 N=2:

" INPUT Q’EW

1240 IF RiS1=1 THEN GO TO 2300
1250 IF RiG) =2 THEN GO TO 3zZ@
2080 REM PLOT FIRST ORDER DRTR

2085 FLOT i9,16: DRAL 230,06
@& PLOT 19,1@: DRAW 0,168
2980 PFI“* at 21.5; “TIME Tiigobs

SRR Spointt

2026 PRINT AT &,8;"LN (DELTAR O0.D
L1

2955 218 3%

=129 ] r TO A2

2185 I {hrs2) THEMN GO TO
21395

2119 LET F=Bi{3.W1-Bi3,A(8}]

2iz@ LET P=1E0-iFx15Q0-(B{Z,RiZ
-BiZ.,A{91111}

2130 LET F=AES INT (P11}

2i9@ FPLOT {fu+1—u=4:ux=ea Az -
Hi911 1 +19,F+1C

21395 NEXT

2289 PRINT T.EIR =7

2281 PRI

=282 PRIb

2229 FRI "goc="

2221 PRINT S¥Hl

2222 PRINT “COoOPY PLOTS
=21 " &1
IF ¢ N GO T 29249
IF & N GO To z2¢
%?@ OND DRDER DRTH
LS
PLOT DRAL 258,46
FPLOT CRAL @, 158
BRIN  "TIME Y 1298+
A -
PRI "1LoiDELTR o.0D
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Z40S FR
=419 FaR
2415 IF En G0 TO
2433
24z2® LET P=Bi4 W1 -Bid . Ri31:
430 LET P=P#150 IE:4 H 2y -Bid
ISR R=E I
2449 LET FP=HES (INT (P12
2480 PLOT (ild+l1-RA(Q11 200 (A121 -
HiG91 13 +1@, iP-1,20 410
2430 NEXT u
2@ PRINT AT 2.2 k2=
2510 PRINT F«H;
2511 PRINT "M-15-1"
2520 H’IN* AT 4,2;"CC="
2539 PRINT F-S@R (3xH:
2540 PRINT AT 1.,5;"CoPYy PLOT iy
=1 N=21":. INPUT A8}
2550 IF Ri{S1=1 THEN GO T0O. 29¢9
2560 IF RIS =2 THEN GO TO 322
2993 PRINT AT 1,5;°
" LPQINT LPRINT LPRI
MT . CORY S0 TO 320
S@g0 STOF
£0a0 REM Piot data
co@l1l CLS PLOT @.,0@: DRAW 255,.8:
PLOT 2.8 DRAW @,170
@2 PRINT AT 2,1;"Uoltage"”
2985 PRINT AT 29.,1@;"Time"
@l FOR N=1 TO 402
528 IF N-2yINT IN/2) THEN GO TO
S840
F&;@ PLOT Nrs2, i {PEEK (R+NI 3} -20)
15@/200
S@40 NEXT N
E850 PRINT AT 2.8, "Copuy PlLot (¥=
L., N=21": INFUT reply
ER60 IF repiu=g2 THEN RETURN
£070 PRINT &T @.,0:a%;"
“LOROPY LFRIN
T . LPRINT . LFRINT
S075 LPQINT mdsem o= Y5 LPRINT
LPRINT "mz-scm = ";R(51
=100 RETURN
2800 REM Move cursor
S920 PLIT X,y
§@38 IF INKEY&%="" THEM GO TO S&83Z
Z240 IF INKEYS="r" THEN S0 7O 51
aan]
SBEe IF YHE="1" THEN GO TCO 52
3
I Y&E="2" THEN RETURN
I Y=yt THEN GO TO 224
5 I Yea=td' THEN GO TO 22
o7 OG0 SAZE
S _BY P NUERSE 1,x,4: LET x=
+2: 30 Q20
=88 P NUERSE 1:x.4: LET
-2 =0 AZ9
=180 Pi NUERSE 1,;x.4y4 LET y=y
-1 =30 L=
289 P g =y
-_: 30 :
-89 Ek
=Tid F
=20 P 29
R N1
=30
=09
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endix 2

Sinclair Basic programme used to fit two exponentials to

the kinetic data in chapter 3.

1l REM Intavrraces Dual Exponen
134 - IFCE
2 LET =0
19 20T 283,58 CLEARR S5290@9 DIM
EiS,453) . DIM 8101 - LET R=52220
- LET R=:&2 v
1l REM GO SUD leoo
28 FRINT AT @,9;"3tep (1!, Ansz
tyse 12}, Input (2! or Reanalyss
43 T O PRINT M
N "o INPUT A
1
20 IF A{lr=1 THEN 3TOP
4@ IF Aflr=2 THEN GO TO &5
45 IF Rili=4 THEM GO T 54
g IF /il =3 ThHEN 30 3UB 2¢9
60 GO TO =@ '
64 50 SUUB 250
65 GO SuUB 40@
79 GG ZUZ Sod
7?75 50 SUB SS@
50 GO SUB A
98 G0 SUE Tad
1@ G0 sSUs &9
. 195 PRINT AT 8,¢, "Calculate Chi
square (y=1l,n=2r T": INPUT R{1l:
186 IF Ri{li1 =2 THEN GO TO 29
107 IF AR{11=1 THEN GO TO 119
123 GO TO 1@s
119 GO SUB S92
1;3 GO TO 22
59 STOF

29@ REM Input datia
- 285 CLS : PRINT AT @,2;"Enter n
ame of data': INPUT 85 CcLS

219 IF IN 8:15@ THEN GO TO 22@

211 IF IN A<¢139 THEN GO TO 2=z2

212 GO TO 219

229 FLASH 1: FRINT AT 0.,09; "TRAN
SFERING ";a3%: FLASH @

221 FOR N=@ TO 49@

230 POKE (R+N} ,IN R

24090 NEXT N

250 REM Plot datsa

251 CLS : PLOT @,9: DRAW 255,0:

PLOT 9,8: DRAW 2,179: PRINT AT
2,1, "Yoltage”: PRINT AT 20,18;"T
1ne"

260 FQR N=Q T0O 4920@

262 LET Y=IiPEEK (R+N})-25}3175/2

263 IF Y»175% THEN NEXT N

264 IF Y@ THEMN NEXT N

268 PLOT Nr2.,VY

2865 NEWT N

2790 PRINT AT 2,8, "Copy Plot iy=s
1, n-aa T *NPuT ]Qil:
‘2’1 IF Rili=2 THEN GO TO 3Q0@
272 IF /i{lr=1 THEN 30 TO Z7:
273 G2 T2 =279 .
274 PRINT RT Q,e;a%;"

n

[l

Yo CORPY . LP

EINT : LFRINT LPRIMT

30 REM Zet pazaline

J81 PRINT AT €, "Enter nlyU per
cm, .
: INFUT =

382 PRINT AT Q.0Q; "3et bazeline
with U,0.L ana R Keys": PRINT
“Presz 35 when cCcompiete,”

393 LET x=2%: LET ¥=1S5: GO 3UB
2939

324 LET BR3IELIMNE=i{V3$2@5,1751 +2
325 RETUEN
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4290 REM Coanwsrzian of wottages
ta LN REZ:agas ity G

4@1 ERINT AT 2.2, "3t EZTART 1=
Q: wite L. L oang A key:z "
FPRINT RT 1.9@,"Preze 3 wn2n Comp
late,

Q2 LET =22 L3T7 =75 G0 IUB
P2 ba fa

Q3 LET TQ=z2=+<

G4 BRINT AT .9, It END i1=00
Vowr s J. DL o 3ng B okzyst PRINT
"Prezz S wnen Complete,”
qaas IF INKEYs="2" THEN G50 TO 4@
Q5 LET X=220. LET v¥=75:. GO 3SUB
2808

ST LET Tl=z2+X

423 FPRINT a7 2.9 'Io walue in m
Yoluzualiy 330nu: 7 .

o INPUT ARG

!

495 FRINT AT &, "Time per Cm i
nons 7 "
O INMFUT /i)

412 FLASH 1: FRIWNT AT ©,9; "CRLC
ULRTING @PTICAL DEMSITIES “. e
LASH ©

411 L 142130 REM Co
nverts spoint for 4@1
points

412 FY T2.7T0 T2

413 PR ; ,IZ0N

414 L 1., N} =S+ {RPEEK (R+N)l-
BARASELIN £29,5: LET BIiD,NI=I(N-T
1R (S]] . T <=q8(4&1 s{A{$)-Bil, Nl\
T LET Bi2,N}y=9.,434294 LN rx:: LE
T Bi3,Nr=LN {(ABS Bi2,NJI

415 NEXT N

415 REM BiS,M:r=Tine from TO in
seconds

420 RETUERN

S8 REM Plot LN RB3S:1Delta OD!

S@l1 CLS PLOT 1@,1e: DRAW 238,

@: PLOT 10,13: DRAWY @,153: PRINT
AT 21.,5;"Time ";122Q+x8(5) ;" mnsz~
point": PRINT AT 0.0, "LN({OD-0ODma
1" PRINT AT 2,10;3%

S@3 FOR N=T® 7O T1

S@4 LET P=Bi3,Ni-BI{3,T1 LET P
-lens,api:,Tax—ﬁt? Tl 1 LET P=
10+ABS (F)

S@8 IF Py17S THEN NEXT N: IF P<
19 THEN NEXT N

Sa7 PLOT 12a+N-s2,FP

S@83 NEXT N

S19 RETURN

SS9 REM Set STRRTl,Q and END1,2

551 PRINT RT a ;"Set STARTL wi

! gs“: PRINT "“Pre

e
T ¥=25: GO SUE

SS3 LET STARTL=i{x-1321 32

554 PARINT AT 2,2, "Zet ENDL with
U,D,L"and B key:= " PRINT P
fe35s S when comnplete.,”

S55 LET Xx=100: LET ¥=25: GO IuUB
2939

SES LET END1=ixX-1Q01 2

SST7 PRIMT AT Q,9; "3t 3TARTZ wi
th U,D,L and R keys” FRINT "Pre
32 5 whzen Completrte,"”

552 LET x=1@0- LET ¥ =25: G0 SuE
2092

S8 LET STARRTZ=Z2+1xX-12)

SEQ PRINT AT Q,Q."3et ENDE with
U,b,L and R key:= o PRINT P
ress 3 wn2n complete,”

Sl LET X=22292: LET ¥=25:. GO 35uB
Z3A2

Sh2 LET EnlDo=sx1x-12

TR RETuURHN
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6?0 REM CatfuwiLals ®Z angd interc
ep )

5@1 FLAIA 1 FRINT AT 9.9; "CHALC
ULAT ING n2

" FLAIAR Q

2@z LET a=9 LET B=a LET <T=2.
LET D=g. LET E=0 LET wW=l+ENL2-32
TARRTZ

EQ3 FOR N=3TRRT: TO EMDZ2

504 PRINT AT 1,15, N

535 LET A=R+S(Z NI +B (2, N

S@5 LET EB=B+BiTS. W1 BT N}

5@7 LET C=C+5 (3 NI

223 LET D=D+5H {5, N

L8038 LET Z=E+B (3. NI =BT, N}

519 NEXT N

D?19 LET H2 = -{(JUzE-D#C) s LxB-Dx -

igo PRINT AT 2.,8;"Xe = ";K2;" =

539 PRINT "CC = ", iUzE-D3Z1 s32R

((UEB-D3D) $iUsR-03207 3

534 LET INTERCERTZ=1BxC-D=sxE1 7 (U
£8-D=0)

635 LET 0OD2=ExP (INTERCEPTZ2! *RB
S (Bia, TQr:sBi2,Td

549 PRINT “gbhz = ",0Db2

550 PRINT : PRINT : FPRINT "COPY

T OAY/NYY NPUT 3%

. B85 IF as="u" THEN LPRINT "K2=
“L,K2; s -1 ,"0Db2 =" ,002,"CC =", U
*E-DxC) /7508 ((U*B-DD) 2 {UxR-CxC1
]

650 RETURHMN

700 REM Recalcutlate OD for fast

gection

701 LET B=9: LET C=@: LET [=9:
LET E=2: LET F=0: LET 0D2=ExF (I
NTERCEFTZ:! ARS (2i(2,TA1}) ~Bi2,Ta:

705 FOR N=STARTI TO ENﬂl

7TO6 LET DELTA=DL2:EXP {(-K2*BIiT,
Nyy . LET S:»,Nl-L, ((B(2,N -DELT
A1 ¥ (RABS (Bi2,T@i »Bi2,TAr11}

719 FLASH 1: FRINT AT ©,@;"CALCT
ULATING Ki1": FLASH ©: PRINT

720 LET F=F+B(4,N) B4 ,N): LET
B=B+B(5,r1*B(S,N3: LET L-'+B(4,N
}: LET D=D+3(S,N!: LET E=E+B{4,N
) 2B (5, N} :

725 MNEXT N

725 LET W=1+4END1-3TRRT1

730 LET Kl=- (U3E-D#C) » (UxB-D*D)
6 BgT INTERCEPT1=(BxC-D*E) s (UxB-

%D

731 LET OD1=EXP {(INTERCEPT1) #R5B
S (Bi(2,Tariys,Bi(2,TA

724 PRINT "Rkl = ;K1 "i{s=-13": P
RINT “DDi = ";001. PRINT "Corr.
Coaf. = ", 1tUsE-D3*C1 #SOR 1 {UxBE-D+
Wiy (BeF-CxT0

'?gs PRINT "COPv 7 (gsnd)":. INPUT

a .

T35 IF as="y'" THEM GO TO 738

T37 RETURN

733 LPRINT k1l o= ", K1t is-10t
FRINT "0D1 = O0L1: LPRINMT "Corr
. Coer, = ;iU rE-DxD) S09R [ HUxE-
DD xisF-CsCh

739 REM Bi{4,N: now z2quats LN RS
ﬂluorrer?ej 2D

749 RETURN



200 REM PLot Catiutated CUrves
and d4ata

Sa1 S0 SUE S99

219 FoR Mi=Ta TO T1

311 LET v=001l3E«8 i-p1lsBiT N1+
QD2 3ECR {-n2xB i35 .0 LET Big, N
=L RmB3 (Y

218 BRINT AT 1D . 1a:

S0 MNEXT N

329 REM B4 .rlt nocw 2qguac: LM OAB
3{Cy.c. ol

S F3R M=TQ TO T1

238 PRINT AT 12,19, -

349 LET P=Bid4 . Nr-Bis,Tl:: LET P
=PxlE88 (B4, TOr-8i4,T1s1: LET F=
1O+RE3 (P}

341 IF P17 THEN MNEXT ™N: IF F
19 THEN MNExT N

42 PLOT 1Q+nMrs2.F

S45 MEXT N

559 FRINT AT @,9; "Copy dats iys=
1 n=2y 7
o INPUT AL

351 IF Ail: =2 THEM RETURN

852 IF mRilr =1l THEN GO To 354

883 G0 TO S50

854 LFRINT "0D = ﬂDma**[ expi-
klxt)+i{1-A! #expi-kas1i]’ LPRINT

. LPRINT "k1 = “;Ri;" z-1": LFR
IMT “kg = ";KZ2;" =2-1": LPRINT "H

= U INTERCEFPTL i INTERCERPTLI4+INT
ERCZCEFRTZ1: LPRINT : LPRINT : CORY

: LPRINT : LPRINT

S5@ RETURN

323 REM Caiculate Reduced Chisgq
vare

231 LET CHI=2

g5 FFF N=T3 TD T1

325 FRINT AT 2,19, N

210 LET u-GDIxExD {-K13B({5,N +
ODZ2EXF (-K2#B iS5 .N1}

515 LET CHI=CHI+(B{2,Nl-Y1#${B(Z
NV =Y 22, QQ25iT1i-T@+111!

2280 NEXT ¢+

239 REM Resumss 2ig8ma=9.9% hanc
e sigm3 5quared=¢.8925

331 PRINT "Reduwced CThi = ";CHI

B3 PRINT "Print CHI 7 (¥=1 N=2
1 INPUT q

235 IF g5=1 THEN GO0 TO 240

237 IF q=2 THEN S0 TO 39592

938 GO TO 9335

549 LPRINT "Reduced CThi =";CHI

LPRINT : LPRINT

352 REM Reziduals

355 CLS : PLOT @,@8: DRRAWY @,175:

PLOT @,89: DRAW 255,Q: PRINT AT

S,109; "RESIDUARL PLOT": PRINMT RT
@,@; "120@@:R": PRINT RT 14,157
ime"

Q593 FOR N=T@ TO T1

Q81 LET R=iBiz,NI-0D1+ExP {-Hls
BIiS,NI1 -0D23EXPF (-K232B(5,N111}

352 LET R=30+10092+R

353 IF R>175 THEN NEXT N

S84 IF R<«@ THEN NEXT N
385 PLOT IN-TQ!/2,R

Q568 FRINT AT @,13;N

D79 NEXT N

275 FLR3H 1. PRINT AT 22,2 "CoP
f ty=1 n=2s 7' FLASH 2 INPLT R
[y ]

S75 IF pilr=2 THEMN RETURN
o977 IF Rilr=1 THEN &OJ T2 33Q
azs G2 TO 3795
33 PRINT RT c9.2;"

) CCP
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GHEAROEDPRROOOOER DO G
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@ PLO
GO TO
Y STOR

INUERSE
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INUERSE
2031
INUERSE
29e1l
IMUERSE

AR
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D

r

£

AN

st

Tl

19@Q REM 3Sunthes:
me per cm=1lms tThs
2=20Q.35

1901 FLR3R 1: PRI
RATING DATR": FLA
13832 FCR n=0 T4 &
1J@T POKE (R+n: . 1
B2 ,@85=Nn 8.5
fL FRINT AT 1,2, N
1993 HMEST #

1935 RETURN

1999 REM Mowe Stl3
2020 IF IMKEY3=":=
a9

Z29Q1 FLOT X,¥
2022 IF INKEvYs=""
=3

2923 IF INRKEYE="r
Qa

2205 IF INKEYs="1"
2

238 IF INKEY3=":=
2007 IF INKEYs='u
I )

a

29025 IF INKEY3="2
Q

p= GO TO 2@8c
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=

=
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APPENDIX 3

Homogeneous Dimer ilibrium se {(Tran t Mode

In the case of homogeneous dimer,(MV*)z, equilibrium with monomer

+ .
MV , we can wraite:

_ {A3.1)

soln ~ 2Msoln

Let the total number of moles generated per particle be C, where
C=2D+ M (A3.2)

As D and M is diffusing away in an expanding sphere of radius «

(Do’c)”2 (from second law of Diffusion), then we have:

(M] + 2 [D] w» —% (A7.3)

(0 t) 372
o
Where D and M are dimer and monomer and D is diffusion

o

.. 1/2
coefficient. Here assumed (D t) >> r . .
o] particle

By using equation (A3.1) we can write:
2
[D] = KIM] {A3.4)

and we suppose that [D] << [M] and K is equilibrium constant.

We can also write:

n [ knrz g, [Mldr n €, C
. p "0 M . P M
ODw- v v (A3.6)

We suppose that at t = 0 (at start) we have all dimers, then
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00 2
n Io bwr € [Dldr n g C

p p
= H A3. 17
0Dmax v 2V ( )

Equation A3.3 can be written as:

2 I: tur’ (D] dr + jo”anrz [M] dr = C (A3.8)

putting [M] = [M]°° - 2[D] in equation (A3.5) yields

n e C n (e _-2¢)

_ _p M p D M 0 2
0D = v + m jo bwr” [Dldr {A4.9)
Then
n (e -2¢.)
M -
ob - 0D = p D " 1) énrz [Dldr [A4.10)
o0 Vv 0
and
n (e -2¢1)C
oD ~op -2 D M (AL.11)
max oo 2V

Dividing equation to (A4.10) gives:

o 2
0D - 0D 2 Io4nr {Dldr

.2 AL .12
Y% op__ _-op c ( )

ma X L
I1f the concentration of monomer around the particle supposed

be

[M] :-——1L———3/2 (A3.13)

An(Dét)

then using equation (A4.4) we have

2
(Dl = ——*”EE-—§7§—2 {A3.14)
[Ln(Dét) ]

to



2688

where 06 1s diffusion coefficient in non-expanding sphere

Lo 1/2
(0°t) 1 rparticle'

Substitution of equation (A3.14) into (A3.12) gives

2
= KC
3 0.7 KC

TN £ O V! (A3.15]
tn(D't) tw(D't)

0 0
; . 1/2
Full analytical treatment in case of (D t) > r . shows that
0 particle

y = 94££~E£§72 {A3.16)

Ln(DOt)

Comparison of equation (A3.15) and (A3.16}, and ploting log v

against log t shows that the gradient is -1.5 and deviation

1/2
wr

particle’ This gives the radius of

occurs when (Dét)
particle about 10—5cm, while the radii of real particles measured
by high resolution electron microscopy was about 10-7cm. This
appendix shows that the formation of dimer and its homogeneous
equilibrium with monomer could be possible if the radius of

particle were about 100 times bigger than that of measured.

Therefore there is no dimer at equilibrium at all.



0,0

289

log ¢

0,0

Fig- A3-1



290

APPENDIX 4

Homogeneous Dimer Case

By using the 485nm and 605nm transient traces (Fig. 4.7) we

can write

oD = ED[DJ - EM[M] (A& 1) for 485nm

and

"

oD e'D[D] . e'M[M} (A4.2) for 605nm

It is assumed

2{D] + [M] = [M]°° (A4.3)
and

e'D[D] << e'M[M] (AL .4)
Therefore

[M] _opn’

G {A%.5)

and, from equation (A4.3)

1 00’
— 1 - e— .
> ( OD;’ (A4.6)

—
=
—

~
=4
—

Equation (A4.1) can be rewritten as

0D = e [D] + 0D toi— (A4.7)

Assuming that op_ = eH[M]w. Subtraction of equation {(A4.5) from

(A4.7) and using [D] from equation (A4.6) gives
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op_ " o0’ ~ 200_ - 5! (Aé.8)

00

If the assumption of equation (A4.4) 1s not made, then we have

(M) ) OD'-eD[DJ (At 9)
M o’ :
and
M1 o 00 ED[D])
(M1 _ ) 00 oD’
or
e ' .
L e N P L)
[M] 2 € 2 0D
00 M o0
or
1 0D’
- (1= ——)
(o] 2 0D = (A4.10}
[M]w (1- 1 g fe’}
2 DM
From equation (A4.3) we have
[M] ., 2[p]
[M]m = 1 ——-—[M]w (A4 .11)

Substitution of equation (A4.10) into (A4.11) gives

M1 _ ., ,, oD R
[M]w = 1- (1 OD;) /(1 > eD/eM)
oD’ 1 e’D
.00~ 2 e'M (A4.12)
1- 1 e'le
2 D M

By substituting equations (A4.10) and (A4.12) 1into equation

(A4.7) are obtained
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e (1- 2 (8 1eDd

ob _ O _ OD'=  _OD'> 2¢'M
0D T 2¢ 1 ¢’ 1 ¢'D

. M- ? e'z (1 2 g )
or
o, 1o oot Fpo o0t 1 fW
OD°° 2 eM ODm CM OD°° 2 EM
oo o Coo QL)—1i(1- g) (A4.13)
00 oo. 2¢,, 0D 2 "4 0D )

Dividing both sides of equation (A4.13), by (1- OD'/OD'w) gives

oD oD’ € ¢ 0b -1
0D 0D e _ D . D 0D

oD’ T 2g 2¢’ 0D’
1- 0D = M M 1- 0D o
or

€ €
Y = —2—2 + 'Tg, X {AL.14)
M M

A plot of Y against X for different concentrations of MV®  is
shown in Fig. A4.1. This figure shows that the data at all
concentrations of MVZ+ were well fitted by equation (A4.14). The

slope in this figure 1is about one. That means

— w1 or €y ZEM

As we know[81' 1651 the extinction coefficient of dimer at 605nm

should be less than that of its monomer (E'D << e'M). While our
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calculation suggests convese. In this case we may say that the
transients in Fig. 4.7 not belong to the equilibrium dimer case
but belong to the desorption of dimer (MV+)2, from the surface of

CdS particle to the solution.
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10

Fig.- Ab.1
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APPENDIX 5

Calculation of the concentration of surface dimer, ds'

By using the transient traces (Fig. 4.3) we can write

0D = e d + 0D (AS5.1)

where ds and ms are the surface concentrations of dimers and

monomers respectively and m 1is the concentration of monomer at
00

the end.

mS can be written as
m =m - 2d (A5.2)
Substitution m, in equation (A6.1) gives

0D = e¢. d + 0D - 2d ¢
s o0 S

D M
or
(OD~ODw)
ds - — (A5.3)
eff
where
GD OD°o
= —_— d = ——
Eeff ZEM (2€ 1) an EM "
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