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Abstract 

This thesis is concerned with the development and application of scanning 
electrochemical microscopy (SECM) to investigate interfacial photoelectrochemical 
processes occurring at supported Ti02 surfaces. The new SECM approach, involving 
both amperometric and potentiometric electrodes, was used to monitor interfacial 
photoprocesses with high spatial resolution. 

A new in situ photoelectrochemical approach to chemical actinometry has been 
developed and used to determine the light flux through a quartz fibre employed in the 
SECM system. In this system an ultramicroelectrode (UME) probe is positioned with 
high precision at a known distance close to a TiOrcoated fibre and used to detect 
reactants or products of the ongoing photodegradation process. The 
microelectrochemical actinometry approach was developed using the well-known liquid 
phase potassium ferrioxalate actinometer. The approach involved recording the steady
state current for Pe(III) reduction at an SECM tip positioned close to the fibre. A step 
function in the light flux (off-on) was then applied and the resulting 
chronoamperometric behaviour due to the reduction of Fe(III) at the UME was recorded 
as a function of tip-fibre separation distance. A theoretical model has been developed to 
simulate experimental current-time profiles, which allowed the light flux through the 
quartz fibre to be quantified. 

An experimental approach to investigating the photoelectrochemical reduction 
of oxygen at UV-illuminated Ti02 surfaces, in aqueous aerated and oxygenated 
electrolyte solutions, in the absence and presence of hole scavengers, has been 
developed. In this new approach the chronoamperometric behaviour for oxygen 
reduction was recorded at an UME tip after stepping the light flux at a back-illuminated 
Ti02 film on and off The kinetics of the reduction process were interpreted through 
various theoretical models proposed in the literature. This experimental approach 
demonstrated a significant depletion of the oxygen concentration at the illuminated Ti02 
surface, which provides a new insight into the photomineralisation process, showing the 
important role of oxygen in controlling the kinetics. 

Using an SECM potentiometric approach, the photomineralisation kinetics of a 
model organic pollutant, 4-chlorophenol (4-CP), in aerated and oxygenated aqueous 
solutions at supported Ti02 films, were quantitatively investigated. A potentiometric 
Agi AgCI UMB, positioned at a known distance above the Ti02 film, was used to 
monitor directly the cr production from the photomineralisation of 4-CP. A theoretical 
model, employing a Langmuir-Hinshelwood type kinetic equation, has been developed 
to interpret the kinetics of the photomineralisation process and determine the associated 
quantum efficiency. A direct correlation between oxygen consumption at the 
illuminated Ti02 surface and cr formation in the photomineralisation process has been 
found. 

SECM has also been used to monitor photoelectrochemical transfer kinetics at 
the Ti02/aqueous interface using a well-known electron scavenger, methyl viologen. 
The Ti02 film was in contact with a solution containing methyl viologen dication 
(MV2j as the redox mediator and sodium acetate as the hole scavenger. The 
chronoamperometric behaviour for MV2+ reduction was recorded at an UME tip after 
stepping the light flux at the Ti02 film from off to on. The rate constants for the 
reduction process were obtained through a theoretical model based on zero-order 
kinetics. The substrate generation! tip collection mode of the SECM was also used to 
detect the ~+ radical cation produced at the Ti02 surface at the UME tip. 
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CHAPTER 1 

INTRODUCTION 

This chapter provides an overview of the properties of semiconductors as 

photocatatalysts and reviews the current status on the primary processes and 

kinetics of the Ti02-sensitised photomineralisation of organic pollutants. The 

basic principles of scanning electrochemical microscopy (SECM) are described 

and an overview of SECM as a probe of surface photochemical processes is given. 

The aim of this thesis was to use SECM to obtain a more detailed understanding 

of the photoelectrochemical reactions occurring at a semiconductor surface. 

1.1 Semiconductor Photocatalysis 

Heterogeneous photoassisted catalysis, known as 'photocatalysis', is 

defined as the 'acceleration of a photoreaction by the presence of a catalyst'. I The 

use of semiconductors as photocatalysts for a variety of processes, such as 

environmental protection and amelioration, has been and continues to be an active 

field of research.2
,3,4,5,6 Semiconductor photocatalysis has a broad range of 

emerging potential applications for the treatment of water (contaminant 

destruction and removal, metal deposition and recovery, sterilisation and 

disinfection) and air (purification, decontamination, deodorisation, self-cleaning 

surfaces). Commercial products based on these processes have already entered the 

market.7,8,9,IO 
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1.1.1 Band Gap Pbotoexcitation of Semiconductors 

The electronic structure of a semiconductor can be described by the band 

theory model, in which the highest occupied band (the valence band) and the 

lowest unoccupied energy band (the conduction band) are separated by a band gap 

Ebg, a region devoid of energy levels in a perfect crystal. 11 

The initial process for heterogeneous photocatalysis of organic and 

inorganic compounds by semiconductors is the generation of electron-hole pairs 

in the semiconductor particles. The enlarged section of Figure 1. 1 shows the 

excitation of an electron from the valence band to the conduction band initiated by 

the absorption of a photon of ultra-band gap energy, i.e. light is absorbed with 

energy equal to or greater than the band gap of the semiconductor. This leads to 

the generation of a hole, h +, in the valence band and a corresponding electron, e-, 

in the conduction band. The classical picture of a hole is that of a highly localised 

electron vacancy in the lattice of the irradiated semiconductor particle. 12 The 

electron, by virtue of its population of the conduction band, is much more 

delocalised and can be trapped at a surface defect site or by an adsorbed chemical 

trap.13 Upon excitation, the fate of the separated electron and hole can follow 

several pathways. 11 Figure 1.1 illustrates some of the deexcitation pathways for 

the electrons and holes. 

The electrons and holes can migrate to the semiconductor surface where 

they are able to undergo charge transfer reactions with adsorbed species. The 

electron transfer process is more efficient if the species are preadsorbed on the 

surface. 14 At the surface of the semiconductor, the photogenerated electrons can 

reduce an electron acceptor A, usually oxygen in an aerated solution (pathway C) 

and the photogenerated holes can oxidise an electron donor D (pathway D). The 
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probability and rate of the charge transfer processes for electrons and holes 

depend upon the respective positions of the band edges for the conduction and 

valence bands and the redox potential levels of the adsorbate species. This issue 

will be considered in section 1.1.3. 

In competition with charge transfer to adsorbed species is electron and 

hole recombination. Recombination of the photogenerated electron-hole pair can 

occur in the bulk of the semiconductor (pathway B) or on the surface (pathway A) 

with the release of heat. 

Figure 1.1 Schematic photoexcitation of a semiconductor followed by 
deexcitation events. II 

1.1.2 Efficiency of Photocatalysis 

The efficiency of the photocatalytic process is expressed as the quantum 

yield, which gives the relation between the number of molecules reacting in a 

given time and the number of quanta absorbed. Due to scattering of light by the 

semiconductor surface it is very difficult to measure the actual proportion of light 

absorbed. It is usually assumed that all the light is absorbed and the efficiency is 

quoted as an apparent quantum yield. The quantum yield for an ideal system, ;, is 
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gIven by a simple relationship where a combination of all the pathway 

probabilities for the electron and hole has been considered: 

(1.1 ) 

where ¢ is proportional to the rate of the charge transfer process (ker) and 

inversely proportional to the sum of the charge transfer rate (ker) and the electron-

hole recombination rate (kR) in the bulk and at the surface. It is considered that the 

diffusion of the products into the solution proceeds so rapidly that the reverse 

reaction of electrons recombining with donors and holes recombining with 

acceptors does not occur. 

In the absence of recombination, the quantum yield would take on the 

ideal value of unity. In this idealised case, the rate of charge transfer would be 

dependent on the diffusion of charge carriers to the surface in the absence of 

excess surface charge. However, in a real system recombination does occur and 

the concentration of electrons (ns) and holes (Ps) at the surface is not equal. 15 In 

order to obtain a more efficient charge transfer process, charge carrier traps are 

used to promote the trapping of electrons and holes at the surface of the 

semiconductor. For photooxidation processes on Ti02, ns > ps, because the 

electron transfer to molecular oxygen trapped at defect sites is relatively slow. A 

decrease in the electron-hole recombination rate can be achieved by modifications 

made to the semiconductor surface, such as additions of metals, dopants, or 

combinations with other semiconductors. II 

1.1.3 Band Edge Positions 

The ability of a semiconductor to promote photoinduced electron transfer 

to adsorbed species at its surface is governed by the band energy positions of the 
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semiconductor and the redox potentials of the adsorbate. 1 
I Knowledge of the band 

positions for semiconductors is useful as it indicates the thermodynamic 

limitations for photoreactions that can be carried out with the charge carriers. In 

order to photoreduce a chemical species, the conduction band of the 

semiconductor must be more negative than the reduction potential of the chemical 

species; to photooxidise a chemical species, the potential of the valence band of 

the semiconductor must be more positive than the oxidation potential of the 

chemical species. Figure 1.2 shows the band gaps and band edges of several 

semiconductors at pH O. The band edge positions of a semiconductor are 

influenced by the pH of the contacting solution. The band edge positions of Ti02 

are known to shift cathodically with pH (band positions change by ca. -0.059 V x 

ApH).16.17 

-I 

Figure 1.2 Valence and conduction band positions for various semiconductors, 
and useful, relevant redox couples at pH O. ) 

Figure 1.2 shows that the redox potential of the photogenerated valence 

band hole of Ti02 is positive enough to produce adsorbed ·OH radicals and 
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simultaneously, the redox potential of the photogenerated conduction band 

electron is negative enough to convert oxygen to superoxide anion (02-- or its 

protonated form H02 e). This gives Ti02 the capability to photooxidise a large 

variety of organic pollutants, as will be considered in section 1.2.2. 

1.2 Photocatalysis on Ti02 Surfaces 

Several simple oxide and sulfide semiconductors are available for 

photocatalysis. They include Ti02, W03, SrTi03, Fe203, ZnO and ZnS. However, 

among these semiconductors Ti02 has proven to be the most suitable for 

widespread environmental applications.3,4,7 Ti02 is biologically and chemically 

inert, it is stable with respect to photocorrosion, and it is inexpensive.) It is also 

able to completely oxidise a wide range of organic pollutants. )8 

1.2.1 Ti02 as a Photocatalyst 

Ti02 photocatalysis has been applied to a variety of problems of 

environmental interest. It has been shown to be useful for the oxidation of 

organic4,19,20 and inorganic2,21 pollutants, for the destruction of microorganisms 

such as bacteria22 and viruses,23 for the inactivation of cancer cells,24.25 for odour 

control,26 for the photosplitting of water to produce hydrogen gas,27,28,29,30 for the 

fixation of nitrogen,31.32,33 and for the clean up of oil spills. 34.35,36 

Currently Ti02 is considered the most effective semiconductor 

photocatalyst due to the following properties:)·37 

i) highly photocatalytically active 

ii) biologically and chemically inert 

iii) photostable (i.e. not liable to photoanodic corrosion, for example) 
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iv) insoluble in aqueous solution 

v) inexpensive 

vi) able to oxidise completely a wide range of hazardous and toxic 

compounds. 

Ti02 is available in two different crystalline structures, rutile and anatase, 

and due to this difference in the lattice structure, different mass densities and 

electronic band structures are produced as shown in Figure 1.3. 11
,38,39 

Rutile 

dTi-Ti = 3.57 A 
2.96 A 

dTi-O = 1.949 A 
1.980 A 

Ebg = 3.02 eV 

p = 4.250 glcm3 

~Gof= -212.6 kca1lmole 

Ti-e 
0-0 

Anatase 

dTi-Ti = 3.79 A 
3.04A 

dTi-O = 1. 934 A 
1.980 A 

Ebs =3.23 eV 

p = 3.894 glcm3 

~Gof= -211.4 kcallmole 

Figure 1.3 Unit cell structures of rutile and anatase Ti02. II 

The anatase fonn shows a higher photocatalytic activity because of the 

larger reduction potential of electrons at the conduction band edge due to its larger 
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band gap (3.23 vs 3.02 eV in rutile).4o,41 Also, a higher degree of surface 

hydroxylation is present in the anatase form.42 Generally, the Ti02-sensitised 

photocatalysis process involves the oxidation of surface hydroxide groups, which 

actively participate in the photodegradation process. 43 Thus, the higher degree of 

surface hydroxylation in anatase makes it more effective in the photodegradation 

of a wide range of hazardous compounds. 

Currently Degussa P25 Ti02 is accepted as the most effective research 

standard. 1,4 It is a non-porous 70:30 anatase-to-rutile mixture with a surface area 

of 55 m2 gol and particle size of 30 nm in 0.1 pm diameter aggregates. It has a 

higher photocatalytic activity than any other readily available form of Ti02. 

Fujishima's group has reported the development of transparent Ti02 films with 

higher photocatalytic activity towards the decomposition of thin oil films than 

Degussa P25. 43,44 These Ti02 films show useful self-cleaning, deodorising and 

antibacterial functions even under the weak UV light existing in typical indoor 

environments.45,46,47,48 

1.2.2 Mechanism of Ti02-Sensitised Photodegradation of Organic Pollutants 

The Ti02-sensitised photomineralisation of organic substrates by oxygen 

may be summarised as follows 

TI02 

Organic pollutant + O2 ~ CO2 + H20 + mineral acids (1.2) 
hV~ba 

The energetics and primary processes associated with reaction (1.2) are 

illustrated in Figure 1.4. Laser flash photolysis experiments49
,50 have provided 

detailed information of the primary processes associated with the 

photodegradation process, together with their characteristic time domains, which 

are summarised in Table 1.1.1,4 
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Figure 1.4 Energetics and major general processes for the photomineralisation of 
organic pollutants in aqueous solution by dissolved oxygen, sensitised by Ti02 

. I I partlC es. 

Table 1.1 Primary processes and associated characteristic time domains in the 
Ti02-sensitised photomineralisation of organic pollutants. 1,4 > TiOH represents 
the primary hydrated surface functionality ofTi02, {> TilVOI1+} is the surface
trapped valence band hole (i.e., surface-bound hydroxyl radical), and {> TiIIIOH} 
is the surface-trapped conduction band electron. 

Primary process Characteristic time 

Charge carrier generation 

Ti02 + hv-+ h+ + e- fs (very fast) 

Charge carrier trapping 

h+ + > Ti1vOH -+ {> TilVO~} 10 ns (fast) 

e- + > TiIV OH ~ {> TiIIIOH} 100 ps (shallow trap; 

dynamic equilibrium) 

e- + > TiIV -+ > TiIII 10 ns (deep trap) 

Charge carrier recombination 

e- + {> TilVOW}-+ > TilVOH 100 ns (slow) 

h+ + {> TiIIIOH}-+ > TiIvOH 10 ns (fast) 

Interfacial charge transfer 

{> TilV 0I1+} + organic pollutant -+ > TiIV OR + 

oxidised pollutant 100 ns (slow) 

{> TiIIIOH} + O2 -+ > TiIVOH + O2 e- ms (very slow) 

9 



In general, for efficient degradation, the organic reactant, RH2, must be 

adsorbed onto the photocatalyst surface, where oxidation of the adsorbate can 

occur either directly through interfacial electron transfer (direct hole oxidation, 

equation 1.3) or indirectly through an ·OH mediated attack (equations 1.4-1.6). 

h + + RH2 ~ -ruI + W 

h + + H20 ~ ·OHad + W 

h+ + OI1ad ~ ·OHad 

RH2 + ·ORad ~ 1U1 + H20 

(1.3) 

(1.4), 

(1.5) 

(1.6) 

Minero el al. 51 have shown that the ·OH radical does not migrate far from the 

photogenerated active site on Ti02, and that the degradation process must occur at 

the photocatalyst surface or within a few atoms of distance from the surface. 

Okamoto el al. 52 demonstrated that the formation of hydrogen peroxide 

(H20 2) from superoxide (02.-) can generate ·OH radicals which will also 

participate in the photodegradation reactions. Molecular oxygen functions as an 

electron acceptor which is reduced by the electrons of the conduction band to 

produce superoxide anions (equation 1. 7~ en. - is a trapped conduction band 

electron). 

(1.7) 

In acidic media, the superoxide radical aruon protonates to gIve the 

hydroperoxide radical, H02• (equation 1.8). Reactions 1.9-1.11 provide the 

pathways for H202 formation: 4
,53,54 

02-+W ~H02· 

H02• + H02· ~ H202 + 02 

H02· + 02 - ~ H02 - + 02 

(1.8) 

(1.9) 

(1.10) 
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(1.11) 

Hydroxyl radicals can thus be formed via the following reactions 

(equations 1.12_1.14):52,53 

(1.12) 

(1.13) 

(1.14) 

There is a significant body of literature showing that oxidation can occur 

either by mediated ·OH radical oxidation55,56,57,58,59,60 or by direct hole 

oxidation.61 ,62,63,64,65,66,67 Whether direct or mediated reaction occurs will depend 

on the nature of the organic substrate.68 The direct oxidation pathway is shown to 

be more important for strongly adsorbing substrates68 and at very high substrate 

concentrations.69,70 

1.2.3 The Role of Oxygen in Ti02 Photocatalysis 

Oxygen acts as an electron acceptor, scavenging electrons from the 

conduction band and thus reducing the recombination rate. This process is of 

particular interest since Gerischer and Heller have suggested that electron transfer 

b h I" . . . d h tal· 717273 to oxygen may e t e rate- lmltmg step 10 semI con uctor p otoca YSIS. . . 

When the rate of oxygen reduction is not sufficiently fast to match the rate of 

reaction of holes, an excess of electrons will accumulate on the Ti02 particles, and 

the rate of electron-hole recombination will increase. In order to improve the 

kinetics of the photodegradation process, catalytic sites must be placed on the 

Ti02 surface; these sites can be of the form of islands ofPdo. Gerischer and Heller 

were able to show that incorporation of Pdo in the Ti02 surface increases the 
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quantum efficiency of the photoassisted oxidation of 10-2 M aqueous 2,2-

dichloropropionate 3-fold at 0.01 wt % Pd and 7-fold at 2 wt % Pd. 72 

Lewis and co-workers 74 have developed a flux-matching model of 

semiconductor photocatalysis based on their work with single-crystal rutile Ti02 

photoelectrodes. In this model, three major carrier decay pathways were 

identified, namely electron-hole recombination, oxygen reduction by 

photogenerated electrons and hole transfer to the organic, water or other hole 

acceptor species in the solution. All this three processes are closely related and 

none can be stated as being rate-determining. However, they were also able to 

show that the presence of a Pt catalyst on the surface of the Ti02 photocatalyst 

should lead to an enhancement in the rate of the photodegradation process. 

It is becoming apparent that molecular oxygen and the superoxide radical 

amon play an important role in the oxidation of several types of organic 

reactants.44,64,75,76,77 Studies of 4-chlorophenol (4-CP) degradation in a Ti02 slurry 

suggested that oxygen plays a specific role during photooxidation in addition to 

scavenging the trapped electrons.78
,79,8o It was found that 4-CP degradation only 

occurs to a small extent (20%) in the presence of an alternative electron acceptor 

capable of scavenging the trapped electrons as readily as oxygen, while complete 

photomineraiisation is achieved in a similar time frame when oxygen is present. 

Gerischer and Heller75 have shown that both electrons and oxygen 

molecules actually participate in the photocatalytic air oxidation of four aliphatic 

reactants, a hydrocarbon, an alcohol, a ketone and a carboxylic acid. They 

proposed that molecular oxygen has two roles: it accepts the electron generated in 

a Ti02 particle and is reduced to a superoxide radical (02-), and it combines with 

the organic radical, generated upon the hole or ·OH radical reaction with the 
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aliphatic (equation 1.15), to produce an organoperoxy radical (ROO·; equation 

1.16). 

RH + h+ (or ·OH) ~ R· + H+ (or H20) 

R·+02~ROO· 

(1.15) 

(1.16) 

The organoperoxy radical reacts with the superoxide radical to fonn an unstable 

tetraoxide (equation 1.17) that decomposes to products. Oxygen plays an essential 

role in these oxidation reactions. 

(1.17) 

Fujishima and co-workers44 have also shown that oxygen and the 

superoxide radical are involved in the Ti02 photocatalytic degradation of gas

phase acetaldehyde. In their study of the mechanism of the Ti02 photocatalytic 

decomposition of ethanol in aqueous solution, using a microelectrode technique, 

they were able to show that molecular oxygen participates in the photooxidation 

reactions. 76 Thus, oxygen plays a major role in the oxidation of the organic 

substrate. 

1.2.4 Kinetics of the Photomineralisation Process 

The rate of photomineralisation of an organic substrate, S, sensitised by 

Ti02 depends on several factors such as: (i) crystalline fonn and concentration of 

Ti02 particles; (ii) concentration of dissolved oxygen; (iii) nature and 

concentration of the organic substrate; (iv) intensity of the i1luminating source; (v) 

temperature and pH of the polluted medium; (vi) the presence of interfering 

adsorbing species and (vii) the effect of mass transport. 

The pH of an aqueous solution significantly affects the particle size, 

surface charge and band edge positions of Ti02.
81 However, a weak dependence 
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of the reaction rate on solution pH is usually found. 82,83,84 Changes in rate of 

photocatalytic activity from one end of the pH range to the other are usually 

small, often less than one order of magnitude. 12 Also, the photodegradation 

process is not highly sensitive to minor variations in temperature. 12 The 

photoassisted degradation rate of aliphatic alcohols was found to be temperature 

insensitive, indicating that the potentially temperature dependent steps, such as 

adsorption, desorption, surface migration or rearrangement do not appear to be 

rate-limiting in this case. 85,86 

Several kinetic models describing mechanisms of photooxidation reactions 

have been proposed,57,87,88,89,90,91 but in general, the initial rate of photocatalytic 

degradation of an organic substrate S matches the Langmuir-Hinshelwood (L-H) 

kinetic model: 1,4,12 

(1.18) 

where ri is the initial disappearance rate of substrate S, [S]j is the initial 

concentration of the organic substrate, Ks is the Langmuir adsorption constant of 

species S on the Ti02 surface and ks is a proportionality constant which provides a 

measure of the intrinsic reactivity of the photoactivated surface with S. 

The coefficient ks is proportional to lam, where 1a is the intensity of light 

(photons S-I) and m is a power term which is equal to 0.5 or unity at high or low 

light intensity respectively. 57 The coefficient ks is also proportional to the fraction 

of oxygen adsorbed on Ti02, 00 , which can be expressed by the following 
2 

equation: 

(1.19) 
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where K 02 is the Langmuir adsorption coefficient for 02, which appears to be 

non-competitively adsorbed on Ti02 due to its exclusive adsorption at TiIII sites~ 

hydroxyl radicals and organic substrates are adsorbed at TiIV -lattice oxygen 

sites.92 Thus equation (1.18) can be expressed more completely as follows: 

( 1.20) 

where ris a proportionality constant. 

Equation (1.20) is often found to be applicable to batch suspension 

systems,93,94 i.e. those in which the semiconductor is dispersed in an aqueous 

solution containing the organic substrate for photomineralisation. Many flow 

systems95 have also been developed in which the semiconductor is immobilised 

on an inert support and the aqueous solution containing the organic substrate for 

photomineralisation is passed over it. In these flow systems, equation (1.20) 

usually still applies, but often with the reaction rate exhibiting a dependence on 

the flow rate, indicating a mass transfer dependence which is not found with batch 

systems.96 Ahmed et al.,97,98 using the channel flow method with electrochemical 

detection (CFMED) to study the photomineralisation of four chlorophenols, have 

shown that mass transport is a key parameter controlling the photodegradation 

kinetics at supported semiconductor surfaces. 

1.2.5 Controlled Periodic Dlumination Effect in Ti02 Photocatalysis 

The low quantum yields for the oxidation of aqueous pollutants on 

illuminated Ti02 interfaces currently prevent the application of photocatalysis for 

large scale water decontamination.4 One solution that has been proposed to 

address this problem is the use of controlled periodic illumination instead of 
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continuous illumination.99.100.101 Sczechowski et 01. 99
•
102 demonstrated a means of 

increasing the aqueous phase photoefficiency of formate ion oxidation by using a 

controlled periodic illumination of a Ti02 catalyst suspension. They proposed that 

intermediate species, such as hydroxyl radical and superoxide anion, that are 

involved in the photocatalytic oxidation of organics can also participate in 

reactions that result in the recombination of electron-hole pairs or other redox 

processes that do not oxidise the organic. The build up of these intermediates due 

to continuous illumination of the particles will favour these undesirable reactions. 

Controlled periodic illumination may reduce the build up of intermediates and 

increase the photoefficiency. By illuminating the particles for short intervals, a 

limited number of electron-hole pairs will be generated, and when the particles are 

in the dark, the redox reactions leading to oxidation of the organics can take place. 

After most of the intermediates are consumed, the particles can be illuminated 

again for another short period. Using this light-dark cycling, they reported a 5-fold 

increase in the photoefficiency of formate oxidation. However, there was not 

enough information to support any specific mechanism for the enhancement seen 

in their work. 

Upadhya and OlIis I03 performed a detailed modelling of the experimental 

work by Sczechowski et 01. They proposed a transient kinetic model which 

assumed that the surface coverage of the formate ion (or hydroxyl radicals) is 

constant during the reaction or that the rate of formate adsorption at least equals 

the rate of reaction. Adsorption of oxygen on the surface and/or the transfer of 

conduction band electrons to adsorbed oxygen was assumed to be the rate-limiting 

step. Thus, use of periodic illumination and darkness provides the dark time 

intervals required to allow redevelopment of appreciable surface oxygen coverage 
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or to allow completion of electron transfer to adsorbed oxygen (and completion of 

follow-on reactions). The work of Upadhya and Ollis provided reasonable 

agreement between the photoefficiency trends in experimental and model 

simulation. 

Buechler et al.104 have also investigated the photocatalytic oxidation of 

formate ion at illuminated Ti02 particles using the controlled periodic 

illumination effect. The key result from their study was the observation that the 

formate ion concentration contributed to limiting the photocatalytic rate. At the 

highest formate ion concentrations, there was little or no controlled periodic 

illumination effect. However, at lower formate ion concentrations. an apparent 

controlled periodic illumination effect was observed. The apparent improvement 

in the efficiency of the photocatalytic process due to the controlled periodic 

illumination effect was attributed either to mass transport limitations of formate 

ion and/or oxygen to the catalyst surface or to slow adsorption/reaction steps. 

They argued that the model proposed by Upadhya and OlliS I03 was only accurate 

for systems which were limited by the adsorption or reaction of oxygen, and that 

the formulation of the model failed to account for the enhancement caused by 

controlled periodic illumination when the photocatalytic rate was limited by 

adsorption of the formate ion. 

In a recent paper, Hoffmann and co-workers 105 have reported on the 

quantum yields of the photocatalytic oxidation of formate in aqueous Ti02 

suspensions under continuous and periodic illumination. They found that the 

quantum yields measured under periodic illumination do not exceed those attained 

by continuous illumination at the same average absorbed photon flux. They 

argued that the alleged performance enhancements induced by discontinuous 
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illumination reported by other groups were actually based on quantum yields (or 

efficiencies) determined under widely different average photon fluxes. Based on 

their results, Hoffmann and co-workers concluded that no advantage arises from 

the use of periodic illumination over the continuous regime. 

1.2.6 Redox Reactions in Heterogeneous Photocatalysis 

There is a large body of work on interfacial electron transfer reactions at 

colloidal semiconductor particles (diameter of 50-500 A), which form transparent 

aqueous dispersions. 106
,J07,J08 These colloidal systems provide an excellent 

medium in which to investigate electron transfer reactions across a 

semiconductor/liquid interface, since their dynamic behaviour can be monitored 

directly by time-resolved techniques such as flash photolysis. 109,1 10,1 II 

The elementary steps in the heterogeneous electron transfer induced by 

light from a semiconductor particle to an appropriate acceptor molecule in 

solution are: (i) excitation of the semiconductor particle and charge carrier 

diffusion to the interface~ (ii) charge carrier trapping on the particle surface~ (iii) 

encounter complex formation of the electron (or hole) acceptor with the 

semiconductor particle~ (iv) interfacial electron transfer. 106,112 

Grtltzel and co-workerslO9 studied the dynamics of interfacial electron 

transfer reactions with colloidal Ti02 particles, employing methyl viologen 

(MV2l as an electron acceptor. Excitation of colloidal Ti02 leads to electron-hole 

pair production, with the conduction band electron being subsequently transferred 

to the MV2
+ acceptor in solution. The growth of the ~ absorption reflects the 

kinetics of this interfacial charge transfer reaction and was followed by using laser 

photolysis techniques. The reaction kinetics were found to be pseudo-first order 
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with respect to MV2+ concentration, and it was shown that the electron transfer 

involved bulk diffusion of the acceptor to the semiconductor particle and did not 

proceed via My2+ adsorbed to the surface of Ti02. Gr4tzel and co-workers 109 have 

also shown that as the pH increases, the rate constant for interfacial electron 

transfer to MV2+ also increases. This results from a cathodic shift in the potential 

of electrons on the particles (the conduction band potential of Ti02 is known to be 

shifted by 59 mY upon changing the pH by one unit,16,17 but the redox potential of 

the MV2+~ couple is pH independent), which increases the thermodynamic 

driving force for reaction. The interfacial electron transfer step controls the rate at 

lower pH when the overvoltage available to drive the reaction is small. At higher 

pH, mass transfer effects become increasingly important and determine the overall 

reaction rate. 

Bard and co-workers 113 have also investigated the reduction of MV2+ in 

Ti02 suspensions using electrochemical techniques. They developed an 

electrochemical method of probing the behaviour of Ti02 particles by collection 

of photogenerated charge (either on the particles or in products formed in 

solution) on an inert collector electrode immersed in the irradiated suspension. 

Methyl viologen and sodium acetate were used, respectively, as the electron and 

hole trapping agents. The anodic photocurrent from illuminated Ti02 suspensions 

arises from the production of electron-hole pairs followed by depletion of holes by 

reaction with acetate and collection of electrons at the electrode. The current is 

limited by the accumulation of electrons on the particles which increases the rate 

of electron-hole recombination. The role ofMV2+ is the removal of electrons from 

electron-hole recombination sites with the production of an oxidisable species, 

~. The reduced form, ~, is then oxidised at the collector electrode, thus 
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enhancing the anodic photocurrents observed. The role of acetate ion is rapid 

removal of photogenerated holes in an irreversible fashion. Its presence prevents 

"short circuiting" of the particle by MV2
+ (i.e., by the reaction ~. + h + -+ 

MV2+), thus allowing the observation of a net photocurrent. A pH effect on the 

photocurrent was also observed. As the pH of the Ti02 suspension was increased, 

the rate of MV2
+ reduction also increased due to the cathodic shift of the 

conduction band electrons, which increases the driving force or overpotential for 

reduction. 

Darwent and co-workers lll also reported a similar pH effect for electron 

transfer from Ti02 colloids to an aromatic azo dye, methyl orange. 

1.3 Scanning Electrochemical Microscopy 

The scanning electrochemical microscope (SECM) was first introduced in 

1989 by Bard and co-workers l14 and is one of a family of scanned probe 

microscopes. The SEeM employs an ultramicroelectrode (UME)1I5,I16,117 probe 

immersed in solution near a conductive, semi conductive, or insulating substrate 

such that the electrochemical response of the UME is governed by mass transfer 

between the interface and UME, as well as by chemical reactions occurring at the 

interface. The technique can probe both the topography and the reactivity of a 

surface with a resolution governed by the dimensions of the UME tip, typically of 

the order of 1-25 J.1m diameter. 

The SECM has been used widely to investigate localised surface reactivity 

at a variety of solid/liquid interfaces, ranging from studies on 

adsorption/desorption phenomena and surface diffusion rates II 
8 to 

dissolution/growth processes at a variety of materials including metals, 119,120,12 1 
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semiconductors,122,123 ionic single crystals I24,125,126.127.128 and polymers. 129 It has 

also provided a quantitative understanding of processes occurring at 

liquidiliquid130. 131 ,132 and liquidlgas 133,134 interfaces. In addition SECM has proved 

to be a powerful probe of biologically important materials,135,136,137,138 and its use 

in monitoring electroassisted or photoassisted reactions on semiconductor surfaces 

has also been reported. 139,140,141,142,143 

Several reviews have been published covenng the diverse range of 

applications of the SECM. I44,145,146,147,148,149 

1.3.1 Basic Principles 

The tip used in SEeM is usually a disc-shaped UME which consists of a 

small metal wire (such as platinum or gold), sealed in a glass capillary which is 

then polished back to expose the wire, reSUlting in an electrode of micrometer 

dimensions (Figure 1.5). The geometry of the tip (electrode plus insulating glass 

capillary) is characterised by the RG value: 

RG = rgl a (1.21) 

where rg is the radius of the glass capillary plus the electrode and a is the radius of 

the electrode. Usually a typical value of RG = 10 is employed. 

The tip and substrate are part of an electrochemical cell that usually 

contains an electroactive mediator, which may be oxidised or reduced at the 

UME, as well as a supporting electrolyte. The functions of the supporting 

electrolyte are to both decrease the electrical resistance of the solution and to 

ensure that mass transport of the electroactive mediator (if charged) to and from 

the electrode predominantly occurs by diffusion rather than by migration. Usually 

the tip is an amperometric electrode acting as the working electrode in a 
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conventional dynamic electrochemical circuit which includes a reference 

electrode and sometimes an auxiliary electrode, if large currents are to be passed. 

Because of the low currents associated with UMEs, due to their small size, a two

electrode set-up usually suffices. The current that flows at the tip electrode upon 

electrolysis of the mediator is usually amplified by a current to voltage converter 

and recorded via a data acquisition card on a personal computer as a function of 

tip-substrate distance and/or time. 

a) 

Glass capillary: 

Micro-wire 

b) 

Insulator 

Electrode 

Figure 1.5 Schematic diagram of a glass-coated UME: a) side view, b) end view. 

A typical SECM set-up is shown in Figure 1.6. The UME is attached to 

piezoelectric elements which allow it to be moved and positioned relative to the 

sample surface in all three Cartesian axial directions, with sub-micron level 

resolution. If the sample to be studied is a conductor or a semiconductor it can be 

connected as a second electrode through the use of a bipotentiostat.150 Insulating 

samples are not part of the electrochemical cell circuit and are simply positioned 

underneath the tip. 
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Figure 1.6 Schematic diagram showing a typical SEeM set-up. 

1.3.2 The Feedback Mode 

The most common operating mode of the SEeM is the feedback 

mode, 1 
14 ,151 where the current response of an UME positioned close to a surface 

depends on the tip-interface distance and the interaction between an 

electrogenerated species, produced at the tip, and the interface. For instance, 

consider a solution containing the reduced fonn of a redox couple, Red, which can 

be oxidised at the electrode to produce the oxidised form, Ox. If the potential at 

the SEeM tip is sufficient to oxidise species Red to Ox at a diffusion-limited rate, 

the current will rapidly assume a steady-state value, which is proportional to the 

concentration of species Red. Far from the substrate (i.e., where d, the tip-
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substrate separation ~ 10 a), the diffusion layer near the tip electrode is roughly 

hemispherical (Figure 1.7(a». The corresponding steady-state current attained at 

the tip, i(oo), for a disc-shaped UME, is given byl52,153 

i(oo) = 4nFDac 
.. 

(1.22) 

where n is the number of electrons transferred in the redox reaction, F is the 

Faraday constant, a is the electrode radius, and D and c" are the diffusion 

coefficient and bulk concentration of the electroactive mediator, respectively. 

When the UME is brought close to an interface, the flux of the mediator 

towards the electrode is modified by the presence of the interface, compared to the 

case where the UME is in bulk solution. The effect on the tip current depends on 

the reactivity of the interface and the tip-interface distance. When the tip is 

brought near (typically d< a for a pronounced effect) an inert, electrically 

insulating substrate, diffusion of Red to the tip is hindered and the tip current, i, is 

lower than that observed in the bulk solution, i < i(oo) (Figure 1.7(b». The closer 

the tip approaches to the substrate, the smaller i becomes. At the limit when the 

distance between tip and substrate, d, approaches zero, i also approaches zero. 

This effect is termed negative feedback. 1 14,154 

When the tip is brought near a redox-active or conductive substrate that is 

held at a potential for the diffusion-controlled reduction of Ox back to Red, the 

flux of Red to the tip is enhanced due to the regeneration of Red at the substrate. 

This redox cycle, shown in Figure I. 7( c), results in an increased current at the 

electrode compared to that measured for the bulk solution, i > i( 00). In the limit as 

d approaches zero, the tip will move into a regime where electron tunnelling can 

occur and the tip current will get very large. This effect is termed positive 

feedback. 114,154 
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Figure 1.7(a) Schematic of the steady-state hemispherical diffusion profile for an 
UME positioned in bulk solution. 

Red0~-Red 
Red Red 

insulating surface 

Figure 1.7(b) Negative feedback: hindered diffusion to an UME positioned close 
to an inert surface. 

Red • Red Ox 

~ 
conducting or redox active surface 

Figure 1.7(c) Positive feedback: diffusion to an UME positioned close to a 
conducting or redox-active surface. 
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The magnitude of the negative and positive feedback effects are dependent 

on the tip-substrate separation, and the positive feedback response also depends 

on the rate of the interfacial redox reaction. 

To measure the kinetics of reactions that occur at an interface, it is possible 

to construct approach curves, which show the variation of the steady-state current 

as a function of the tip-interface distance, d. Plots of the theoretical nonnalised 

current ratio, i / i( 00), against the nonnalised tip-interface separation, d/a, for the 

limiting cases of negative and positive feedback are shown in Figure 1.8. These 

limiting cases correspond, respectively, to surface reaction kinetics where the rate 

is zero, and where the rate of the redox reaction occurring at the substrate is 

controlled by mass transport. When the redox reaction at the substrate is 

characterised by finite kinetics, approach curves lie between these two limiting 

cases and can be fitted to simulated working curves. These are very useful in 

finding the rate of heterogeneous charge transfer at an interface. 144,150,155 

By scanning the tip in the x-y plane and measuring current changes (the 

constant height mode) or, less frequently, by maintaining a constant current and 

measuring the changes in d (constant current mode), one can obtain topographic 

images of conducting and insulating substrates. I56 The resolution of such images 

is governed by the tip radius, a, and the tip-substrate distance, d. The SEeM 

feedback mode can also be used to image the reactivity of a surface, when the 

topography is known. I5
? By using a solution which contains two separate 

mediators, it is possible to record both the topography and the reactivity of a 

sample in subsequent imaging scans. 158,159 
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Figure 1.8 Plot of theoretical approach curves for positive (upper curve) and 
negative (lower curve) feedback of the SECM. Data from J. Kwak and A. J. Bard, 
Anal. Chern., 1989,61, 1221. 

1.3.3 The Generation/Collection Mode 

In generation/collection (G/C) experiments, one working electrode is used 

to generate a species that is collected at the second electrode. There are two 

significantly different G/C SECM arrangements, namely the substrate 

generation/tip collection (SGrrC) mode l60,161,162,163.164 and the tip 

generation/substrate collection (TG/SC) mode. 165,166.167,168 

In the TG/SC mode, the tip is used to generate a reactant that is detected at 

a larger substrate (collector) electrode positioned directly below the tip, typically 

at a distance d ~ 2a. For example, the reaction Ox + ne- ~ Red occurs at the tip, 

and the reverse reaction occurs at the substrate (Figure 1.9(a)). With this electrode 

configuration, a competition is established between (i) the diffusion of Red from 

the tip to the substrate, with the subsequent regeneration and feedback diffusion of 

Ox, and (ii) the chemical decomposition of Red to products (if Red is unstable). 

The TG/SC mode is somewhat similar to the feedback mode of the SECM, but the 
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Figure 1.9(a) The TG/SC mode. 
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Figure 1.9(b) The SG/TC mode. 
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former mode includes simultaneous measurements of both tip (iT) and substrate 

(is) currents. The kinetics of coupled chemical reactions in solution are probed by 

varying the tip-substrate distance while measuring iT and is. For an uncomplicated 

process (stable Red), the collection efficiency, is! iT, is more than 0.99 if L (= d/a) 

is not very large (L ~ 2).162 Under these conditions, the tip-generated species 

predominantly diffuses to the larger substrate electrode rather than escaping from 

the tip-substrate gap. For a process with a coupled chemical reaction (unstable 

Red), the collection efficiency may be much less than unity, and important kinetic 

information can be extracted from the is! ir dependence on the tip-substrate 

distance. The TG/SC mode is usually used in studies of homogeneous chemical 

reactions, allowing the determination of very fast homogeneous rate constants (in 

excess of 1 x 108 M-1 
S-I)I66 under steady-state conditions. 

In the SGITC mode, species Red is electro generated at the substrate 

electrode and the reverse process, in which Red is oxidised to Ox, occurs at the tip 

(Figure 1.9(b)). The substrate electrode is generally large (up to millimeter 

dimensions), with a disk of micrometer dimensions serving as the collector 

electrode.163.164 Unlike the feedback (and TG/SC) mode, where the overall redox 

process is essentially confined to the thin layer of solution between the tip and the 

substrate, in SGffC experiments, the tip is positioned within a diffusion layer 

generated by the substrate, which will grow in size with time. If the tip is an 

amperometric sensor, the reaction occurring on its surface may significantly 

disturb the substrate diffusion layer. This and also other problems (e.g., physical 

perturbation of the substrate diffusion layer by the tip, no true steady-state being 

achieved when the substrate is large and low co11ection efficiency) have been 

considered to limit the applicability of the SGffC mode. 149 However, a 
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quantitative model for the transient SGrrC response has been developedl64 and 

the method has been used to measure the lifetime of substrate-generated 

species. 163 This mode of operation is often simplest when the tip is a 

potentiometric sensor. Such a passive sensor does not consume analyte and 

disturbance to the concentration profile of electroactive species generated (or 

consumed) at the substrate is minimal. As with the feedback and TG/SC modes 

discussed above, the tip-substrate separation is a key experimental variable. The 

SGrrC mode can be used for monitoring many heterogeneous processes such as 

corrosionl42,169 and enzymatic reactions. 170,171 It is also useful for measurements 

of concentration profiles and fluxes of either electrochemically inactive species 

(e.g., alkali metal ions)I72 or species undergoing irreversible oxidation/reduction 

(e.g., glucose). 173 

1.4 Scanning Electrochemical Microscopy as a Probe of Interfacial 

Photochemical Processes 

Ultramicroelectrodes have emerged as powerful tools for investigating a 

variety of interfacial phenomena at the local level, particularly when operated as 

probes in the SECM. Fujishima and co_workers54.76.174.175 have reported the 

separate monitoring of both oxidation and reduction reactions above Ti02 sites 

and metal sites, respectively, using a microelectrode technique. In a refinement of 

their previous work, they monitored the electrochemically assisted and/or 

photoassisted reactions on a Ti02-ITO (indium-tin oxide) composite film using 

SECM. 176 Polycrystalline Ti02 was coated onto half of a macroscopic ITO glass 

substrate, leaving the ITO exposed on the other half of the sample, which was 

placed in an aqueous solution containing 5 mM ~e(CN)6 and K2S04 as 
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Figure 1.10 (a) Structure of the Ti02-ITO composite film. (b) Schematic diagram 
ofthe experimental set-up. 176 

supporting electrolyte. The schematic diagram of the experimental set-up, taken 

from their work, is shown in Figure 1.10. They employed 30 J..lm and 3 f..UI1 

diameter Pt-Ir UME tips as SEeM probes (located far away and in close vicinity 

to the Ti02 film) to investigate the negative and positive feedback effects above 

the Ti02 surface in the dark and under UV illumination, respectively. In the dark, 

the microelectrode response is consistent with negative feedback behaviour: the 

Ti02 surface acts as an insulating substrate. Under illumination, there was a small 

decrease in the oxidation current at the UME when it was placed at a relatively 

large distance above the Ti02 portion of the surface: ferrocyanide was 

photooxidised by photogenerated holes, thereby decreasing the amount that could 

be oxidised at the microelectrode. However, when it was placed very close to the 

Ti02 surface, the oxidation current at the UME increased significantly after 
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turning on the UV light, and that current increase became even larger when the 

exposed ITO portion was covered by epoxy resin. This current response behaviour 

is due to positive feedback: ferricyanide produced electrochemically at the UME 

is reduced back at the illuminated Ti02 surface by photogenerated electrons. This 

work demonstrated the utility of the SECM technique for studying the 

mechanisms of photocatalytic reactions on Ti02 surfaces by showing that both 

oxidation and reduction reactions can occur simultaneously on an illuminated 

Ti02 film. 

In a recent report, Haram and Bardl77 have also demonstrated that SECM 

can be used to probe the kinetics of photoelectrochemical transfer reactions at 

semiconductor/solution interfaces. They employed a polycrystalline cadmium 

sulfide (CdS) thin film in contact with a solution containing methyl viologen 

radical cation (MV-+) as the redox mediator and triethanolamine (TEOA) as the 

hole scavenger. In the absence of illumination, SECM approach curves to CdS 

films deposited on glass showed negative feedback, as the substrate could not 

reduce tip generated MV2
+, i.e., the film behaved as an insulator. However, upon 

illumination, MV2
+ can be reduced to MV'" at the CdS surface by photogenerated 

electrons, resulting in an increase in current at the microelectrode, giving positive 

feedback. The amount of feedback was a measure of the rate of generation of 

~. Apparent pseudo-first-order rate constants for the photoelectron transfer 

reaction were estimated by fitting experimental approach curves to theory. A 

schematic of the experimental set-up used by Haram and Bard is shown in Figure 

1.11. 

Kemp et aJ. 178 investigated the kinetics of photomineralisation of aqueous 

2,4-dichlorophenol, and monitored the generation of chloride ions during the 
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Figure 1.11 Schematic diagram of the experimental set-up used for photoelectron 
transfer-SECM measurements. 177 

photodegradation process~ using a potentiometric AgI AgCl UME positioned at 

micrometer distances above a UV-ilIuminated Ti02 film. Experiments were 

performed at several tip-substrate distances, and the concentration of chloride was 

recorded as a function of time after turning on and turning off the UV irradiation. 

A schematic diagram of the experimental set-up employed is given in Figure 1.12. 

The measured quantum yield was in close agreement with that deduced for the 

same reaction with the Ti02 suspended in solution.179 This suggests that, with the 

experimental set-up adopted, light was not significantly shielded from the surface 

by the probe. However, to confirm this, the authors proposed the use of a new 

type of photoelectrochemical probe, developed by Smyrl et al.,141 in which the 

surface was illuminated using an optical fibre surrounded by a ring UMB. 

Smyrl and co_workers141 .180 developed a new instrumental technique that 

combines the characteristics of scanning electrochemical microscopy (SEeM) and 

scanning photoelectrochemical microscopy (pEM).181 To combine both 

techniques, i.e., scanning photoeiectrochemical and electrochemical microscopy 
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Figure 1.12 Schematic diagram of the experimental arrangement employed to 
monitor cr close to the surface of a Ti02 film during photomineralisation. DVM 
and SCE denote digital voltmeter and saturated calomel electrode, respectively. 178 
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Figure 1.13 Diagram of the gold-coated optical fibre used to study reactions at the 
surface of a TilTi02 substrate. 180 

(SPECM), an optical fibre coated with gold and encased in an outer polymer film 

was used. The gold ring served as a microelectrode to carry out the 

electrochemical reactions, while the core of the fibre acted as a local illumination 

source. They used SPECM to identify pitting precursor sites on a titanium sample 
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with a 50 A oxide layer in an acidic KBr solution. 180 Figure 1.13 shows a 

schematic of the gold coated optical fibre tip and the side view of the SPECM 

experiment. The resolution of the SPECM probe is largely a function of the size 

of the gold ring, the illumination spot size, and the probe/sample separation 

distance. By reducing the size of both the optical fibre and the concentric gold 

ring, it is possible to improve the spatial resolution. Improvements in the imaging 

capabilities of SPECM have been made by Shi et al., 182 who prepared optical fibre 

microelectrodes with a total tip diameter less than 5 ).1m. 

1.5 Aims 

The general goal of this thesis is to use the SEeM technique to obtain a 

more detailed understanding of photoelectrochemical reactions occurring at 

supported Ti02 surfaces. A new SECM approach, involving both amperometric 

and potentiometric electrodes, has been developed and used to monitor interfacial 

photoprocesses with high spatial resolution. 

In this chapter an overview of the current status of the environmentally 

relevant Ti02-sensitised photomineralisation of organic pollutants was provided. 

This is followed by an overview of experimental details in chapter 2. Since the 

aim of this work is to develop an electrochemical method to monitor interfacial 

photochemical processes, a knowledge of the light flux intensity reaching the 

Ti02 surface is required. Chapter 3 concerns the development of a new in situ 

microelectrochemical actinometer system via the amperometric detection mode of 

the SECM. The liquid phase potassium ferrioxalate actinometer was chosen. A 

theoretical model has been developed to determine the intensity of the light flux 

reaching the Ti02 surface. 
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Oxygen plays a key role in photomineralisation processes catalysed by 

illuminated Ti02. Thus, in chapter 4, a new approach to monitoring the 

photoelectrochemical reduction of oxygen was developed, in which the 

chronoamperometric behaviour for oxygen reduction was recorded after stepping 

the light flux at a Ti02 film on and off. The kinetics of the reduction process are 

interpreted through various theoretical models proposed in the literature. 

It would be interesting to know if there is a link between the rate of 

oxygen consumption and the rate of product formation in the photomineralisation 

process sensitised by Ti02. Hence, in chapter 5, the Ti02 mediated 

photodegradation of a model pollutant, 4-chlorophenol, was studied. The 

generation of chloride ions during the photomineralisation process was monitored 

using a potentiometric microelectrode positioned very close to the Ti02 surface. 

The production of chloride ions was modelled using the Langmuir-Hinshelwood 

kinetic equation for heterogeneous catalytic processes. 

Finally, in chapter 6, the photoelectrochemical transfer kinetics at the 

Ti02/aqueous interface was studied using the methyl viologen (MV2
+/e+) redox 

couple. Using both the feedback mode and SGffC mode it is shown how 

competing pathways involved in the reaction of MV2+ at the ri02 surface can be 

identified. 
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CHAPTER 2 

EXPERIMENTAL 

This chapter surveys the experimental techniques employed in the studies 

described in this thesis. Details are given of the fabrication of UMEs, the 

apparatus and procedures for general electrochemical and SEeM measurements, 

and the solutions and chemicals used. The preparation and surface characterisation 

of a thin Ti02 film are also covered. 

2.1 Microelectrode Fabrication Procedures 

2.1.1 Glass Coated Microdisc Electrodes 

Glass coated microdisc electrodes of 25 /-lm diameter were prepared by the 

following procedure. 1,2,3 A borosilicate glass capillary (2 mm outer diameter, 1.16 

mm inner diameter, Clark Electromedical Instruments, Reading) was drawn to a 

fine tip using a gravity-operated, vertically mounted pipette puller (model PB7, 

Narishige, Tokyo, Japan). The capillary tip was then cut to the desired length and 

sealed in the flame of a Bunsen burner. A 10 mm length of platinum or silver wire 

of25 /-lm diameter (Goodfellow, Cambridge) was then placed in the tip end of the 

capillary and the air was pumped out using a vacuum pump for at least 15 

minutes. 

Under reduced pressure a resistively heated (20 V ac applied) nichrome 

wire coil (Annealed Ni80Cr20, 0.75 mm diameter, Goodfellow) was used to heat 

evenly the tip of the capillary. The result of this was to seal the wire in the glass 

with the exclusion of air bubbles, which may compromise the electrode response. 
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Electrical contact to the sealed wire was achieved by fIrst inserting a slug 

of solder (60:40 tin:lead alJoy, RS Components), and then a tinned copper wire 

(RS Components) into the capillary. The solder, which served as a contact 

between the metal electrode and the copper wire, was melted by placing the tip of 

a hot (440 °C) soldering iron against the outside of the capiUary. The connecting 

wire was secured using Araldite Rapid (Ciba-Geigy, Cambridge). Figure 2.1 

shows a schematic diagram of the completed electrode. 

Araldite 

Glass capillary 

Micro-wire 
sealed in glass 

Tinned copper r~ 
WIfe 

Tip detail 

Glass insulator 

Figure 2.1 Schematic diagram of a glass sealed microdisc electrode. 

The electrode was polished flat using a 600 grit polishing pad (Buehler, 

Coventry) until the wire was exposed. The required tip geometry was achieved by 

polishing the tip into a cone shape using the 600 grit polishing pad. This stage is 

crucial in the production of SECM UMEs, requiring the fabrication of a flat, 

planar electrode plus surrounding insulating glass surface, characterised by an RG 

= rg/a value of ca. 10. Final polishing of the electrode using 0.05 J..lm alumina 

(Buehler) on a wet polishing cloth (Kemet, Maidstone) yielded smooth electrode 

surfaces. The RG value and smoothness were determined by optical microscopy 

50 



using an Olympus BH2 light microscope. Electrodes were polished with 0.05 /-lm 

alumina before each use. 

2.1.2 Ag/AgCI microelectrodes 

Agi AgCI microelectrodes were obtained by chloridising a 25 /-lm diameter 

Ag microdisc electrode. The Ag electrode was coated with an AsCI film by slow 

anodic oxidation, in 0.1 mol dm-3 KCI, applying a potential of ca. 0.20 V vs. 

saturated calomel electrode (SCE, Radiometer Analytical S.A., Lyon, France). 

Calibration curves of the measured electrode potential vs. chloride ion 

concentration were obtained by titrating 150 cm3 KCI (0.1 mol dIn-3
) into a 50 

cm3 solution of KN03 (0.1 mol dm-\ with solutions buffered to pH 7. 4 The 

calibrating solution was stirred continuously with a magnetic stirrer (Stuart 

Scientific) and the potentials across the Agi AgCI electrodes were recorded against 

SCE using a voltmeter (23XT, Wavetek Ltd., UK). The AglAgCl microelectrodes 

were calibrated with chloride concentrations between 10-5 and 10-1 mol dm-3
• A 

Nemstian relationship between the potential and the chloride ion concentration 

was observed from 10-4 to 10-1 mol dm -3, with a gradient of 55 ± 1 m V per decade 

change in chloride. A typical calibration curve is shown in Figure 2.2. 

2.2 Apparatus and Instrumentation 

2.2.1 Electrochemical Measurements 

UME voltammetry and amperometry measurements were made using a 

two-electrode set-up, with the microelectrode operating as the working electrode 

and a silver wire (Goodfellow) as a quasi-reference electrode (AgQRE). The 

UME potential was controlled with a purpose-built triangular wave/pulse 
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Figure 2.2 Calibration curve of potentiometric response vs. log [Cr] for an 
AglAgCl UME (a = 12.5 J,lm). The linear portion exhibits Nemstian behaviour 
from 10-4 - 10-1 mol dm-3

, with a slope of 55 mV per 1O-fold change in [Cll 

generator (Colburn Instruments) and the current was measured using a home-built 

current follower (gains 10-5 to 10-9 AN). The current-potential behaviour 

(voltammogram) and chronoamperometric characteristics were recorded through a 

data acquisition card (NI-DAQ Lab PC card, National Instruments, Austin, TX, 

USA) on a personal computer using home-written software (written by Dr. N. 1. 

Evans in Microsoft Quick Basic). 

Potentiometric measurements employed an Ag/AgCI microelectrode as the 

indicator electrode and a saturated calomel reference electrode. The potentials 

were determined using a voltage follower, built in-house, and recorded with the 

PC. 
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2.2.2 Non-electrochemical Techniques 

Visual inspections of the UMEs, optical fibre and Ti02 substrates were 

carried out using an Olympus BH2 light microscope (overall magnification x 50 

to x 1000) equipped with a 3-CCD colour video camera (model KY-F55BE, lVe 

Professional, London, UK) coupled to a computerised data acquisition system 

(Image GrabberlPCI, Neotech, London, UK). 

Interferometry measurements, to determine the thickness of the Ti02 film, 

were made on a WYKO NT2000 Optical Profiler (Veeco Instruments, UK) in 

vertical scanning interferometry (VSI) mode, using a white light source. 

Spectrophotometric experiments were performed using a lASeO V - 550 

UV IVIS spectrophotometer coupled to a personal computer. 

Chronoamperometric measurements in the millisecond range were 

performed using a Nicolet 310 oscilloscope (Madison, WI, USA). 

2.3 SEeM Set-up 

The electrochemical cell consisted of a fully detachable Teflon base, 

cylindrical glass body and Teflon lid, with a total volume of about 25 cm3
. The 

cell base contained two holes: a central hole, through which a glass capillary 

containing a Ti02-coated optical fibre could be secured vertically, and a drain. 

The optical fibre was an all-silica sensor grade fibre (F-MCC-T, Newport) with a 

core diameter of 200 J..I.lIl surrounded by a concentric cladding and polyimide 

coating producing a total diameter of 250 J.Ull. A piece of optical fibre (ca. 2 m 

long) was secured into a pulled glass capillary with Araldite Rapid in such a way 

that one end of the fibre (ca. 3 mm) emerged through the pulled end of the 

capillary. The fibre tip was then polished on a polishing wheel using a series of 
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Figure 2.3 Optical micrograph of the polished surface of the optical fibre. 

polishing pads (15, 9, 6, 3, 1 !lm, Buehler Ultra-prep Diamond lapping discs) 

until a flat, smooth fibre surface was obtained. An optical micrograph of the 

polished surface of a fibre is shown in Figure 2.3. To image the light intensity 

profile through the optical fibre a 20 !lm stainless steel pinhole (N52-869, 

Edmund Scientific Ltd., UK) was mounted on a photodiode (N54-037, Edmund 

Scientific Ltd. , UK) which was secured in a cell base. Details of this experiment 

will be given in section 3.3.2. The coating of the surface of the optical fibre with 

Ti02 will be described in the next section. 

The cell body contained an optical window (30 rnm diameter) so that video 

microscopy could be used to monitor the position of the UME relative to the 

optical fibre tip. The zoom microscope was equipped with a CCD camera 

attachment that offered a maximum on-screen resolution of 2.2 !lm per pixel. The 

cell was mounted flat on an aluminium support, which was screwed onto a 

Newport CSD series bread board. 
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The position of the electrode in the x and y directions (parallel to the 

surface of the fibre) was controlled with sub-micrometre resolution by attaching 

the electrode to a set of x-y translation stages (M-015.00, Physik Instrumente, 

Waldbronn, Germany), comprising two dc-mike drives (M223.21, Physik 

Instrumente) with optical encoders (MT25, Heidenhain, Germany). A signal 

processor (C-S52, Physik Instrumente) and a two-axis controller card (C-S42.20, 

Physik Instrumente) were used to control the dc-mike drives. Sub-micrometre 

control in the z direction (normal to the surface of the fibre) was achieved using a 

piezoelectric positioner (piezoelectric element, P-173.07 and controller, P-267 / P-

277, Physik Instrumente). The UME was mounted on the z axis piezo driver with 

an aluminium holder containing an adjustable screw and a Teflon collar around 

the screw. The x, y stages were controlled by a PC, which also controlled the 

piezo-positioner through a Lab-PC-1200 card (National Instruments, TX, USA), 

using software written in-house by Dr N. J. Evans. The stages were mounted on a 

vibrationally isolated bench and the cell shielded using a home-built Faraday 

cage. 

A high-powered xenon lamp (Illuminator 6000, Eurosep Instruments, 

Cergy-Pontoise, France) was used as the source of UV irradiation. The 

determination of the light flux intensity will be considered in chapter 3. The light 

was focused using two UV fused silica plano-convex lenses (SPXO 16 and 

SPX031, Newport) and an infrared quartz filter filled with CUS04 solution was 

used to dissipate heat during irradiation. This also defined the wavelength range 

of the illumination source as between 200 and SOO run. Interfacial 

photoelectrochemical reactions were driven by illuminating the Ti02 coated 

surface from the back by placing the other end of the optical fibre in front of the 
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focuser, ensuring that maximum output of UV illumination reached the Ti02 

surface. A shutter was used to switch the light on and off and the timescale was 

0.11 s. This value was determined from the transient shown in Figure 2.4, which 

was obtained with the pinhole - photodiode arrangement that will be described in 

section 3.3.2. A schematic of the experimental set-up is given in Figure 2.5 while 

Figure 2.6(a) and (b) show, respectively, a photograph of the experimental 

arrangement and a detail of the UME and optical fibre alignment. 
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Figure 2.4 Chronoamperometric response of the photodiode after switching the 
illumination on and off with a shutter. 
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Figure 2.5 Schematic diagram of the SECM photoelectrochemical experimental 
set-up. 

Figure 2.6(a) Photograph of the SECM experimental set-up. 
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100 JdII 

Figure 2.6(b) Optical micrograph showing the alignment of the UME and optical 
fibre. 

2.4 Preparation and Characterisation of a Thin Ti02 Film 

The Ti02 film was prepared from a 14% suspension of Degussa P25 Ti02 

powder, where 0.7 g of Ti02 was mixed with 5 cm3 Milli-Q reagent water 

(Millipore Corp., resistivity ~ 18 MQ cm), sonicated for 1 hr. using a sonicator 

(Decon F 5200b) and stirred for 3 hrs. with a magnetic stirrer (Janke and Kunkel 

lKA Labortechnik). The optical fibre was coated with the Ti02 suspension with 

the aid of a paintbrush until an even, complete coating was achieved. The Ti02 

film was dried in an oven at 100°C for 12 hrs. resulting in a mechanically stable 

film. A typical optical micrograph, taken using an Olympus BH2 microscope, is 

shown in Figure 2.7. It is apparent from the Figure that the Ti02 coating covers 

the entire surface area with a fairly flat and compact film on which to perform 

SECM measurements. 

The thickness of the Ti02 film was assessed by interferometry. Half of the 

Ti02 coating was removed from the fibre and an interferometry measurement was 

performed. The sample was scanned in VSI mode over 20 !-lm in the z direction at 
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Figure 2.7 Optical micrograph of the Ti02 coated fibre surface. 
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Figure 2.8 Interferometry map of a partially coated area of the optical fibre and 
Ti02 film height across a linear portion in the x-direction. 
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a scan rate of 1 J.Ull s-'. Figure 2.8 shows the interferometry map obtained and a 

line profile which highlights height changes quantitatively. The Ti02 films were 

typically found to be 12 ± 1 /-lm thick. 

The transmittance spectra of a Ti02 film of similar thickness was also 

performed and is given in Figure 2.9. The light with wavelengths below 400 nm is 

absorbed by the Ti02 film as expected. For many of the studies that follow later in 

this thesis, particularly chlorophenol solutions, this means that direct photolysis is 

not problematic. 
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Figure 2.9 Tmnsmittance spectra of a Ti02 film. 

2.5 Solutions and Chemicals 

All solutions were prepared using Milli-Q reagent water (Millipore Corp., 

resistivity;::: 18 Mn cm). The grades and suppliers of the chemicals employed are 

identified in Table 2.1. The compositions of the solutions used will be outlined in 

the text in the chapters that follow. Solutions were prepared freshly each time 

immediately prior to use. Particular care was taken when preparing the potassium 

ferrioxalate solutions to avoid any reduction of ferrioxalate caused by the room 
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light. The solutions were prepared under ambient conditions, and the 

measurements were made at room temperature (23 ± 1°C). 

Solution pH was measured using a pH meter (Radiometer, model PHM-

201, with pH electrode PHC·3005-8), calibrated with appropriate buffers (pH 4 

citrate buffer, pH 7 phosphate buffer and pH 10 carbonate buffer, Radiometer 

Analytical S.A.). 

Table 2.1 Chemical grades and suppliers. 

Chemical Grade Supplier 

4-chlorophenol 99% Aldrich 

Methyl viologen dichloride 98% Aldrich 

Nitrogen 99.9% BOC 

Oxygen 99.9% BOC 

Oxygen 50% 02/N2 BOC 

Potassium chloride Analar BDH 

Potassium nitrate Analar BDH 

Potassium trioxalatoferrate(llI) Analar Johnson Matthey 

Sodium acetate Analar Fisher Scientific 

Sodium perchlorate 99.99% Aldrich 

Sulfuric acid 98%, S.G. 1.84 Fisher Scientific 

Ti02 Anatase:rutiIe, 70:30 DegussaAG 

Triethanolamine 98% Aldrich 
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CHAPTER 3 

A MICROELECTROCHEMICAL ACTINOMETER FOR SCANNING 

ELECTROCHEMICAL MICROSCOPY STUDIES OF 

PHOTOCHEMICAL PROCESSES 

A new in situ photoelectrochemical approach to chemical actinometry has 

been developed and used to determine the light flux through a quartz fibre 

employed in the scanning electrochemical microscopy (SEeM) system developed 

for studying the kinetics of interfacial photochemical processes. In this system an 

ultramicroelectrode (UME) probe is positioned with high precision at a known 

distance close to a TiOrcoated fibre and used to detect reactants or products of 

the ongoing photodegradation process. The microelectrochemical actinometry 

approach was developed using the well-known liquid phase potassium ferrioxalate 

actinometer in order to quantify the light flux through the quartz fibre. The 

approach involves recording the steady-state current for Fe(III) at an SEeM tip 

positioned close to the fibre. A step function in the light flux (off-on) is then 

applied and the resulting chronoamperometric behaviour due to the reduction of 

Fe(III) at the 25 /Jlll diameter Ag UME is recorded as a function of tip-fibre 

separation distance. A theoretical model has been developed to simulate 

experimental current-time profiles, which enabled measurements of the light flux 

initiating the photoprocess. 

3.1 Introduction 

An important step in studying any photoprocess involves an accurate 

actinometry study. Hitherto, several photochemical actinometry systems (both gas 
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and liquid phasei have been explored but, to date, potassium ferrioxalate, 

[K3Fe(C20 4)3] actinometry, developed by Hatchard and Parker,2 has received 

most attention as the best solution phase chemical actinometer. When an aqueous 

solution of ferrioxalate in sulphuric acid is photolysed in the range from 250-577 

nm, the Fe(III)-complex undergoes reduction producing an Fe(II)-complex 

according to the following stoichiometry: I 

[Fe lII (C20 4)3j- hv )[Fe lI (C20 4)2f- +C20 4- (3.1) 

~elII(C204)3f- +C20 4- -+ [Fe lII (C20 4)3f- +(C20 4)2- (3.2) 

[Fe III (C20 4)3f- -+[Fe Il (C20 4)2f- +2C02 (3.3) 

The overall stoichiometry indicates that for every Fe(III) ion lost, there is a 

corresponding gain of one Fe(lI) ion. The Fe(II) produced is then detectable as 

Fe(II)-phenanthroline complex at 510 run, using visible absorption spectroscopy. 

Details of this process have been described elsewhere. 2 

The SECM system developed employs a quartz fibre which is used to 

back-illuminate a thin Ti02 film, deposited from a colloidal suspension. The 

experiments that will be performed require an accurate knowledge of the light flux 

intensity delivered though the optical fibre, however the widely used conventional 

photochemical system of ferrioxalate actinometry I was found to be unsuitable for 

such a microscopic scale approach. Thus a microelectrochemical actinometer 

system has been developed in which the cbronoamperometric behaviour resulting 

from the disappearance of Fe(CZ0 4)l- following illumination was monitored in 

real time via the reduction of Fe(III) at the tip UME, placed with high precision 

above the fibre surface. 
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Ferrioxalate actinometry has usually been employed in batch 

photoreactors, but a recent study of this actinometry system utilised a flow reactor 

with conventional spectrophotometric quantification. 3 An in situ 

photoelectrochemical approach, employing the ferrioxalate actinometer system, 

has also been developed and used to quantify the light flux in a channel flow cell.4 

Fujishima's group5,6 have developed an electrochemical actinometry system using 

an azo monolayer film, which facilitates a simpler in situ measurement of the light 

flux in photochemical and photoelectrochemical systems. 

The aim of the work described in this chapter is to devise a straightforward 

in situ electrochemical actinometer system, capable of determining the absolute 

output available from the UV -source, using an SECM set-up. 

3.2 Theory 

In the SECM-ferrioxalate actinometry system, a 'step function' (off-on) in 

the light flux through the fibre was applied and the change in hindered diffusion 

current for Fe(III) reduction (initially at steady-state) was monitored. This process 

is modelled theoretically considering the appropriate SECM configuration as 

shown in Figure 3.1. 

For the SEeM theoretical model, it is necessary to define the diffusion of 

the Fe(III) complex in the SECM geometry. For this particular process the effect 

of light is to cause the homogeneous decomposition of Fe(III) to Fe(I1), thus the 

following equation applies: 

(3.4) 
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Figure 3.1 Schematic of the SEeM configuration employed for the ferrioxalate 
actinometry study with the co-ordinate system used for the theoretical model. The 
co-ordinates rand z are measured from the centre of the UME in the radial and 
normal directions, respectively. The UME is characterised by an electrode radius 
a, and rg is the distance from the centre of the electrode to the edge of the 
surrounding insulating glass sheath. The optical fibre is located at a distance d. 

where c is the concentration of Fe(III), which has a diffusion coefficient D, and r 

and z are the radial and normal co-ordinates defirung the axisymmetric cylindrical 

SEeM geometry. 7 The rate coefficient k(r,z) defines the light-induced 

decomposition process. In the dark this has the value zero and the problem 

amounts to the negative feedback simulation first described by Kwak and Bard.8 

Upon illumination we have to recognise that the rate coefficient may 

depend on the r, z co-ordinate since the local light intensity, J(r, z), affects the rate 

of decomposition process: 

k(r,z) = J(r ,zyp & (3.5) 

where ¢ is the quantum yield for the photodecomposition process and & is the 

molar extinction coefficient for potassium ferri oxal ate. By carrying out SEeM 
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measurements in a thin gap arrangement, I(r, z) will be relatively invariant with z, 

and equivalent to the flux impinging at the quartz/aqueous interface, since there is 

only a small volume of solution to absorb the light. To simplify this further, we 

also initially assume that the intensity is uniform in r. Thus 

I(r.z)~ 10 (3.6) 

where 10 is the intensity of the incident light which we are attempting to measure. 

Combining equations (3.4), (3.5) and (3.6), the following equation is 

obtained: 

(3.7) 

This is the equation which was solved subject to the following boundary 

conditions: 

o < r :5; a, z = 0 

r=O, 0< z<d 

c=O 

oc = 0 
f)z 

Oc 
-=0 
f)z 

oc =0 
or 

• c=c 

(3.8) 

(3.9) 

(3.10) 

(3.11 ) 

(3.12) 

where c· is the bulk concentmtion. The light flux is initially zero and then stepped 

to a value 10 at t = O. 

The problem can be cast into dimensionless form using the following 

equations: 

tD 
r=

a2 

Z=zla 

(3.13) 

(3.14) 
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R=r/a (3.15) 

Ki = lof/Jca2 

(3.16) 
D 

C = c/ c· (3.17) 

The problem was solved using the ADI finite difference method.7 For a given 

tip/substrate separation, this allowed the calculation of the current-time behaviour 

following illumination with a given K value. If c and f/J are known, then K allows 

10 to be calculated. 

For the ferrioxalate system, f/J is close to unity and c depends on the 

wavelength range used. Thus using the mean value of c, applicable to the 

wavelength range of interest, the light flux density was calculated. 

In this model (model A) it was assumed that the light intensity was 

uniform in r, but as will be shown in section 3.3.2, that is not actually the case and 

a new model (model B) was developed to account for the non-uniformity of the 

light distribution across the fibre. A 10th order polynomial equation f{R} was 

fitted to the light intensity profile through the fibre, measured with a mobile 

pinhole-photodiode arrangement. In this case, K'in equation (3.16) is now given 

by 

(3.18) 

where R is the normalised distance. 
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3.3 Experimental Results and Discussion 

3.3.1 Determination of the Molar Extinction Coefficient of the Ferrioxalate 

Complex 

In order to determine the molar extinction coefficient, UV absorption 

spectra of solutions of the ferrioxalate complex were recorded over a 

concentration range of 6.0xlO-4 - 1.8x 10-3 mol dm-3 in 0.1 N H2S04. The spectra 

were analysed in terms of the Beer-Lambert law: 

.. 
A = GC I (3.19) 

where A is the absorbance, G is the molar extinction coefficient (M- I cm- I
), c .. is 

the bulk concentration of the ferrioxalate solutions and I is the path length of the 

spectrophotometric cell. 

The absorbance vs. concentration plots for the wavelength range 250-400 

nm demonstrated the required linear dependence and the gradient of each plot 

yielded the molar extinction coefficient as a function of wavelength. Since the UV 

absorption characteristics of ferrioxalate strongly depend on the wavelength range 

of interest, & was determined as a function of wavelength, as shown in Figure 3.2. 

A mean value of the molar extinction coefficient of 1.60x 106 morl cm2 was 

obtained and used to determine the light flux intensity. This is a reasonable 

approach, because the output of the UV lamp, reported elsewhere,3 is fairly 

uniform over the wavelength range of Figure 3.2. 
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Figure 3.2 Dependence of the molar extinction coefficient for the ferrioxalate 
complex on wavelength. 

3.3.2 Light Intensity Profile Through the Optical Fibre 

The light intensity distribution through the optical fibre was imaged using 

a simple scanned probe approach. A 20 Jlm pinhole was mounted on a 

photodiode, which was secured in a cell base, and the fibre was scanned over it in 

the x-y plane, allowing the light intensity distribution to be imaged. For these 

experiments the SEeM instrument was used, but with the photodiode replacing 

the UME probe. The photodiode converts the light intensity to current, which was 

measured using a home-built current follower. A typical contour plot obtained is 

shown in Figure 3.3. The light flux is non-uniform, but there is a relatively high 

intensity across most of the fibre area. The light intensity profile across the optical 

fibre is shown in Figure 3.4. An equation was fitted to this profile, which was then 

used in one of the models developed (model B). 

70 



400 

current! nA 
51+ 

300 46 to 51 
42 to 46 

E 37 to 42 
~ 32 to 37 - 28 to 32 c 200 

C1J 23 to 28 t) 
(/) 18 to 23 
>- 14 to 18 

9 to 14 
100 4 to 9 

o to 4 

o 
o 100 200 300 400 

X scan/ ).lm 

Figure 3.3 Contour plot showing the light intensity distribution through the 
optical fibre. 
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Figure 3.4 Light intensity profile across the fibre and fitted polynomial equation . 
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3.3.3 Electrode-Fibre Alignment Measurements 

SEeM imaging of the optical fibre in the dark via the reduction of 

potassium ferrioxalate was also performed, in order to precisely align the UME 

probe over the fibre. An aqueous solution of 6.0x 10-3 mol dm-3 potassium 

ferrioxalate in 0.1 N H2S04 was employed for this purpose, taking special care to 

avoid any reduction of ferrioxalate caused by the room light. 9 The solution was 

bubbled with nitrogen for 30 minutes and during measurements a gentle stream of 

nitrogen was passed over the solution surface. This effectively excluded oxygen 

from the solution, which would otherwise interfere with the electrochemical 

response for the reduction of Fe(IlI) at the tip electrode and would also affect the 

photolysis of ferrioxalate. iO 

The SEeM tip (25 J..Ull diameter Ag UME) was first carefully aligned 

normal to the surface of the optical fibre (in the z-direction), using the 

piezoelectric translation stages, at a distance d > lOa, where the diffusion

controlled limiting current, i( eX», should follow the diffusion-limited current 

equation for microdisc electrodes (equation 1.22). A current-potential 

voltammogram was recorded in bulk solution and is shown in Figure 3.5. From 

the limiting current, the diffusion coefficient of ferrioxaIate was determined as D 

= 5.25x 10-6 cm2 
S-1 using equation 1.22. 

The tip was then moved close to the fibre surface to a distance d < a, 

where the diffusion-limited current became hindered. This indicated that negative 

feedback was achieved, which revealed the optical fibre to be an insulating 

substrate. The current allowed the tip-substrate separation to be readily obtained 

via the hindered diffusion theory of Kwak and Bard.8 SEeM images were 

obtained by holding the UME tip at a constant z position (nonnal to the fibre 
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Figure 3.5 Steady-state voltammogram for the reduction of 6.0x 1 0-3 mol dm-3 

potassium ferrioxalate solution at a 25 Jlm diameter Ag UME. 
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Figure 3.6 Contour plot showing the surface of an optical fibre obtained via 
SECM imaging of the reduction of potassium ferrioxalate, as described in the text. 
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surface) and scanning in the x-y plane (parallel to the fibre surface) over the area 

of interest. The tip was held at a potential of -0.55 V, sufficient to promote the 

diffusion-limited one-electron reduction of Fe (III). A typical contour plot obtained 

is shown in Figure 3.6. The edges of the fibre are readily defined because the 

current rises to the bulk solution value in this position. In this way, SEeM 

imaging allowed the tip UME and the optical fibre to be aligned very precisely in 

the x-y plane, before subsequent chronoamperometric measurements. 

3.3.4 Determination of the Light Flux Intensity 

Chronoamperometric phototransients for the reduction of Fe(I1I) were 

recorded at the tip UME as a function of tip-substrate distance by holding the tip 

at a potential of -0.55 V, sufficient to allow the diffusion-limited reduction of 

Fe(III). After the tip current reached a steady-state (hindered diffusion) value in 

the dark, the light was suddenly switched on and the change in current with time 

was recorded. A typical transient for a tip-substrate separation distance of 5.4 Jlm 

(deduced from the steady-state limiting dark current8
) is shown in Figure 3.7. As 

described, the current was first recorded in the dark and then the effect of stepping 

the light flux on and off was followed. When the UV -lamp was turned on, the 

current decreased because Fe(III) was consumed by photo-reduction to Fe(II) in 

the illuminated zone, thus depleting the flux of Fe(I1I) reaching the electrode. 

After a brief period of illumination (a few seconds), the reduction current tends to 

reach a plateau. The fact that this is non-zero means that the photolytic process 

occurs fairly slowly compared to the timescale of diffusion from the edge of the 

tip-substrate gap to the electrode. When the lamp was switched off, the current 

response at the UME promptly shifted back to the initial dark value, showing that 
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in the absence of light, Fe(III) in the tip-substrate domain is replenished by 

diffusion from the edge of the tip-substrate gap. These processes are illustrated 

schematically in Figure 3.8. 

Experimental results such as the transient depicted in Figure 3.7 were 

compared with the best-fit theoretical simulations in order to measure the light 

flux intensity. The two theoretical models developed, the one that assumes that the 

light intensity distribution is uniform across the fibre (model A) and the one that 

assumes that the light intensity distribution is non-uniform (model B), were 

considered and are compared in Figure 3.9(a) and 3.9(b). For each case the 

normalised rate constant (K') was adjusted to achieve the best fit between the 

simulation and experiment. This allowed the light flux intensity (10) to be 

determined from the theoretical approach described in section 3.2. The K' values 

for the two models are fairly similar (within 5%) because, as can be seen in Figure 

3.3, there is a relatively high (and uniform) intensity across most of the fibre area. 

In Figure 3. 1 O( a) and 3 .1O(b) experimental results at two other different 

tip-substrate distances are compared with the best fit theoretical simulations using 

model A. There is a better fit between the experimental data and the model 

simulation for the closest tip-substrate distance, but the K' values are fairly similar 

for the three distances and the mean value of the normalised rate constant was 

used to determine the light flux intensity. Using equation (3.16) and considering 

that the diffusion coefficient D for potassium ferrioxalate is 5.25x 10-6 cm2 
S·I, the 

extinction coefficient & is 1.60xl06 morl cm2
, the quantum yield (6 for the photo

decomposition process is unity, the radius a of the UME is 12.5xlO-4 em and the 

normalised rate constant K' is 0.0345 for model A and 0.0355 for model B, the 
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light flux intensity 10 was calculated and the values 4.36x 1016 cm-2 
S-I and 

4.49x 1016 cm-2 
S-I were obtained for models A and B, respectively. 

The light flux intensity was determined regularly to check the output from 

the xenon lamp. There was a slight decrease in intensity with utilisation period 

(ca. 2 years), and in the last actinometry performed the intensity had dropped to 

1.79xlO16 cm-2 S-I. 
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Figure 3.7 Chronoamperometric behaviour for Fe(III) photoelectrochemical 
reduction with the UME positioned 5.4 /-lm away from the optical fibre. 
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Figure 3.8 Schematic representation showing the reduction of potassium 
ferrioxalate at the tip UME. 
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Figure 3.9 Normalised experimental data (nonnalised time = t D / a2
), after 

stepping the light on, for Fe(III) reduction compared with the best fit theoretical 
simulations for d = 5.4 /-lm using (a) model A and (b) model B. 
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stepping the light on, for Fe(III) reduction compared with the best fit theoretical 
simulations using model A for (a) d = to.3 Jlm and (b) d = 13.9 Jlm. 
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3.4 Conclusions 

An SEeM system has been developed to investigate the kinetics of 

photochemical processes at the microscopic level. An accurate knowledge of the 

light flux initiating the photoprocess is required, however the widely used 

conventional photochemical system of ferrioxalate actinometry was found to be 

unsuitable for such a microscopic scale approach, and thus a microelectrochemical 

actinometer system has been developed in which the chronoamperometric 

behaviour of the phototransients, due to the reduction of Fe(III), in the dark and 

light, were recorded at a 25 pm diameter Ag UME as a function of tip-fibre 

separation distance. A theoretical model has been developed to simulate 

experimental proftles, which enabled measurement of the light flux initiating the 

photoprocess. This in situ ferrioxalate microelectrochemical actinometer offers a 

new approach of investigating photoelectrochemical systems where the light flux 

on such a microscopic scale can be determined electrochemically. 
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CHAPTER 4 

PHOTOELECTROCHEMICAL REDUCTION OF OXYGEN AT Ti02 

FILMS: KINETICS AND MECHANISM 

This chapter describes how SEeM has been used to monitor the 

photoelectrochemical reduction of oxygen at UV -illuminated Ti02 surfaces. 

Oxygen plays a key role in photomineralisation processes catalysed by 

illuminated Ti02. It acts as an electron scavenger in the photodegradation process 

following the reduction pathway and it can also participate in the photooxidation 

reactions. However, the kinetics and mechanism of the oxygen reduction reaction 

have not been investigated quantitatively at the microscopic level. Thus, a new 

approach to monitoring the photoelectrochemical reduction of oxygen was 

developed, in which the chronoamperometric behaviour for oxygen reduction was 

recorded at an UME tip after stepping the light flux at a Ti02 film on and off. The 

kinetics of the reduction process are interpreted through various theoretical 

models proposed in the literature. 

4.1 Introduction 

A key point in mechanistic studies of Ti02-sensitised photomineralisation 

processes concerns the role of oxygen. It has been the focus of attention in 

theoretical and experimental studies under steady-state conditions,I,2,3 periodically 

illuminated systems4 and electrochemically-assisted photocatalysis. 5 Oxygen acts 

as an electron scavenger, reducing the electron-hole recombination rate, and there 

is also evidence that activated oxygen species (02- and H02·) and molecular 

oxygen are involved in the oxidation reaction pathway.6,7,8 Theoretical studies by 
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Gerischer and Hellerl ,2 have suggested that the rate of electron transfer from Ti02 

to oxygen may be slow compared to the electron-hole pair generation rate, and 

that the interfacial electron transfer could be the rate limiting step in 

photocatalysis. However, while there is experimental evidence for this,3 other 

investigations have suggested that electron transfer to oxygen is not rate limiting 

in photocatalytic degradation processes.9
,IO 

An alternative approach to evaluating the rate limiting step in Ti02 

photocatalysis was the application of a flux-matching condition by Lewis and co

workers. II The overall rate of the interfacial process was considered to be 

predetermined by the fact that at steady-state, the flux of holes across the 

solid/liquid interface must be balanced by an equivalent flux of electrons. Using 

single crystal Ti02 photoelectrodes, Lewis and co-workers compared the 

magnitudes of photooxidation current densities for aqueous solutions in the 

absence of oxygen, to oxygen reduction current densities in air-saturated 

solutions. The data successfully explained why recombination in Ti02-sensitised 

photomineralisation might be significant, but the authors also cautioned against 

extending the data obtained on Ti02 single crystals to particulate systems. 

The aim of this chapter is to determine the kinetics of oxygen reduction in 

a particulate Ti02 film, at the microscopic level, using SEeM. The new approach 

developed in this study employs a microelectrode to amperometrically monitor the 

reduction of oxygen at illuminated Ti02 surfaces. 

4.2 Electrochemistry of Oxygen Reduction 

The mechanism and kinetics of the cathodic reduction of oxygen have 

been widely studied on many electrode materials and the literature discussing the 
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reaction is extensive. 12.13 ,14.15 There is general consensus that the reaction occurs 

by a series of parallel reaction pathways,16 which are shown in Figure 4.1. The 

direct reduction results in the fonnation of H20 (in acidic medium) or OR' (in 

alkaline solution) via a single four-electron process (Equations 4.1 and 4.2), while 

the indirect reduction occurs in two two-electron steps to produce H20 (Equations 

4.3 and 4.4) or OH- (Equations 4.5 and 4.6). 

O2 

t 

02 + 2W + 2e-~ H202 

H202 + 2W + 2e-~ 2H20 

02 + H20 + 2e-~ H02-+ OH

H02-+ H20 + 2e-~ 30R' 

(a) direct reduction 

(b) indirect reduction (c) 

• H202 /H02-

I (d) 

disproportionation 

1 
• H20 I OH" 

j 

Figure 4.1 Schematic representation of the oxygen reduction pathways. 

(4.1) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

(4.6) 

Pletcher and Sotiropoulos16,17 investigated the cathodic reduction of 

oxygen in neutral and basic aqueous electrolyte solutions, as well as in purified 

water and other media of low ionic strength, employing a Pt rotating-disc 
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electrode and Pt, Ag and Au UMEs. They found that at Ag and Au 

microelectrodes the limiting currents, calculated using Equation 1.22, were 

proportional to the disc radius as expected for a simple 4e- reduction. However, at 

Pt the value of n (number of electrons transferred), estimated from the limiting 

currents, was found to decrease at the smaller microdiscs and at a 5 Ilm radius 

electrode, n ~ 3. It was proposed that the variation in the limiting current arises 

because the reduction of oxygen at Pt occurs in 2 x 2e - steps, which occur at 

similar potentials, but are separated by a relatively fast chemical step (most likely, 

protonation of H02). In these circumstances, the 2e- product will tend to escape 

from the electrode under conditions of rapid mass transport, i.e. at small 

microelectrodes, but the full 4e - reduction will otherwise be observed. 

4.3 Theory 

4.3.1 Development of Mechanistic Models for the Photoelectrochemical 

Reduction of Oxygen 

Following the basic idea demonstrated by Lewis and co-workers, II the 

surface electron and hole processes are considered in terms of the simplified 

schematic shown in Figure 4.2. 

k o --40 e-
2 2 

k 
H 0-40He+H+ 

2 

Figure 4.2 Schematic representation of surface electron and hole processes in a 
Ti02 particle. 
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Expressions for electron and hole concentrations, under steady-state 

conditions, can be obtained by writing the flux of electrons transferred to oxygen 

as the product of the electron concentration, (e), the oxygen concentration close 

to the Ti02/aqueous interface, [02li, and the rate constant for interfacial electron 

transfer, k2; writing the flux of holes being transferred to water as the hole 

concentration, (h l, multiplied by the rate constant for interfacial hole transfer, k); 

and by writing the flux of electrons and holes that recombine in the particle as a 

bimolecular process with a rate constant k3. Thus, at steady-state, the balances for 

the photogenerated electrons, eO, and holes, h +, are given by: 

(4.7) 

(4.8) 

and 

(4.9) 

(4.10) 

where ro is the flux of electrons and holes created by the absorption of light by 

Ti02. The fluxes of electrons and holes across the Ti02/aqueous interface balance, 

so that the rate of oxygen reduction (or water oxidation),j, is given by: 

(4.11) 

When 4r(31)> 1, i.e., when recombination is significant, equation (4.11) 
k1k2 0 2 

simplifies to: 
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(4.12) 

Equation (4.12) predicts that the rate of oxygen reduction should be half-order in 

both the interfacial concentration of oxygen and the light flux intensity. 

Several cases were considered to describe electron transfer to oxygen. 

Equation (4.7) represents the case where electron transfer to oxygen occurs in 

solution, but it is also important to consider that oxygen may adsorb at the Ti02 

surface prior to electron transfer. If adsorption is rapid (as implicitly assumed in 

most photomineralisation kinetic studies), the concentration of surface-bound 

oxygen will depend on the isotherm which describes the adsorption process, and 

the rate law for the reduction of oxygen becomes: 

(4.13) 

where n represents the surface density of adsorbed oxygen. The rate constant for 

the electron transfer process is now denoted by k' 2 to indicate both a change in the 

nature of the reaction and in the units of the rate constant. 

The Langmuir isotherm is usually employed for the adsorption of oxygen 

in photomineralisation studies. Applying this isotherm to equation (4.13), the 

following expression is obtained: 

(4.14) 

where !lmax represents the maximum surface density of adsorbed oxygen and K O
2 

is the equilibrium adsorption constant for oxygen. It should be noted that the 

adsorption process is written in terms of the concentration of oxygen at the 
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Ti02/water interface, In contrast to prevIous treatments which consider bulk 

concentrations. 18, 19 

The limits to equation (4.14), K O
2 
[021 « 1 and K O

2 
[02 ]/ » 1, result in 

equations (4.15) and (4.16) respectively: 

(4.15) 

(4.16) 

Equation (4.15) predicts the same half -order dependence on interfacial oxygen 

concentration as equation (4.12), while equation (4.16) suggests a zero-order 

dependence on [02Ji. 

Another approach worth considering to describe the photoreduction of 

oxygen is a simple Langmuir-Hinshelwood model, since this approach has been 

adopted in previous photomineralisation studies. 18 In this case, the rate law has the 

following form: 

(4.17) 

where k' is the rate constant for the heterogeneous electron transfer process. 

The limits in equation (4.17) result in first- and zero-order dependences on 

the interfacial oxygen concentration, for K02 [OJ « 1 and K02 [021 » 1, 

respectively: 

(4.18) 

(4.19) 

If the adsorption step itself were rate-limiting, then a rate law with a first-order 

dependence on [02]i might be expected of the form: 
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(4.20) 

where k" is an experimentally-observable heterogeneous rate constant. 

4.3.2 Mass Transfer Model for the SEeM Simulation 

Formulation of the Model 

A numerical model was developed to describe mass transfer in the SECM 

geometry, assuming simple Langmuir-Hinshelwood reaction kinetics at the Ti02 

interface, as described by equation (4. 17). For the case where the oxidized form of 

a redox species, Ox, is electrolytically-reduced at the UME producing the reduced 

species, Red, the reaction at the tip is: 

Tip: Ox + ne - --+ Red (4.21) 

The time-dependent diffusion equation, appropriate to the axisymmetric 

cylindrical geometry of the SECM can be written for the species of interest, 02, 

(4.22) 

where COx and DOx are, respectively, the concentration and diffusion coefficient of 

the oxidised species, 1 is time and r and z are spatial co-ordinates in directions 

radial and normal to the electrode surface, respectively, measured from the centre 

of the electrode (see Figure 4.3). 

To calculate the tip current response, the diffusion equations must be 

solved subject to the boundary and initial conditions of the system. Initially O2 is 

present in the solution at a concentration, c~. The initial condition is thus, 

1=0; (4.23) 
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Ox Red 

ctiffu~ 
Ox 1 interface 

d 

Red 

Figure 4.3 Schematic of the co-ordinate system used in the model. The co
ordinates rand z are measured from the centre of the UME in the radial and 
normal directions, respectively. The UME is characterised by an electrode radius 
a, and rg is the distance from the centre of the electrode to the edge of the 
surrounding insulating glass sheath. d is the distance between the UME and the 
Ti02 surface. 

where d denotes the distance between the UME and the Ti02 substrate and rg is 

the location of the edge of the glass sheath surrounding the UME. 

At time t> 0, the potential of the UME tip is stepped from a value where 

no electrode reaction occurs, to one sufficient to drive the reduction of Ox at a 

diffusion-controlled rate. Species Ox is assumed to be inert with respect to the 

insulating glass sheath surrounding the electrode and to remain at bulk 

concentration values beyond the radial edge of the tip. These boundary conditions 

may be summarized as follows: 

z = 0, O~r~a COx =0 (4.24) 

Z= 0, (4.25) 

(4.26) 
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Equation (4.26) is a reasonable assumption provided that RG = r J a ~ 10/° where 

a is the radius of the electrode. 

The axisymmetric geometry of the SEeM implies that there is no radial 

flux of the species at the cylindrical axis of symmetry: 

r = 0, O<z<d D ocOK = 0 
OK or (4.27) 

The final boundary condition applies to the surface of the Ti02 substrate. During 

the first part of the simulation, i.e., prior to turning on the UV illumination, there 

is no reaction of O2 at the Ti02 substrate, hence, 

z=d, (4.28) 

The simulation calculates the current-time response of the UME and is run until 

the current reaches steady state, ca. lOs. At this time, (switch, the UV illumination 

is switched on and the boundary condition at the interface is changed to follow 

Langmuir-Hinshelwood kinetics: 

(> (switch (4.29) 

To formulate a general solution, the problem was cast into dimensionless form 

through the introduction of the following terms 

r 
R=

a 

z z=
a 

(4.30) 

(4.31) 

(4.32) 

(4.33) 
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(4.34) 

(4.35) 

It should be clear how these terms affect the diffusion equation (equation 4.22) 

and associated boundary and initial conditions. 

The tip current response is calculated as a function of time and 

tip/interface separation. The UME current is related to the flux of Ox at the 

electrode surface and hence the dimensionless current ratio is given by:21 

i = 7r J( 8C
ax J RdR 

i(OO) 20 8Z Zao 
(4.36) 

where i( 00) is the steady-state diffusion-limited current at an inlaid disc electrode 

positioned at an effectively infinite distance from the interface. 22 

(4.37) 

Method of Solution 

Numerical solutions were achieved using a FORTRAN program based on 

the alternating direction implicit finite-difference method (ADIFDM) algorithm.23 

Simulations were run on the University of Warwick central unix system. The 

application of ADIFDM to a diversity of SECM problems has been described 

elsewhere.21 ,24,25,26,27,28 This section briefly highlights the main modifications 

required to treat the boundary condition at Ti02 surface. Further details on the 

treatment of the remaining boundary conditions and implementation of the 

numerical solution can be found in more in depth accounts of ADIFDM as applied 

to SECM.21 ,24,25 
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The ADIFDM involves the construction of implicit finite difference 

equations at successive half-time intervals for the R and Z directions. The finite-

difference grid employed was as used previously.24(a) For the first half-time step, 

in which concentrations were calculated in the R direction from known val ues 

deduced in the Z direction in the previous half-time step, the calculation 

proceeded from the points j = 1 to j = NE + NG-l, where j denotes the grid points 

in the radial direction running from j = 0 at R = 0 to j = NE at R = 1 (over the tip 

electrode) and j = NE+ 1 to j = NE+NG over the insulating glass sheath. This 

results in NE+NG-I simultaneous equations in NE+NG-I unknowns for each grid 

point, k, in the Z direction where k runs from k = 0 at the UME surface to k = NZ 

at the substrate. After application of the boundary conditions above, these 

equations may be expressed as a tridiagonal matrix, the solution of which is found 

using the Thomas algorithm.2<) 

At the end of the first half-time step the boundary condition, equation 

(4.29), in finite-difference form is employed to update the concentration of Ox at 

the substrate for each node on the FD grid in the R direction. 

K~ (C;.NZ ') + [1- K~C;.NZ_I + !lZk~K~ :k:;.NZ - C;.NZ-I = 0 (4.38) 

In equation (4.38) C;.k denotes the new concentration of Ox calculated in first 

half-time step at the grid point with co-ordinates U,k). 

For the second halftime step the boundary condition, equation (4.29), in 

finite-difference form is 

(4.39) 

where the double * denotes the new concentration of Ox calculated in the R 

direction in the second half-time step. It is apparent from equation (4.39) that 
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calculation of the new R concentrations requires a prior knowledge of the new 

concentration, C~~NZ for each j value, which have yet to be calculated, for the 

matrix equations to reduce to tridiagonal form. An iterative procedure was 

adopted in which for a particular value of j, C;~NZ on the right hand side of 

equation (4.39) was initially approximated by C;.NZ (calculated in the first-half 

time step). Following the calculation of all the radial concentrations, C;~k' C;~NZ 

was updated. 

(4.40) 

The procedure was repeated using the newly determined value for C7NZ until 

changes in C;~NZ were less than 10-4 % upon further iteration. 

4.4 Experimental Results and Discussion 

4.4.1 Preliminary Studies: Testing the Effect of UV Illumination 

Firstly, the SECM control measurements of the extent of oxygen depletion 

at the illuminated fibre surface in the absence of Ti02 were demonstrated in a 0.1 

M NaCI04 solution. A 25 J.!m diameter Ag UME was positioned at a precise 

distance above the fibre surface and the potential was held at -1.0 V to effect the 

diffusion-limited reduction of oxygen. The steady-state current for the hindered 

diffusion of oxygen to the UME provided information of the tip-substrate 

separation via theory of the type from Kwak and Bard.2o Transients were then 

recorded at the tip UME after stepping the UV illumination on and off. A typical 

transient is shown in Figure 4.4. The reduction current experienced at the UME 

shows a fairly constant value, indicating that when there is no Ti02, the associated 

photoresponse of the UME is negligible. This indicates that a sensitive means of 
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investigating the photoelectrochemical reduction of oxygen at the Ti02 substrate 

could be made by illuminating a Ti02 film and detecting the depletion via the 

reduction of oxygen at the tip. 

The next step was to assess the reduction of oxygen catalysed by Ti02. 

Transients for oxygen reduction at the tip UME were recorded in 0.1 M NaCI04 

solution and a typical response is shown in Figure 4.5. When the Ti02 surface was 

illuminated, the tip current significantly decreased, meaning that less oxygen is 

detected by the probe. This is due to the consumption of oxygen in the 

photoprocess at the Ti02 surface. Illumination causes the photogenerated 

electrons to be captured by O2 to produce O2-, thus causing a depletion of oxygen 

concentration at, and near, the catalyst surface. In contrast, when the illumination 

was suddenly stopped, the transient response tended to level off towards the dark 

value, consistent with no ongoing photocatalytic reaction, and oxygen reaching 

the probe by hindered diffusion. This result demonstrates that molecular oxygen 

participates significantly in the photocatalytic process. A schematic representation 

of the reduction of oxygen at the UME probe, with and without illumination, is 

shown in Figure 4.6. 
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Figure 4.4 Phototransient response at an Ag UMB, held at -1.0 V, for the 
reduction of oxygen in a 0.1 M NaCI04 solution in the absence of a Ti02 film. 
The UME was positioned 20 J.lm away from the fibre surface and the illumination 
was switched on at lOs and switched off at 50 s. 
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Figure 4.5 Phototransient response at an Ag UMB, held at -1.0 V, for the 
reduction of oxygen in a 0.1 M NaCI04 solution in the presence of a Ti02 film. 
The tip-substrate distance was 22.8 J.lm. 
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Figure 4.6 Schematic representation ofthe photoelectrochernical reduction of 
oxygen. 

4.4.2 Mechanistic Study of the Photoelectrochemical Reduction of Oxygen at 

Ti02 Films 

4.4.2.1 In the Presence of an Aqueous Electrolyte Solution 

Transients for oxygen reduction at an Ag UME were recorded in an 

aqueous aerated 0.1 M NaCI04 solution. The UME was positioned at a known 

distance, d, from the Ti02 film based on the negative feedback response for 

oxygen reduction in the dark, as discussed above. A set of typical transient 

responses are shown in Figure 4.7 for d = 19.1 /-tm. The diminution in the oxygen 

reduction current becomes smaller as the transients are performed consecutively 

and from the 3rd transient onwards a spike in the cathodic direction is observed 

immediately after switching on the light. The current corresponding to the spike 

was higher than the dark oxygen reduction current and became larger as further 

transient measurements were made. To assess if this behaviour could be due to the 

electrode response, the UME was taken out, polished with alumina and put back 
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again at the same distance. The transient recorded afterwards also showed a spike, 

which means that this behaviour was not due a degradation of the electrode 

surface with time. The experiment was also performed in a phosphate buffer, but 

the transients recorded showed the same trends as the ones in Figure 4.7, i.e., a 

decrease in the diminution of the oxygen reduction current, accompanied by the 

formation of a spike after switching the light on. 

To investigate this effect further, transients were run In an aqueous 

deoxygenated solution of supporting electrolyte (0.1 M NaCI04) with the Ag 

UME held at a potential to detect the reduction of oxygen (-1.0 V). The transients 

obtained are shown in Figure 4.8. The first transient shows a large cathodic 

current spike, which occurs very quickly after switching on the light, but the spike 

becomes smaller as further transient measurements are performed. The spike is 

probably due to desorption of oxygen that was adsorbed at the Ti02 surface. A 

possible evidence for this is that when the potential at the UME is held at -0.1 V, 

where the reduction of oxygen at the tip cannot occur, a spike was not observed 

(Figure 4.9). There is also evidence in the literature that when a rutile Ti02 (110) 

surface is illuminated with UV light oxygen photodesorbs from the surface.30 

This, however, does not explain the formation of the spikes in Figure 4.7. 

When the experiment was performed in the same aerated aqueous 

electrolyte solution, but at a smaller tip-substrate distance (9.6 ,.un), a spike was 

observed straight away in the first transient (Figure 4.10). Also, when the solution 

was oxygenated and the transient run at a tip-substrate distance of 18.9 J..lm, a 

spike was obtained in the first transient recorded (Figure 4.11). For each of these 

experiments a fresh Ti02 film was used and so film history cannot explain the 

observed effects. The spikes are probably due to the build up of intermediates 
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(02--, H02-, H02-, H202, -OH) formed in the photochemical process. A possible 

indication for this is that when the transient measurements were made in the 

presence of 4-chlorophenol (4-CP), which will be photomineralised as discussed 

later, the spikes were no longer observed (Figure 4.12). The primary products of 

the photomineralisation process are radicals, which will undergo secondary 

reactions to form more stable molecules. Molecular oxygen and activated oxygen 

species (02--, H02 -, H02 -, H20 2) play an essential role in these processes. 5,6,7,8 

As the transients were measured consecutively, a decrease in the overall 

diminution of the oxygen reduction current is observed. A possible explanation 

for this effect is that reactions between the intermediate species can generate 

oxygen, which will be detected at the UME, thus increasing the observed current 

for oxygen reduction. Some of the possible reactions between the intermediates 

that could generate oxygen are shown below (equations 4.41-4.44)31,32 along side 

the hydrogen peroxide disproportionation reaction (equation 4.45). 

H02- + H02-~ H202 + O2 

H02- + O2--~ H02- + O2 

H202 + O2-- ~ -OH + OIr + O2 

H202 + 2 -OH ~ 2H20 + O2 

2H20 2 ~ 2H20 + 02 

(4.41) 

(4.42) 

(4.43) 

(4.44) 

(4.45) 

In the presence of 4-chlorophenol, the systematic deterioration of the oxygen 

reduction current transients is less significant because the activated oxygen 

species will be able to react with the organic radicals formed when 4-CP is 

photomineralised. 

When transient measurements were made in an aerated electrolyte solution 

employing a Pt UME instead of Ag, a deterioration in the current transients run 
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consecutively was again seen, but the initial spikes observed with Ag were no 

longer observed (Figure 4.13). This difference in the transient response could be 

due to the influence of the detector electrode material and the state of 

oxidation/reduction of its surface. While oxygen reduction at an Ag UME is a 4e-

process, at Pt it occurs in 2 x 2e- steps in which H202 is the 2e- product in acidic 

solutions.17 It has been shown that H20 2 is the major product from oxygen 

reduction in conditions leading to a high mass-transfer coefficient, i. e., at Pt 

microelectrodes. 16 

The experiments in this section prove the general concept of the proposed 

technique. However, to prevent the interference from the radical intermediates on 

the determination of the oxygen reduction kinetics, the experiments described in 

the next section were performed in the presence of a hole scavenger 

(triethanolamine). 
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Figure 4.7 Phototransient responses at the Ag UME, held at - 1.0 V, for the 
reduction of oxygen in an aqueous aerated 0.1 M NaCI04 solution. The tip
substrate distance was 19.1 ).IlIl. 
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Figure 4.8 Phototransient responses at the Ag UMB, which was held at a potential 
to detect the reduction of oxygen (-1.0 V), in an aqueous deoxygenated 0.1 M 
NaCI04 solution. The tip-substrate distance was 19.0 f.lID. 
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Figure 4.9 Phototransient response at the Ag UMB, which was held at a potential 
(-0.1 V) where the reduction of oxygen could not occur, in an aqueous 
deoxygenated 0.1 M NaCI04 solution. The tip-substrate distance was 18.4 f.lID. 
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Figu re 4.10 Phototransient response at the Ag UMB, held at - 1.0 V, for the 
reduction of oxygen in an aqueous aerated 0.1 M NaCI04 solution. The tip
substrate distance was 9.6 J..Lm. 
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Figure 4.11 Phototransient response at the Ag UMB, held at - l.O V, for the 
reduction of oxygen in an aqueous oxygenated 0.1 M NaCI04 solution. The tip
substrate distance was 18.9 I-illl. 
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Figure 4.12 Phototransient responses at the Ag UME, held at - 1.0 V, for the 
reduction of oxygen in an aqueous aerated 1.0 x 10-3 mol dm-3 4-CP solution in 
the presence of 0.1 M NaCI04 as supporting electrolyte. The tip-substrate distance 
was 19.4 Ilm. 
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Figure 4.13 Phototransient responses at the Pt UME, held at - 1.0 V, for the 
reduction of oxygen in an aqueous aerated 0.1 M NaCI04 solution. The tip
substrate distance was 19.2 Ilm. 
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4.4.2.2 In the Presence of a Hole Scavenger 

Transients for oxygen reduction at a Pt UME were recorded in an aqueous 

5.0 x 10-2 mol dm-3 triethanolamine solution in the presence of 0.1 M NaCI04 as 

supporting electrolyte. Triethanolamine acts as a hole scavenger and the problems 

encountered in the last section, i.e., a decrease in the depletion of the oxygen 

reduction current as transients were recorded consecutively, and in the case of the 

Ag UME accompanied by the formation of spikes, were no longer observed. As 

shown in Figure 4.14, systematic deterioration of the oxygen reduction current 

transient was negligible, which allowed kinetic and mechanistic investigation of 

light intensity and oxygen concentration effects. 

The light flux intensity was varied by using neutral density filters which 

only transmitted 50%, 25% and 12.5% of the incident light intensity. The oxygen 

levels present in an aerated solution (- 20%) were increased to 50% and saturation 

by purging the solution with a 50% 02/ N2 mixture and pure oxygen, respectively. 

The transients for oxygen reduction at four different light intensities and for 

aerated, 50% 02 and oxygenated conditions are shown in Figure 4.15(a), (b) and 

(c), respectively. As the light intensity decreases the transients become less sharp 

and there is a smaller depletion in the oxygen reduction current. 

The results were analysed using the theoretical models described in 

sections 4.3.1 and 4.3.2. As an example, the data obtained at the maximum light 

intensity (/0 = 2.13 x 1016 q cm-2 S-I) for the three different oxygen concentrations 

are analysed in tenns of the zero- and half-order models in Figures 4.16, 4.17 and 

4.18. Figure 4.16 shows the best simulated behaviour for the zero-order model 

(kzero = 3.19 x 10-10 mol cm-2 S-I) and the half-order model (khalf = 1.50 x 10-6 

mol l12 cm-l12 S-I) for aerated conditions. In Figures 4.17 and 4.18 are given the best 
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fits for the zero-order (kwro = 7.98 x 10-10 and 1.14 x 10-9 mol cm-2 
S-I) and the 

half-order (khalf = 2.30 x 10-6 and 1.63 x 10-6 mol l12 cm-l12 
S-I) models for 50% 02 

and oxygenated conditions, respectively. It can be seen that these models only fit 

the experimental data when the steady-state has been reached and that they do not 

provide a good description of the initial few seconds after the light has been 

switched on. 

To see if a better agreement between the experimental data and the model 

simulations could be obtained, the transients were also analysed using a 

Langmuir-Hinshelwood model. This model requires an equilibrium adsorption 

constant for oxygen and the literature values of Ko = 9.63 X 106 morl cm3 
33 and 

2 

4.89 X 105 morl cm3 
19 were used for the present numerical simulations. Figures 

4.19,4.20 and 4.21 show the best fits for the four different light intensities and for 

aerated, 50% 02 and oxygenated conditions, respectively. It can be seen that the 

model provides a reasonably good agreement with the experimental data over the 

entire transient for aerated conditions and the two higher light intensities, however 

for the lower light intensities the model only fits to the steady-state. When the 

light is stepped on, the oxygen molecules adsorbed at the Ti02 surface will react 

with the photogenerated electrons, and other oxygen molecules will adsorb at the 

surface causing a depletion of the oxygen concentration in the vicinity of the 

electrode. When the light intensity is lower, the reaction will proceed slower and 

the depletion in the oxygen reduction current detected at the electrode will also 

occur more slowly. This could be a possible explanation for the deviation 

observed between the experimental data and the model simulation before reaching 

steady-state. This deviation is also observed for the higher oxygen concentrations, 

even at the higher light intensities. If the oxygen concentration is higher there will 
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be more oxygen molecules adsorbed at the Ti02 surface, which must react before 

the next ones can adsorb, thus causing the depletion in the oxygen reduction 

current to occur more slowly. Table 4.1 provides a summary of the rate constants 

obtained from the analysis of the data in Figures 4.19-4.21. It can be seen that at 

all light intensities, K02 = 9.63x106 morl cm3 provides the most consistent rate 

constants as the oxygen concentration is changed by a factor of five (aerated to 

oxygenated conditions). 

For comparative purposes it was useful to investigate the 

photoelectrochemical reduction kinetics of oxygen in an aqueous solution of a 

model organic substrate. Thus, the experiments described in the next section were 

performed in the presence of 4-chlorophenol. 

Table 4.1 Values of the rate constants (mol cm-2 
S-I), estimated using a Lagrnuir

Hinshelwood model, for the reduction of oxygen in a 5.0 x 10-2 mol drn-3 

triethanolamine solution in the presence of 0.1 M NaCI04 as supporting 
electrolyte under aerated, 50% O2 and oxygenated conditions. 

aerated condition 50%02 oxygenated condition 

klb klb klb klb klb klb 
10 

q cm-2 S-1 Ko2=9.63x106 K02=4.89x 105 K02=9.63xI06 K02=4.89x 105 K02=9.63x 106 K02=4.89x 105 

mor1 cm3 mor1 cm3 mor1 cm3 mor1 cm3 mor1 cm3 morl cm3 

2. 13x1016 1.1xlO-9 1.5xlO-8 1.5xlO-9 1.4xlO-8 1.4xlO-9 6.2xlO-9 

l.07x1016 8.5xlO-1O 1.1xlO-8 1.0xlO-9 7.3xlO-9 9.5xlO-1O 3.5xlO-9 

5.33x10 1S 6.6xlO-1O 7.8xlO-9 5.5xlO-1O 3.2xlO-9 5.4xlO-1O 1.8xlO-9 

2.66x101S 3.5xlO-10 3.4x 10-9 3.0xlO-1O 1.5xlO-9 3.2xlO-1O 1.0xlO-9 
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Figure 4.14 Phototransient responses at the Pt UME for the reduction of oxygen 
in an aqueous aerated 5.0 x 10-2 mol dm-3 triethanolamine solution in the presence 
of 0.1 M NaCI04 as supporting electrolyte. The tip-substrate distance was 23.8 
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Figure 4.15 Phototransient responses at the Pt UME for the reduction of oxygen 
in an aqueous (a) aerated, (b) 50% O2 and (c) oxygenated 5.0 x 10-2 mol dm-3 

triethanolamine solution in the presence of 0.1 M NaCI04 as supporting 
electrolyte. The tip-substrate distance was 23 .4 Jlm. 
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Figure 4.16 Normalised experimental data (- ), after stepping the light on, for 
oxygen reduction in aerated conditions compared with the best fit theoretical 
simulations for the (- ) zero-order model (kzero = 3.19 x 10-10 mol cm-2 S-I) and the 
(- ) half-order model (khalf= 1.50 x 10-6 mol l12 cm-l12 s-I).10 = 2.13 x 1016 q cm-2 
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Figure 4.17 Normalised experimental data (- ), after stepping the light on, for 
oxygen reduction in 50% O2 conditions compared with the best fit theoretical 
simulations for the (- ) zero-order model (kzero = 7.98 x lO- lD mol cm-2 S-I) and the 
(- ) half-order model (khaJf= 2.30 x 10-6 mol1l2 cm-l12 s-\ 10 = 2.13 X 1016 q cm-2 

-1 s . 
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Figure 4.18 Normalised experimental data (- ), after stepping the light on, for 
oxygen reduction in oxygenated conditions compared with the best fit theoretical 
simulations for the (- ) zero-order model (kzero = 1.14 x 10-9 mol cm-2 
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Figure 4.19 Experimental data (-) for oxygen reduction in aerated conditions 
compared with the best fit theoretical simulations for the Langmuir-Hinshelwood 
model for (- ) K02 = 9.63 x 106 mor1 cm3 and (- ) K02 = 4.89 x 105 mor1 cm3

, at 
(a) 10 =2.13 x 1016 qcm-2 s-\ (b)Io= 1.07 x 1016qcm-2s-1,(c)Io=5.33 x 1015 q 
cm-2 

S-l and (d) 10 = 2.66 X 1015 q cm-2 
S-I. 
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Figure 4.20 Experimental data (- ) for oxygen reduction in 50% O2 conditions 
compared with the best fit theoretical simulations for the Langmuir-Hinshelwood 
model for (- ) K02 = 9.63 X 106 mor l em3 and (- ) K02 = 4.89 x 105 mor1 em3

, at 
(a) 10 = 2.13 X 1016 q em-2 

S-I, (b) 10 = 1.07 X 1016 q em-2 
S-I, (e) 10 = 5.33 X 1015 q 

em-2 S-1 and (d) 10 = 2.66 X 1015 q em-2 S-I. 
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Figure 4.21 Experimental data (- ) for oxygen reduction in oxygenated 
conditions compared with the best fit theoretical simulations for the Langmuir
Hinshelwood model for (- ) K02 = 9.63 x 106 mor l cm3 and (- ) K02 = 4.89 X 105 

mor1 cm3
, at (a) 10 = 2.13 X 1016 q cm-2 

S-I, (b) 10 = 1.07 X 1016 q cm-2 
S-I, (c) 10 = 

5.33 X 1015 q cm-2 
S-I and (d) 10 = 2.66 X 1015 q cm-2 

S-I. 
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4.4.2.3 In the Presence of an Organic Substrate 

Transients for oxygen reduction at a Pt UME were recorded in an aqueous 

aerated 1.0 x 10-3 mol dm-3 and oxygenated 1.0 x 10-2 mol dm-3 4-chlorophenol 

(4-CP) solutions in the presence of 0.1 M NaCI04 as supporting electrolyte. The 

organic substrate has a similar role to the hole scavenger by reacting with the 

photogenerated holes, or with the ·OH radicals formed by reaction of H20 or OH

with the holes. The transients for oxygen reduction at four different light 

intensities and for aerated and oxygenated conditions are shown in Figures 4.22 

and 4.23, respectively. The transients are less sharp and take longer to reach 

steady-state, compared to those performed in triethanolamine, especially for the 

oxygenated solution. At first glance, it appears that triethanolamine is a better hole 

scavenger than 4-CP. On the other hand, it has to be recognised that for the 

oxygen reduction reaction to occur, the appropriate hole transfer reaction must 

also take place. For the 4-CP studies, a much lower concentration of 4-CP has 

been used, and it is likely that this is consumed significantly at the Ti02 surface. 

Consequently, it is perhaps not surprising that the oxygen reduction process is 

slower than with triethanolamine. This issue is explored in the next chapter. 

The transients for the aerated conditions were analysed using the 

Langmuir-Hinshelwood model and the best fits for the four light intensities are 

shown in Figure 4.24. The model simulation only fits the experimental data to the 

steady-state. Table 4.2 provides a summary of the rate constants obtained from the 

analysis of the data in Figure 4.24. The rate constants for oxygen reduction in the 

presence of 4-CP are lower than the ones in the presence of triethanolamine by a 

factor of three, with the likely reason for this given above. The transients for the 

oxygenated solution were not analysed because the steady-state was not reached. 
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Table 4.2 Values of the rate constants (mol cm-2 
S- I) , estimated using a Lagmuir

Hinshelwood model, for the reduction of oxygen in an aerated 1.0 x 10-3 mol dm-3 

4-CP solution in the presence of 0.1 M NaCI04 as supporting electrolyte. 

10 klh klh 

q cm-2 S·l 
K02=9.63x 106 mOrl em3 K02=489x lOs mOrl em3 

2.13 x l0 16 3.5x lO-1O 3.4x lO-9 

1.07x 1016 1.9x 1O-10 1.7x lO-9 

5.33 x l01S 9.9x 1O-1l 8.2x1O-1O 

2.66x l01S 5.9x 10-11 4.8x lO-1O 
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Figure 4.22 Phototransient responses at the Pt UME for the reduction of oxygen 
in an aqueous aerated 1.0 x 10-3 mol dm-3 4-CP solution in the presence of 0.1 M 
NaCI04 as supporting electrolyte. The tip-substrate distance was 19.6 J..lm. 
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Figure 4.23 Phototransient responses at the Pt UME for the reduction of oxygen 
in an aqueous oxygenated 1.0 x 10-2 mol dm-3 4-CP solution in the presence of 0.1 
M NaCI04 as supporting electrolyte. The tip-substrate distance was 20.4 IJ.m. 
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Figure 4.24 Experimental data (- ) for oxygen reduction in an aerated 4-CP 
solution compared with the best fit theoretical simulations for the Langmuir
Hinshelwood model for (- ) K02 = 9.63 X 106 mor i cm3 and (- ) K02 = 4.89 X 105 

mor i cm3
, at (a) 10 = 2.13 X 1016 q cm·2 

S-I, (b) 10 = 1.07 X 1016 q cm-2 S-\ (c) 10 = 

5.33 X 1015 q cm-2 
S-1 and (d) 10 = 2.66 X lOt5 q cm-2 

S-I. 
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4.4.3 Development of a New Mechanistic Model for the Photoelectrochemical 

Reduction of Oxygen 

A new model based on Langmuir-Hinshelwood kinetics was developed 

which accounted for the surface concentration of sites. As seen in the last sections 

the previous Langmuir-Hinshelwood model only fitted the transients to the 

steady-state. One explanation that was advanced was that oxygen molecules 

already pre-adsorbed at the Ti02 surface must react before oxygen can adsorb 

from solution. Since the SEeM method detects the loss of oxygen from solution, 

this therefore causes a delay in the transient response. In this new model the 

surface concentration of adsorption sites was introduced as an adjustable 

parameter to investigate its effect on the reduction kinetics of oxygen. The model 

is essentially the same as the one described in section 4.3.2 except that during the 

second part of the simulation, after the UV illumination is turned on, the boundary 

condition at the Ti02 substrate (equation 4.29) is modified by an extra term which 

takes account of the pre-adsorbed oxygen on the surface: 

(> (switch klB (4.46) 

where Bis the fraction of sites occupied by the pre-adsorbed oxygen molecules. 

At the time at which the illuimination is switched on, ttutial is calculated viz: 

(= (switch (4.47) 

The rate of change of Bwith time is given by: 

(4.48) 

where N is the density of sites (mol cm -2). 
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Figures 4.25, 4.26 and 4.27 show the fits for several values of the surface 

concentration of sites, N, for oxygen reduction in the presence of triethanolamine, 

for the four light intensities and for aerated, 50% 02 and oxygenated conditions, 

respectively. The new model provides a better fit than the previous L-H model, 

however, in some cases the model simulation still does not fit the experimental 

data completely. It should be recognised that the model is a simplification, but 

does at least provide a likely explanation of the experimental observations. A 

possible explanation for the deviation between experiment and theory is that the 

value of the equilibrium adsorption constant for oxygen used (K02 = 9.63x106 

morl cm3
)33 was obtained in the dark and the value for K02 in light conditions 

could be different. Also, the Ti02 surface is extremely heterogeneous, with some 

sites that are more active than others, but the simplified model assumes that all the 

sites react at the same rate. While more detailed models could be developed, they 

would involve additional adjustable parameters and at this stage, such a treatment 

is not warranted. 

A general trend that can be observed from Figures 4.25-4.27 is that the 

value of the surface concentration of sites, N, increases with the increase in 

oxygen concentration. This is in agreement with the reasoning that the oxygen 

molecules already adsorbed on the surface must react before oxygen from sol uti on 

can adsorb and react, which will cause a delay in the transient response. The more 

surface adsorption sites, the bigger the delay observed, as can be seen in the 

oxygenated condition transients. This also provides evidence that the reduction 

process is controlled by surface kinetics. This analysis also makes clear the fact 

that oxygen reduction at Ti02 involves adsorption as a major factor. 
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Figure 4.25 Experimental data for oxygen reduction in an aerated triethanolamine 
solution compared with the best fit theoretical simulations for the previous and 
new Langmuir-Hinshelwood model with K02 = 9.63 x 106 mor l cm3

, at (a) 10 = 
2.13 x 1016 q cm-2 

S-1, (b) 10 = 1.07 x 1016 q cm-2 S-1, (c) 10 = 5.33 X 1015 q cm-2 S-1 

and (d) 10 = 2.66 x 1015 q cm-2 
S-I. 
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Figure 4.26 Experimental data for oxygen reduction in a 50% O2 triethanolamine 
solution compared with the best fit theoretical simulations for the previous and 
new Langmuir-Hinshelwood model with K02 = 9.63 X 106 mor l cm3
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Figure 4.27 Experimental data for oxygen reduction in a oxygenated 
triethanolamine solution compared with the best fit theoretical simulations for the 
previous and new Langmuir-Hinshelwood model with K02 = 9.63 X 106 mor l cm3
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4.5 Estimating the Quantum Efficiency 

Since the quantum efficiency IS an important parameter in the 

photomineralisation process, it is worth estimating its value for the 

photoelectrochemical reduction of oxygen at Ti02 films presented in this chapter. 

The quantum efficiency can be estimated from the following expression related to 

the Langmuir-Hinshelwood model: 

(4.49) 

where [02]* is the bulk concentration of oxygen. 

Tables 4.3 and 4.4 show the estimated quantum yields for the 

photoelectrochemical reduction of oxygen in the triethanolamine solution and the 

4-CP solution, respectively. It was found that there was a slight increase in the 

quantum efficiency with a decrease in the light flux intensity. This suggests that 

when the light flux intensity is relatively high, the rate of charge-carrier 

recombination increases compared to interfacial charge transfer, and so the entire 

photoprocess tends to a lower quantum efficiency. A likely reason for this 

observation is that by driving the surface photoelectrochemical process, the 

reaction tends to become more limited by the transport of reagents to the Ti02 

surface, which is restricted in the SECM geometry. Consequently, there is an 

enhanced likelihood of charge recombination. 
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Table 4.3 Estimated quantum yields, related to the Lagmuir-Hinshelwood model, 
for the photoreduction of oxygen at Ti02 films in a 5.0 x 10-2 mol dm-3 

triethanolamine solution in the presence of 0.1 M NaCI04 as supporting 
electrolyte under aerated, 50% O2 and oxygenated conditions. 

aerated condition 50%02 oxygenated condition 

10 
¢ ¢ ¢ ¢ ¢ ¢ 

q em-2 S-I K02=9.63x 106 K02=4.89x 1 o~ K02=9.63x106 K02=4.89x 1 o~ K02=9.63 x 106 K02=4.89xlo5 

mor1 em3 morl em3 mort em3 mort em3 mort em3 mori em3 

2. 13x1016 0.022 0.046 0.036 0.096 0.037 0.067 

1.07x1016 0.034 0.067 0.051 0.096 0.049 0.075 

5.33x1015 0.053 0.096 0.053 0.085 0.056 0.075 

2.66x1015 0.056 0.084 0.058 0.080 0.067 0.086 

Table 4.4 Estimated quantum yields, related to the Lagmuir-Hinshelwood model, 
for the photoreduction of oxygen at Ti02 films in an aerated 1.0 x 10-3 mol dm-3 

4-CP solution in the presence of 0.1 M NaCI04 as supporting electrolyte. 

10 tjJ tjJ 

q cm-2 S-1 
K02=9.63x106 mor' em3 K02=4.89x 105 mor1 em} 

2.13x1016 7.0xl0-3 0.011 

1.07x1016 7.6xlO-3 0.010 

5.33xlO1S 7.9xlO-3 0.010 

2.66x1015 9.4xl0-3 0.012 
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4.6 Conclusions 

The development of a new approach to investigate the kinetics of 

interfacial photochemical process, using the SEeM technique, has allowed the 

successful study, at the microscopic level, of the photoelectrochemical reduction 

kinetics of oxygen at a Ti02 film. The results presented in this chapter have 

demonstrated a significant depletion of the oxygen concentration at! in the vicinity 

of the illuminated Ti02 surface, which provides a new insight into the 

photomineralisation process. Theoretical models have been developed that 

allowed the kinetics of the photoreduction of oxygen to be determined. Of the 

models developed, the Langmuir-Hinshelwood model is the one which provides a 

better agreement with the experimental data. However, for the lower light 

intensities and for the higher oxygen concentrations, the model only fits the 

transient to the steady-state. To improve the fit between the experimental data and 

the model simulation, the Langmuir-Hinshelwood model was modified by taking 

into account pre-adsorbed oxygen at the Ti02 surface. This provided evidence that 

oxygen reduction at Ti02 involves adsorption as a major factor. 
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CHAPTERS 

PHOTOMINERALISATION KINETICS OF A MODEL ORGANIC 

POLLUTANT SENSITISED BY Ti02 FILMS 

In this chapter, SECM is used as a new approach for quantitatively 

investigating the photomineralisation kinetics of a model organic pollutant, 4-

chlorophenol (4-CP), in aerated and oxygenated aqueous solutions at supported 

Ti02 films. A potentiometric Agi AgCI UME, positioned at a known distance 

above the Ti02 film, was used to monitor directly the cr production from the 

photomineralisation of 4-CP. Both the effect of light intensity and 4-CP 

concentration were investigated. A theoretical model, which employs a Langmuir

Hinshelwood type kinetic equation, has been developed to interpret the kinetics of 

the photomineralisation process and detennine the associated quantum efficiency. 

5.1 Introduction 

The use of semiconductors as photocatalysts in the photomineralisation of 

organic pollutants in water by oxygen has been, and continues to be, an active 

field of research. I
,2 The mechanism of Ti02-sensitised photodegradation of 

organic pollutants was reviewed in chapter 1. The photo-oxidative mineralisation 

of 4-chlorophenol by oxygen and sensitised by Ti02 has been the subject of 

numerous, detailed characterisation studies, with Ti02 either in the form of a 

dispersion3,4,5,6,7,8 or immobilised as a film on a support.9,10,1l,12,13,14 The role of 

mass transport for immobilised systems has also been investigated. 14,15,16 In these 

systems it is usually found that the overall rate of reaction is, at least in part, 

controlled by the rate of diffusiOn/convection mass transfer to and from the 
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photocatalyst. 17,18 Mills et al. 14 have investigated the rate of degradation of 4-CP 

in a stirred reactor where mass transfer was considered to be sufficiently high to 

have a negligible effect on the rate. Ahmed et al. 16 have used the channel flow 

method with electrochemical detection to identify the conditions under which 

mass transfer is important in controlling the photomineralisation rates of four 

chlorophenols. 

The mechanism of 4-CP photocatalytic degradation sensitised by Ti02 has 

also been the subject of detailed studies. 3
,4,13,14 The reaction scheme illustrating 

the likely mechanistic pathways to the formation of the major intermediates is 

shown in Figure 5.1.14 The generation of the intermediates can be explained 

through reaction schemes which initially involve ·OH radical attack on 4-CP to 

give the 4-chlorodihydroxycyclohexadienyl radical. Reduction by a conduction 

band electron yields hydroquinone (HQ) and cr. The other major intermediates 

are 4-chlorocatechol (4-CC) and benzoquinone (BQ). The intermediate product 

distribution is pH dependent.7 The pathway leading to the formation of HQ is 

preponderant in the pH range 3.4-6.0/ but under very acidic conditions (ca. pH 2) 

4-CC appears to be the most stable of the reaction intermediates.4
,14 With 

prolonged irradiation all the 4-CP is eventually converted to CO2, H20 and HCl. 

Usually, chromatographic techniques are used in the investigation of the 

photomineralisation of 4-CP sensitised by Ti02. Quantitative and qualitative 

analyses of the reaction intermediates are carried out by HPLC, C02 evolution is 

usually measured by GC and cr generation IS measured by ion 

chromatography. 3,4,5 There is only one report in the literature where a 

potentiometric UME was used to monitor the cr production from the 

photomineralisation of 2,4-dichlorophenoI sensitised by Ti02.
19 The production of 
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cr was modelled on the basis of a heterogeneous process at the Ti02/aqueous 

interface, however there was a significant deviation of the experimental data from 

theory. 

The aim of this chapter is to use the SECM technique in the investigation 

of the photomineralisation of 4-CP sensitised by Ti02 films and to develop a 

theoretical model to interpret the kinetics of the photomineralisation process. 

CI 

!~ 
H 

OH 

CI 

4-CC 

CI 
4-CP 

OH 

HQ 

2h+ -2H+ 

.-
2.- +2H+ 

FU'ther Oxidetion to HHQ .-.cI HBQ 
and then eliptwtic intarrnediatel 

CI OH 

... 9 
BQ 

Figure 5.1 Reaction scheme illustrating the likely mechanistic pathways to the 
formation of the major intermediates, 4-chlorocatechol (4-CC), hydroquinone 
(HQ) and benzoquinone (BQ), generated during the photomineralisation of 4-CP 
sensitised by Ti02. 14 
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5.2 Theory 

Given the experimental data that follows, and that obtained for oxygen 

photoelectrochemical reduction in chapter 4, it is reasonable to consider that 02 

and cr diffusion is important, but 4-CP diffusion can be neglected. Time-

dependent diffusion equations appropriate to the axisymmetric cylindrical 

geometry of the SECM can be written for each species of interest: 

(5.l) 

(5.2) 

Initially oxygen is present in the solution with concentration C~2 and there is no 

cr present, therefore the initial condition is, 

t = O~ (5.3) 

The boundary conditions for the model can be summarised as 

OC OCCI-z = 0, 0< r :5 rg D ~=O Dcr-a;-=O (5.4) 
O2 OZ 

O<z<d • ccr =0 (5.5) r>rg , CO2 = CO2 

OC oCcr r = 0, O<z<d D ~=O Dcr--=O (5.6) 
O2 or or 

These conditions have similar meaning to those described in section 4.3.2 except 

now the UME is a passive potentiometric probe and hence is inert with respect to 

cr and 02 (equation 5.4). 

The following boundary condition applies to the Ti02 surface: 

z=d, 
(Jeo OC CI- k' K 0 Co int . D __ 2 =-nD __ =_ 2 2' 

. 0 CI-
2 Oz OZ 1 + K02 CO2 •int 

(5.7) 
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The problem was cast into dimensionless form and solved using ADIFDM. An 

analogous iterative procedure was used to that described in section 4.3.2 to first 

calculate the radial concentrations of O2 in the second half time step, and then the 

radial concentration of cr. It was assumed that 02 undergoes a two electron 

reduction to H202, so n = 2. The simulation provided the steady-state 

concentration profile of cr in the radial direction along the surface of the 

potentiometric microelectrode probe. 

5.3 Experimental Results and Discussion 

5.3.1 Preliminary Studies: Stability and Sensitivity of the AglAgCl UME to 

Monitor the Photo mineralisation of 4-CP 

Since the light beam directly illuminates the AglAgCl UME probe, with 

the SECM-optical fibre technique, it was important to ensure the validity of this 

new potentiometric SECM approach. Accordingly, a 25 Jlm diameter AglAgCI 

UME was positioned over the Ti02-coated optical fibre in an aerated ultrapure 

aqueous solution, and the potential response during illumination was recorded at 

the tip Agi AgCI UME against a SCE reference electrode. Little change of 

potential was observed at the UME as a result of direct illumination, as shown in 

Figure 5.2. This behaviour demonstrates that the detector electrode is relatively 

photostable. The small changes in potential seen are negligible compared to those 

observed during cr detection for photomineralisation, as described latter. 
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Figure 5.2 Potential response of the Agi AgCI UME vs. SCE recorded in ultrapure 
water. The tip-substrate distance, determined by video microscopy, was 20 J..Il11. 

5.3.2 4-CP Electrochemistry 

It would be important to know if the cr formed during the 

photomineralisation process is mainly generated from 4-CP molecules already 

adsorbed at the Ti02 surface, or if the 4-CP concentration is being depleted in the 

vicinity of the illuminated surface. A way to find out would be to run a 

voltammogram close to the Ti02 surface in the dark and with illumination. Firstly, 

voltammograms for 4-CP oxidation at a 25 p.m diameter Pt UME were recorded 

away from the Ti02 surface in an aqueous 1.0xlO-3 mol dm-3 4-CP solution in the 

presence of 0.1 M NaCI04 as supporting electrolyte. A series of voltammograms 

were obtained at increasing sweep rates because, as can be seen from Figure 5.3, 

the electrode response was blocked during the oxidation of 4-CP. A way around 

this was to step the potential from 0 to 1 V and record the chronoamperometric 

response on a shorter timescale (millisecond range) for the diffusion-limited 

oxidation of 4-CP. Transients were performed close to the Ti02 surface (tip-

substrate distance of 17 J.UD) first in the dark and then after 10 s illumination. 
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Figure 5.4 shows that the transient response is essentially identical under the two 

sets of conditions. The current is due mainly to 4-CP diffusion to the electrode 

which, in turn, depends on the local concentration. Since the response is similar in 

both cases, this indicates that the 4-CP in solution was not depleted by 

illumination on the timescale of this measurement, which means that the cr 

formed in the experiments discussed later is generated mainly from the 

photomineralisation of 4-CP molecules already adsorbed at the Ti02 surface. 

14 
- 100 mV/s 

12 
- 200 mV/s 
- 500 mV/s 

10 

<{ 
8 

c: 
:::, 

6 

4 

2 

0 

0 0.2 0.4 0.6 0.8 1.2 
ElV 

50 
I 1 Vis I 
- 2 Vis 

40 

30 
<{ 
c: 

:-::. 

20 

10 

0 

0 0.2 0.4 0.6 0.8 1.2 
ElV 

Figure 5.3 Voltammograms for 4-CP oxidation at a 25 )..lm diameter Pt UME 
recorded in the bulk of an aqueous 1.0x 10-3 mol dm-3 4-CP solution in the 
presence of 0.1 M NaCl04 as supporting electrolyte. 
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Figure 5.4 Chronoamperometric response for the oxidation of 4-CP after stepping 
the potential from 0 to 1 V. The transients were performed with a 25 11m diameter 
Pt UME positioned 17 11m away from the Ti02 surface in an aqueous 1.0x 10-3 

mol dm-3 4-CP solution in the presence of 0.1 M NaCI04 as supporting 
electrolyte. 

5.3.3 Photomineralisation of 4-CP 

The photomineralisation of an aerated 1.0x 10-3 mol dm-3 4-CP solution in 

the presence of 0.1 M NaCI04 as supporting electrolyte was monitored by 

recording the potential response due to illumination at the tip Agi AgCI UME 

against SCE, as a function of tip-substrate separation. Typical potentiometric 

phototransients resulting from UV-excitation of the Ti02 surface for two tip-

substrate separation distances are shown in Figure 5.5. The transients clearly 

demonstrate the high sensitivity of the system. When the illumination was 

switched on, the potential difference between the indicator and reference electrode 

significantly moved in the negative direction, resulting in a ca. 49 - 31 m V 

change in potential (depending on tip-substrate distance) and then reached a 
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plateau. This behaviour is attributed to the fonnation of a concentration gradient 

of cr at the illuminated Ti02 surface, which after a certain period of illumination 

attains a constant value. It was shown in the last chapter that there is a significant 

depletion of oxygen near the illuminated Ti02 surface. Since oxygen plays an 

active role in the photomineralisation process by scavenging the photogenerated 

electrons, a depletion in oxygen concentration will retard the trapping of the 

electrons. Such a process will promote enhanced electron-hole recombination, 

making the photomineralisation less efficient. When the illumination was 

switched off, the tip potential returned towards the initial dark value, indicating 

that the surface photomineralisation process had terminated. A schematic 

representation of the fonnation of cr at the illuminated Ti02 film is shown in 

Figure 5.6. 

A calibration curve of [Cn vs. potentiometric response for an AglAgCI 

UME (Figure 5.7; see also section 2.1.2) was used to convert the observed 

potentials into cr concentration, as shown in Figure 5.8. It is apparent from the 

data in Figure 5.8 that at the closest distance more cr is fonned, indicating that 

the photomineralisation of 4-CP obviously follows a heterogeneous process at the 

excited catalyst surface to produce cr which will then diffuse into the solution 

gap between the Ti02 surface and the probe, before being detected at the AglAgCI 

UME. When the tip-substrate distance increased, the response of the indicator 

electrode became less pronounced, and thus less cr was detected at the UMB. 

This is because at longer tip-substrate distances cr escapes from the tip-substrate 

gap by diffusion, with the result that its concentration does not increase as 

significantly as that detected with a thinner tip-substrate domain. 
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In the subsequent investigations on the photomineralisation kinetics of 4-

CP that were carried out, tip-substrate distances between 16 - 19 jJ.m were chosen 

to enhance the sensitivity of the method. 
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Figure S.S Potential response of the Agi Agel indicator electrode for two tip
substrate distances during the photomineralisation of an aerated 1.0x 10-3 mol dm-3 

4-CP solution in the presence of 0.1 M NaCI04 as supporting electrolyte. 

Figure 5.6 Schematic representation showing the formation of cr from the 
photornineralisation of 4-CP at an illuminated Ti02 film. 
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Figure 5.8 Photogenerated [CI-] detected at the AglAgCI UME during the 
photomineralisation of an aerated 1.0x 10-3 mol dm-3 4-CP solution in the presence 
of 0.1 M NaCI04 as supporting electrolyte. 
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5.3.4 The Kinetics of 4-CP Photomineralisation: Light Intensity Effect 

5.3.4.1 In an Aerated 4-CP Solution 

It is well established that the photomineralisation rate depends on the 

intensity of the incident light. 14
,18,20 Accordingly, the influence of the light flux 

intensity was investigated by using neutral density filters which only transmitted 

50%,25% and 12.5% of the incident light intensity. The potential response of the 

AglAgCI UME, positioned 17.4 Ilm away from the Ti02 film, during the 

photomineralisation of an aerated LOx 10-3 mol dm-3 4-CP solution in the presence 

of 0.1 M NaCI04 as supporting electrolyte, at the four light intensities, is shown in 

Figure 5.9. The corresponding photogenerated [Cn is given in Figure 5.10. The 

results were analysed using the theoretical model developed, which employs a 

Langmuir-Hinshelwood type kinetic equation, and the best fits to the experimental 

data are also shown in Figure 5.10. The values of the initial rate of 4-CP 

photomineralisation are shown in Table 5.1. The model simulation provides a 

good fit to the experimental data and the estimated rate constants are closely 

proportional to the incident light intensity. Similar behaviour was found by Mills 

and Wang14
,18 in their stirred reactor studies on the photomineralisation of 4-CP 

by Ti02 films. 

It is worth comparing the rate of cr fonnation in the photomineralisation 

process with the rate of oxygen consumption at the illuminated Ti02 surface at a 

similar light intensity. Comparison of the rate constants for photomineralisation 

with the rate constants for oxygen reduction in an aerated 4-CP solution (obtained 

in chapter 4, section 4.4.2.3, for K02 = 9.63x 106 mor1 cm3
) shows that there is a 

direct correlation between the loss of oxygen and the formation of cr. This close 
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correlation strongly suggests that the flux matching ideas of Lewis21 (section 

4.3 .1) represents a good description of the photomineralisation process. 

Table 5.1 Values of the rate constants, estimated using a Langmuir-Hinshelwood 
model , for the formation of cr during the photomineralisation of 4-CP at Ti02 
films in a 1.0x10-3 mol dm-3 4-CP solution in the presence of 0.1 M NaCI04 as 
supporting electrolyte under aerated conditions. 

101 q cm-2 S-I k'i I -2 -1 mo cm s 

2. 13x lO l6 3.1x10-10 

1.07x lO16 1.5x 10-10 

5.33x lO15 6 .8x lO-11 

2.66x lO 15 3.4x 10-11 
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Figure 5.9 Potential response of the Agi AgCI UME, positioned 17.4 )..tm away 
from the Ti02 film, during the photomineralisation of an aerated 1. Ox 10-3 mol 
dm -3 4-CP solution in the presence of 0.1 M NaCI04 as supporting electrolyte, at 
four light intensities. 
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Figure 5.10 Photogenerated [CI-] detected at the Ag/AgCI UME during the 
photomineratisation of an aerated 1.0x10-3 mol dm-3 4-CP solution (with 0.1 M 
NaCI04) compared with the best fit theoretical simulations for the Langmuir
Hinshelwood model at four light intensities. 

5.3.4.2 In an Oxygenated 4-CP Solution 

The presence of higher levels of oxygen speeds up the surface 

photomineralisation process by scavenging the photogenerated electrons at the 

Ti02 surface, producing superoxide radical aruons.2,20 Accordingly, the 

photomineralisation kinetics were also examined under conditions where the level 

of oxygen in a 1.0xlO-3 mol drn-3 4-CP solution (in the presence of 0.1 M 

NaCI04) was increased from aerated to saturation with 1 atm. O2. Figure 5.11 

shows the potential response of the Ag/AgCI UME, positioned 17.4 J..I.m away 

from the Ti02 film, during the photomineralisation of the oxygenated 4-CP 

solution, at the four light intensities. The corresponding photogenerated [Cn is 

shown in Figure 5.12. Also shown in Figure 5.12 are the best fits to the 
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experimental results, which were analysed using the Langmuir-Hinshelwood 

model described previously. The values of the initial rate of 4-CP 

photomineralisation are shown in Table 5.2. The model simulation does not 

provide an accurate description of the initial few seconds after the light has been 

switched on, but good agreement under steady-state conditions is achieved. This 

slight deviation was less pronounced for the aerated solutions, where the reaction 

rate was lower. When the reaction is faster, as in the case of oxygenated 

conditions, diffusional effects in solution, and possibly in the film, may lead to a 

broadening of the transient response, manifested as a longer lag time in the 

transient before a steady-state is attained. 

As for the aerated solutions, the estimated rate constants are closely 

proportional to the incident light intensity. Comparing Figures 5.12 and 5.10, it 

can be seen that increasing the concentration of oxygen in solution by a factor of 

five increases the rate constants values by a factor of ca. 1.3 to 1.9. 

Table 5.2 Values of the rate constants, estimated using a Langmuir-Hinshelwood 
model, for the formation of cr during the photomineralisation of 4-CP at Ti02 
films in a 1.0xl0-3 mol dm-3 4-CP solution in the presence of 0.1 M NaCI04 as 
supporting electrolyte under oxygenated conditions. 

101 q cm-2 S-l k'/ mol cm-2 S-l 

2.13x1016 4.0xlO-1O 

1.07x 1016 2.2x 10-10 

5.33x1015 1.2xlO-1O 

2.66x1015 6.4xl0-11 
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Figure 5.11 Potential response of the Ag/AgCl liME, positioned 17.4).lm away 
from the Ti02 film, during the photomineralisation of an oxygenated 1. Ox 10-3 

mol 
dm-3 4-CP solution in the presence of 0.1 M NaCI04 as supporting electrolyte, at 
four light intensities. 
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Figure 5.12 Photogenerated [Cn detected at the Ag/AgCI UME during the 
photomineralisation of an oxygenated 1.0xl0-3 mol dm-3 4-CP solution (with 0.1 
M NaCl04) compared with the best fit theoretical simulations for the Langmuir
Hinshelwood model at four light intensities. 
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5.3.5 Effect of [4-CP] on the Kinetics of 4-CP Photo mineralisation 

5.3.5.1 In Aerated 4-CP Solutions 

The influence of [4-CP] on the photomineralisation rate was investigated 

by using four different 4-CP solutions (with 0.1 M NaCI04) with the following 

concentrations: 1.0xlO-3 mol dm-3, 5.0xl0-4 mol dm-3
, 2.0xlO-4 mol dm-3 and 

1.0xlO-4 mol dm-3
. The potential response of the AglAgCI UME, positioned 16.2 

J..Lm away from the Ti02 film, during the photomineralisation of the aerated 4-CP 

solutions at the maximum light intensity of 2. 13xlOl6 q cm-2 
S-I, is shown in 

Figure 5.13. The photogenerated [Cn is compared alongside the best fits for the 

Langmuir-Hinshelwood model in Figure 5.14. The values of the initial rate of 

photomineralisation, for the different 4-CP concentrations, are shown in Table 

5.3. There is a good agreement between the experimental data and the model 

simulation. 

The model employs a Langmuir-Hinshelwood type kinetic equation for O2, 

so the rate of photomineralisation is given by: 

(5.8) 

where k' is the rate constant determined in the simulation, which has a 

dependence on [4-CP] given by the following equation: 

k'- k"K4-cp[4-CP] 
-1+K4_cp [4-CP] 

(5.9) 

where k" is a rate constant which provides a measure of the intrinsic reactivity of 

the photoactivated Ti02 surface with 4-CP, and K4-cp is the equilibrium 

adsorption constant of 4-CP at the Ti02 surface. From equation (5.9) we can 

write, 
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111 -= +-
k' k" K [4 -CP] k" 4-CP 

(5.10) 

A plot of 11k' vs. 1I[4-CP], shown in Figure 5.15, yields k" and K4-cp. The values 

obtained for k" and K4-cp are, respectively, 1.3xlO-9 mol cm-2 
S-I and 7.7x102 M-I

. 

The equilibrium adsorption constant is lower than that obtained by Mills et al. 14, 

1.7x 103 MI, for a thin film system. 

The model considers that there is enough 4-CP adsorbed at the Ti02 

surface to react with the photogenerated holes and does not account for diffusion 

of 4-CP into the tip-substrate gap. However, for the lower concentrations, mass 

transport of 4-CP into the gap might be an important parameter. The importance 

of mass transfer effects for dilute solutions was highlighted by Turchi and Ollis17
, 

and Ahmed et al. 16 have shown that mass transport is a key parameter in 

controlling photomineralisation rates, particularly with low substrate 

concentrations. An improvement to the model would be to consider diffusion of 4-

CP into the tip-substrate gap. 

Table 5.3 Values of the rate constants, estimated using a Langmuir-Hinshelwood 
model, for the formation of cr during the photomineralisation of different 4-CP 
solutions at ri02 films under aerated conditions. 

[4-CP]/ mol dm-3 k'/ mol cm-2 S-I 

1.0xlO-3 5.9xlO-10 

5.0xlO-4 3.3xlO-10 

2.0xlO-4 1.8x 10-10 

1.0xlO-4 9.2x 10-11 
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Figure 5.13 Potential response of the AglAgCI UME, positioned 16.2 !J.m away 
from the Ti02 film, during the photomineralisation of aerated 4-CP solutions 
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Figure 5.14 Photogenerated [Cll detected at the AglAgCI UME during the 
photomineralisation of the aerated 4-CP solutions (with 0.1 M NaCI04) compared 
with the best fit theoretical simulations for the Langmuir-Hinshelwood model. 
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Figure 5.15 Reciprocal initial rate vs. reciprocal4-CP concentration for the 
photomineralisation of 4-CP at a Ti02 film (aerated conditions). 

5.3.5.2 In Oxygenated 4-CP Solutions 

The effect of [4-CP] on the photomineralisation rate was also investigated 

under oxygenated conditions. Figure 5.16 shows the potentia] response of the 

Ag/AgCI UME, positioned 16.2 /-lm away from the Ti02 film, during the 

photomineralisation of the oxygenated 4-CP solutions at the maximum light 

intensity of 2.13 x 1016 q cm-2 s -1. The photogenerated [Cn and the best fit 

theoretical simulations for the Langmuir-Hinshelwood model are given in Figure 

5.17. The values of the initial rate of photomineralisation, for the different 4-CP 

concentrations, are shown in Table 5.4. There is a good agreement between the 

best fit theoretical simulations and the experimental results. Comparing Tables 5.3 

and 5.4 it can be seen that increasing the concentration of oxygen in solution from 

aerated conditions to saturation only slightly increases the rate constants values. 
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From the double reciprocal plot shown in Figure 5.18, the values 1.1 x 10-9 mol 

cm-2 
S-I and 9.9x 102 

MI were obtained for k" and K4-cp, respectively. 

For each solution, the [Cr] formed is bigger than the 4-CP concentration in 

that solution, particularly for the lower concentrations. This is consistent with the 

model and electrochemical measurements on the oxidation of 4-CP reported 

earlier in this chapter which point to a surface photomineralisation process of 

adsorbed 4-CP, where the equivalent surface concentration could be higher than in 

solution. 

Table 5.4 Values of the rate constants, estimated using a Langmuir-Hinshelwood 
model, for the formation of cr during the photomineralisation of different 4-CP 
solutions at Ti02 films under oxygenated conditions. 

[4-CP]/ mol dm-3 k'/ mol cm-2 S-I 

l.OxlO-3 6.0x 10-10 

5.0xlO-4 3.4xlO-1O 

2.0xlO-4 1.9xlO-IO 

1.0xlO-4 LOx lO-1O 
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Figure 5.16 Potential response of the AglAgCl UME, positioned 16.2 Jlm away 
from the Ti02 film, during the photomineralisation of oxygenated 4-CP solutions 
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Figure 5.17 Photogene rated [Cn detected at the Agi AgC] UME during the 
photomineralisation of the oxygenated 4-CP solutions (with 0.1 M NaC]04) 
compared with the best fit theoretical simulations for the Langmuir-Hinshelwood 
model. 
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5.3.6 Estimating the Quantum Efficiency 

The quantum efficiency IS an important parameter In the 

photomineralisation process and it is worth estimating its value. The quantum 

efficiency can be calculated via the following expression related to the Langmuir-

Hinshelwood model: 

(5.11) 

where k' is the rate constant for the photomineralisation of 4-CP, K02 is the 

equilibrium adsorption constant for oxygen (9.63x 106 mor l cm\22 [02f is the 

bulk concentration of oxygen, NA is the Avogadro's number and 10 is the light flux 

intensity in q cm-2 S-I. 

Tables 5.5 and 5.6 show the estimated quantum yields for the 

photomineralisation of 4-CP at different light intensities and for different 4-CP 

concentrations, respectively. The quantum yield, and hence the efficiency of the 

photocatalytic process, increases between 1.3 and 2.5 times when the level of 

oxygen was increased to saturated conditions with 1 atm. O2• This is in reasonable 

agreement with the literature value of a 1.7 - fold enhancement of the rate under 

oxygen saturation compared to aerated conditions.2o 
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Table 5.5 Estimated quantum yields for the photomineralisation of 4-CP at Ti02 

films in a 1.0x 10-3 mol dm-3 4-CP solution in the presence of 0.1 M NaCI04 as 
supporting electrolyte under aerated and oxygenated conditions. 

10/ ¢ ¢ 
q cm-2 S-1 (aerated conditions) (oxygenated conditions) 

2.13x1016 6. Ix 10-3 0.011 

1.07x 1016 6.0x 10-3 0.011 

5.33x101S 5.4xlO-3 0.012 

2.66xlO1S 5.4xI0-3 0.013 

Table 5.6 Estimated quantum yields for the photomineralisation of 4-CP at Ti02 

films under aerated and oxygenated conditions at the light intensity of 2.13x 1016 q 
cm-2 S-I. 

[4-CP] / ¢ ¢ 
moldm·3 (aerated conditions) (oxygenated conditions) 

1.0xlO·3 0.012 0.016 

5.0xlO-4 6.6xlO-3 8.8xlO-3 

2.0xlO-4 3.6xlO-3 5.0xlO-3 

1.0xlO-4 1.8xlO-3 2.6xl0-3 
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5.4 Conclusions 

SECM has been shown to be a successful new approach for quantitatively 

investigating the photomineralisation kinetics of a model organic pollutant, 4-CP, 

at supported Ti02 films. A theoretical model, which employs a Langmuir

Hinshelwood type kinetic equation for O2 and constant surface coverage of 4-CP, 

has been developed to interpret the kinetics of the photomineralisation process. 

This assumes that electron transfer to oxygen is rate-limiting and that the 

concentration of 4-CP does not fall to zero at the Ti02 surface. The model 

simulation generally provided a good fit to the experimental data, although there 

are instances (higher reaction rate, low [4-CP]) when the model assumptions are 

not met experimentally. It has been shown that the photomineralisation rate is 

closely proportional to the light flux intensity and that increasing the 

concentration of oxygen in solution from aerated to saturated conditions only 

slightly enhances the photomineralisation rate. 

It is also interesting to compare the rate of cr formation in the 

photomineralisation process with the rate of oxygen consumption at the 

illuminated Ti02 surface, under similar experimental conditions. Comparison of 

the rate constants for photomineralisation with the rate constants for oxygen 

reduction in 4-CP solutions shows that there is a direct correlation between the 

loss of oxygen and the formation of cr. This close correlation strongly suggests 

that the flux matching ideas of Lewis/3 in which the anodic (hole consumption) 

and cathodic (electron consumption) rates must balance, represents a good 

description of the photomineralisation process. 
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CHAPTER 6 

PHOTOELECTROCHEMICAL KINETICS AT THE TiOz/AQUEOUS 

INTERFACE: THE METHYL VIOLOGEN - ACETATE SYSTEM 

This chapter describes how SECM has been used to monitor 

photoelectrochemical kinetics at the Ti02/aqueous interface using a well-known 

electron scavenger, methyl viologen. The Ti02 film was in contact with a solution 

containing methyl viologen dication (MV2l as the redox mediator and sodium 

acetate as the hole scavenger. The chronoamperometric behaviour for MV2
+ 

reduction was recorded at an Ag UME tip after stepping the light flux at the Ti02 

film on and off. Both the effect of MV2+ concentration and light intensity were 

investigated. The rate constants for the reduction process were obtained through a 

theoretical model based on zero-order kinetics allowing the rate dependence on 

[MV2J to be determined. The substrate generation! tip collection mode of the 

SECM was also used to detect the ~ radical cation generated at the substrate 

at the UME tip. 

6.1 Introduction 

The photoelectrochemical reduction of oxygen at illuminated ri02 films 

was investigated in chapter 4 and this chapter is concerned with the study of 

another electron scavenger, methyl viologen (1,1' -dimethyl-4,4 'bipyridinium ion; 

MV2l. The dynamics of interfacial electron transfer reactions in Ti021.2,3.4,S and 

CdSS
,6 colloids and in CdS films/ employing MV2+ as an electron acceptor, have 

been extensively studied. Gmtzel and co-workerss investigated the dynamics of 

interfacial electron transfer reactions in colloidal Ti02 and CdS particles using 
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laser photolysis techniques. They found that the rate of reaction of photogenerated 

electrons with MV2
+ was strongly influenced by the MV2

+ concentration and pH. 

The kinetics of this reaction were found to be controlled by the diffusion of MV2+ 

to the particle surface as well as the rate of interfacial electron transfer. The 

interfacial electron transfer step controlled the rate at lower pH when the 

overvoltage available to drive the reaction was small. At higher pH, mass transfer 

effects became increasingly important and determined the overall reaction rate. 2,3 

Using electrochemical techniques, Bard and co-workers l have 

demonstrated that markedly enhanced photocurrents could be obtained from 

illuminated Ti02 suspensions when MV2+ was present in the suspension. This 

behaviour was consistent with electron trapping by MV2
+, which prevented 

electron-hole recombination. 

Haram and Bard7 have used the feedback mode of the SECM to study the 

kinetics of photoelectron transfer reactions at a CdS thin film. The CdS film was 

in contact with a solution containing methyl viologen radical cation (MV'*) as the 

redox mediator and triethanolamine as the hole scavenger. In the absence of 

illumination, SECM approach curves ofMV'* oxidation to MV2
+ as the probe was 

translated towards CdS films showed negative feedback. This demonstrated that 

the substrate could not reduce tip generated MV2
+, i.e., the film behaved as an 

insulator. However, upon illumination, positive feedback was obtained due to 

photoelectron reduction of MV2+ to ~ at the interface. Apparent pseudo-first

order rate constants for the photoelectron transfer reaction were estimated by 

fitting experimental approach curves to theory. 

The aim of this chapter is to use SECM to determine the kinetics of methyl 

viologen reduction at a Ti02 film. A theoretical model based on zero-order 
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kinetics was developed to determine the rate constants for the reduction process 

and the functionalised dependence on [MV2i. 

6.2 Theory 

The usual initial conditions and boundary conditions have already been 

described in section 4.3.2. The following boundary condition applies to the Ti02 

surface: 

z =d, 0< r < rg (6.1) 

The tip reduces MV2
+ at a transport-controlled rate. The problem was cast into 

dimensionless form and solved using ADIFDM. For a given tip-substrate 

separation, this allowed the calculation of the current-time behaviour following 

illumination with a given K value. The normalised rate constant, K, is given by the 

following expression: 

lea 
K=

Dc· 
(6.2) 

where k is the rate constant for the reduction of MV2+ (mol cm-2 
S-l), a is the 

radius of the UME (cm), D is the diffusion coefficient for MV2+ (cm2 
S-l) and c· is 

the bulk concentration of MV2+ (mol cm-3
). Thus, the rate constants for the 

reduction process could be calculated. 

6.3 Experimental Results and Discussion 

6.3.1 Methyl Viologen Voltammetry 

Current-potential voltammograms for the reduction of MV2+ at a 25 ).lm 

diameter Ag UME were recorded away from the Ti02 film in a deoxygenated 
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aqueous 1.0x 10-3 mol dm-3 MV2+ solution in the presence of 1.0 M sodium 

acetate. The reduction ofMV2
+ proceeds according to the following reaction: 

(6.3) 

A typical voltammogram is shown in Figure 6.1. Yoltammograms were also run 

with the UME tip brought close to the Ti02 surface, ca. 25 J,Lm, in the dark and 

with illumination. A typical response is shown in Figure 6.2. The voltammetry 

with illumination produced a smaller limiting current than the corresponding 

voltammogram in the dark. The steady-state response is due to the 

photoelectrochemical reduction of MV2+ at the illuminated Ti02 surface. This 

causes a depletion of My2+ concentration at, and near, the catalyst surface, 

resulting in a smaller current being detected at the UME. A schematic 

representation of this process is shown in Figure 6.3. 

The MV2+ solution must be thoroughly deoxygenated, SInce oxygen 

reduction occurs at similar potentials and oxygen would also compete with MV2+ 

for scavenging electrons at the illuminated Ti02 surface. Moreover, ~ reacts 

readily with oxygen. The role of acetate ion is rapid removal of photogenerated 

holes in an irreversible fashion. Its presence prevents "short circuiting" of the 

particles by MV2+, i.e., by the reaction ~ + h+ ~ MV2+. The pH of the 

solution was ,.., 8, which was enough for the photoelectrochemical reduction of 

MV2+ at the illuminated Ti02 surface to occur.) The redox potential for the MV2+/ 

~+ couple, equivalent to an energy level, Eredox, is independent of pH. The 

energy of the photogenerated electrons is represented by the Fermi level energy, 

EF. EF will shift with respect to Eredox with changes in solution pH. When EF is 

below Eredox, reduction of MV2
+ by photogenerated electrons does not occur. As 
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EF increases in energy above Eredox (i.e., as the pH increases), the driving force or 

overpotential for the reduction increases.2,3 

From the limiting current in bulk solution, the diffusion coefficient for 

MV2+ was determined as D = 9.63 x 10-6 cm2 sol using equation 1.22. 
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Figure 6.1 Bulk voltammograrn for the reduction of 1.0xlO-3 mol dm-3 MV2+ 
solution with 1.0 M sodium acetate at a 25 !-lm diameter Ag UMB. 
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Figure 6.2 Voltammograms for the reduction of 1.0x 10-3 mol dm-3 MV2
+ solution 

with 1.0 M sodium acetate when the UME was brought close (- 25 !-lm) to the 
Ti02 surface, with the illumination on and off. 
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Figure 6.3 Schematic representation of the photoelectrochemical reduction of 
MV2+ at an illuminated Ti02 surface. The UME was held at -0.9 V to effect the 
diffusion-limited reduction ofMV2

+. 

6.3.2 Chronoamperometry of MV2
+ Reduction at an D1uminated Ti02 Film 

Phototransients for MV2+ reduction at a 25 /-lm diameter Ag UME were 

recorded in deoxygenated aqueous MV2+ solutions with 1.0 M sodium acetate 

with the following concentrations: 2.0xlO-4 mol dm-3
, 3.0xlO-4 mol dm-3

, 5.0xlO-4 

mol dm-3 and 1.0xl0-3 mol dm-3
. The influence of the light flux intensity was 

investigated by using neutral density filters which only transmitted 50%, 25% and 

12.5% of the incident light intensity. The transients for MV2
+ reduction at the 

different light intensities and for the different concentrations are shown in Figures 

6.4 to 6.7. These were obtained by establishing the steady-state diffusion-limited 

current for MV2
+ reduction in the dark, with the probe close to the surface, and 

then switching on the light. The decrease in current when the light is switched on 

is due to the photoelectrochemical reduction of MV2
+ at the Ti02 surface, as 

explained above. The current changes are roughly proportional to the light 

intensity. All the transients were performed at tip-substrate distances of 24 ± 1 
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J,.lm. However, the value of the dark current is lower than what would be expected 

for the dark hindered diffusion current corresponding to that distance. This means 

that before turning the illumination on there is already some reduction of MV2
+ at 

the Ti02 surface. This might be due to room illumination and! or to the fact that 

the Ti02 surface might be poised at a potential where it is acting like a partially 

conducting surface. 

To analyse the results, simulations were run for different values of the 

normalised rate constant, K. For each of the simulations an if i( 00) vs. time 

transient was obtained. The steady-state if i( 00) values were then plotted against 

the corresponding log K values (Figure 6.8) and an equation was fitted to the 

curve. This allowed the determination of the K values corresponding to the if i( 00) 

values for each concentration and for each light intensity. The if i( 00) and K values 

are shown in Tables 6.1 and 6.2, respectively. The normalised rate constant K is 

given by equation 6.2. 

It is apparent from Table 6.2 that the normalised rate constant obtained 

from the simulation is closely inversely proportional to [MV2i. In order to 

determine the rate constants, k, for the photoelectrochemical reduction of MV2
+, 

and to prove this functional dependence on concentration, plots of K vs. 11 [MV2i 

were constructed for each light intensity and are shown in Figure 6.9. The slope of 

each line allowed the rate constants k for the different light intensities to be 

calculated, and these are shown in Table 6.3. The data shows that the reaction 

proceeds quite readily in the dark and that illumination only has a small effect on 

promoting the reaction to occur faster. These rate constants are the same order of 

magnitude as the ones for oxygen reduction in a 4-CP solution (for K02 = 

9.63x106 mor1 cm3
) and an order of magnitude lower than the ones in the 

163 



presence of triethanolamine (for the same K02), although a report in the literature 

shows that interfacial electron transfer from CdS to oxygen is a slow process 

compared with electron transfer to MV2+. 6 
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Figure 6.4 Phototransient responses at the Ag UME for the reduction ofMV2
+ in 

an aqueous deoxygenated 2.0x lO-4 mol dm-3 MV2
+ solution with 1.0 M sodium 

acetate. The tip-substrate distance was 24 ± 1 /.lm. 
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Figure 6.5 Phototransient responses at the Ag UME for the reduction of MV2+ in 
an aqueous deoxygenated 3.0x lO-4 mol dm-3 MV2+ solution with 1.0 M sodium 
acetate. The tip-substrate distance was 24 ± 1 /.lm. 
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Figure 6.6 Phototransient responses at the Ag UME for the reduction of MV2+ in 
an aqueous deoxygenated 5.0xl0-4 mol dm-3 MV2

+ solution with 1.0 M sodium 
acetate. The tip-substrate distance was 24 ± 1 ).lm. 

-1 .69 

-1 .72 - 100% 
- 50% 

-1.75 
<{ 

25% 
- 12.5% 

c -...... -1 .78 c 
Q) 

t: 
:J u 

-1 .81 

-1M 1 light off 

light on 

-1 .87 

0 25 50 75 100 125 
time! s 

Figure 6.7 Phototransient responses at the Ag UME for the reduction ofMV2+ in 
an aqueous deoxygenated 1.0x lO-3 mol dm-3 MV2+ solution with 1.0 M sodium 
acetate. The tip-substrate distance was 24 ± 1 ).lm. 
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Figure 6.8 Plot of log K vs. il i( 00) steady-state values obtained from a zero-order 
kinetics simulation, for d = 24 Jlm. 

Table 6.1 Steady-state il i( 00) values for the different MV2+ concentrations in the 
dark and at the different light intensities. 

[MV
2l il i( 00) il i( 00) if i( 00) if i( 00) il i( 00) 

mol dm-3 
dark 12.5% 25% 50% 100% 

2.0xlO-4 0.145 0.130 0.101 0.0677 0.0103 

3.0x 10-4 0.318 0.309 0.296 0.270 0.227 

5.0xlO-4 0.394 0.384 0.378 0.367 0.360 

1.0xlO-3 0.612 0.608 0.605 0.595 0.578 
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Table 6.2 Normalised rate constant values for the different MV2+ concentrations 
in the dark and at the different light intensities. 

[MV21 K K K K K 

mol dm-3 dark 12.5% 25% 50% 100% 

2.0x10-4 0.0627 0.0638 0.0661 0.0702 0.0764 

3.0x lO-4 0.0451 0.0459 0.0470 0.0494 0.0538 

5.0x10-4 0.0371 0.0383 0.0390 0.0402 0.0409 

1.0x 10-3 0.0144 0.0149 0.0152 0.0163 0.0183 
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Figure 6.9 Plot of K vs. I I [MV21 for the different light intensities and in the 
dark. 
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Table 6.3 Rate constants for the photoelectrochemical reduction of MV2
+ in the 

dark and for the different light intensities. 

10 (q cm-2 sol) k (mol cm-2 S-I) 

Dark 8.65xlO-11 

2.24x1015 (12.5%) 8.73xl0-11 

4.48xlO15 (25%) 9. 11 X 10-11 

8.95x1015 (50%) 9.7IxlO-1l 

1.79xl016 (100%) 1.07xlO-1O 

6.3.3 Estimating the Quantum Efficiency 

The quantum efficiency for the photoelectrochemical reduction of MV2
+ at 

Ti02 films can be estimated from the following expression related to the zero-

order kinetics model: 

(6.4) 

where k is the rate constant for the photoelectrochemical reduction of MV2
+, NA is 

the Avogadro's number and 10 is the light flux intensity. 

Table 6.4 shows the estimated quantum yields for the 

photoelectrochemical reduction of MV2
+. It was found that there was an increase 

in the quantum efficiency with a decrease in the light flux intensity. This 
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behaviour was also observed for the photoelectrochemical reduction of oxygen at 

Ti02 films presented in chapter 4. 

Table 6.4 Estimated quantum yields, related to the zero-order kinetics model, for 
the photoelectrochemical reduction of MV2+ at Ti02 films. 

10 (q cm-2 
S-I) t/J 

1.79x1016 3.60x1O-3 

8.95xl01S 6.53x1O-3 

4.48x1O IS 1.22x1O-2 

2.24xl01S 2.35xI0-2 

6.3.4 Substrate Generation! Tip Collection Experiments 

When monitoring the photoelectrochemical reduction of MV2
+ at the Ti02 

film, the UME was held at - 0.9 V to effect the diffusion-limited reduction of 

MV2
+. However, by holding the UME at -0.2 V it should be possible to collect the 

MV+ radical cation that is being generated at the illuminated Ti02 surface. A 

schematic of this process is shown in Figure 6.10. Holding the tip at -0.2 V, 

transients were recorded in deoxygenated aqueous MV2
+ solutions (2.0x 10-4 mol 

sodium acetate. The transients obtained are shown in Figures 6.11 to 6.14. It was 

possible to detect the formation of~, however, it took from 25 s to up to 100 
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s, after the illwnination had been switched on, to start getting a response. Also, for 

the lower light intensities, MVe+ could not be detected at the UMB. The solutions 

were thoroughly deoxygenated in the electrochemical cell, but since the 

experiments were not performed in a glove box, there is the possibility that 

oxygen might diffuse into the solution during the time course of a measurement. 

When oxygen is present it will compete with MV2+ for the photogenerated 

electrons and will also be reduced by any MVH that is formed. It has been shown 

in the literature that the presence of oxygen prevents the detection of MV-+ at a 

collector electrode (by being reduced by MV+). 1 The presence of some residual 

oxygen in solution might explain the low collection current for MV+ at the UMB . 

. "Ti0
2 

'---4r-------''' optical fibre 

~ 
With illumination 

Figure 6.10 Schematic representation of the photogeneration ofMV+ at the Ti02 

surface and its collection at the UMB. The electrode was held at -0.2 V to oxidise 
MV+. 
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Figure 6.11 Phototransient responses for the collection ofMV'+ at a Ag UME in 
an aqueous deoxygenated 2.0x lO-4 mol dm-3 MV2+ solution with 1.0 M sodium 
acetate. The tip-substrate distance was 24 ± 1 J...lm. 
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Figure 6.12 Phototransient responses for the collection ofMV·+ at a Ag UME in 
an aqueous deoxygenated 3.0x 10-4 mol dm-3 MV2+ solution with 1.0 M sodium 
acetate. The tip-substrate distance was 24 ± 1 J...lm. 
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Figure 6.13 Phototransient responses for the collection ofMV
e
+ at a Ag UME in 

an aqueous deoxygenated 5.0xlO-4 mol dm-3 MV2
+ solution with l.0 M sodium 

acetate. The tip-substrate distance was 24 ± 1 /-lm. 
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Figure 6.14 Phototransient responses for the collection ofMVe
+ at a Ag UME in 

an aqueous deoxygenated l.Ox l0-3 mol dm-3 MV2
+ solution with 1.0 M sodium 

acetate. The tip-substrate distance was 24 ± 1 /-lm. 
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6.4 Conclusions 

SEeM has been used to monitor the photoelectrochemical reduction of 

MV2
+ at a Ti02 film. The rate constants for the reduction process were determined 

using a theoretical model based on zero-order kinetics. The values of the rate 

constants obtained are comparable to those determined for oxygen reduction. It 

was found that the rate constants were not proportional to the light intensity and 

that even in the dark the depletion of MV2+ at the Ti02 surface occurred. This 

might be due to room illumination and! or to the fact that the Ti02 surface might 

be poised at a potential to promote this reaction. 

The substrate generation! tip collection mode of the SEeM was also used 

to detect the ~+ radical cation at the UME tip. The collection currents for Mv-+ 

at the UME were low, which might be explained by the presence of some residual 

oxygen in solution. 

Overall, these initial studies of a reversible redox system illustrate the 

possibility of expanding significantly the range of species that might be detected 

using the SEeM approaches outlined in this chapter, and throughout the thesis. 
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CHAPTER 7 

CONCLUSIONS 

The work presented in this thesis has dealt with the development and 

application of SECM to investigate interfacial photoelectrochemical processes 

occurring at Ti02 surfaces. SECM has been shown to be a successful new 

approach for quantitatively investigating the kinetics of interfacial photoprocesses 

at supported Ti02 films. Since an accurate knowledge of the light flux initiating 

the photoprocess is required, a microelectrochemical actinometry approach was 

developed using the well-known liquid phase potassium ferrioxalate actinometer. 

The theoretical model developed in chapter 3 allowed the quantification of the 

light flux initiating the photoprocess. 

In chapter 4 a new experimental approach to investigating the kinetics of 

the photoelectrochemical reduction of oxygen at UV -illuminated Ti02 films was 

developed. The kinetics of the reduction process were interpreted through various 

theoretical models, but the Langmuir-Hinshelwood model provided the better 

agreement with experimental data. The experimental results demonstrated a 

significant depletion of the oxygen concentration at the illuminated Ti02 surface. 

This observation provides a new insight into photomineralisation processes, 

showing the important role of oxygen in controlling the overall kinetics. It was 

also shown that adsorption is a major factor in the photoelectrochemical reduction 

of oxygen at Ti02 surfaces. 

The development of a potentiometric SECM approach in chapter 5 has 

allowed the investigation of the photomineralisation kinetics of a model organic 

pollutant, 4-CP, at supported Ti02 films. A theoretical model, employing a 
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Langmuir-Hinshelwood type kinetic equation for 02 and constant surface 

coverage of 4-CP, has been developed to interpret the kinetics of the 

photomineralisation process. It has been shown that the photo mineralisation rate 

is closely proportional to the light flux intensity and that increasing the 

concentration of oxygen in solution from aerated to saturated conditions only 

slightly enhances the photomineralisation rate. 

Comparison of the rate of Cl- formation in the photomineralisation process 

with the rate of oxygen consumption at the illuminated Ti02 surface, in 4-CP 

solutions, shows that there is a direct correlation between the loss of oxygen and 

the formation of cr. This close correlation suggests that the photomineralisation 

process is ultimately an electrochemical process, in which the anodic (hole 

consumption) and cathodic (electron consumption) rates must balance. 

In chapter 6, SECM has been used to monitor the photoelectrochemical 

transfer kinetics at the Ti02/aqueous interface using a well-known electron 

scavenger, methyl viologen. The rate constants for the reduction process were 

determined using a theoretical model based on zero-order kinetics. The substrate 

generation! tip collection mode of the SECM was also used to detect the ~ 

radical cation produced at the Ti02 surface at the UME tip. In future work it 

would be interesting to examine the reactivity of other redox couples with 

different standard potentials. 

Having shown that SECM is a powerful quantitative probe of interfacial 

photoelectrochemical processes, further developments could be explored, 

particularly: 

(i) An optical mlcro-nng electrode,I,2,3,4 in which the semiconductor 

surface is illuminated using an optical fibre surrounded by a ring UME, could be 
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employed to detect the reactants, intermediates and products of the 

photodegradation process. This would significantly enhance the temporal 

resolution, allowing the detection of short-lived photogenerated species. 

Electroactive species with lifetimes < 9x 10-5 s have been detected with relatively 

large optical micro-ring electrodes (fibre-optic radius = 1.25x 10-4 m, ring 

thickness = 600 nm), 1 suggesting that the study of photogenerated species with 

shorter lifetimes (10-6 s) may be feasible with smaller microelectrodes. Ring 

microelectrodes offer additional advantages over the more commonly used inlaid 

disc design, since the extra edge results in higher mass transport rate coefficients, 

leading to higher current densities, allowing the study of faster reactions. 

(ii) Using sub-micrometer and nanometer-sized electrodes it may be 

possible to obtain specific information of heterogeneous photoelectrochemical 

reactions in even greater detail. The manufacture and use of electrodes with 

characteristic dimensions in the sub-micrometre to nanometre range5
,6,7 is 

becoming more widespread and common, however, there are no reports in the 

literature of its application to study heterogeneous photocatalysis. The advantages 

arising from these small-sized electrodes, including enhanced mass transport, 

reduced ohmic drop and double-layer charging effects, significantly enhance 

conventional UME behaviour. Also, it should be possible to achieve a 

significantly closer tip-substrate distance, which would be advantageous for the 

investigation of short-lived photogenerated species. 
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