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Abstract 

Ti02 photocatalysis is a promising technology for the treatment of aqueous or 

gaseous systems contaminated by low levels of organic pollutants. The research 

described in this thesis explores fundamental mechanistic and kinetic questions for both 

Ti02 photocatalytic and electrocatalytic degradation of aqueous organic contaminants. A 

recurring theme in this thesis is the use of Ti02 electrodes to investigate kinetic and 

mechanistic aspects of the Ti02 photocatalytic process. The use of electrodes provides 

additional experimental control of system parameters that is not possible in conventional 

Ti02 slurry reactors. 

The first study reports the kinetics of oxygen reduction at single-crystal, rutile 

Ti 02 electrodes as a function of applied potential. Platinum deposits are found to 

catalyze the reduction of oxygen at this surface. Application of a flux-matching condition 

to the independently measured reduction and photooxidation currents predicts significant 

recombination losses for Ti02 particles operating under 1steady-state photocatalytic 

conditions. 

In a second project, the contributions of direct and hydroxyl radical mediated 

oxidation pathways are determined at Nb-doped, polycrystalline Ti02 electrodes. 1-3 In 

addition to quantifying the branching ratio of these two mechanisms for a variety of 

organic substrates, the results suggest that surface interactions are important in 

determining the predominant reaction pathway in these systems. 

Finally, the adsorption of 4-chlorocatechol at the Ti02/H2 0 interface is 

investigated as a function of pH and solution concentration. Quantitative measurements 

of the extent of adsorption are reported as well as spectroscopic evidence for the structure 

of the adsorbed complex. Further work correlates observed photocatalytic degradation 

rates with the extent of adsorption under various solution conditions. 
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Introduction 
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Contamination of ground water supplies is a pervasive problem in the United 

States. Organic pollutants typically found in contaminated ground water include BTEX 

compounds (benzene, toluene, ethyl benzene, and xylene) from fuels and lubricants; 

chlorinated hydrocarbons such as trichloroethylene and perchloroethylene which have 

been used as degreasers, solvents, and dry-cleaning agents; and halogenated aromatic 

compounds such as DDD [1,1-dichloro-2,2-bis(p-chlorophenyl)ethane] and various PCB 

(polychlorinated biphenyl) compounds used as pesticides. I Ground water contamination 

can be traced to many sources, including leaky underground storage tanks, landfill 

leaching, surface impoundments, waste disposal injection wells, municipal and industrial 

septic systems, and direct application to soil (e.g., pesticide use). I 

According to the Office of Technology Assessment, there are 2.5 million 

underground storage tanks in the U. s.I An EPA survey found that of the 800,000 

underground tanks used for fuel storage, 35% were leaky. I A 1982 EPA report found 

that 95% of the 27,000 industrial surface impoundment sites were within 1 mile of a 

drinking water well and 70% were unlined. I Over 25 states report ground water 

contamination from pesticides. I The cost for remediation of U.S. military sites alone has 

been estimated at $30 billion over the next ten years.2 

Technologies that have been developed to treat contaminated water include: 

bioremediation, UV /peroxide and UV /ozone, carbon adsorption, and high temperature 

incineration_ I-3 Bioremediation is a promising treatment technology; however, some 

pollutants of interest are resistant to microbial degradation. UV/peroxide and UV/ozone 

systems effectively oxidize organic contaminants. However, the consumption of ozone 

and peroxide in the process adds to the treatment costs. Carbon adsorption removes 

organic contaminants from the water, but does not chemically destroy them. High 

temperature incineration is often politically unfeasible. Thus, research into new waste 

treatment technologies continues. 
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TiO2 photocatalysis is a promising alternative technology for the treatment of 

water contaminated by low concentrations of organic molecules.2, 3 TiO2 is a 

semiconductor with a band gap energy of 3.0 eV for the rutile crystal phase, and 3.2 eV 

for the anatase phase.4 When TiO2 is illuminated with photons of energy equal to or 

greater than the band gap energy, an electron, e-, is excited from the valence band to the 

conduction band (Figure 1). The resulting electron vacancy in the valence band is called 

a hole, h+. Due to the valence band edge position of TiO2 (+3.2 V vs. the normal 

hydrogen electrode, NHE, at pH O for anatase 4• 5 ), the hole is a strong oxidant and can 

oxidize organic molecules, RH, eventually mineralizing them to CO2. Similarly, the hole 

can oxidize water to form hydroxyl radicals, •OH, which are also effective oxidants of 

organic compounds. For chlorinated hydrocarbons of the general formula, CxHyClz, the 

mineralization reaction can be written with the following stoichiometry 2: 

hv,TiO2 (1) 

In order for the process to continue effectively, the photogenerated electrons must also be 

removed from the TiO2. Typically, oxygen is used as the electron acceptor. Oxygen can 

be reduced to the superoxide anion radical, which may participate in the degradation 

reactions of the organic molecules, or be further reduced to hydrogen peroxide or water. 

Electrons and holes which are not removed from the TiO2 by reaction with 

solution species recombine in the particle to produce heat. This reaction is an 

unproductive pathway and limits the efficiency of the system. Unproductive reactions of 

electrons and holes with solution species, such as the complete oxidation of water to 

molecular oxygen, represent additional loss mechanisms. As a result of these 

unproductive pathways, typical quantum yields for the degradation of organic molecules 

by TiO2 photocatalysis are less than 0.1. 6• 7 Recent research has thus focused on 
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improving our understanding of the fundamental chemical and physical processes 

occurring in TiO2 photocatalysis, and on determining how various system parameters 

affect the observed quantum efficiencies. Factors that have been shown to be important 

include: (1) the preparation method and resulting crystal phase of the TiO2 catalyst;6• 8-12 

(2) the incident light intensity,7• 13 and more recently, the use of pulsed illumination; 14 

(3) the concentration of dissolved oxygen7• 15 or alternate electron scavengers; 13• 16 (4) 

solution pH;7• 17 (5) adsorption of the substrate to the TiO2 surface;2· 18-20 and (6) the use 

of metal deposits to catalyze electron transfer to oxygen.21 • 22 

There is a great deal of interest in using TiO2 for waste treatment due to the low 

cost of the TiO2 catalyst as well as the potential for using sunlight as the energy source. 

TiO2 photocatalysis has not yet been widely commercialized, however, due primarily to 

the low efficiency of the process and the use of more expensive artificial light sources to 

enable continuous operation. 

The goal of the research described in this thesis is to build upon the work of 

previous researchers in order to understand better the factors affecting reaction 

mechanisms and rate-limiting processes for TiO2 photocatalysis. By understanding the 

parameters that control the efficiency of TiO2 photocatalysis, rational design of improved 

systems for the degradation of organic pollutants in water can in principle be achieved. 

In Chapter 2, the possible rate-limiting behavior of oxygen reduction in TiO2 

photocatalysis is evaluated. Single-crystal, rutile TiO2 electrodes are used to examine 

oxidation and reduction half reactions independently. Rate constants for electron transfer 

to oxygen are determined as a function of applied potential. These results are then 

compared to expected values based on literature calculations using Marcus/Gerischer 

theory, and to estimates of the electron/hole pair generation rates for particles exposed to 

solar irradiation.23, 24 These experiments determine the potential conditions under which 

electron transfer to oxygen is slower than the electron generation rate, and thus "rate-
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limiting." Further experiments compare the potential dependence of the dark reduction 

current and the photooxidation current to predict the operating potential of TiO2 particles. 

The flux of electrons and holes across the TiO2/H2O interface at this potential is shown to 

be much less than the photogeneration rate of electron/hole pairs implying significant 

recombination losses for particles operating under steady-state conditions. The influence 

of platinum deposits on the potential dependence of the oxidation and reduction currents 

indicates that platinum catalyzes the reduction of oxygen and would thus improve 

degradation efficiencies. 

The goal of the work described in Chapter 3 is to determine the predominant 

oxidation mechanism for commercially prepared, Nb-doped, polycrystalline TiO2 

electrodes operated under strong anodic bias and without UV illumination. To 

distinguish between •OH mediated and direct electron transfer mechanisms, the relative 

degradation rates of a series of chlorinated acetates are compared to the known and 

expected trends for •OH and direct mechanisms, respectively, for these compounds. 

Further work quantifies the contribution of each pathway for a number of organic 

substrates by comparing the increase in current density upon addition of substrate (a 

measure of the direct oxidation pathway) with the observed degradation rate (the sum of 

both pathways). The results of these experiments also suggest the importance of surface 

interactions in determining degradation mechanisms for various substrates. 

Abundant evidence exists for the importance of substrate adsorption as a 

determining factor in TiO2 photodegradation rates. Chapter 4 describes a collaborative 

effort to determine the surface structures of a strongly adsorbing organic molecule, 4-

chlorocatechol, on TiO2. The amount of 4-chlorocatechol adsorbed on TiO2 as a function 

of initial solution concentration and pH is quantified by measurement of the loss of 4-

chlorocatechol from solution upon equilibration with a slurry of TiO2 particles. The 

surface structure of the adsorbed molecule is determined by attenuated total reflectance 
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Fourier transform infrared spectroscopy (ATR-FfIR) combined with modeling studies 

incorporating surface reaction stoichiometries. 

Chapter 5 is a continuation of the work begun in Chapter 4. The 

photodegradation rates of 4-chlorocatechol as a function of initial solution concentration 

and pH can be compared to the extent of adsorption measured under similar conditions in 

Chapter 4. The observations indicate that the degradation rate is linearly correlated with 

the concentration of adsorbed 4-chlorocatechol. 

A recurring theme in this thesis is the use of Ti02 electrodes to investigate kinetic 

and mechanistic aspects of Ti02 photocatalysis. Electrochemical experiments offer 

additional control of system parameters that is not possible in conventional Ti02 slurry 

reactors. Several different types of Ti02 electrodes have been used in this work. As 

discussed above, Chapter 2 describes experiments using single-crystal, rutile Ti02 

electrodes to monitor independently the oxidation and reduction reactions occurring at the 

Ti02/H20 interface. At the surface of illuminated Ti02 particles, both oxidation and 

reduction reactions occur simultaneously. At Ti02 electrodes, however, by controlling 

the applied potential and performing experiments either (a) in the dark in the presence of 

dissolved oxygen, or (b) under illumination in the absence of oxygen, the oxidation and 

reduction half reactions can be monitored separately (Figure 2). The experiments in 

Chapter 3 employ commercially developed, Nb-doped, polycrystalline Ti02 electrodes 

operated under strong anodic bias and without UV illumination to distinguish between 

•OH and direct electron transfer oxidation mechanisms. The ability to measure the 

current due to direct oxidation of organic substrates allows the determination of the 

relative contributions of direct and hydroxyl radical mediated oxidation. Finally, Chapter 

5 makes use of undoped, polycrystalline Ti02 electrodes to compare degradation rates of 

4-chlorocatechol over a range of solution concentration and pH conditions. In this case, 

because the photogenerated electrons can be removed through the external electrical 
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circuit, the use of Ti02 electrodes permits the measurement of 4-chlorocatechol 

degradation in nitrogen purged solutions. This avoids complications in the analysis of the 

data that are present when competing homogeneous oxidative coupling reactions occur in 

the presence of oxygen at high pH. 
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Figures 

OH~ •OH 
•OH + RH~.,. CO2 + H2O 

Figure 1. Schematic representation of processes occurring in TiO2 photocatalysis. 
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Figure 2. Three-electrode experiments at single-crystal Ti02- separating oxidation and 

reduction. (a) Measurement of the current due to the reduction of 02 at a Ti02 electrode 

in an air-saturated solution in the dark. (b) Measurement of the photooxidation current at 

an illuminated electrode in a N2-purged solution. 



II-1 

Chapter 2. 

Flux-Matching Conditions at Ti02 Photoelectrodes: 

Is Interfacial Electron Transfer to 02 Rate-Limiting in the Ti02-Catalyzed 

Photochemical Degradation of Organics? 

(The text of this chapter appeared in Kesselman, J. M.; Shreve, G. A.; Hoffmann, M. R.; 

and Nathan S. Lewis, J. Phys. Chem., 1994, 98(50), 13385-13395.) 
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Abstract 

A flux-matching condition has been applied to determine whether 02 reduction is 

rate-limiting under photocatalytic conditions for the degradation of CHCl3 at rutile Ti02 

single-crystal electrodes. In this approach, the potential dependence of the 

photooxidation current density is compared to the potential dependence of the current 

density for 02 reduction. The potential at which the oxidation and reduction fluxes are 

equal determines the operating potential, and the steady-state flux, that will flow through 

the crystal under no applied bias. If this flux-matching condition occurs when the 

cathodic flux equals the flux of photogenerated carriers, then the predicted quantum yield 

should approach unity; otherwise, recombination should be significant in the Ti02. Our 

measurements indicate that significant recombination will occur for the oxidation of 

typical organic molecules in H20 over a range of pH values. The data also indicate that 

Pt catalysis of 02 reduction should be beneficial for the oxidation of organic molecules, 

as would the use of alternate electron acceptors such as Fe(CN)63-. The 02 reduction 

data and rotating disk electrode data collected in this work allow a quantitative 

comparison to theoretical estimates of the electron transfer rate constant for 02 reduction 

at Ti02. We also present an elucidation of the previously published theoretical 

treatments of Ti02 charge transfer rate constants in view of the new data collected herein. 
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Introduction 

TiO2 particles have been utilized to promote the photocatalytic degradation of 

organic compounds often found in contaminated waste streams. Halocarbons, 1-4 

pesticides,5•6 and surfactants 7•8 are among the variety of compounds that have been 

photocatalytically degraded using TiO2. For many of these compounds, the only 

consumables are sunlight, atmospheric O2(g) and H2O(l), with the organic material being 

completely oxidized to CO2. For these reasons, TiO2-based photooxidation has been 

recognized as a promising technology for remediation of toxic organic wastes. 

Despite the extensive interest in this process from both the applied and 

fundamental viewpoints, there is still controversy regarding the rate-determining step in 

the photooxidation process. When TiO2 is exposed to light of energy greater than the 

band gap energy (3.0 eV for rutile TiO2, 3.2 eV for anatase TiO2),9 an electron is excited 

from the TiO2 valence band into the TiO2 conduction band. The photogenerated electron 

vacancy (hole) generally initiates the oxidation of the organic (either through direct 

oxidation of the organic molecule or through formation of OH radicals followed by 

Fenton 10chemistry), while the photogenerated electron must be removed from the particle 

by transfer to a suitable electron acceptor. In most cases of interest, atmospheric O2(g) is 

employed as the electron scavenger. 1-4•6-8 Because the steady-state quantum yields for 

organic oxidation in the presence of air are typically much less than unity, 1 •2 a key 

question is whether electron transfer or hole transfer from the particle is limiting the 

quantum yield and efficacy of the photocatalytic process. 

Theoretical studies by Gerischer and Heller have suggested that the rate of 

electron transfer from TiO2 to dioxygen may be slow compared to the electron-hole pair 

generation rate.11 • 12 Some experimental support for interfacial electron transfer as the 

rate limiting step in photocatalysis has been obtained from the accumulation of excess 
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negative charge on Ti02 particles during the photocatalyzed oxidation of 1.6 M 

CH30H(aq). 13 Other experimental studies, however, have suggested that electron 

transfer to dioxygen is not rate-limiting in photocatalytic degradation processess.2•14 For 

example, Kormann et al.2 have reported that the rate of oxidation of CHC13 in an aqueous 

suspension of Ti02 displays Langmuir-type saturation behavior with respect to the 

concentration of dioxygen. Under air-saturation conditions, they observed that the rate of 

CHCl3 degradation was essentially independent of the 02(g) concentration.2 Similarly, 

Bideau and co-workers reported that the rate of oxidation of acetic acid by Ti02 became 

independent of the concentration of dioxygen for [02(g)] >3 ppm. 14 This observation 

either implies that above [02(g)] ""' 3-5 ppm, photogenerated electrons were effectively 

scavenged by dioxygen, or that electron transfer to surface sites was rate-limiting and that 

in air-saturated solutions, adsorbed dioxygen filled all of the available surface sites. 

An alternative approach to evaluating the rate-limiting step in heterogeneous 

photodegradation is to perform electrochemical measurements at single-crystal Ti02 

photoelectrodes.9•15•16 Two classes of such experiments will be described in this report. 

In one set of experiments, rotating disk electrodes have been used to determine the rate of 

02 reduction at single-crystal Ti02 electrodes. 17 • 18 02 reduction rates have been 

determined at several electrode potentials and oxygen concentrations, and these values 

have been compared to the theoretical predictions made by Gerischer and Heller. 12 In the 

second set of experiments, the magnitudes of photooxidation current densities for a 

variety of aqueous solutions in the absence of oxygen have been compared to oxygen 

reduction current densities in air-saturated solutions. A current-matching condition can 

then be used to predict the net flux of electrons and holes that would occur at Ti02 

particles for this photogeneration rate. These results provide valuable information about 

the important kinetic factors in these systems, and allow the formulation of predictions 
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that can be tested for particulate systems. These results also suggest methods by which 

operating Ti02 photocatalysts might be made more efficient. 

Background 

We first present a brief description of theoretical expectations for the flux

matching experiments, and then discuss a theoretical formalism for treating 

heterogeneous rate constants at semiconductor electrodes. This formalism will provide a 

basis for analysis of the current density vs. potential (J-E) data presented in Section IV. 

Qualitative Analysis of Flux-Matching Data 

Figure 1 presents the four basic fluxes of interest in the Ti02 mediated 

photocatalytic oxidation of aqueous phase organic molecules in the presence of oxygen. 

A flux of absorbed photons, r 0 , will create electron-hole pairs in the Ti 02. Unless these 

photogenerated charge carriers transfer across the solid/liquid interface, the carriers will 

recombine in the solid, producing a recombination flux, Urec· The interfacial charge 

transfer flux of holes, Up, includes oxidation of water and direct oxidation of the organic 

donor. The interfacial charge transfer flux of electrons, Un, primarily involves reduction 

of the electron acceptor, generally considered to be 02 during oxidative degradation 

processes. 

At steady-state, Up must equal Un. Using single-crystal electrodes, it is possible 

to evaluate separately the potential dependence of Up and Un. For example, in an air

saturated solution under no illumination, slow scan J-E curves can directly yield the 

steady-state potential dependence of the flux for dioxygen reduction (Figure 2a) at Ti 02. 

In this measurement, the hole transfer flux is not important, because electrons are rapidly 

resupplied by the potentiostat to the back contact of the crystal. The potential 
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dependence of Up can be determined independently by obtaining J-E data for Ti02/H20-

organic junctions under illumination and in the absence of 02(g) (Figure 2b ). Thus, in 

each J-E measurement, only one interfacial reaction is rate-determining, so at single

crystal electrodes each important interfacial charge transfer process can be studied 

separately. 15,16 

For a given light intensity, there will be only one potential at which the oxidation 

current density equals the reduction current density, i.e, where Un(E) = Up(E). This flux 

matching approach to photoelectrochemical degradation processes is closely analogous to 

the classical treatments of electrochemical corrosion processes, in which a corroding 

metallic electrode adopts the potential at which the anodic and cathodic current densities 

are equal. This flux-matching condition can be used to predict the "operating potential," 

Eop, of the Ti02 photocatalyst under no external bias. It also yields the net flux of 

electrons and holes that will cross the Ti02 surface at the specific electron-hole pair 

generation rate of interest. It is not important whether the interfacial reactions occur 

through one-electron intermediates or through more complicated chemical processes, 

because only the potential dependences of the total fluxes, Un and Up, are required to 

perform the desired analysis. Recombination processes are implicitly included in the net 

J-E data under illumination, so the flux-matching procedure is valid even if significant 

carrier recombination occurs on the Ti02 surface. 

Figures 2c and 2d illustrate this experiment for two possible limiting cases. When 

the flux-matching condition occurs at a potential for which Un(E0 p) = Up(E0 p) = r 0 , the 

rate of photocatalysis is limited by the generation rate of electron/hole pairs (Figure 2c ). 

This will occur when the onset of cathodic current density is sufficiently positive that the 

desired flux, r 0 , is achieved at potentials where the photocurrent is independent of 

potential. The other limiting case, Un(E0 p) = Up(Eop) << r0 , occurs when the onset of 

cathodic current density does not occur at positive potentials relative to the photocurrent 
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plateau region (Figure 2d). In this situation, the interfacial flux of electrons and of holes 

at E = Eop will be much less than the incident photon flux; thus, the rate of photocatalysis 

will be limited by the rate of charge transfer. In addition, when Un(Eop) = Up(E0 p) << 

r 0 , significant charge recombination must occur and will result in a lower overall 

efficiency for the photocatalytic process. 

Theoretical Rate Constant Calculations 

It is also possible to assess whether the reduction current density and/or oxidation 

current density at a given electrode potential is in accord with theoretical expectations. 

The charge transfer rate constant for a donor (D) and acceptor (A) separated by a fixed 

distance in a homogeneous solution can be broken down into a frequency factor, Vn, an 

electronic term, Kei, and a nuclear term, Kn: 19 

D,A = Vn Kei Kn (1) 

In eq 1, Ke! is a function of the distance, r, between species A and species D. For 

nonadiabatic electron transfers, KeJ generally displays an exponential dependence on 

distance: Kel = Ke1,0 exp{-~(r-r0 )}, where~ is typically 108 cm-1, r0 is the center-to-center 

distance between D and A at contact, and KeJ,o is the value of KeJ at r = r0 . Kn is a 

function of the activation energy for the electron transfer event, and is classically related 

to the reorganization energy, A, and to the driving force for reaction, LiG0 . 
19 For a 

heterogeneous reaction in which the donors are confined to one phase and the acceptors 

are confined to the other phase, Marcus has shown that integration of eq 1 over the 

relevant distances and angles for all donor-acceptor pairs yields:20•21 
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(2) 

where fD and rA are the effective radii of the donor and acceptor ions, respectively, and 

AD and AA are the reorganization energies for the donor and acceptor species. The first 

term in brackets represents Ke! and the second term corresponds to Kn. 

Suitable modification of this expression for a bimolecular charge transfer process 

at a semiconductor/liquid interface, where the delocalized electron in the solid is the 

donor and the acceptor is dissolved in the solution, yields: 

(3) 

where re is the effective radius of the electron in the semiconductor and A is the 

reorganization energy of A near the surface of the semiconductor.22,23 The driving force 

for the interfacial charge transfer reaction at an n-type semiconductor electrode is L\G0 ', 

with L\G0 ' = Ecb-E0 ' for electron transfer from the conduction band to an acceptor species 

(with E 0 ' the formal electrochemical potential of the acceptor/donor pair and Ecb the 

energy of the conduction band edge at the solid/liquid contact).24-28 Taking the effective 

radius of the electron, re, as 10-7 cm, rA:::::3xl0-8 cm,~= 108 cm- 1 and Vn = 1013 s- 1, 

yields a maximum value for ksc = 10-17 cm4-s- 1 at Kn= exp [-(A+ L\G0 ')2/(4kTA)] = 1.0 

(optimal driving force).22 

Gerischer has derived an analogous expression for reactions of dissolved redox 

species at a planar semiconductor electrode by assuming an effective distance for electron 

transfer and a constant rate of transfer over this distance. 29 Summing over all possible 

donor-acceptor pair distances at the interface yields: · 



II-9 

(4) 

where re = the effective radius of the electron in the semiconductor, o = the effective 

electron transfer distance, and A = the reorganization energy of the acceptor species in 

solution. Taking values of re= 10-7 cm, o = 3xl0-8 cm, and Kn= 1 yields a value of ksc = 

3 x 10-16 cm4-s-1, l 1,12,22•29 which is within an order of magnitude of that obtained from 

eq 3. 11 •12 Gerischer and Heller have used this type of expression, with an estimated 

value of Kn = 10-3, to assess whether electron transfer to 02 is rate-limiting in the 

photocatalytic oxidation of organic molecules using TiO2 particles. This would predict 

that ksc is lower than the maximum value of 1 o-17 cm4 sec-1 and is on the order of ksc :::::: 

10-20 cm4 sec-1. 

The rate constant ksc can be directly related to the experimentally observed 

current density at a planar semiconductor electrode. The explicit assumption of a 

bimolecular rate law in the derivation of eqs 2 through 4 yields: 

J (E) = -q kscns[A]s (5) 

where ns equals the concentration of electrons at the surface of the semiconductor (and is 

a function of the applied potential in depletion), and [A]s is the concentration of the 

acceptor species at the surface of the electrode. In the flux-matching experiments 

described below, ksc will be determined from the observed current density divided by the 

estimated value of n5 at the potential of measurement. This will allow an experimental 

validation of the values of Kn used in the theoretical treatment of Gerischer and 

Heller.11,12 
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A slightly different formalism is required to relate the RDE data to the 

fundamental rate constant, ksc, and to the value of Kn for the electron transfer process. At 

an RDE, the observed current density is related to the kinetic current density and the mass 

transport current density as follows: 30 

(6) 

Here, Jk = -q kn' [02] and Jlim = -0.62neF[O2]D213v- 116w112, where Ile is the number of 

electrons transferred per molecule of 02 reduced, F is the number of coulombs per mole 

of electrons, w is the rotation rate of the electrode, v is the kinematic viscosity of the 

solution, and D is the diffusion coefficient of the electroactive species. Thus, the kinetic 

parameter that describes the rate constant for 02 consumption at a given electrode 

potential must be the product of ksc and n5 : 

kn'= kscns (7) 

Our RDE experiments have been performed in accumulation, so n5 is on the order 

of the atom density in the solid and is relatively independent of potential. Use of eq 7, 

however, requires an accurate estimation of the value of n5 under accumulation 

conditions. An alternative approach is to treat the rate constant in the standard fashion for 

metal electrodes,20,22Ji,32 which yields the following expression for kn': 

(8) 
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Solving eq 8 for Kn by use of Vn = 1013 s-1, ~ = 108 cm-1 and then using the value of Kn in 

either eqs 3 or 4 relates kn' and ksc- This calculation therefore provides the required link 

between the data of the flux-matching experiments and those of the RDE experiments. 

Experimental 

Ti02 Rotating Disk Electrodes (RDEs) 

Single crystals of TiO2 were obtained from Commercial Crystal Laboratories Inc. 

(Naples, FL). The crystals had been polished on one side and were oriented to expose the 

(001) face. The crystals were doped n-type by heating for approximately 90 min at 

800 °Cina quartz tube furnace (Lindberg; Watertown, WI) under a flowing atmosphere 

of forming gas (95% N2, 5% H2). The crystals were then allowed to cool for 2-3 hours 

under the flowing forming gas. During doping, the crystals changed from a transparent 

yellowish color to dark blue-black, and exhibited some visible surface damage. 

Following doping, the crystals were etched in hot ( :::::250 °C) concentrated sulfuric acid 

for::::: 2.5 hours.33 This etching procedure caused visible changes in the surface but did 

not remove all of the surface damage caused by the doping process. 

Ohmic contact to the crystal was made by rubbing a Ga:In eutectic mixture onto 

the back of the sample. Electrically conductive silver epoxy (Epoxy Technology Inc.; 

Billerica, MA) was used to attach the crystal to a stainless steel rod. The crystals, which 

were approximately 3 mm on a side, were then ground into a circular shape using a wet 

grinder. The edges of the crystal were then sealed with white epoxy lC (Dexter Corp.; 

Seabrook, NH) and the stainless steel rod/crystal assembly was encased in a Teflon 

shield. The area of the electrode was determined photographically and/or by comparison 

of the slopes of Koutecky-Levich plots for the TiO2 electrode in K3[Fe(CN)6](aq) 
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solutions with those of Pt rotating disk electrodes (RDEs) of known areas in the same 

solutions. 

Prior to each scan in the RDE measurements, the TiO2 was etched for 15-30 sin 

HF/HNO3 ( 1: 1 ). After each etch, the electrode was rinsed in flowing water and was dried 

in a stream of N2(g). 

Ti02 Electrodes for Flux-Matching Experiments 

The same crystals and doping/etching/ohmic contact procedures were employed 

for electrodes used in the flux-matching experiments. After making ohmic contacts with 

Ga:In eutectic, the back of the crystal was attached to a Cu wire with electrically 

conductive silver epoxy. The wire was encased in a glass tube and the edges of the 

crystal were sealed with white epoxy to expose surface areas between 0.03 and 0.08 cm2. 

The electrodes were cleaned in aqua regia and were stored in deionized water between J

E scans. 

Platinum was electrodeposited onto TiO2 electrodes from a 1.0 M NaCl (aq)- 20-

40 mM Na2PtCl4•H2O solution. The pH of this solution was adjusted to between 3 and 5 

using HCl(aq). The platinization was performed at a potential for which the Pt reduction 

current was at least an order of magnitude greater than the background current in 1.0 M 

NaCl(aq) of the same pH. Kogo et al., using a similar deposition technique, observed 

that Pt was deposited in the form of small islands that did not completely cover the TiO2 

surface. 34 The maximum amount of Pt deposited on the surface was estimated by the 

number of coulombs passed during platinization. The Pt coverages determined by X-ray 

photoelectron spectroscopy (XPS) were substantially less than the upper limit calculated 

using coulometry, indicating that not all of the platinum adhered to the electrode surface. 
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Electrochemical Cells and Measurement Techniques 

The electrochemical cell used in the RDE experiments was fabricated from Pyrex. 

The cell used in the flux-matching experiments was also made from Pyrex, but had a flat 

quartz bottom to maximize optical transmission in the UV spectral region. Potassium 

hydroxide, sodium hydroxide, sodium carbonate/sodium bicarbonate buffer, and 

tris(hydroxymethyl)aminomethane (TRIZMA) buffer solutions were used as electrolytes 

to provide solutions with a range of pH values between 14 and 7.2. The KOH, NaOH, 

and NaHC03 were reagent grade and used as obtained from the supplier (EM; 

Gibbstown, NJ). TRIZMA Base and Na2C03 (J. T. Baker; Phillipsburg, NJ) and 

TRIZMA HCl (Sigma; St. Louis, MO) were also of reagent grade and used as received. 

For area determination experiments and for experiments in which an alternate electron 

acceptor was desired, K3Fe(CN)6 (Mallinkrodt; Paris, KY) was added to the electrolyte 

solutions. CHCl3 and ~Fe(CN)6 (J. T. Baker; Phillipsburg, NJ) were used as alternate 

electron donors in some photooxidation experiments. These compounds were also at 

least reagent grade and were used as received. 

Various 02(aq) concentrations were obtained by passing H20-saturated gas 

mixtures continuously through the electrolyte. The gases were appropriate combinations 

of pre-purified N2, air, and/or 02. The partial pressure of 02 over the cell was adjusted 

with a flow controller/meter. The concentration of 02 in solution was measured with an 

Orion Ag/ AgCl oxygen sensitive electrode (Orion; Boston, MA). 

A Barnsted NANOpure water purifier (Boston, MA) provided 17 .8 MQ-cm 

resistivity deionized water for the RDE experiments. For the flux-matching experiments, 

more reproducible results were obtained by using Millipore Milli-QUV Plus 18 MQ 

resistivity water (Van Nuys, CA). Prior to each experiment, this water was pre

electrolyzed under a N2(g) purge. The working electrode for preelectrolysis was a 

fibrous carbon cloth which was maintained at reducing potentials for several hours. All 
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flux-matching data discussed in this work, except for Figures 8 and 10, were obtained in 

pre-electrolyzed solutions. 

In all J-E experiments, a two-compartment cell was used. The counterelectrode 

compartment was separated from the working electrode compartment by a ceramic frit 

(Coming; Coming, NY). The counterelectrode was made from carbon fibers, and the 

reference electrode was a saturated calomel electrode (SCE). In the RDE experiments, 

the experimental configuration consisted of a TiO2 RDE working electrode, a Pt 

counterelectrode (with a much larger area than the working electrode), and a SCE 

reference. The Pt counterelectrode was separated from the main compartment of the cell 

by a N afion frit. 

In photoelectrochemical experiments, illumination was provided by a 300 W 

ELH-type W-halogen bulb (Wiko; Orland Park, IL) with a dichroic rear reflector.35 The 

incident light intensity was controlled by adjusting the distance between the lamp and the 

cell and/or by the use of neutral density filters. Although the ELH lamp has its maximum 

spectral irradiance in the visible region,36 the lamp provided sufficient intensity in the 

near ultraviolet to achieve the desired electron-hole pair generation rates in our TiO2 

samples. 

J-E scans obtained in the dark were generally initiated at positive potentials, and 

the potential was scanned to the negative limit to trigger a reversal in scan direction. 

Conversely, J-E scans of photooxidation current were initiated at negative potentials and 

were scanned to a limiting positive potential. At the slow scan rates employed in these 

studies (generally ~ 5 m V-s- 1 ), the forward and reverse scans exhibited only a small 

amount of hysteresis (cf Figures 3a and 4). Steady-state values of the current were 

estimated from the mean of the currents measured at a given potential in the forward and 

reverse directions. Several attempts were made to collect reliable data for dioxygen 

reduction at acidic pH values. A variety of electrolyte solutions was explored at acidic 
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pH, but J-E curves in all cases exhibited substantial hysteresis between forward and 

reverse potential scans. In addition, the J-E curves obtained in acidic media (2 <pH< 5) 

did not display the 60 mV/pH unit shift in current density that was observed for 7.2 < pH 

< 14. Our inability to obtain reliable, reproducible J-E data at low pH values for n-TiO2 

is curious considering the published results of other researchers. 18,37,38 

Electrochemical and Surface Science Instrumentation 

A Pine Instrument Co. Model RDE 3 Potentiostat with an ASR Rotator (Grove 

City, PA) was used for all RDE experiments. J-E data for flux-matching experiments 

were obtained using a Princeton Applied Research (Princeton, NJ) Model 175 Universal 

Programmer coupled to Model 173 Potentiostat/Galvanostat equipped with a Model 179 

Current-to-Voltage Converter or similar potentiostatic instrumentation. The J-E data for 

all experiments were recorded on a Houston Instruments Model 2000 Ornnigraphics X-Y 

recorder (Houston, TX). 

XPS measurements were carried out on a Surface Science Instruments/Fisons 

(San Carlos, CA) M-Probe instrument. The background pressure in the instrument was 

typically (4 ± 1) x 10-9 torr, and monochromatic X-rays from the Al Ka line, collamated 

to spot sizes of either 300 µm or 400 µm x 1000 µm , were used as the source. An 

electron energy analyzer pass energy of 150 V was used for the desired low resolution 

(1.5 eV) scans. The XPS spectra were analyzed using the M-Probe ESCA 1.34 software 

package (Surface Science Instruments/Fisons, CA) on a HP Vectra RS/20C-20 MHz

DOS 5.0 computer. XPS peaks were referenced to the signal arising from adventitious 

carbon, which was assigned an absolute energy of 284.6 eV. 

Results 
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Flux-Matching Conditions for n-TiO2/'l.0 M NaOH(aq) Interfaces 

Figure 3a depicts the J-E behavior for reduction of air-saturated (0.26 mM O2(aq)) 

water in the dark at TiO2. For -0.95 < E < -0.85 V vs. SCE, the 02 reduction current 

increased exponentially as E became more negative. Ten determinations using several 

different electrodes yielded average values for the diode quality factor, A = 
(q/kT)/{o(lnJ)/oV}, of 1.4 ± 0.1, and for the exchange current density, J0 , of 

(2 ± 3) x 10-18 A cm-2 (Figure 3b). Of particular note in regard to our flux-matching 

analysis is that the current density for 0.26 mM 02 reduction did not exceed the electron

hole pair generation flux for 30 nm radius TiO2 particles under 1 Sun illumination 12 (i.e., 

2.1 µA cm-2 or 1.3 x 1013 carriers cm-2 s-1) until ETio2 < -0.875 V vs. SCE. 

Figure 4 displays the J-E curves for TiO2/l.0 M NaOH(aq) interfaces under 

several different light intensities. These experiments were performed in N2 purged 

solutions. Of particular note with regard to the flux-balance condition is that the 

photocurrent density in Figure 4 did not equal the electron-hole pair generation current 

density until ETio2 > -0.75 V vs. SCE. Essentially identical J-E behavior was observed 

for the anodic photocurrent of n-TiO2/l.0 M NaOH in the presence of organic donors, 

such as saturated aqueous solutions of CHCl3. 

Combining the data of Figures 3a and 4 allowed determination of the flux that 

would flow through the TiO2 sample under photocatalytic conditions. The electron 

transfer rate for the n-TiO2/l.0 M NaOH-0.26 mM O2(aq) interface only matched the hole 

transfer rate for the n-TiO2/l.0 M NaOH(aq) or n-TiO2/l.0 M NaOH(aq)-CHCb(sat'd) 

interfaces at a flux that was far smaller than the electron-hole pair generation rate (Figure 

5). For comparison to TiO2 photocatalysts, the electron-hole pair generation rates used in 

these experiments were comparable to those expected for TiO2 particles with radii, rTio 2, 

= 30 nm-100 nm, under 1 Sun illumination conditions. 12 For example, assuming 

negligible recombination, electron-hole pair generation would yield a current density of 
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2.1 µA cm-2 over the surface of a 30 nm radius TiO2 particle. 12 Our experiments indicate 

that this flux could not be sustained at steady-state through an unbiased TiO2 crystal that 

must reduce 0.26 mM O2(aq) and oxidize H2O and/or the organic donor (Figure 5). 

Thus, the actual current density through the TiO2 will be less than the electron-hole pair 

generation current density, and substantial recombination will occur in the 

semiconductor. 

pH Dependence of the Flux-Matching Conditions for n-TiOi/H20 Interfaces 

The potential of the n-TiO2 conduction band edge (Ecb) shifts ::::-59 m V /pH unit in 

aqueous solutions due to a protonation-deprotonation equilibrium on the TiO2 

surface.9,39 The anodic J-E curves for n-TiO2/H2O contacts should therefore onset at 

more negative potentials as the pH is raised, because the onset of photocurrent at n-type 

semiconductors is a strong function of the position of the conduction band edge. A 

negative potential shift in the anodic J-E behavior would improve the flux-matching 

condition, provided that Un(E) did not also exhibit a corresponding pH dependence. 

Two factors need to be considered, however, in predicting the pH dependence of 

Un(E). At 300 K, a -59 mV conduction band edge shift will lead to a ten-fold reduction 

in n5 at a given potential vs. a reference electrode. The resulting reduction in cathodic 

current density (eq 5) would lead to an exact compensation of the shift in anodic J-E 

properties as the pH is changed, so no change in the net flux at E = Eop should be 

observed. However, if the rate-determining step in 02 reduction were the formation of 

free O2-(aq) with no proton transfer (i.e., E0 '(O2/O2-) is independent of pH), as postulated 

previously, 12 then changes in Kn (and therefore in ksc) would be expected due to the pH 

dependence of ~G0 ' = Ecb-E0 '(O2/O2-). This additional dependence of ksc on pH should 
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result in a change in Un(E0 p) as the pH is varied. To investigate this possibility, flux

matching experiments were performed for n-TiO2 electrodes as a function of pH. 

As displayed in Figure 6, the photooxidation 1-E data for n-TiO2 in contact with 

aqueous, N2-purged solutions shifted by ::::e -60 mV/pH unit. As the pH was varied, the 

dioxygen reduction 1-E data for n-TiO2 electrodes also shifted ::::e -60 mV/pH unit (Figure 

6). The lack of any additional pH dependence in the J-E data, above that expected from 

the TiO2 band edge shift, indicated that ksc, and thus Kn, was not a strong function of pH 

for 7:::; pH:::; 14. Thus, although Eop was a function of pH, increasing the pH from 7 to 

14 did not yield significant improvements in the net interfacial flux at E = Eop· 

Improvement of the n-TiOifH20 Flux-Matching Condition Through the Use of 

Alternate Donors and Acceptors 

Although variations in pH were not successful in changing the flux-matching 

conditions, the kinetic model depicted in Figure 1 implies that it should be possible to 

improve the quantum yield of photocatalysis if either Un or Up could be increased. It was 

thus useful to determine whether increases in Un or Up could be achieved readily for 

TiO2/H2O interfaces. To address this point, a series of experiments was performed in 

which alternate electron acceptors and donors were added to aqueous solutions in contact 

with rutile n-TiO2 electrodes. 

Figure 7 compares the cathodic 1-E data for n-TiO2/l.0 M NaOH(aq) contacts in 

the presence of 0.10 M K3Fe(CN)6 (N2-purged) to those in the presence of 0.26 mM 

O2(aq). At a given potential, substitution of 0.10 M K3Fe(CN)6(aq) produced a 

significant increase in Un(E) relative to that observed in 1.0 M NaOH-0.26 mM O2(aq). 

This increase in Un(£) is consistent with eq 5, because [A]s is larger in 0.10 M 

K3Fe(CN)6(aq) than in 0.26 mM O2(aq). The rate constant, ksc, might also have increased 
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when the electron acceptor was changed from 02 to Fe(CN)63-. Comparing the flux

matching condition for the cases of 02 and K3Fe(CN)6 as electron acceptors implies that 

a higher steady-state current density would flow through the TiO2 sample if 0.10 M 

Fe(CN)63-(aq) were the electron acceptor than if 0.26 mM 02 were the electron acceptor 

(Figure 7). In fact, the cathodic current density in the presence of 0.10 M K3Fe(CN)6 was 

so large that Un(E0p) = Up(E0 p) ::::: r O under illumination (Figure 7). Thus, electron-hole 

pair generation would be predicted to be the rate-limiting step in a photocatalytic system 

operated under these conditions. 

The use of alternate electron donors, however, did not alter the photooxidation 

curves observed at TiO2/l.0 M NaOH(aq) contacts. Figure 8 displays the J-E curves 

under illumination in 1.0 M NaOH and after addition of CHCl3 or 0.10 M 

~Fe(CN)6(aq). For a constant electron-hole generation rate (i.e., qr O ::::: 8 µA-cm-2), the 

potential for the onset of photocurrent was the same in all three solutions. Thus, no 

change in Eop would occur through the use of these additional electron donor species. 

This result is readily explained given the strong oxidizing power of holes in the valence 

band9•39-41 and the high concentration of water at the surface of the electrode (> 55 M) 

compared to the concentration of alternate donor (:s; 0.1 M). 

Evaluation of the Flux-Matching Condition for Platinized Ti02 Surfaces 

Another approach to improving the flux-matching condition would be to catalyze 

the H2O oxidation process and/or the O2(aq) reduction process at TiO2 surfaces. It has 

been suggested that deposition of islands of Pt, Pd or other noble metals on TiO2 should 

catalyze 02 reduction and should improve the rate of photocatalytic degradation of 

organic molecules. 12 Prior work at TiO2 single-crystal electrodes has investigated the 

changes in Un(E) for 02 reduction after platinization, lS ,34,37 but has not thoroughly 
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investigated the effects of platinization on the photooxidation portion of the 

TiO2/NaOH(aq) J-E data. Furthermore, experimental results with Pt- or Pd-loaded TiO2 

particles have been varied, with some authors reporting increased rates of 

photodegradation 13•34,42 and others reporting decreases in catalytic activity.43 Because 

the oxidation and reduction reactions occur simultaneously at the surface of particles, it is 

difficult to determine experimentally whether the noble metal deposits are predominantly 

catalyzing the reduction of 02, the photooxidation of organic molecules, or are reducing 

the inherent rate of electron/hole pair recombination at the TiO2 surface. These effects 

can be distinguished at TiO2 electrodes in a three electrode configuration, as described 

below_ 15,18,34,37 

Figures 9 and 10 show the J-E data (in the dark) observed for n-TiO2/l.0 M 

NaOH(aq)-0.26 mM O2(aq) contacts before (cf. Figure 9(b), IO(b)) and after (cf. Figure 

9( d), 10( d)) deposition of Pt onto the surface of the Ti 02. Two different thicknesses of Pt 

were deposited, one approximately 6 A thick and one approximately 70 A thick, as 

determined by XPS measurements. As depicted in Figures 9 and I 0, platinization led to 

an increase in Un at a given electrode potential. As expected, the electrode with the 

larger Pt coverage exhibited the larger cathodic current density. For the electrode with 70 

A thick coating of Pt, the cathodic current density at a given potential vs. SCE was nearly 

as large as that measured for unplatinized n-TiO2/H2O-0.IO M K3Fe(CN)6 interfaces (cf. 

Figures 7 and 10). 

Figures 9 and IO also compare the J-E behavior of TiO2 electrodes in contact with 

N2(g)-purged 1.0 M NaOH(aq) solutions before (cf. Figure 9a, 10a) and after (cf. Figure 

9c, I 0c) platinization. These data indicate that the Pt overlayer also increased the current 

density for H2O reduction. For the thin Pt overlayer, addition of O2(g) produced a 

measurable increase in Un(E) relative to that in N2(g) purged solution. However, for the 

thick Pt overlayer, Un(E) in N2(g)-purged solutions was virtually the same as that 
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observed in air-saturated solutions, for -700 < E < -200 mV vs. SCE (Figure 10). Thus, 

for thick Pt deposits, the cathodic flux under 1 atm air likely consisted of a mixed 

reaction of 02 and H2O reduction, whereas 02 reduction predominated when very thin Pt 

deposits were employed. 

Both platinized TiO2 specimens were tested for Schottky diode behavior by 

comparing their open circuit voltages in 0.0050 M ~Fe(CN)6-0.0050 M K3Fe(CN)6(aq) 

and 0.10 M ~Fe(CN)6-0.0050 M K3Fe(CN)6 or in 0.050 M ~Fe(CN)6-0.0025 M 

K3Fe(CN)6(aq) and 0.0050 M ~Fe(CN)6-0.0025 M K3Fe(CN)6 solutions in 1.0 M 

NaOH(aq) at the same light intensity. For a bare TiO2 electrode and for the platinized 

electrode shown in Figure 9, the open circuit voltages were different by an amount equal 

to the difference in cell potentials of the two solutions. This is the behavior expected for 

a "hybrid" semiconductor/metal-liquid junction in which the semiconductor 

recombination properties are affected by the properties of the electrolyte solution.44-46 

However, for the platinized electrode in Figure 10, the open circuit voltages were the 

same in the two different electrolyte solutions. This indicated that the recombination in 

this device was insensitive to the constituents of the liquid phase, and was dominated by 

the semiconductor/metal contact.44 Thus, the TiO2 surfaces coated with"" 6 A of Pt were 

useful for our kinetic studies, but electrodes with nominal coverages of 70 A of Pt only 

provided information on the nature of the Schottky barrier between the TiO2 and the Pt, 

as opposed to the desired information on ksc for 02 reduction at TiO2 in the presence of 

catalytic amounts of Pt. 

For the TiO2 sample coated with 6 A of Pt, the J-E curves under illumination 

(Figure 11) did not provide a direct measure of Up(£). Because the Pt overlayer 

catalyzed H2O reduction as well as 02 reduction, the interfacial fluxes for electrons and 

holes could not be determined independently under illumination. Thus, the J-E data 

under illumination represented a superposition of qUn(E) and qUp(E) at each potential. It 
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was nevertheless possible to calculate qUn(E 0 p) from the J-E data. For the 

photooxidation curve shown in Figure 1 l(a), the potential at which Itot = 0 (i.e., the open 

circuit potential, E 0 c) corresponded experimentally to the potential at which the dark 

reduction current density equaled the limiting photogeneration current density. Because 

the photooxidation curve is the superposition of qUn(E) and qUp(E), the operating 

potential of the system under illumination can be predicted from the open circuit 

potential. Since qUn(E) = qr0 at this potential, electron-hole pair generation was the rate-

limiting process for this system at E = Eop· Since Un(E) was greater for this surface 

under O2(g) than under N2(g), electron-hole pair generation must also be rate-limiting 

when 02 is present. 

Rotating Disk Voltammetric Measurements of 02 Reduction at Rutile TiO2 Crystals 

in 1.0 M KOH(aq) 

As described in eqs 6-8, it is also possible to determine the rate constant for 02 

reduction under accumulation conditions in the semiconductor using a RDE. 17,18 At the 

rather large current densities that are present in accumulation, both kinetic polarization at 

the interface and mass transport polarization in the electrolyte can be important in 

limiting the interfacial flux. Rotating disk electrode experiments have been performed to 

assess this situation quantitatively. 

Figure 12 displays the J-E behavior for TiO2/l.0 M KOH(aq) contacts as a 

function of the electrode rotation rate, ffi. For E< :::::-1000 m V vs. SCE, the observed 

current was a function of ffi. Figure 13 shows the resulting Koutecky-Levich plots (J- 1 vs. 

w-112) for various electrode potentials. 30 Such plots yield the number of electrons 

transferred, n, from their slopes, and yield the heterogeneous charge transfer rate 
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constant, kn', from their intercepts. Table I summarizes the values of n and k0 ' obtained 

from such data. 

Over the potential range of our measurements, n values ranged between 2 and 4. 

This is commonly observed for reduction of O2(g) at various electrodes, and results from 

the possibility of 1, 2, or 4-electron reduction processes to yield 02- ( or HO2), H2O2, or 

H2O, respectively. 17,3o,47 The heterogeneous rate constant kn' was more significant for 

the kinetic measurements of interest in our work, and typically was in the range of 10-2-

1 o-3 cm s- 1. Because the RDE experiments were done at potentials in which the 

semiconductor was in accumulation, n5 , and therefore kn', varied only weakly as a 

function of potential. Assuming that reduction of dioxygen can be described as a one

electron transfer reaction with the electrochemical step being the rate-limiting process, 

the use of eq 8 allows us to calculate a value of 10-7 for Kn , using kn' determined from 

the RDE experiments and taking Vn = 1013 s-1 and~ = 108 cm-1. A value of ksc = 3 x 

1 o-23 cm4 sec 1 is then obtained from eq 4 with re = 1 o-7 cm and 8 = 3 x 1 o-8 cm. 

Similarly, using eq 7, with n5 ""' 1020 cm-3 in accumulation yields ksc = 10-22 cm4 sec-1. 

Discussion 

Flux-Matching Behavior and "Rate Determining" Steps Under Photocatalytic 

Conditions 

The flux-matching constraint, applied to the J-E data depicted in this work, 

indicates that significant recombination should be present at TiO2/H2O interfaces under 

photocatalytic conditions. In fact, the observations can be used to predict that, under a 

steady-state carrier generation flux of 1.3 x 1013 cm-2 s- 1, over 75% of the 

photogenerated charge carriers would recombine for the particular surfaces and reaction 
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pairs (reduction of 0.26 mM 02 coupled with oxidation of H2O or oxidation of 

CHC!}(aq)) investigated (Figure 5). This is consistent with the experimental data on 

particulate TiO2 systems, which display relatively low quantum yields for organic 

oxidation under analogous steady-state illumination conditions. 11 , 12 These flux

matching comparisons thus allow assessment of the rate-determining processes without 

any theoretical analysis of the charge transfer rate constants. 

Because the three fundamental carrier decay pathways depicted in Figure 1 are all 

intimately related under conditions of significant recombination, no individual process, 

Un, Up, or Urec can be stated to be "rate-determining." In terms of the J-E data, either a 

negative shift in the photoanodic J-E scan, or a positive shift in the cathodic J-E 

characteristic, would produce an increased quantum yield for the process (Figures 2c,d). 

A decrease in the inherent recombination rate of the TiO2 would produce a negative shift 

in the photoanodic J-E data and would therefore also result in higher values of Un and Up 

at the flux-matching potential. 

This conclusion is supported by the analytical expression for the quantum yield in 

terms of the reaction rates depicted in Figure 1. Expressions for n5 and Ps under steady

state conditions can be obtained by writing Un as the product of the electron 

concentration at the surface of the Ti 02, n5, and the rate constant for interfacial electron 

transfer, kn; writing Up as the hole concentration at the surface of the Ti 02, Ps, multiplied 

by the rate constant for interfacial hole transfer, kp; and by writing Urec as a bimolecular 

process with a rate constant krec· Thus, at steady-state, 

(9) 

(10) 

and, 
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(11) 

(12) 

The steady-state quantum yield, <I>, is then readily calculated as: 

(13) 

From eq 13 with <I>< 1.0, no single rate constant, nor single rate process, can be 

arbitrarily stated to be "rate-determining" or "efficiency-limiting." When 4r 0 kreclknkp 

>> 1 eq 13 simplifies to the following expression: 

( 
k k J½ <I>- n p 

r okrec (14) 

In this limit, increasing kn or kp, or decreasing krec or r 0 , would all serve to increase <I> . 

This analytical solution is in accord with the qualitative conclusions discussed above 

regarding the J-E behavior, but is different than prior conclusions that have emphasized 

primarily the importance of electron transfer processes to 02 as rate-determining in the 

photodegradation of organic molecules using TiO2. 11 -13 Interdependences of <I> on kn, 

kp, krec, and sometimes on r o, are also generally obtained from other kinetic models of 

the photocatalytic processes at TiO2.48 

Methods for Improving the Quantum Yield Under Photocatalytic Conditions 
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The discussion and experimental data presented above suggest several strategies 

for improving photocatalytic toxic waste remediation. It is conceptually useful to 

distinguish between several approaches for accelerating the rate of photocatalysis: 

catalysis of electron transfer and catalysis of hole transfer. Each of these methods is 

analyzed briefly below in the context of our experimental results. 

Catalysis of Electron Transfer Rates. One obvious strategy to increase the 

photocatalytic rate is to accelerate the electron transfer process. This is the approach 

suggested by Gerischer and Heller. 11 ,12 The pronounced increase in J upon addition of 

0.10 M K3Fe(CN)6 to 1.0 M NaOH solutions (Figure 7) validates this strategy 

conceptually. In addition, an increase in the electron transfer flux was also observed as a 

result of electrodeposition of Pt onto the TiO2 surface (Figures 9, 10). 

The limit for improvement in electron transfer rates can be evaluated for the case 

of TiO2 electrodes. In principle, catalysis of the electron transfer process can yield an 

increase in cathodic current density at an electrode until the rate is limited by the electron 

supply to the TiO2/H2O interface or by other mass-transport-limiting processes in the 

electrolytic cell. For a barrier height, Ecb-E(O2/H2O) = 1.18 V, the charge-supply limited 

rate can be calculated from thermionic emission/diffusion theory to produce an exchange 

current density of 6 x l0-15 A cm-2.49 For a direct comparison to data obtained in this 

work, thermionic emission/diffusion theory predicts a cathodic current density of 300 A 

cm-2 at E = -0.875 V vs. SCE, which significantly exceeds the J measured experimentally 

for the TiO2/NaOH-O2(aq) system (cf Figure 3a). Thus, catalysis of the electron transfer 

process is a promising approach for designing improved photocatalysts. 

Catalysis of Hole Transfer Rates. It is also possible to enhance the net 

photocatalytic rate by acceleration of the hole transfer process. In this case, the J-E data 
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for TiO2 photoanodes would be "shifted" negatively along the voltage axis. The flux

matching condition would then yield a higher charge carrier flux through the TiO2 even if 

the electron transfer rate remained unchanged. 

Like electron transfer, catalysis of hole transfer also has a finite limit for effecting 

improvements in the photocatalytic rate. For a semiconductor electrode, 0.2-0.3 V of 

built-in electric potential is generally required to effectively separate the photogenerated 

charges. 50 Since Ecb""' -1.066 V vs. SCE for TiO2 at pH= 14.0, this implies that the 

electron-hole pair generation flux could, in principle, be collected effectively for ETi02""' 

-0.75 to -0.85 V vs. SCE. Thus, catalysis of the hole-transfer process might be sufficient 

to yield electron-hole pair generation as the rate-limiting step in certain systems. 

However, due to the fundamental limit on the anodic J-E shift, hole-transfer catalysis 

appears not to offer as large a potential for rate improvement as electron-transfer 

catalysis. 

Comparison of Experimental Results to Theoretical Predictions 

It is interesting to compare theory with experimental data for the reduction of 

O2(g) at rutile Ti 02. It has been argued that when Un> r O at potentials positive of the 

TiO2 conduction band potential, the cathodic charge-transfer process will not be rate

limiting in photocatalysis, and <I> will approach l.0. 11 •12 Specifically, Gerischer and 

Heller assumed that if ns::; IQ17 cm-3 when Un(E) = r 0 , recombination would not be 

excessive and electron transfer to 02 would not be rate-limiting in the photocatalytic 

process .11 •12 For our experiments, taking the conduction band potential, Ecb, as 

approximately equal to -1.066 V vs. SCE (i.e., approximately E(H2O/H2) for 1 atm H2 at 

pH= 14.0) implies that n5 = 5.9 x 1015 cm-3 at -0.875 V vs. SCE (i.e., where Un(E) = ro 

= 2.1 µA cm-2) .51 ,52 Thus, Figure 5 indicates that the required constraint, n5 ::; 1017 cm-3 

when Un(E) = r 0 , was indeed satisfied for the n-TiO2/H2O junctions studied in this work. 
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Within the assumptions adopted by Gerischer and Heller, this would indicate that electron 

flow to the acceptor is adequate to support the photogenerated charge flux, and would 

produce <t> "" 1.0. 

However, the flux-matching condition described herein imposes a more stringent 

requirement on Un(E). It is necessary not only that Un(E) = r O when E > Ecb, but also 

that Up(E) = r O where Un(E) = r 0 . Figure 5 clearly indicates that this more stringent 

constraint was not met under our conditions. As shown in this work, Up(E) << r O even 

when n5 < 1017 cm-3, so recombination was significant under these conditions and <t> << 

1.0 at Eop· 

It is also interesting to compare the experimental values of Un(E) to the theoretical 

predictions based on a one-electron, outer-sphere reduction step of O2(aq) to O2-(aq). 

11 ,12We will first consider the situation at pH = 7, and will compare our experimentally 

observed current density at -0.470 ± .025 V vs. SCE (which is the potential at which 

Un(E) = r 0 = 2.1 µA cm-2 as calculated at 1 Sun for rTio2 = 30 nm12) to the current 

density expected at this potential according to the literature model. l l, 12 Prior theoretical 

treatments have assumed that the reorganization energy for the one electron transfer from 

02 to 02- was 1.0 eV, that E0 '(O2/O2-) was -0.571 V vs. SCE, that the effective radius of 

the electron was 10-7 cm, and that the effective transfer distance was 3 x 10-8 cm. 11 ,12 

Using these same quantities in eq 4 implies that ksc = 8.4 x 10-21 cm4-s-1 at pH= 7.0 for 

02 reduction at Ti 02. Taking the value of [O2(aq)] = 1.6 x 1017 cm-3 (as measured 

experimentally in this work), along with the calculated value of ksc = 8.4 x 10-21 cm4 s-1 

implies that a current density of 1.3 x 10-6 A cm-2 should be observed for n5 = 5.9 x 1015 

cm-3 (E = -0.470V)(Eq 5). The observed value of J at pH= 7 and n5 = 5.9 x 1015 cm-3 

was 2.1 x 10-6 A cm-2, so theory and experiment for Un(E) are in reasonable agreement 

when measurements of Un(E) performed at pH= 7.0 are considered. 
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A discrepancy arises when the pH dependence expected theoretically for a rate

determining step involving a one-electron transfer to 02 is considered in view of the lack 

of change in ksc that was observed experimentally for 7 < pH :5: 14 (Figure 6). The prior 

theoretical treatment predicts l l, 12 a 300-fold increase in ksc if the pH were to be 

increased from 7 to 14, but the experimental data obtained herein yielded almost identical 

values for ksc (3 x 1 o-20 cm4-s-1) over this range of pH values. Thus, the theoretical 

estimate of Un(E) significantly overestimates the observed cathodic flux at pH= 14.0. In 

fact, the theoretical estimate of ksc based on a one-electron transfer from 02 to yield O2-

would predict that for qr0 = 2.1 x 10-6 A cm-2, Un(E) = qr0 at ns = 3 x 1013 cm-3 instead 

of the experimentally observed value of n5 = 5.9 x 1015 cm-3. This theoretically predicted 

current density implies that at Eop the electron-hole generation would be rate-limiting at 

pH = 14, and that recombination would be minimal. Such behavior was not observed 

experimentally, with Un(E) << qr0 at E = Eop (Figure 5). Thus, a simple outer sphere 

one-electron reduction of O2(aq) to O2-(aq) cannot satisfactorily describe the cathodic 

reduction of O2(aq) at rutile TiO2 crystals, and further theoretical development is 

warranted to more fully describe this process. 

The RDE experiments depicted in Figures 12 and 13 at pH= 14 yield estimated 

values of ksc and Un(E) that are in reasonable agreement with the observed J-E data. 

Using the value of ksc = 3 x 10-23 cm4-s-1, calculated from eqs 4 and 8, yields J:::: 5 x 10-

9 A cm-2 at ns = 5.9 x lQ15 cm-3 (eq 5). These values for ksc and J are thus somewhat 

smaller than, but in qualitative agreement with, the values determined from the observed 

J-E data between pH 14 and 7. 

Given the semi-quantitative agreement between theory and experiment for 02 

reduction at TiO2 at near-neutral pH, it is interesting to reevaluate the predictions of the 

Gerischer/Heller model for rate-limitations in photocatalysis. 11 ,12 Although the rate of 

electron transfer to 02 was estimated to be sufficiently rapid to remove photogenerated 
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electrons from TiO2 particles under 1 Sun illumination (for n5 s; 1011 cm-3 and assuming 

rapid hole transfer), Gerischer and Heller proposed that electron transfer to O2(aq) would 

most likely occur through surface traps that covered only a fraction of the TiO2 surface. 

In this approach, the total surface trap density was assumed to be only 1 % of the TiO2 

atom surface density. 11 •12 A reduced driving force for electron transfer from trap levels, 

combined with the relatively low trap density, then led to an alternative estimate of the 

electron transfer rate. This revised, smaller rate of interfacial electron transfer led to the 

prediction that electron transfer would be rate-limiting for the largest TiO2 particles at pH 

8.2 (the pH of their calculations). 11•12 However, when two parallel pathways for electron 

transfer are available, the overall rate of electron scavenging by 02 is given by the sum of 

the rates for the two parallel paths. In most scenarios, addition of a pathway involving 

surface traps will only increase the predicted steady state flux above the value estimated 

for the direct electron transfer pathway alone. While our data do not distinguish between 

the two pathways for 02 reduction at rutile Ti 02, our data do show that Un(E) = r O for ns 

"" 101s cm-3. Although this would seem to imply that recombination would be negligible 

according to prior theoretical treatments, the key constraint, emphasized above, is 

whether Un(E) = Up(E) = r O at E = Eop· As described above, this more restrictive 

constraint was not met for any of the systems investigated to date. 

Extension of J-E Data on Ti02 Single Crystals to Particulate Ti02 Photocatalysts 

It is important to emphasize that all of the data and conclusions described above 

only apply rigorously to the behavior of rutile TiO2 single crystals. The data are 

extremely useful in evaluating the theoretical treatments of charge transfer processes at 

TiO2 surfaces and also serve as a guide to obtaining improved photocatalysis in slurry 

reactors using particulate TiO2. However, the electrochemical conditions employed in 

this study certainly do not correspond exactly to the photocatalytic situation obtained 
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using Ti02 slurries. Any extension of our data to particulate systems explicitly assumes 

that the behavior of single-crystal rutile Ti02 electrodes will be similar to that of Ti02 

particles, which have a variety of exposed surfaces and are typically composed of z75% 

anatase.53 However, the J-E data allow several predictions regarding the photocatalytic 

behavior of particulate systems to be made. When recombination is significant, increases 

in either the electron or hole transfer rate constants should increase the overall oxidation 

rate of the organic donor. This prediction is difficult to test experimentally because many 

variables are generally changed at once, and it is difficult to show that only one rate has 

been changed when the experimental conditions are varied. For instance, if the species 

obtained from the reduction of 02(g) is also involved as an intermediate in the oxidation 

of the organic donor, then replacement of 02(g) with another acceptor will not provide a 

suitable test of this prediction. In addition, added redox reagents can act as 

recombination sites, so the overall photocatalytic rate could increase, decrease, or remain 

unchanged in the presence of such reagents. Clearly, caution must be taken in designing 

an experiment to test the predictions described above on an actual photocatalytic process. 

However, our experiments on single crystals of Ti02 can serve as a useful guide to the 

behavior of particulate photocatalytic systems, if such experiments can be performed 

under suitably well-defined and controlled conditions. 

Conclusions 

For Ti02 electrodes at pH = 7, the cathodic electron flux equaled the 

photogenerated carrier flux at 1 Sun for surface electron concentrations less than 1016 

cm-3. Within a prior model for photocatalysis, this would imply that electron-hole 

recombination should be minimal under photocatalytic conditions. However, the key 

constraint identified herein, and evaluated experimentally, is whether the cathodic and 

anodic fluxes sustained at the operating potential of the system each equal the flux of 
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photogenerated carriers to the TiO2 surface. This constraint was not met for rutile TiO2 

electrodes at 7 ::;; pH ::;; 14, so recombination was significant under our model 

photocatalytic conditions. We have also demonstrated the importance of explicitly 

including rates for electron transfer, hole transfer, electron/hole pair generation, and 

recombination in a kinetic model for TiO2-based photocatalysis. Our experimental 

measurements of 02 reduction at rutile TiO2 were in reasonable agreement with prior 

estimates for the rate of electron transfer from the TiO2 conduction band at pH 7, but did 

not yield the expected pH dependence of this rate constant. Improved flux-matching 

conditions were thus not observed as the pH was varied with 02 as the electron acceptor. 

At a fixed pH, improvements in the flux matching condition were observed upon addition 

of alternate electron acceptors to the electrolyte. Platinization of the TiO2 also yielded an 

improved flux-matching condition in the presence of 02. These data and theoretical 

analysis should therefore provide a useful framework to evaluate the behavior of systems 

using TiO2 for photocatalytic degradation of organic donors. 
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Table I. Summary of RDE Data. 

Potential 

(mV vs. SCE) 

-1000 

-1100 

-1200 

-1300 

Ile 

1.8 ± 0.5 

3.0±0.9 

3.0±0.9 

3.4 ± 0.7 

0.003 ± 0.001 

0.009 ± 0.003 

0.010 ± 0.003 

0.009±0.003 
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Figures 

Urec 

_ __,__U ~ OH- + h+ _.. •OH 
P~ RH+ h+ ~RH+• 

Figure 1. Schematic representation of the charge carrier fluxes in a Ti02 particle 

operating as a photocatalyst. r O is the flux of electrons and holes created by the light 

absorbed by the particle; Urec is the flux of electrons and holes that recombine in the 

particle; Un is the flux of electrons transferred to 02 or other electron acceptor species; 

and Up is the flux of holes being transferred to the organic, water, or other hole acceptor 

species in the solution. 
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Figure 2. Schematic diagram of the photoelectrochemical behavior of Ti02 in aqueous 

solutions. Flux-matching conditions for two possible cases are shown. (a) Dark oxygen 

reduction current density in an air-saturated solution as a function of potential, qUn(E). 

(b) Oxidation of H20/organic under solar illumination, q Up(E). The quantity qr O is the 

limiting photogenerated minority carrier current density, which equals the electron-hole 

pair generation flux multiplied by the charge on an electron, at the voltage indicated. ( c) 

Flux-matching condition when the net flux of electrons and holes out of the particle 

equals the generation flux, and the photocatalytic process is predicted to be light limited. 

(d) Flux-matching condition when the net flux is less than the limiting generation flux. In 

this situation, photocatalytic reactions at Ti02 are limited by the rate of charge transfer 

across the semiconductor/liquid interface. The behavior demonstrated in (d) would 

predict low efficiencies for photodegradation reactions due to recombination losses in the 
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Figure 3. (a) Current density vs. voltage observed for the reduction of 02 in the dark at 

TiO2 in an air-saturated 1.0 M NaOH (aq) solution. (b) Plot of ln J vs. E for the data of 

(a). The diode quality factor determined from this plot was 1.4 and the exchange current 

density was 2 x IQ-18 A cm-2. 
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Figure 4. Photooxidation of water at TiO2 under various light intensities. The solution 

was Nz-purged 1.0 M NaOH (aq). (a) r O = 2.0 x 101 4 electrons cm-2 s-1 (b) 

r0 = 5.2 x 1013 electrons cm-2 s-1 (c) r0 = 1.4 x 1Q13 electrons cm-2 s-1. 
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Figure 5. Flux-matching condition for single crystal rutile TiO2 in 1.0 M NaOH(aq). (a) 

Photooxidation of H2O; r O = 1. 7 x IOI 3 electrons cm-2s-l. (b) Dark reduction of 02 in 

air-saturated solution. The bar indicates the potential at which the oxidative and 

reductive current densities were equal, and also indicates the magnitude of the electron 

and hole fluxes that would flow through a TiO2 sample under photocatalytic conditions. 

Note that the net flux of both electrons and holes when Un(E) = Up(E) was much less 

than the electron-hole pair generation flux. 
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Figure 6. pH dependence of the flux-matching behavior of Ti 02. Each graph shows the 

dark reduction of 02 in an air-saturated solution, and the photooxidation of water in a N2 

purged solution. The limiting photocurrent in each case corresponds to 6.2 x 1013 

electrons cm-2 s-1. (a) 1.0 M NaOH (aq), pH= 14.0 (b) 0.50 M Na2CO3/NaHCO3 (aq), 

pH= 10.3 (c) 0.25 M TRIZMA HClffRIZMA Base, pH= 7.2. The potential at which 

the dark reduction current density equaled the photooxidation current density shifted 

negative by approximately 60 m V per pH unit. However, the magnitude of the predicted 

net flux was similar for all three cases and was much less than the photogeneration rate. 
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Figure 7. Effect of using an alternate electron acceptor on the flux-matching behavior at 

TiO2 in 1.0 M NaOH (aq) in a N2-purged solution. (a) Photooxidation of water (no 

added acceptor) (b) Dark reduction of dioxygen in an air-saturated solution (no added 

acceptor) (c) Dark reduction of 0.10 M K3Fe(CN)6 in a N2-purged solution. The bars 

indicate the positions and magnitudes of the flux-matching conditions for the case when 

dioxygen was the electron acceptor and for the case when K3Fe(CN)6 was the electron 

acceptor. 
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Figure 8. Effect of added donor on the photooxidation curves of Ti02 in N2-purged 1.0 

M NaOH (aq) solution. The data shown are from experiments in electrolyte alone, 

electrolyte+ CHCl3 (saturated), and electrolyte+ O. IOM I¼Fe(CN)6. 
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Figure 9. Comparison of the dark J-E behavior for bare and platinized (low coverage) 

TiO2 electrodes in 1.0 M NaOH. (a) bare TiO2, N2 purged solution; (b) bare TiO2, air

saturated solution; (c) platinized TiO2 (150A), N2 purged solution; (d) platinized TiO2 

(150A), air-saturated solution. The ratio of the Pt(4d3) peak to the Ti(2p) peak in XPS 

was 0.4 indicating approximately 6 A of Pt on the surface. The electrode was tested for 

Schottky diode behavior as described in the text and was found not to behave as a 

Schottky diode. 
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Figure 10. Comparison of the dark J-E behavior for bare and platinized (high coverage) 

TiO2 electrodes in 1.0 M NaOH. (a) bare TiO2, N2 purged solution; (b) bare TiO2, air

saturated solution; (c) platinized TiO2 (4600A), N2 purged solution; (d) platinized TiO2 

( 4600A), air-saturated solution. The ratio. of the Pt( 4f5/2) peak to the Ti(2p) peak in XPS 

was 30 indicating approximately 70 A of Pt on the surface. This electrode exhibited 

Schottky diode behavior as described in the text. 
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Figure 11. Flux-matching analysis in 1.0 M NaOH(aq) for the platinized TiO2 electrode 

described in Figure 9 (:::: 6 A Pt). (a) Photooxidation current density in a N2-purged 

solution. (b) Reduction current density in a N2-purged solution in the dark. (c) 

Reduction current density in an air-saturated solution in the dark. As described in the 

text, electron and hole fluxes could not be determined independently for this electrode. 

The relevant comparison is the limiting photooxidation current density and the reduction 

current density in the dark for the N2-purged solution at E 0 c of the light curve, as 

indicated by the arrows. These data predict that electron hole pair generation would be 

rate-limiting for this system. 
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Figure 12. Representative plot of oxygen reduction current density vs. potential for TiO2 

RDE in air-saturated 1.0 M KOH(aq) solution. The current depended on the rotation rate 

of the electrode, with increasing rotation rates yielding increasing currents. The data 

illustrated were collected at 1000, 3000, 5000, and 7000 revolutions per minute, as 

indicated. 
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Figure 13. Koutecky-Levich plots at several potentials for the RDE data in Figure 12. 

(a) -1000 mV vs. SCE; (b) -1100 mV vs. SCE; (c) -1200 mV vs. SCE; (d) -1300 mV vs. 

SCE. The slope of these plots was proportional to the number of electrons transferred, Ile, 

and they-intercept was inversely proportional to the rate constant for 02 reduction, kn' • 

The average values of Ile and kn' for a series of data sets is summarized in Table I. 
































































































































































