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ABSTRACT 

This dissertation describes photocoulometric and 

AC impedance studies of dye-modified electrodes. The 

photocoulometric technique allowed photoelectrochemical 

phenomena to be observed without mass transport effects. 

These measurements confirmed the photoconductive properties 

of monomeric silicon phthalocyanine dye. They also showed 

that the photo-assisted oxidation of hydroquinone to benzo

quinone at n-tin oxide electrodes modified with this dye 

involved a cation dye intermediate with a lifetime of 

between 0.05 and 350 ns, with the rate limiting step being 

charge transport through the dye film or charge transfer 

across the interface between the dye and the substrate. 

AC impedance studies included Mott-Schottky 

measurements and faradaic impedance experiments on tin oxide 

and gold metallized plasti0 upt~cally transparent 

electrodes. They also examined the substrates modified with 

monomeric silicon phthalocyanine and chloro-gallium phthalo

cyanine. The Mott-Schottky measurement procedure was free 

of systematic errors that affected other published work, and 

the results of these measurements were consistent with those 

found by independent methods. The faradaic impedance 

xvi 



xvii 

technique was applied to dye-modified electrodes for the 

first time. These studies found evidence for an adsorption 

or electrodeposition process in the oxidation of 

hydroquinone at these electrodes, and gave exchange current 

densities that were consistent with the values that were 

found by other methods. 



CHAPTER 1 

INTRODUCTION 

Light induced processes, or photoeffects, have been 

known since 1839, when Becquerel discovered that a current 

would flow between two.platinum wires in an electrolyte 

solution when one electrode was illuminated and the other 

was not (1.1). Since then, photoeffects studied have 

included flash photolysis at electrodes, photoemission of 

electrons from metal electrodes into the solution, 

photocurrents, and photovoltages. Materials studied have 

included metals, inorganic and organic semiconductors, and 

photoconductors. Because it offers the hope of converting 

solar energy into electrical or chemical energy (1.2-9), the 

photoelectrochemistry of semiconductors has received much 

attention in the past decade. Solar cells have not yet 

become practical for several reasons. Some of them include: 

--a high materials cost, such as for pure single 
crystals 

--low energy conversion efficiency 

--incomplete use of the solar spectrum 

--difficulty of energy storage as chemical fuels or 
batteries 

--instability to light (photocorrosion) 
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The liquid junction solar cell is one promising 

device. In 1972 Fujishima and Honda demonstrated the photo

electrolysis of water to H2 and 02 at a single crystal 

n-Ti02 electrode (1.10). Unfortunately, this system 

suffers from many of the above problems, the single crystal 

n-Ti02 is hard to prepare, and the reaction requires 

ultraviolet light. Other semiconductor materials, including 

several metal oxides and sulfides, also have been tested. 

None, however, is free from all of the above difficulties. 

The most serious problem is that stable materials usually 

absorb only ultraviolet light, which is just a small part of 

the solar spectrum. Those which absorb visible light 

generally are unstable to photodecomposition. One possible 

answer to this difficulty is to modify a stable electrode 

surface with a dye. The dye can extend the electrode 

absorbance from the ultraviolet into the visible spectrum, 

and it also may protect unstable electrodes from photo

decomposition. Choosing appropriate electron accepting or 

electron donating reagents in the solution may also prevent 

this process. Previous work (1.11-16) has shown that tin 

oxide and optically transparent gold electrodes modified 

with various phthalocyanine dyes can oxidize hydroquinone to 

benzoquinone under visible light. This dissertation reviews 

several models of semiconductors, models of the 

semiconductor-electrolyte interface, models of dye-modified 
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electrodes, and photoeffects at these electrodes. It also 

presents some questions and problems about these models, and 

discusses several methods of studying them. It explains how 

transient photoelectrochemical methods can study time 

domains and electrode processes that are unavailable with 

slower electrochemical methods. It describes and discusses 

the results of pulsed laser photocoulometry and AC impedance 

experiments on the oxidation of hydroquinone at monomeric 

silicon phthalocyanine (m-SiPc) and chloro-gallium phthalo

cyanine (GaPc-Cl) electrodes on Q-Sn02 and optically 

transparent gold electrodes. Finally, it concludes with 

recommendations for future work. 

1.1 Semiconductors 

The first models of dye modified electrodes treated 

these materials as semiconductor E-~ junctions, so a 

description of semiconductors is given here. A more 

complete description is in other references (1.17,18). 

An isolated atom has a set of electron energy 

levels. The levels having the lower energies are occupied, 

whereas those with higher energies remain vacant. When 

individual atoms combine to form molecules, electrostatic 

repulsion causes the energy levels to separate. For a large 

number of atoms, the energy differences between these levels 

become much smaller than the average thermal energy of the 
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electrons (3/2 kT, or 0.04 eV at room temperature) and the 

individual energy levels may be treated as a continuous 

energy band. The lower energy levels are called the valence 

band; the higher energy levels, the conduction band. The 

energy difference between the valence and the conduction 

band edges, called the band gap energy, classifies the 

material as a conductor, an insulator, or a semiconductor. 

Figure 1.1 schematically illustrates energy level diagrams 

for these materials. 

Conductors have band gap energies of much less than 

kT. This low energy difference means that electrons have 

enough thermal energy to be distributed almost evenly 

between the valence band and the conduction band. The high 

mobility of electrons in the conduction band results in a 

low resistance, or a high conductance, to charge transport. 

Conductors have specific conductances of more than 

21' 10 (ohm-cm)-. 

Insulators have band gap energies of much more than 

kT, so that almost no electrons have enough thermal energy 

to be excited from the valence into the conduction band. 

Since the electrons in the valence band are tightly bound, 

these materials have electrical conductances of less than 

10-9 (ohm-cm)-1. 
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Materials with intermediate conductances are called 

semiconductors. Depending on how the charge carriers are 

produced, they may be either intrinsic or extrinsic semi-

conductors. Intrinsic semiconductors have band gap energies 

comparable to kT, so that an intermediate fraction of the 

electrons are distributed between the valence and conduction 

bands. An electron that is excited from the valence band to 

the conduction band leaves behind a positively charged 

vacancy in the valence band. In the presence of an electric 

field, another electron in the valence band moves to fill 

this vacancy and leaves still another behind. By this 

process the vacancies move in the opposite direction from 

the electrons, and may be considered as positively charged 

holes. Intrinsic semiconductors have the same number of 

electrons and holes, as described by: 

Ne = Nh = (8wmekT/h2 )* e-E/ 2kT 

E = band gap energy 
( 1.1) 

In contrast, charge carriers in extrinsic semiconductors 

come not from thermally energetic electrons but from added 

impurities, or doping materials. An ~-type semiconductor, 

such as As-doped Ge, has doping materials that supply 

electrons to the conduction band. A ~-type semiconductor, 

such as Ga-doped Ge, has doping materials which accept 

electrons from and thus leave holes in the valence band. 

The density of charge carriers is approximately equal to the 



doping density for an extrinsic semiconductor. Charge 

carriers from the doping materials are called majority 

carriers; those of the opposite sign are called minority 

carriers. 
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The mean energy of the charge carriers in a material 

is called the Fermi energy, or Fermi level. It separates 

energy levels that are more than half occupied from those 

that are less than half occupied. In semiconductors, the 

Fermi energy is within the band gap. For intrinsic semi-

conductors it is the average of the conduction and valence 

bands. For extrinsic semiconductors it· is 

EF = EVb + kT ln (Nv/Na ) 

EF = Ecb - kT ln (Nc/Na ) 

Na = the acceptor site density in the 
conduction band 

Nv = the charge carrier density in the 
band 

Nc = the charge carrier density in the 
conduction band 

given by: 

(1 .2) 

valence or 

valence 

Figure 1.2 illustrates the energy level diagrams for these 

materials. 

1.2 The electrode-solution interface 

The electric field at the electrode-solution 

interface strongly affects charge transfer processes, so a 

number of models have been developed to describe its 

structure. When an electrode is placed in a solution that 
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contains a redox couple (a molecule, atom, or ion that can 

accept or donate electrons to the electrode) the chemical 

potential of an electron in the electrode usually differs 

from that of an electron in the solution. Electrons tend to 

flow from the phase having the higher electrochemical 

potential to the one having the lower. The Fermi energy of 

each phase changes to reflect this charge transfer. At 

equilibrium, the electron chemical potentials are the same 

in both phases: the Fermi energy of the electrode equals the 

redox potential of the redox couple in the solution. 

Solid state energy levels usually are measured 

against the energy of an isolated electron in a vacuum, 

whereas solution electrochemical energy levels are measured 

against a reference electrode such as the standard hydrogen 

electrode. The difference between these two scales cannot 

be measured exactly, but the accepted value is that the 

energy of an electron in the standard hydrogen electrode is 

-4.5 eV with respect to the energy of an isolated electron 

ina vacuum (1. 19) . 

A flow of electrons produces a net charge on the 

electrode and a corresponding but opposite charge in the 

solution, thus creating an electric field at the interface 

between the electrode and the solution. Several models have 

been proposed to describe this electrified interface. They 

are summarized in the following discussion; a more detailej 



treatment can be found in standard textbooks and review 

articles (1.20-22) or the original references. 
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For a metal electrode with no specific adsorption of 

either electrochemically active or inactive substances onto 

the electrode, the Helmholtz model is the simplest descrip

tion of the electrified interface. This model treats the 

interface as simply a charged parallel plate capacitor, with 

all of the excess charge on the metal and in the solution 

being divided between two planes. This model~ however, 

predicts that the interface between the electrode and the 

solution (the ionic double layer) has a differential 

capacitance, dC/aE, that is independent of an externally 

applied potential and experiments have shown that in fact 

the differential capacitance is dependent on potential. The 

Gouy-Chapman model allows for thermal motion of the ions 

that causes them to distribute within a diffuse double layer 

having a thickness that depends on the solution composition. 

This model predicts, in agreement with experimental results, 

that the differential capacitance changes with electrode 

potential. However, it disagrees with observed behavior in 

predicting that the differential capacitance becomes 

infinite at extreme potentials, when in fact it reaches a 

limiting value. The Gouy-Chapman-Stern model accounts [or 

this observation. Unlike the other models, this description 

of the electrified interface accounts for a finit8 ion size 
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rather than considering them as point charges. This model 

includes a plane, called the outer Helmholtz plane, of 

closest ion approach to the electrode as in the Helmholtz 

model, yet retains the three dimensional ion distribution 

described in the diffuse layer of the Gouy-Chapman model. 

The Gouy-Chapman-Stern model describes the interface between 

the electrode and the solution as two capacitors in series, 

one corresponding to the ions at the outer Helmholtz plane 

and the other corresponding to the ions in the diffuse 

layer. It predicts that the differential capacitance of the 

interface changes with the applied potential near the 

equilibrium potential but reaches a limiting value at 

potentials far from equilibrium. This description is 

accurate for metal electrodes in electrolyte solutions as 

long as specific adsorption does not occur. 

The preceding models considered only electrostatic 

forces between the electrode and the ions in the solution. 

In addition to the size and the charge of ions, specific 

chemical effects also may be important. Specific adsorption 

of ions or neutral molecules at the electrode surface might 

affect the structure of, and charge transfer processes at, 

the interface between the solution and the electrode. The 

simplest models that account for specific interactions 

consider the adsorbed molecules as being tightly bound in ~ 

plane, the inner Helmholtz plane, at the electrode surface. 
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The attractive forces between the electrode and the adsorbed 

material are described by adsorption isotherms that depend 

on the specific chemical interactions, rather than by the 

simpler electrostatic equations that account for the 

behavior of ions in a solution. Figure 1.3 illustrates 

these various models, and the predicted behavior of the 

differential capacitance under an applied potential. 

Models that describe the interface between a semi-

conductor electrode and an electrolyte solution are similar 

to those for metal electrodes. The most important 

difference is the presence of a charge distribution within 

the semiconductor. The lower density of charge carriers in 

a semiconductor (10 14 - 1019jcm3 ) compared to that in 

a metal (1022jcm3) means that the excess charges in a 

semiconductor are found not in a plane at the electrode 

surface, but within a three dimensional space charge layer 

that extends into the bulk of the semiconductor. The 

difference in charge distribution within a metal and a semi

conductor is analogous to the contrasting pictures of the 

ionic solution near an electrode that are described by the 

Helmholtz and the GouY-Chapman models. 

This charge distribution within a semiconductor 

produces an electric field within the material. The 

apportionment of the interfacial electric potential between 

the semiconductor and the solution depends on the relative 
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densities of the charge carriers; the phase having the lower 

one (a lightly doped semiconductor or a dilute electrolyte 

solution) has the higher change in potential. Usually, most 

of the change in the potential occurs within the space 

charge region of the semiconductor. The electron transfer 

process that brings the semiconductor electrode and the 

solution into equilibrium with each other generally involves 

only a small fraction of the total charge in the semi

conductor. Therefore, the energy differences between the 

Fermi level and the conduction and valence band edges within 

the semiconductor bulk do not change appreciably, and the 

band edges shift with the Fermi energy. On the other hand, 

the conduction band and valence band edges at the electrode 

surface remain fixed with respect to the energy of an 

electron in a vacuum. As a result of these processes, the 

energy levels within the semiconductor bulk differ from 

those at the surface. This energy change across the space 

charge layer is called band bending. Figure 1.4 illustrates 

this process for an ~-type semiconductor that reaches 

equilibrium by losing electrons to the solution. 

Band bending at the junction between the electrode 

and the solution is important because the electric field 

tends to separate electron-hole pairs and to prevent them 

from recombining. An externally applied field, called a 

bias potential, changes the structure of the energy level 
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through the same process. A bias potential that is equal in 

magnitude but opposite in polarity to the change of the 

potential across the space charge layer, called the flat 

band potential, exactly cancels the electric field within 

the semiconductor. 

1.3 Electron transfer at electrodes 

W.hen an electrode is made part of an electrochemical 

cell, the electrical circuit is completed by immersing a 

second electrode in the same solution and by connecting the 

two electrodes through an external circuit. Under an 

appropriate electric field, either inherent from different 

electrochemical potentials in the two electrodes or applied 

externally, electrons flow from a more negative to a more 

positive potential. This electron flow is in the direction 

of lower free energy according to the relation 6G = -nF6E. 

Electron transfer occurs between both electrodes and the 

~olution. A substance is oxidized when it donates an 

electron to the electrode; it is reduced when it accepts an 

electron from the electrode. According to the Marcus theory 

of electron transfer (1.23,24), electrons are donated into 

the solution from the highest occupied molecular orbital in 

the electrode and accepted from the solution into the lowest 

unoccupied molecular orbital of the electrode. An electron 

transfer reaction is thermodynamic~lly possible if the 
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transfer occurs from one orbital to another with an equal or 

a lower energy. The reaction is kinetically rapid if the 

two orbitals overlap in energy. 

When electron transfer occurs, the solvent molecules 

that surround the substance which accepts or donates the 

electron rearrange themselves. By this process of this 

reorganization of the solvent molecules, the energy levels 

of an electron accepting state and the corresponding 

electron donating state differ by a quantity called the 

reorganization energy. Its value depends on the precise 

structure of the solvated complex in the solution, but is 

usually in the 0.4 - 0.8 eV range. Thermal motion spreads 

the molecular energy levels out. At room temperature, this 

range is large enough that the electron donating and the 

electron accepting levels overlap in energy. 

Electron transfer at metal electrodes is different 

from electron transfer at semiconductor electrodes in two 

important ways. The first is that electron transfer at 

semiconductor electrodes does not occur when the electron 

accepting or electron donating energy levels fall within the 

band-gap energy of the semiconductor, whereas no such 

restriction exists at metal electrodes. The second 

difference is the mechanism of how the charge transfer 

process depends on the electrode potential. With metal 

electrodes, the activation energy for charge transfer 
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changes with potential. With semiconductor electrodes, the 

number of charge carriers depends on potential. Although 

the models are different, the currents on both electrodes 

show an exponential dependence on potential as long as the 

current is not limited by diffusion. Figures 1.5 and 1.6 

compare the usual schematic diagrams that describe electron 

transfer at metal electrodes with those that describe 

electron transfer at semiconductor electrodes. 

1.4 Photoelectrochemistry of semiconductors 

1.4.1 Ideal behavior 

When light with energy greater than the bandgap 

energy illuminates a semiconductor, an electron in the 

valence band can absorb a photon and move into the conduc

tion band, leaving behind a hole. In metals, these photon 

-produced pairs of charge carriers recombine rapidly. In 

semiconductors, howeVer, the appropriate electric field in 

the space charge region can separate the electrons and the 

holes, so that the charge carriers move in opposite 

directions. This process produces a net charge separation, 

which results in a potential difference across the semi

conductor that is called a photopotential; and a net charge 

flow, which is called a photocurrent. Illumination produces 

an equal number of electrons and holes, which are separated 

by the electric field in the space charge layer of the 
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semiconductor. This light induced charge separation shifts 

the Fermi level and decreases the electric field in the 

space charge layer. The potential difference between the 

Fermi levels in the dark and in the light is called the 

photovoltage. Its presence or absence indicates whether a 

liquid junction solar cell truly converts light to 

electrical or chemical energy, or simply exemplifies a light 

catalyzed process. 

Figures 1.7 a-c show three classes of liquid 

junction solar cells (1.25). In a photogalvanic cell, the 

electrons in the photocurrent drop their potential energy 

and do work in an external load, returning to a second 

electrode which is at the same potential as the first. In a 

photoelectrolytic cell, the electrons retain their potential 

energy until they reach the second electrode, where they can 

react with the solution to produce a chemical fuel. The 

process is similar at a photocatalytic cell, except that the 

energy from the light merely increases the rate of a 

spontaneous but slow reaction. 

1.4.2 Non-ideal behavior of semiconductors 

The preceding discussion applies to ideal materials, 

with rapid electron transfer between the solution and the 

electrode and with no energy levels within the band gap of 

the semiconductor. In reality these extra energy levels, 
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called surface states, always are present. Two reasons for 

these surface states are that the crystal structure of the 

semiconductor is interrupted at the interface between the 

solution and the electrode to leave unoccupied electron 

orbitals, and that surface oxides or adsorbed impurities may 

deposit on the electrode surface. These surface states may 

catalyze the recombination of electrons and holes, thus 

decreasing the photocurrent. If the recombination rate at 

these surface states is rapid compared to the rate of charge 

transfer with the solution, then the Fermi energy of the 

semiconductor is fixed to the energy of these surface states 

rather than the energy of the electrolyte solution. This 

phenomenon is called Fermi level pinning. It first was 

described for junctions between metals and semiconductors 

(1.26), and it has important applications to semicond~ctor 

-liquid junction solar cells (1.27). In sit~ations 

described by Fermi level pinning, the flat band potential 

and the photopotential are determined by the energy of the 

surface states rather than by the redox potential of the 

solution. Fermi level pinning decreases ·the photopotential, 

but permits a wider range of redox couples to be used in 

these devices. Modifying the electrode surface with a dye 

molecule, as will be described in the following sections, 

creates surface states. If the dye molecules have a well 

defined structure and energy level, and if they are more 
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numerous than other surface states such as oxide layers and 

adsorbed electrolyte molecules, then the dye molecule will 

determine the surface behavior of the electrode by such 

phenomena as Fermi level pinning. , 

1.5 Dye-modified electrodes 

Memming and Kurstens first suggested using dyes to 

enhance the spectral response and the stability of semi

conductor electrodes (1.28). The appropriate dye molecules 

can absorb light strongly in the visible spectrum to produce 

electron-hole pairs, similarly to the process already 

described for semiconductors. If the energy levels of the 

ground or the excited state dye overlap the energy levels of 

the solution, then the dye may take part in electron 

transfer reactions between the two. This process of 

extending the photocurre~t response of an electrode from the 

ultraviolet to the visible spectrum is called sensitization, 

a term borrowed from the photography industry. 

Many dyes oxidize irreversibly when they are 

illuminated. This reaction can be prevented by adding to 

the solution a reducing agent that reacts with the dye more 

rapidly than the photodecomposition reaction. This method 

of increasing the photocurrent and giving it a longer 

lifetime is called supersensitization, which is another term 

borrowed from the photography industry. 
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The early work in this area examined semiconductor 

electrodes in dye solutions. These studies found that 

electron transfer rates were limited by the low solubility 

and the slow diffusion of the dye in the solution, and by 

the small number of excited state dye molecules at the 

electrode surface. These problems were addressed by 

adsorbing dye monolayers on to the electrode, but this 

attempt was unsatisfactory because a single dye layer does 

not absorb much light. Thicker dye films capture more 

light, but they often have a high rate of charge carrier 

recombination as indicated by their high electrical 

resistance. Single crystal dye layers have fewer defects 

than amorphous layers, resulting in lower rates of charge 

carrier recombination, longer charge carrier lifetimes, and 

lower electrical resistances. However, large single 

crystals are difficult to prepare. Because of these 

practical problems, dye-mOdified electrodes are not yet 

practical devices for converting light into chemical or 

electrical energy. 

Modifying an electrode surface with a dye results in 

more complicated models of photocurrents. Gerischer and 

Willig gave this description of the process for a monolayer 

of dye on a semiconductor electrode (1.29): 
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D + hv -+- D-

D -+- D+ + e 

D+ + Red -+- D + Ox 

For dye films that are thicker than the average diffusion 

length of a charge carrier, recombination of electrons and 

holes also is important. The result of this series of 

reactions is that a dye molecule absorbs a photon, donates 

an electron to the semiconductor, and is regenerated by 

accepting an electron from a redox couple in the solution. 

Figure 1.8 gives an energy level description of this 

process. With additional dye layers the single set of 

energy levels broaden to form energy bands, just as they do 

in the transition between isolated atoms and semiconductors 

as the number of atoms increases. Figure 1.9 illustrates a 

schematic diagram of this process. 

The dye material may be considered as an organic 

semiconductor or a photoconductive polymer. Charge carrier 

production and transport within organic substances cannot be 

described by the simple energy band model used to describe 

inorganic semiconductors (1.30). Organic crystalline solids 

are held together by van der Waals bonds, which are much 

weaker than the covalent bonds that join the molecules of 

inorganic semiconductors. Since the width of an energy band 

is related to the strength of the intermolecular bonds, the 
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band width for organic materials is much narrower than for 

inorganic semiconductors. This narrower width results in 

such a low charge carrier mobility that the band models of 

charge transport do not apply. Instead, the properties of 

the dye molecules themselves determine the properties of 

charge carrier creation and transport. 

1.6 Models of photocurrent processes 

Several workers have derived rate equations that 

predict the dependence of photocurrents on various 
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experimental conditions. They all model the photoelectro

chemical cell as a battery, with a variable resistance and 

voltage, in a simple electrical circuit and apply Ohm's Law 

to the circuit: 

E = iR (1 . 4 ) 

This equation is applied to the photocurrent as: 

(1 • 5 ) 

U~fortunately, these derivations have two limitations. The 

photovoltage (Ephoto) and the cell resistance (Rcell ) 

both have a complicated dependence on experimental 

conditions. The published works all express these terms 

with solid-state physics parameters such as c~rrier 

mobilities and potential drops across various interfaces, 

which cannot be readily measured. 
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Reiss considers photoeffects at the junction between 

a semiconductor and an electrolyte, and presents a model 

(1.31) that considers parameters such as rates of charge 

transfer at the interface, recombination at the surface and 

in the bulk of the semiconductor, the light intensity, the 

absorbance coefficient of the material, and mass transport. 

The resulting equations for the photocurrent are so 

complicated, however, that his discussion is limited to 

photocurrents and photopotentials at zero applied bias 

potentials. This assumption of zero overpotential, and the 

assumption that charge carriers do not recombine within the 

space charge region of the semiconductor, do not allow 

derivations of expressions for the dependence of photo

currents on bias potential, or to account for the effect of 

surface states. 

Rajeshwar presents a model (1.32) that considers all 

of the charge transfer as taking place through a continuous 

and evenly distributed set of surface states within the band 

gap of the semiconductor. This model predicts that the 

density of surface states, and the rates of holes tunneling 

from the semiconductor bulk to surface states compared to 

the rate of recombination between electrons and holes, are 

the most important factors in determining the photocurrent. 

According to his model, if recombination is slow then the 

photocurrent is directly proportional to light intensity and 
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the concentration of the redox couple; if recombination is 

rapid then the photocurrent is independent of both intensity 

and concentration. 

Chazalviel describes a similar model that considers 

the effects of surface states (1.33). He derives 

theoretical relations between photocurrents and applied 

voltage, and the frequency dependence of the AC impedance 

and of photocurrents produced with chopped light. His 

predictions are supported oy data from the electrolysis of 

benzoquinone and of ferrocene in acetonitrile solution, with 

tetrabutyl ammonium perchlorate as the indifferent 

electrolyte, at n-Si electrodes. The relation between 

current and voltage agreed closely with that predicted by 

the Tafel equation: 

In i = -naF/RT (cathodic) 

-In i = n(1-a)F/RT (anodic) 
(1 .6) 

The results of the AC impedance measurements supported a 

model of the electrode-solution junction that is illustrated 

in Figure 1.10. In most situations, RctC dl is much 

greater than RssC ss so that the effects of surface 

states are noticeable only at low AC frequencies. 
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1.6.1 Photocurrents at dye-modified electrodes 

Dye-modified electrodes do not fit any of the 

previously discussed models because the behavior of the dye 

molecules as surface states falls between the extremes of a 

single level and a continuous range of energy levels within 

the semiconductor bandgap. A homogeneous dye layer would be 

expected to have an energy level structure like that of a 

semiconductor, with a continuous range of conduction band 

and valence band energies but with its own bandgap 

separating the two band edges. This complication means that 

none of the previously described models can be applied 

directly to dye-modified electrodes. 

The following section presents a model of photo

currents at dye-modified electrodes which emphasizes the 

molecular properties of the dyes, rather than tre~ting them 

by the band gap models for inorganic semiconductors. 

Appendix A gives the derivations for rate equations that 

describe photocurrents at dye-modified electrodes. This 

discussion describes the photocurrents in terms of 

experimental variables such as light intensity, concen

tration of redox couple in the solution, and thickness of 

the dye film, and indirectly by rate coefficients that are 

either linearly or exponentially dependent on the bias 

potential. This approach is different from the others, which 

generally describe the photocurrent in terms of 
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thermodynamic and physical characteristics such as photo

voltages, standard potentials of redox couples, and 

densities of charge carriers. The following is a summary of 

these models, which are illustrated in Figures 1.11 

and 1.12, and the rate equations which were derived from 

them. 
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dye cation intermediate 
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1.6.2 Rate equations for models of photocurrents 
at dye-modified electrodes 

The first model to be discussed involves a dye 

exciton as a transient intermediate. This mechanism 

considers the dye as an electron shuttle, similar to the 
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process of charge transport across cell walls. Figure 1.11 

illustrates this model. 

The ground state dye molecule (D) absorbs a photon (hv) 
to become an excited state dye molecule (D*) 

2 The excited state dye molecule returns to the ground 
state that do not involve intermolecular charge 
transfer, such as by fluorescence, phosphorescence, and 
vibrational-rotational relaxation. 

3 The energy of the excited state dye molecule is 
transferred through the dye layer via exciton8 until a 
molecule at the solution becomes excited. 

k +m 
D* b -<-----..... ~ D* s 

k -m 
4 The excited state dye molecule reacts with a redox 

couple in the solution to form a free electron. 

D* + R s 

k+a 

'II:"~--k--""'- D-s + 0 
-a 
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5 The electron migrates to the substrate. 

k+m, 
D ------------->~ D-s , m 

k_m' 

6 The electron transfers from the dye to the substrate. 

D 
m ~""'---k-

-c 

e 
m 

A variation of this model considers a dye film which is 

thin, in contrast to the thick dye film that was discussed 

in the previous section. A dye film is considered thin when 

transport properties within the film are not important. The 

reactions in this model are: 

k 
D + hv e 

) D* 

2 D* 
kd 

) D* + h v ~ 

k+a 
D* ~ - 0 + R < e d + 

k -a 
3 

k +0 > -e d <: e 
k m 
-c 

4 

The next model to be discussed involves a dye cation as an 

intermediate species. This model is illustrated in 

F i gu r e 1. 1 2. 
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The excitation of the ground state dye molecule (D) to 
an excited state (D*) by absorbing a photon (hv) is 
described by ke . 

k 
D + hv e > D* 

2 The creation of charge carriers (D+, e-) in the 
bulk dye layer is described by ks . 

A molecular description of this process is that the 
electron of the excited state dye becomes delocalized 
and moves in ~esponse to an electric field. 

3 De-excitation processes, such as fluorescence and 
vibrational-rotational relaxation, which do not produce 
free charge carriers are described by kd . 

D* 
kd 

----->~ D + hv~ 

4 The recombination of charge carriers to give a ground 
state dye molecule and a photon is described by k . r 

k 
D+

b 
+ e b ____ r_>~ D + hv~~ 

5 The migration of holes from the interior of the dye to 
the solution is described by k+h and k_ h · 

k+h 
D+ -----------~ D+ 

b , s 
k_h 
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6 The migration of electrons from the interior of the dye 
to the metal or semiconductor substrate is described by 
k and k +e -e 

7 

k+e 

s 

The anodic photocurrent and its quenching; that is, the 
transfer of holes to a redox couple in the solution, is 
described by k+a and k_ao 

k+a 
D+ + R __________ ~_ D + 0 

s " k -a 

8 The cathodic photocurrent and its quenching; that is, 
the transfer of electrons to the substrate, are 
described by k+ and k c -c 

e ;=======~> e m s..... k 
-c 

The final model considers the dye cation mechanism 

in a thin dye film, with the reactions: 

D + hv 
ke 

> D* 

k 
> D+ + 2 D* s e 

3 D* 
kd 

> D + hv' 

D+ + 
k 

4 
r > D hv ' e + 



5 

6 

k+a 
---------,~ D + 0 

k+c 

k -a 

D- -.... --k--' .... D- (m) 

-c 

These models all assume: 
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The dye film is so thin or the light is so intense that 
the light intensity is uniform across the entire dye 
film. 

2 Interactions between dye molecules and photons are much 
faster than any others, so that the number of excited 
state dye molecules is constant during illumination. 
In other words, the system is at a steady state (but it 
is not at equilibrium while it is being illuminated). 

3 Diffusion of the redox couple in the solution is not a 
rate limiting step. 

4 Subsequent reactions of the redox couple after charge 
transfer with the electrode do not affect the rate. 

5 Recombination of charge carriers in the substrate is 
not ::3ignificant. 

6 Reactions in the dark, such as direct electrolysis at a 
bare substrate, are not important. 

7 The dye film is non-porous, so that the electrochemical 
activity is blocked. 

8 The dye film is homogeneous. 
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Appendix A contains the complete derivations of the 

rate equations and the photocoulometric signals that are 

predicted by these models. A summary of the results follows. 

Model 1 (which involves a dye-exciton intermediate and a 

thick dye film), Model 3 (which involves a dye-cation 

intermediate and a thick dye film) and Model 4 (which 

involves a dye-cation intermediate and a thin dye film) all 

predict: 

d keks[DJ [hvJ 
- [OJ = 
dt ks + kd 

If kd is large with respect to ks' then: 

d keks[DJ[hvJ 
- [OJ = 
dt kd 

If kd is small with respect to ks' then: 

d 
[OJ = k e [D J [hv J 

dt 



Model 2, which involves a dye-exciton intermediate and a 

thin dye film, predicts: 

If 

If 

kd 

d 

dt 

is 

d 

dt 

kd is 

d 

dt 

[0] = 
kek+a[D] [hv] 

k+a + kd 

large with respect 

kek+a[D][hv ] 
[0] = 

kd 

small with respect 

[0] = ke[D][hv] 

to k+a , then: 

to k+a , then: 
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All of these equations depend linearly on k , e 

[hv], and T. They show contrasting behavior, however, 

towards [R]; and they feature a variety of rate coefficients 

which differ in their dependence on the bias potential. 

These differences among the several rate equations suggest 

that the correct model can be chosen by studying the 

dependence of the photocoulometric signal on various 

conditions such as the bias potential and the concentration 

of the redox couple in the solution.' The actual 

photocoulometric behavior of phthalocyanines may be more 

complicated than the predictions of these simple models 

because a more accurate model includes additional features 

such as multiple dye phases and photoconductive behavior. 

These concepts are summarized in the following sections. 

1.6.3 The two-phase dye film model 

Recent work (1.34-35) has provided evidence that 

thick films of phthalocyanine form at least two distinct 

phases, with the dye molecules near the dye-substrate 

interface being more photoactive. The following is a 

summary of how this complication modifies the models and the 

rate equations that were developed in this section. 

The multiple phase model would introduce a parallel 

set of rate coefficients and concentrations describing 

processes in each phase. If the entire dye film were 
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illuminated with the same light intensity (Assumption 1), 

then the ove~all photocu~rent rate equations would include 

contributions by the photocurrent from each dye phase. 

Although these additional terms would result in more 

complicated equations, if one step were much slower than all 

of the others then this one would be the rate-limiting step 

and would mask the effect of all other processes. This 

phenomenon is known as the "bottleneck" effect in kinetics. 

As a result of the bottleneck effect, the equations that 

were desribed in the previous section may still be 

unaffected by the complication of multiple dye phases. 

1.6.4 The modifications of Rose 

Rose (1.36) discusses a model of photoconductors 

that may be a more accurate description of these phthalo

cyanines. Figure 1.13 illustrates an energy level diagram 

of a photoconductor according to Rose's model. Two addition 

features of this model, compared to the simpler semi

conductor models that were discussed previously, are 

separate Fermi levels for electrons and holes and the 

presence of energy levels within the photoconductor band 

gap. Depending on thei~ position with respect to the Fermi 

level of the appropriate charge carrier, an energy level may 

act as a trap (which increases the response time of a photo

conductor) but does not affect the net photocu~rent), O~ it 
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E .---------------------v 

E = conduction band c 

Ev = valence band 

Ef _ = Fermi level for electrons 

Ef+ = Fermi level for holes 

Figure 1.13 Energy level diagram for a photoconductor 



may act as a recombination site (which decreases the 

lifetime of a charge carrier, and also the photocurrent). 
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Furthermore, the energies of the electron and the hole Fermi 

levels with respect to the energies of the conduction and 

the valence bands depend on the degree of excitation in the 

photoconductor, which in turn changes with light intensity . 
• 

According to the model presented by Rose, a linear 

relation between the photocurrent (i) and the light 

intensity (I)--that is, i = ki a where k is a constant and 

a = 1--can be explained by an energy level distribution of a 

photoconductor which has a high concentration of energy 

levels near the dark Fermi level but a low concentration 

between the electron Fermi level and the conduction band 

edge. This distribution results in most of the energy 

levels acting as trap sites rather than recombination sites. 

A value of a = 0.5 indicates a distribution of energy states 

with a large concentration between the Fermi levels of the 

electrons and the holes. This distribution causes most of 

the energy levels to act as recombination sites, giving 

charge carrier lifetimes and photocurrents that are limited 

by the recombination of charge carriers. A value of a 

between 0.5 and 1 indicates that the charge carrier 

lifetimes are decreasing with higher light intensities. 

This effect arises when a photoconductor has a fairly 

uniform distribution of energy levels between the valence 



and the conduction bands. At low light intensities the 

Fermi levels of the holes and the electrons (Efp and 

Efn ) are near the valence and the conduction band edges 

(Ev and Ec) respectively. At higher light intensities 

the density of charge carriers increases. According to 

Equation 1.2, the Fermi levels change so that Efp 
approaches E and Ef approaches E , as illustrated in v n c 

Figure 1.14. These shifts in the Fermi levels conve~t 

trapping sites to recombination sites as the light 

intensities increase. This process of creating additional 

recombination sites under illumination is called 

photodoping. This phenomenon is analogous to physically 

doping a semiconductor with impurities, which creates 

additional energy levels within the bandgap of a 

semi conduc tor. 

As explained by Rose, this photodoping effect can 
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give either a super-linear relation between light intensity 

and photocurrent (a > 1) or a sub-linear relation with 

0.5 < a < 1. Saturation, which eliminates any differences 

between electron and hole charge carrier mobilities, can 

give photocurrents that are sublinear'with, or completely 

independent of, light intensity (0 .::. a < 1). To satisfy 

these conditions of saturation or photouoping, the light 

intensity must be high enough that the photon flux exceeds 



Figure 1.14 

The photodoping effect 

Unilluminated photoconductor 

Trap sites for electrons, recombination sites for holes: 
energy level 1 

Recombination sites for both electrons and holes: 
energy levels 2, 3, and 4 

Trap sites for holes, recombination sites for electrons: 
energy level 5 

Illuminat·ed photoconductor 

Trap sites for electrons, recombination sites for holes: 
energy levels 1 and 2 

Recombination sites for both electrons and holes: 
energy level 3 

Trap sites for holes, recombination sites for electrons: 
energy levels 4 and 5 
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the product of the photocurrent density and the photocu~rent 

efficiency. 

In contrast to recombination proesses, which 

decrease charge carrier lifetimes and photocurrents in 

photoconductors, trapping processes increase the response 

time while leaving the charge carrier lifetimes unchanged. 

Shorter charge carrier lifetimes result in decreased 

photocurrents. The response time has no effect on the 

steady state photocurrent of a photoconductor, but it can 

affect transient photocurrent measurements and AC modulation 

techniques such as differential capacitance and AC impedance 

studies. If the modulation frequency were high enough, then 

the period of the perturQing current or voltage waveform 

would be shorter than the response time of the 

photoconductor. Since the modulation f~equency would then 

be too fast for the 0harge carriers to reach equilibrium 

between the trap sites and the valence or conduction band, 

the apparent charge carrier density would decrease. This 

effect would cause a lower value of the electrode 

capacitance for measurements taken at higher frequencies. 

This frequency dependence of the electrode capacitance is 

also known as a frequency dispersion of the electrode 

capacitance. 



53 

1.7 Photoelectrochemical measurements 

Photoelectrochemical methods examine the kinetics of 

light absorbance and charge transfer. These methods may be 

classified by the time domains of the experiments, as 

summarized in Table 1.1. 

Table 1.1 

Time domains of photoelectrochemical methods 

Method Ref. Time domain ( s) 

Thin-layer electrolysis (1 .37) 102 - 104 

Steady-state photocurrents (1 .37) 1 - 104 

Rotating ring-disk electrode (1 .37) 10-3 -

Cyclic voltammetry (1 .37) 10-4 -

Pulsed light photocurrents 
(photocoulometry) 

(1 .38) 10-6 - 10 

Pulsed light, open circuit 
photovoltages (photocoulostatics) 

(1 .39) 10- 10 -

AC impedance (real time) (1 .40) 10-4 - 10- 1 

AC impedance (1 .40) 10-8 - 103 

(fast Fourier transform) 

Fast electrochemical methods can supply unique information 

such as the identity and the lifetime of transient 

intermediate reactants and products, but the experimental 
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techniques often are difficult and the results usually must 

be interpreted along with data from slower but simpler 

experiments. 

Early work in photoelectrochemistry studied photo

emission. This process is similar to the photoelectric 

effect in that light induces the emission of electrons from 

an active metal, but it is different in that the electrons 

go into a solution rather than into a vacuum. In addition 

to being recaptured by the electrode, these photoemitted 

electrons may be solvated and participate in chemical 

reactions. These studies give information about the energy 

level structure of the electrode, barriers to electron 

transfer at the electrode-solution interface, and the 

behavior of solvated electrons such as their reactions with 

scavengers (electron accepting or donating substances in the 

solution). The methods used to study this process reflect 

advances in the instrumentation over the past 25 years. 

Light sources have included continuous and chopped 

illumination with mercury vapor and xenon arc lamps, and 

pulsed radiation from ruby, helium-neon, and dye lasers. 

The methods used have included chronoamperometry (the time 

resolved measurement of photocurrents at a constant 

electrode potential) and chronopotentiometry (the time 

resolved measurement of photovoltages at open circuit, or 

zero net current flOW). More recently Barker, Perone, and 



others have extended these studies to transient 

photocurrents (1.41-45). The solvated electron has been 

studied both for its diffusion properties and for its 

reactions with electron aqceptors such as N02 and N0
3
-
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in solution; the methods used have included UV-visible, NMR, 

and ESR spectroscopy and rotating ring-disk 

electrochemistry. In addition to the mercury electrode, 

which has been studied most extensively, other materials 

tested have included platinum and various semiconductors 

such as GaAs, Fe 203 , and ~-Ti02' Flash photolysis, 

the study of light-induced electron transfer reactions, of 

benzophenone and trioxalatoferrate at the mercury electrode, 

also has been done. These measurements detected photo

currents of 1 x 10-5 A amplitude and 5 x 10-5 s 

duration. These values represent the limits of sensitivity 

and speed for measurements of photocurrents. 

1.8 Photocoulometry 

The original goal of the laser induced transient 

photocurrent measurements was to observe the decay time of 

the photocurrents and the lifetimes of transient inter

mediates in the photoelectrochemical reactions. As will be 

explained in the following sections, the true current-time 

behavior of these signals could not be measured directly. 

Instead, these experiments were modified' to me~sure the 
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photocharge, which is defined here as the total amount of 

charge transfer that is caused by a laser pulse. These 

measurements, which are called photocoulometric measurements 

in this dissertation, studied the dependence of the 

photocharge on these factors: 

--concentration and EO of the redox couple 
--bias potential 
--mass transport in the solution 
--direction of illumination 
--electrode substrate 
--dye film thickness 
--light intensity 

These factors were chosen because they could be varied 

easily and because they gave insight into developing and 

choosing among competing models of photocurrents at 

dye-modified electrodes. 

1.9 Capacitance and Mott-Schottky measurements 

The electric potential and the capacitance across 

the electrode-solution junction strongly affect both the 

thermodynamics and the kinetics of electron transfer 

reactions, so the properties of electrified interfaces have 

been studied extensively. The earliest work in this area 

involved the determination of electrocapillary curves, which 

is the measurement of the surface tension between a mercury 

electrode and an electrolyte solution as a function of 

electrolyte and bias potential. From the relation: 



~ = a2 y 
aE afT (1 .7) 
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these measurements give information about the capacitance of 

the interface and about the potential of zero charge (the 

potential at which the electrode and the solution have zero 

net charge). These experiments guided the work on 

developing models of the interface between an electrode and 

an electrolyte solution. Surface tension measurements are 

inconvenient with solid electrodes. More commonly used with 

these materials are differential capacitance and 

AC impedance studies, originally with AC bridges and more 

recently with phase sensitive detectors such as lock-in 

amplifiers. 

The space charge layer in a semiconductor makes its 

capacitance properties different from those of a metal. A 

moderately doped ~-type semiconductor in a concentrated 

electrolyte solution with no specific adsorption, and with 

an applied bias potential in its depletion region, has a 

differential capacitance that is described by the 

Mott-Schottky relation: 
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= 2 

Csc 
2 e: 0 e: eN 

(Efb - e - kT/e) 

( 1 .8) 

= 1. 41 x 1020 

(Efb - E - 0.026) at 25 0 C 
No 

The usual experimental procedure in these Mott-Schottky 

measurements is to apply a DC bias potential plus a small 

amplitude triangle wave between the test electrode and a 

reference electrode. Fro~ these measurements, the 

differential capacita~ce of the electrode can be determined. 

If the system fits the model that leads to the above 

equation, then a graph of 1/C2 against bias potential, 

which is called a Mott-Schottky plot, gives information on 

the charge carrier density and the flat band potential of 

the semiconductor electrode. Further details on these 

measurements are described in Chapter 2, the Experimental 

section of this dissertation. 

These Mott-Schottky measurements have been applied 

to a large number of semiconductors, including ~-Ti02 

(1.46-47) and !!-Si02 (1.48-51). Previous studies (1.50) 

on highly doped polycrystalline Sn0 2 measured a flat band 

potential of -0.3 V against the Ag/AgCI reference electrode 

in a pH 1 solution, becoming more negative with the pH to 

-1.2 V at a pH of 7. The charge carrier density increased 
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with pH and with the frequency of the AC modulation. 

Chemically modifying the electrode surface with silane and 

amide coupling agents did not change the flat band potential 

appreciably, but did affect the charge carrier density. 

These observations were explained by allowing for the 

Helmholtz layer and surface states to contribute to the 

total electrode capacitance, and by considering the Sn0 2 
surface as a hydrated gel layer with an ion population that 

is strongly affected by modifying the electrode surface with 

chemical coupling agents. 

1.10 AC impedance measurements 

AC impedance studies, also known as the faradaic 

impedance technique, have an advantage over simple 

differential capacitance experiments in being able to 

measure both the resistance and the capacitance components 

of the equivalent circuit that represents an electrochemical 

system. Smith and co-workers (1.52) have explained how 

impedance measurements in the frequency domain give 

analogous information to measurements of current or voltage 

in the time domain. 

The usual procedure in a faradaic impedance study of 

an electrochemical system is the following: 
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--applying a DC bias potential to the system to set the 
initial conditions. The bias potential is often, but 
not necessarily, set at the equilibrium potential or 
the steady state potential of the system. In some 
methods, such as in AC polarography, the bias potential 
is varied. 

--applying a sine wave voltage to the system. The 
amplitude of the sine wave is usually small (below 
10 mV peak to peak) and the frequency may be variable. 

--measuring the amplitude of the AC current response of 
the system, and the phase angle with respect to the 
applied voltage. 

--constructing an equivalent electrical circuit that 
describes the AC impedance of the electrochemical 
system. 

--making correlations between the components and their 
values in the equivalent circuit, and the rates and 
mechanisms of various processes in the electrochemical 
system. 

The final step, interpreting the impedance data in 

terms of electrochemical phenomena, is the most difficult. 

For this reason, other methods such as cyclic voltammetry 

often are used to get preliminary information on the 

electrochemical system. The theories, models, and notation 

in AC impedance studies are taken from electrical circuit 

theory. Appendix B gives the appropriate AC circuit theory 

for this discussion (1.53). 

1.10.1 Equivalent circuits and impedance spectra: 
theory and models 

Models of the electrode-electrolyte interface at 

equilibrium, with no net charge flow, can be represented by 

an equivalent electrical circuit of capacitors in series or 
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in parallel. A more complete model, however, is needed to 

account for processes such as charge transport through a 

phase by diffusion and convection and faradaic processes 

(charge transfer from an electrode to a solution). For 

example, a faradaic electron transfer reaction at the 

junction between a solution and an electrode is analogous to 

a short circuit that allows charge to leak across the 

capacitors. An equivalent electrical circuit that describes 

this situation is a resistor in parallel with the 

interfacial capacitance. Figures 1.15a-d illustrate some 

equivalent circuits for various models of the electrode 

-solution interface and the corresponding complex plane 

graphs of the in-phase resistive and the out-of-phase 

capacitive components of the electrode AC impedance at 

various frequencies, which will hereafter be called 

impedance spectra. Impedance data often are calculated and 

presented as admittances rather than as impedances. The 

impedance and the admittance of a circuit element are 

inversely related, and the choice between the two in 

plotting impedance data is a matter of convenience. Series 

circuit elements add for impedance calculations, whereas 

parallel elements add for admittance calculations. This 

dissertation will present all of the data as impedance 

spectra rather than admittance spectra, but conversions 

between the two can be done from the original data. 
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Figure 1.1 5a Impedance spectra for va,' ~ ous 
models of electrochemical systems 

62 . 



eq u i val e n t c ire u i t 

W =Warburg irnpedance.Zw 

impeda nee spectrum 

Rn 

Figure 1.15b Impedance spectra for vario~s 
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If processes other than charging of the electrical 

double layer, such as adsorption or a charge transfer 

(faradaic) reaction can take place at an electrode, then the 

response to the electrochemical cell to a voltage or current 

perturbation is more complicated. An exact treatment which 

considers all of these processes in describing the response 

is complicated (1.54-56), and the usual models separate the 

faradaic and non-faradaic processes into separate components 

to allow for simpler data analysis. This separation can 

introduce serious errors if the reactants or the products of 

a faradaic reaction are specifically adsorbed at the 

electrode (1.57). 

1.10.2 The Randles equivalent circuit 

The Randles equivalent circuit (1.58), which is 

illustrated in Figure 1.16·, describes the AC impedance 

of an electrochemical system that is characterized by 

first-order heterogeneous charge transfer between the 

electrode and a redox couple in the solution, the absence of 

coupled chemical or electron transfer reactions between 

materials in the solution, the absence of non-faradaic 

processes such as adsorption, and with mass transport being 

under the conditions of semi-infinite linear diffusion so 

that Fick's Laws apply. To account for the faradaic 

reaction, the Randles equivalent circuit is modified by the 
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~ = \'Jarburg impedance 

Figure 1.16 The Randles equivalent circuit 
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addition of the charge transfer resistance, Rct (1.59) and 

the Warburg impedance, Z ( 1 • 60) • 
w 

The charge transfer resistance is defined as: 

aE = ai f 

At equilibrium, with zero net current flow, 

= RT 
nFio 

Away from equilibrium, the expression 

-ak C - (1 - a)k C fob r 

is substituted for i o . 

(1 .9) 

(1.10) 

(1.11) 

The magnit~de of the Warburg impedance depends both 

on the frequency and on the thickness of the diff~sion 

layer. If the diffusion layer is thicker that the extent of 

the concentration changes induced by the applied waveform, 

then the diffusion layer is considered as infinitely thick. 

Under these conditions, 



... ~ 
Zew) = Ret + Ret (jw) 
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(1.12) 

with the second term on the right-hand side being called the 

Warburg impedance. If the diffusion layer has a finite 

thickness, which might apply to a rotating disk electrode, 

then the Warburg impedance is: 

, (1.13) 

At high frequencies or as the thickness of the Nernst 

diffusion layer becomes large, this expression for the 

Warburg impedance approaches the first one because the limit 

of tanh x as x approaches infinity is 1. Figure 1.17 

illustrates the frequency spectra of these Warburg 

impedances (1.61). 

1.10.3 Modifications to the Randles equivalent circuit 

If a heterogeneous process such as adsorption is 

considered, then the models and the theoretical equations 

become more complicated. A simple model that first was 

introduced by Gerischer (1.62) and further described by 

Epelboin and co-workers (1.63-66) considers these processes: 
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Figure 1.17 Impedance spectrum of a 
diffusion-limited electrochemical system 
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bl 
A(solution)~A(adsorbed) 

2 
k1 

A(ads) ~ B(ads) + e 

k 
B(ads) 4 C + e 

This model assumes: 

(1.14) 

--only adsorption and charge transfer occur at the 
interface 

--the surface coverage of the adsorbed intermediate 
B follows a Langmuir isotherm 1 w~th a maximum 
surface concentration of 8 

--electron transfer reactions are governed by 
heterogeneous kinetics, with rates that are 
exponential with potential 

For a reaction which involves an adsorbed intermediate and 
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which has a rate that is limited by electron transfer rather 

than by diffusion, the impedance is: 

(1.15) 

Z(w) 
I klC b + kz 
FA klkzCb*[bl+bz+(bl-bZ) (-klCb*+kz)/(jwB+klCb-kzJ 

This expression can give either a positive or a negative 

value for the out-of-phase component of the electrode 

response, depending on the relative values of b1 , b2 , 

k 1c, and k2' A positive value would give the equivalent 

circuit response of an inductor, whereas a negative value 

could be interpreted as a capacitor. 
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Sluyters and Sluyters-Rehbach have presented a more 

theoretical, but more comprehensive, discussion of 

adsorption (1.61). For an adsorption processes with a rate 

that is limited by diffusion, the Randles equivalent circuit 

can be modified to include an additional capacitor and 

resistor in series with the Warburg impedance. The resistor 

may have either a positive or a negative value, depending on 

whether the electroactive material is attracted to or 

repelled by the electrode. The discussion by Sluyters and 

Sluyters-Rehbach also considered the impedance spectra that 

could represent several other complications to a simple 

one-step electron transfer reaction. Figure 1.18 

illustrates the equivalent circuits that describe the 

following systems: 

--a homogeneous coupled chemical reaction 

--coupled heterogeneous chemical reactions 

--multi-step charge transfer reactions 

Constructing a complete equivalent circuit to exactly model 

an electrochemical system would result in a circuit that 

would be impractically complicated, but ofte:1 it can be 

simplified by making suitable assumptions and by changing 

conditions such as the electrolyte and the bias potential. 



Homogeneous charge transfer 
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Figure 1.18 Equivalent circuits for complicated 
electrochemical systems 
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1.10.4 Limitations to equivalent electrical circuit 
models of electrochemical systems 
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Representing the electrode-solution interface by an 

equivalent electrical circuit is only an approximate 

description. The most serious limitation to this model is 

that the molecules in the electrode and in the solution are 

considered to be oscillating spherical dipoles that respond 

to an applied electric field, with their motion being 

impeded by a uniform medium that has a bulk dielectric 

constant (1.52). In fact, a model with greater accuracy is 

more complicated than this description. Deviations from the 

behavior of ideal resistors and capacitors are caused by 

microscopic and macroscopic inhomogeneities in the sample, 

as well as by competing electrical processes such as 

electron transfer between the electrode and the solution. 

An important consequence of this non-ideal behavior is that 

the values of the resistors and the capacitors in the 

equivalent electrical circ~it will vary with the modulation 

frequency. This complication causes uncertainties in the 

development of equivalent circuits to fit a particular 

impedance spectrum. The more common practice is to design 

an equivalent circuit from an established model, and to use 

the impedance measurements to refine and to estimate the 

values of the components in the equivalent circuit. 
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Several empirical methods have been proposed to 

quantify and to correct for this non-ideal behavior. Cole 

(1.67) proposed a parameter, a, which is zero for ideal 

systems and a fraction between zero and one for real 

systems. This a parameter is unrelated to the symmetry 

factor a of electrochemical kinetics. The present 

literature, however, has modified this definition so that 

the value of this parameter is unity for ideal systems; that 

is, a(new) = 1-a according to Cole. In this dissertation, 

the latter definition is used. Because this a parameter is 

empirical, it has no definit~ physical description. 

However, it may be attributed to the movement of ions in the 

solution or in the space charge region of a semiconductor, 

or to the exchange of charge carriers with surface states. 

Table 1.2 (1.68) shows how this parameter is used to adjust 

measured values such as impedance (Z) and admittance (y) to 

their ideal values. With this correction, the expressions 

for impedance, admittance, resistance, and capacitance all 

become dependent on frequency to an extent described by a. 

Some readily seen results are that the impedance spectrum of 

a resistor and a capacitor in parallel, which is a 

semicircle centered on the x-axis, shows a center below the 

x-axis. Another result is that the impedance spectrum of a 

Warburg impedance has a slope of less than 1 (8 < 45 0
). 

A third consequence is that as the frequency becomes large, 
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the impedance spectrum approaches the x-axis with a slope of 

less than 90 0
• 

In addition to the reasons already described, 

another possible explanation for non-ideal behavior would be 

a non-uniform distribution of the electric field between the 

reference and the working electrodes that may be caused by 

an asymmetric electrode arrangement in the electrochemical 

cell. This uneven distribution of the potential would 

create a transmission line effect (1.61), which can be 

represented as shown in Figure 1.19. Ideally all of the 

resistors and the capacitors would have the same R or C 

value, so that the network would behave as a simple RC 

circuit with a characteristic time constant. This model of 

a series combination of individual RC elements with two 

resistors being connected in parallel by a capacitor is a 

convenient, though empirical, description of the non-ideal 

behavior. This equivalent circuit would respond to an AC 

signal as though each of the individual RC elements had a 

different time constant. The a parameter may be interpreted 

as a measure of the range of these RC time constants. A 

value of a = 1 would indicate a single RC time constant for 

all of the individual elements in the transmission line 

circuit; a value of a = 0 would represent an infinitely wide 

range of RC time constants. This effect might be caused by 

an asymmetric cell design or a rough electrode surface, both 
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resulting in a non-uniform current or voltage being applied 

to the electrode. Another reason for this non-ideal 

behavior would be an inhomogeneous electrode. Different 

regions may have different electrical properties, so that 

the observed response would be a mixture that might not fit 

one simple equivalent circuit. One application of this 

reasoning is a paper by Tomkiewicz (1.69) on the impedance 

spectra of ~-Ti02. He explained the mixed impedance 

behavior of the electrodes by proposing that the material 

had two forms: 80% was highly doped ~-Ti02' and the 

remaining 20% was lightly doped material. 

1.11 Applications of AC impedance methods 

AC polarography has been used extensively both for 

quantitative chemical analysis and for the study of electron 

transfer rates at mercury electrodes (1.70). Frequency 

dependent AC impedance studies have received attention more 

recently, especially since the recent development of fast 

Fourier transform methods allowed impedance measurements to 

be taken at frequencies (below 10 Hz) that could not be 

observed directly. The AC impedance method has been applied 

to several problems. Some of these include: the hydro

dynamic properties of polymers (1.71); mass transport in 

batteries with porous electrodes (j .72-76); and mass 

transport in ion-selective electrodes, including both the 
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glass electrode (1.77-78) and other rSE's (1.79-80). Some 

metallurgical applications have been the study of anodic 

processes such as dissolution and passivation of iron 

(1.81-92), nickel (1.93-95), titanium (1.96-97), 

iron-chromium alloys (1.98), cobalt-nickel alloys (1.99), 

chromium (1.100), cadmium (1.101), and zinc (1.102-103); the 

corrosion of iron (1.104-107), aluminum (1.108-110), 

stainless steel (1 .111 ); local ized corrosion and stress 

cracking (1.112-115); and electrocrystallization (1.116-119) 

of several metals such as nickel (1.120-123), zinc 

(1.124-127), silver (1.128-131), copper (1.132), cobalt 

(1.120), palladium (1.133), gold (1.134), cadmium (1.135), 

and tin (1.136). AC impedance methods also have been 

applied to battery materials and entire battery systems. 

Some applications have included ion conduction in battery 

materials such as the anion conductors of zirconia 

(1.137-138) and solid solutions of Ca/Y/F (1.139), Na+ 

conductors such as a-alumina (1.140-143) and Na/Zr/Si/P/O 

ceramics (1 .144), y-Mn0 2 (1 .145), the r- source 

Ag
4

RbI
5 

(1.146-147), Ag+ salts (1.148), and the 1i+ 

conductor 1i3N (1.149-150); complete battery systems 

(1 .151) such as Ni-Cd (1 .152), the 1eclanche U1n02) cell 

(1.153-155), Mg-MgO (1.156), the lead-acid battery 

(1.157-163), lithium (1.164), and molten salt systems 

(1.165-167); organic electrochemistry, especially adsorption 



and electron transfer mechanisms (1.168-173); biological 

phenomena such as polarization of and charge transport 

across membranes (1.174); and electrochromic 

displays (1.175-176). 
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McCann and Badwal (1.177) discuss a model describing 

the AC impedance of semiconductors. This model featured 

equivalent circuits that had resistors and capacitors with 

values which depended on the modulation frequency. These 

results are shown in Figures 1.20a-d. 

Tomkiewicz and Bard have applied AC impedance 

methods to photoelechemical studies of Ti02 (1.69) and 

n-MoTe 2 (1.178), but no work has yet been reported on 

AC impedance studies on the photoelectrochemistry of 

dye-modified electrodes. Because the AC impedance method is 

extremely sensitive to surface phenomena such as adsorption 

and surface states, it promises to be a useful technique in 

studying chemically modified electrodes. 

1.12 Phthalocyanine 

The absorbance spectros~opy and electrochemistry of 

phthalocyanines have been studied extensively. The phthalo

cyanine molecule has a large heterocyclic ring that is able 

to coordinate various metal or semi-metal ions in its center 

(Figure 1.21). Solutions of these molecules have large 

molar absorbance coefficients, often exceeding 105 , in the 
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Figure 1.21 '!onomeric silicon phthalocyanine 
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visible and the near infrared regions of the spectrum. 

Their low solubility in water can be enhanced by 

substituting functional groups such as sulfonic acids onto 

the ring. Because of their intense colors, phthalocyanines 

have important industrial applications as dyes. Linkous has 

summarized some of these applications (1.12). 

The ring structure of porphyrins such as hemoglobin 

and chlorophyll is similar to that of the phthalocyanine 

molecule, so these compounds have been studied for their 

ability to reversibly bind and to reduce oxygen, and for 

their possible involvement in photoelectrochemical reactions 

which are analogous to photosynthesis. Oligomeric silicon 

phthalocyanines have been studied as an example of multiple 

interacting redox centers (1.15-16). The UV-visible 

absorbance spectrum of a phthalocyanine molecule depends on 

the central ion, on ring substituents, and on the solvent. 

Generally, the spectra show two peaks in the visible 

wavelength region that correspond to electronic transitions 

in the ring. One peak around 400 nm (the Soret band) 

usually is caused by a n-n* orbital transition; the other, 

usually between 600 and 750 nm, usually is caused by a n-n 

transition. Electrochemical studies of phthalocyanines in 

non-aqueous solvents usually show two one-electron 

reductions to the cation radical and the cation, and one 

one-electron oxidation to the anion radical (1.13). All of 
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these reactions show Nernstian, or electrochemically 

reversible, behavior at platinum and highly doped ~-Sn02 

electrodes. When they are adsorbed or chemically bound on 

to electrode substrates, the absorbance spectra of phthalo

cyanines generally broaden and shift to longer wavelengths. 

Other workers in this laboratory (1.12-16) have made 

correlations between the structure of the dye layer (as 

shown by an electron microprobe), and the electrochemical 

and photoelectrochemical behavior of phthalocyanines on 

metal and semiconductor substrates. 

1.13 Hydroquinone 

The electrochemistry of hydroquinone has been 

studied in detail (1.179). The oxidation of hydroquinone to 

benzoquinone may go through several possible intermediates, 

as shown in Figure 1.22. The electrode potential and the 

solution pH determine the reaction rates and the stability 

of the various intermediates. In moderately acidic 

solutions buffered at a pH of less than 5, the proton 

transfer steps are rapid and the electron transfer steps 

limit the reaction rate. At strongly negative potentials, 

the rate is limited by electron transfer from the quinone to 

form the semiquinone radical. The conversion from the 

semiquinone to the fully reduced quinone is the slowest step 

at strongly positive potentials. The sequence of reactions 
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Figure 1.22 Hydroquinone-quinone electrolysis 
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for the reduction of quinone to hydroquinone is shown below. 

pH above 4 pH below 4 

HQ+ + e -)- HQ· HQ+ + e -)- HQ· 
+ + 

HQ· + e -)- HQ- HQ + H+ -)- H Q+ + + 2 

HQ- + H+ :t. H2Q + H2Q H2Q + e -)-

+ 

The rate coefficient (ks ) for this reaction on a Pt 

7 -1 -1 electrode is 7 x 10 ~ s ,which is a rate that is 

close to the limit imposed by diffusion. 



CHAPTER 2 

EXPERIMENTAL 

2.1 Materials 

The monomeric silicon phthalocyanine (m-SiPc) was 

prepared by M. Kenney and co-workers at Case Western Reserve 

University (1.15). Chloro-gallium phthalocyanine (GaPc-CI) 

was synthesized from phthalonitrile and gallium chloride and 

was purified by sublimation (1.12). Polycrystalline 

chloride-doped tin oxide (~-Sn02)' which was deposited in 

roughly 600-nm thick layers from the vapor on to a glass 

substrate, was supplied by Pittsburg Plate Glass 

(Pittsburg PA). Gold metallized plastic optically 

transparent electrodes (Au-MPOTE) was donated by the 

Sierracin Corporation (Sylmar CA). Other chemicals were 

obtained from standard suppliers such as Aldrich, Baker, and 

Mallinkrodt. All of these reagents were at least 99% pure 

and used directly except for hydroquinone and benzoquinone, 

which were re-crystallized in water before being used. 

Solutions were made daily in deionized water that was 

distilled first from a basic permanganate solution, and a 

second time from a glass container. Molecular oxygen was 

removed from the solutions by passing nitrogen gas through 

them for 20 minutes. 

91 
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2.2 Electrode preparation 

The tin oxide electrodes were cut into 2 x 2 cm 

squares and washed three times in an ultrasonic cleaner: 

first in a solution of soap and water, then in distilled 

deionized water, and finally in absolute ethanol. The clean 

dry electrodes were then treated for 20 minutes in an oxygen 

gas plasma (Harrick Scientific, Ossining NY), at 10 W power 

and roughly 10-3 torr of 02 pressure. The gold 

electrodes were cut to the same size and cleaned by rinsing 

with absolute ethanol; the ultrasonic cleaner was not used 

because it caused the thin gold film to be removed from the 

plastic substrate. 

Linkous (1.12) has described the vacuum system used 

for the plasma cleaning and dye sublimation procedures. 

About 2 mg of purified dye was placed into the bottom of the 

sublimation flask. The lowest 2 cm of the flask was placed 

into a heating mantle, and the open space within the mantle 

was filled with glass wool. The power supplied to the 

heating mantle was 60 W (55 Vac,rms through 50 Q). These 

heating conditions raised the mantle temperature about 

5 CO per minute. With the usual pressure range of 

3 x 10-6 to 3 x 10-5 torr, m-SiPc sublimed at 

200-250oC and GaPc-Cl sublimed at 250-300oC. The dye 

vapor diffused 5 em upwards to the gold or tin oxide 
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substrate, which rested on a mask with 4-6 holes each having 

a diameter of 0.6 cm. The electrodes remained near room 

temperature, so the vaporized dye condensed upon making 

contact with the~. When the vapor deposition began, the 

power to the heating mantle was turned down to 25 W 

(35 Vac,rms), thus maintaining a steady temperature. The 

sublimation was allowed to continue until the dye film on 

the substrate reached the desired thickness as estimated by 

its color intensity. The fla~k then was removed from the 

heating mantle and cooled to room temperature, to prevent 

atmospheric oxygen from reacting with the hot dye, before 

the vacuum was broken. The electrodes were stored in air 

until being used, with no observable change in either their 

UV-visible absorbance spectra or their photoelectrochemical 

behavior for as long as six months of storage. 

2.3 Electrochemical cell 

The first experiments that are described in this 

dissertation used an electrochemical cell of conventional 

design (1.13). Most experiments, however, used a cell that 

was specially designed to be optically transparent, to have 

a low Re time constant, and to avoid distortion of high 

frequency signals (Figure 2.1). The optical transparency 

of the cell allowed either the dye-electrolyte or the 

dye-substrate side of the electrode to be illuminate~. The 
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low RC time constant was achieved by using a small working 

electrode area of 0.02 cm2 that minimized the electrode 

capacitance and a short distance of 0.2 cm between the 

working and the auxiliary electrodes that decreased the 
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solution resistance. This design allowed faster signals to 

be observed without distortion by RC smoothing. The 

auxiliary electrode was a platinum ring, which gave a 

symmetric potential gradient between the working and the 

auxiliary electrodes and eliminated the distortions of high 

frequency signals that would have been caused by an 

asymmetric field. Using a silver wire as a pseudo-reference 

electrode, which provided a low impedance pathway for high 

frequency signals and could minimize distortions of the 

electrochemical signal, did not noticeably change the 

signals observed in these experiments. All potentials were 

given with respect to a silver wire reference electrode. In 

a solution of 0.2 M KHP (pH 4), this electrode had a 

potential of +0.050 V against a Ag/AgCI (saturated KCI) 

reference electrode. 

2.4 Photocoulometric measurements 

Figure 2.2 is a block diagram of the apparatus for 

the photocoulometry measurements. The light pulse from the 

dye laser produced a current at the dye-modified working 

electrode. The potentiostat maintained a known ~nj constant 
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potential difference between the reference and the working 

electrodes by supplying a current between the auxiliary and 

the working electrodes, and it converted the current from 

the working electrode into a voltage that was recorded on 

the storage oscilloscope. The timing circuit fired the dye 

laser and triggered the oscilloscope. 

Slower photoelectrochemical measurements, such as 

cyclic voltammetry, were taken on a potentiostat of conven

tional design. Figure 2.3 is a circuit diagram for this 

instrument (1 13). This potentiostat had a response time of 

0.1 ms at a current to voltage sensitivity of 1 mA/V. 

Modifying the current measuring circuit, as shown in 

Figure 2.4, decreased the response time to 20 ~s, but also 

made the potentiostat extremely sensitive to noise pickup. 

For signals that were faster than 20 ~s or outside the 

10 ~A - 10 rnA current range, an ECO Model 551 

potentiostat/galvanostat (ECO, Cambridge MA) was used. This 

instrument had a 0.2 ~s time response at a 1 mA/V 

sensitivity, and a maximum current output of A. 

The light source for these experiments was a pulsed 

dye laser (Phase-R Corporation Model D-1100, New Durham NH). 

This instrument consisted of a xenon coaxial flashlamp. The 

flashlamp was fired by a capacitor that was discharged 

across a spark gap. The duration, wavelength, and intensity 

of the laser pulse all depended on the solute, the solvent, 
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and the concentration of the laser dye solution. For these 

experiments the solution was 5 x 10-5 ~ cresyl violet 

(Exciton Chemical Company, Dayton OR) in absolute ethanol. 

With this dye solution and with output reflectors having a 

maximum reflectance between 600 and goo nm (Phase-R 

wavelength range 3), and with the flashlamp capacitor 

charged to 16 KV, the laser produced light pulses that had a 

duration of less than 500 ns (which was comparable to the 

manufacturer's specification of 350 ns), a wavelength 

spectrum with a peak at 655 nm and a spread (full width at 

half. maximum) of 2 nm, and a maximum energy (depending on 

the age of the laser dye solution) of 10 mJ/cm2 . Assuming 

a pulse duration of 350 ns, this energy corresponded to an 

intensity of 30 KW/cm2 . These values were measured in the 

following way. 

The light intensity was measured with a photodiode 

(Model 870-BQ, Ramamatsu Co., Mountain View CA) which was 

calibrated against a radiometer (E G and G Instruments) 

supplied by the Optical Sciences Center of the University of 

Arizona. The capacitance and the resistance of the 

photodiode and the current measuring circuit smoothed out 

the current from the photodiode to 10 ~s. The intensity of 

a laser pulse was found by measuring the photocurrent, which 

varied with time, and analyzing the data as follows: 



calculating the photo charge (the integral of the 
photocurrent with respect to time) 

2 converting this charge to the energy reaching the 
photodiode through the measured sensitivity of 

5 A/W-cm2 at 655 nm 

3 dividing the energy by the pulse duration, which 
was assumed to be 350 ns, to find the power of the 
pulse 

4 using the relation E = Nhv to calculate N, the 
number of photons in one laser pulse 

5 dividing N by the electrode area (the light 
intensity was assumed to be uniform across the 
entire area) to find the photon flux, J = N/A 
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In these measurements, the intensity of the laser pulse was 

attenuated to bring it down to the linear response region of 

the photodiode, below 1 mW/cm2 . For this purpose, 

reflective metal neutral density filters (Oriel Corp., 

Stamford CT) were the most appropriate. Absorbing-type 

filters, including colored glass, were subject to damage 

such as bleaching by UV radiation or heating and cr~cking by 

IR radiation at high light intensities. Using a highly 

absorbing solution such as copper phthalocyanine was 

unsatisfactory because in highly concentrated solutions many 

large organic molecules, including phthalocyanines, can form 

dimers which absorb light and dissociate; the result of this 

process would be a non-linear relation between absorbance 

and concentration (2.1). Relative intensities of successive 

light pulses from the dye laser varied by about 10%, so the 

results of between 3 and 10 measurements was averaged. 
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Intensity measurements were taken frequently, after about 

1000 shots, because photodegradation of the dye caused the 

laser pulse intensities to decrease gradually over the 

useful lifetime of the dye. 

Transient photocurrents were recorded on a storage 

oscilloscope (Model 5441, Hewlett-Packard Corp., 

Beaverton OR) with differential amplifier (Model 5A22N), 

dual trace (Model 5A48), and time base (Model 5B40) plug-in 

modules. A timing and triggering circuit that is based on a 

standard 555 monostable IC was used to produce TTL-level 

pulses of variable duration and frequency that fired the dye 

laser and triggered the oscilloscope. The signal to the dye 

laser had a 200-ws time delay to insure that the 

oscilloscope would record the entire photocurrent. 

2.5 Reduction of electrical noise 

The dye laser created much electrical noise. The 

power supply produced continuous interference at 60 Hz, and 

the spark gap and the flashlamp emitted high-frequency 

(above 10 KHz) noise pulses that lasted for more than ms 

after the laser fired. Eliminating this interference 

required much trial and error, including the following 

steps (2.2). 
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Raising the sensitivity of the instruments increased 

both the signals and the nOise, leaving the SiN (signal to 

noise) ratio unchanged. Using notch and bandpass filters 

was only partly successful. A passive second-order 60-Hz 

notch filter removed much of the power line noise that was 

picked up in the signal lines. However, a passive 

first-order low pass filter was not effective at removing 

high frequency noise because the desired signals and the 

noise both had similar frequencies. A signal averager 

(Model 4202, Princeton Applied Research, Princeton NJ) 

proved to be inefficient and time-consuming because of the 

low SiN ratios. 

Pickup of 60-Hz noise took place mostly through the 

power lines. This problem was attacked successfully in 

several ways. The power lines for the laser and those for 

the other instruments were run through two separate 

isolation transformers (Topaz Company, San Diego CA). The 

transformer for the laser and the one for the other 

instruments had minimum power capacities of 500 and 200 W 

respectively. Also helpful was connecting these 

transformers to separate power lines in the building. The 

power supply of the dye laser was modified by placing a 5 A 

choke (EMI filter model 501, Corcom Co., Chicago) between 

the power cord and the primary coil of the transformer. The 

home-built potentiostat was modified by placing 5 wF 



tantalum capacitors between the DC power lines and the 

corresponding +15 and -15 V pins of each operational 

amplifier, and by adding 0.1 ~F Mylar capacitors between 

both AC power lines and the instrument ground. 
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Suppressing the high frequency noise was more 

difficult. This interference was picked up in the power 

lines, the signal lines, and the electrochemical cell. The 

greatest noise reduction came from electrically shielding 

the electrochemical cell in a box of 1/16-inch aluminum, 

with a hole only for the laser light to enter. A wire mesh 

Faraday cage was ineffective because the mesh spacing was 

larger than the wavelength of the high frequency noise. 

Beryllium-copper RF shielding (Instrument Specialties Co., 

Delaware Water Gap PA) was added to the openings and the 

corners of the dye laser, the box containing the electro

chemical cell, and the home-built instruments. All of the 

signal lines used RG-58 coaxial cable and BNC connections. 

The tubes carrying the dye were wrapped in aluminum foil and 

wound with electrical tape to prevent noise pickup by the 

dye solution and to protect the solution from exposure to 

ambient light. The coaxial cables were wound together 

whenever possible to minimize capacitive coupling. To 

prevent noise spikes in the control lines from falsely 

behaving as trigger signals, the TTL signals from the timing 

and triggering circuit were run through an opto-electronic 
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coupler (Part 855A, Hewlett-Packard Corp.). All of the 

shields for the coaxial cables were connected to the chassis 

of the potentiostat, which was connected to the earth ground 

at a single point to avoid ground loops. The additional 

precaution of impedance matching at the inputs of the 

differential amplifier on the oscilloscope did not affect 

the signal, probably because the signal lines were much 

shorter than the wavelength of a typical signal. Impedance 

matching would have been necessary to reduce reflections 

caused by unmatched impedances only when the signal lines 

had been longer than A/8, where A is the wavelength of the 

signal. For a 100-KHz signal, A = 200 m and none of the 

signal lines used in these measurements was longer than 3 m. 

These noise reduction steps decreased the noise level to an 

acceptable level of a sine wave having a maximum amplitude 

of 5 mVac,p_p that decayed to zero within 2 ~s. 

2.6 RC-limited time response of 
photocoulometric measurements 

The fastest time domain of the measurements was 

limited either by how rapidly the potentiostat supplied a 

current across the electrochemical cell to maintain a 

constant potential difference between the reference and the 

working electrodes, or by the 0.2 uS transient response time 

of the electronics. The RC time constant of the cell ranged 

from 20 ~s to 2 ms, depending on experimental conditions 
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such as the electrode, the solution, and the bias potential. 

These values set a lower limit on the lifetimes of excited 

state intermediates and transient photocurrents that could 

be measured without instrumental distortions. 

On this set of instruments, the measured photo

currents rose rapidly to their maximum values in less than 

1 ~s except at the highest potentiostat sensitivities, when 

the limited gain-bandwidth product distorted the time 

response. From this maximum, the photocurrents then 

decreased exponentially with respect to time. This behavior 

was characteristic of a photoelectrochemical reaction that· 

is first order with respect to time. Another possible 

interpretation, however, was that these signals showed only 

a photocurrent with a time response that was limited by the 

RC time constant of the electrochemical cell. To choose 

between these two explanations, the RC time constants (the 

time at which the current had decreased to 1/e, or 37%, of 

the maximum value) of the current-time curves were compared 

to the RC time constant of the cell, with the same electrode 

and electrolyte but in the dark, as measured by an 

AC impedance bridge (Model 250DE, Electro-Scientific 

Industries, Portland, OR). The results of these 

measurements are summarized in Table 2. 



Table 2 

Comparison of cell RC time constants 
and photocurrent RC time constants 
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Electrode: substrate Measured with bridge: i-t curve: 
and equiv. monolayers C 
of m-SiPc ( j.Jf) 

Sn02 , 0 0.3600 

Sn0 2 , 30 0.2440 

Sn02 , 46 O. 1710 

Sn0 2 , 112 0.1540 

Au, 0 0.09363 

Au, 40 0.03926 

Au, 62 0.03865 

Au, 109 0.00176 

Electrode area = 0.079 cm2 

Modulation frequency = 1 KHz 

R 
( Q) 

1370 

1276 

2081 

2836 

2620 

2210 

1957 

7870 

Electrode bias potential = +0.4 V against Ag 
* = no measureable signal 

RC RC 
(j.Js) ()Js) 

490 530 

31 1 390 

354 220 

* 437 

245 360 

87 88 

76 82 

14 4 

The measurements were taken under several different 

experimental conditions such as different electrolyte 

concentrations and bias potentials, which would be expected 

to change the rate of the photoelectrochemical reactions. 

The time constant of each current-time curve was the same as 

the one measureu by the AC impedance bridge and changed only 

slightly with different bias potentials and electrolyte 
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concentrations. These small differences could be explained 

by changes in the resistance or the capacitance of the cell. 

This result meant that the photoelectrochemical signals were 

faster than the RC time constant of the cell, and that the 

actual time response of the photocurrents was smoothed out 

to a time response that was determined by the resistive and 

capacitive properties of the cell, the solution, and the 

electrode. Methods of correcting the data for induced 

charging currents, such as the procedure described by Perone 

(2.3-4), could not be applied to these measurements because 

the cell time constant was much larger than the time domain 

of the photoelectrochemical reactions. 

Even though the time domain of these photocurrent 

measurements was limited by the cell time constant and the 

transient behavior of the photocurrents could not be 

observed directly, this RC smoothing of the time response 

did not affect the photocharge, the total charge transferred 

in the transient photoelectrochemical reactions. Photo

coulometry, the measurement of this quantity, can give 

useful information about these reactions. This dissertation 

discusses some of these experiments, their results, and some 

interpretations. 

Since charge is the integral of a time-dependent 

current with respect to time, or the product of current and 

time for a time-independent current, in principle the 
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photocharge (q) could have been calculated from: 

(2 • 1 ) 

= fa Ke- t / T dt, K = i(t = 0) 

This calculation, however, was not practical. The limited 

response time of the electronics prevented a direct 

measurement of the current at t=O. Consequently, this 

quantity had to be extrapolated from the initial slope of a 

graph of (log i) against time. This extrapolation caused a 

relatively large uncertainty in i(t = 0), so that the 

calculated value of q was unreliable. A second possible 

method, electronic integration of the current-time response, 

was not possible because no instrument with the necessary 

combination of speed and sensitivity (which would have 

required operational amplifiers with a gain-bandwidth 

product of more than 10 MHz) was available. Consequently, 

the photo charge was calculated by measuring the area under 

the current-time curve that was stored on the oscilloscope 

or, for signals that were large or slow enough, on the 

signal averager. The areas were calculated by the 

approximation of J"'i(t) dt z E i(t) lit, with the i(t) a 
readings taken at the midpoint of each time interval and lit 
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~ade small enough so that between 5 and 10 data points were 

summed in each calculation. Extra precision could have been 

gained by making hard copies of the data and then measuring 

the peak area by the cut and weigh method. However, other 

sources of data scatter such as the 20% variation in the 

relative intensities of successive laser pulses removed any 

possible gain in precision from this time-consuming 

procedure. 

2.7 Electrode capacitance and AC impedance measurements 

Figure 2.5 shows a block diagram of the electrode 

capacitance and AC impedance measurements. The waveform 

g~nerator (Model 200 oscillator, Hewlett-Packard, 

Mountain View CAl produced sine waves with adjustable 

amplitudes over the range of 0 to 30 V and ac,p-p 

frequencies over the range of 5 Hz to 60 Kaz. In these 

experiments a 2 Vac,p_p sine wave was the reference signal 

to the lock-in amplifier and the trigger signal to the 

oscilloscope. This sine wave passed through a 1 :100 voltage 

divider. The 1 Kn and 100 Kn resistors were chosen to 

prevent the circuit from loading the waveform generator. 

Lower resistances would have drawn too much current, and 

higher resistances would have loaded the oscilloscope and 

the lock-in amplifier by approaching the input impedance of 

these instruments. From the voltage divider, the 
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20 mVac,p_p sine wave was fed into the potentiostat, which 

applied both this AC modulation and a DC bias potential 

across the electrochemical cell. This procedure of 

modulating the applied potential and measuring the resulting 

current, which has become more common since potentiostats 

based on operational amplifiers became available, is the 

opposite of the traditional procedure of modulating the 

current and measuring the resulting potential. Smith and 

co-workers have pointed out that these two approaches give 

the same results if only DC processes such as a net current 

flow are involved (1.52). 

The 20 mVac,p_p modulation amplitude was a 

trade-off between sensitivity and a linear relation between 

current and voltage. At high frequencies, when reactive 

terms such as electrode capacitance and ion migration 

approach zero, the sensitivity of AC impedance measurements 

(that is, the ratio of current to concentration) is given by 

the following equation, which describes the sensitivity of 

AC polarography measurements: 

(2.2) . 

so that the magnitude of the AC current is directly propor-

tional to the modulation amplitude. On the other hand, the 

Butler-Volmer equation, which describes the relation between 

current and voltage: 



o 
1 = nFAk o {c e-(E-E ')af/n 

o 

f = RT IF 

11 3 

o -CE-E ')(l-a)f/n C e } r 

contains terms with an exponential dependence on potential. 

Each exponential term can be expanded as a power series: 

e-x = 1 - x + x2/2' . (2.4) 

If x is less than 0.2, then the higher-order terms are less 

than 10% of x. At 25 0 C and for n = 1, this requirement 

means that the overpotential must be less than 10.3 mY, 

corresponding to a modulation amplitude of less than 

20 mV . ac,p-p 

In the AC impedance measurements, the electrode 

response to the applied sinusoidal potential was a 

sinusoidal current. The potentiostat converted this signal 

to a voltage, which generally had both a phase and an 

amplitude different from the applied waveform. These 

signals were both displayed on a dual-trace oscilloscope, 

for visual comparison, and to the lock-in amplifier, which 

measured both the amplitude of the electrode signal and its 

phase shift with respect to the reference signal. The 

amplitude (Z) and the phase angle (6) could be measured 

directly by changing the phase angle of the reference signal 

(by adjusting a potentiometer in a conventional 
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phase-shifting op-amp circuit) to give a maximum DC output 

of the lock-in amplifier, or they could be calculated by 

measuring the in-phase resistance component (R) and the 

90 0 out-of-phase, or quadrature, reactive component (X) of 

the impedance. The amplitude and the phase angle of the 

impedance vector can then be calculated according to: 

Z = (R2 + X2)t 

e = tan- 1 (X/R) 
(2.5) 

Figure 2.6 illustrates this vector representation of the 

impedance. Calculating Z and 8 from the in-phase and 

quadrature signals was more accurate than measuring them 

directly by adjusting the phase angle of the reference 

signal to the lock-in amplifier (LIA), because of the way 

these quantities were measQred. The in-phase and the 

quadratQre signals could both be measured to a precision 

of 0.1%, assuming that a 100-mV signal was being measQred 

with a voltmeter having a resolution of 0.1 mV. On the 

other hand, the potentiometer that adjusted the phase angle 

of the reference signal to the lock-in amplifier had a 3% 
o nonlinearity which gave an uncertainty of up to 1.5 in 

the measured phase angle and a relative error of QP to 3% in 

the measured amplitude of the impedance vector. The total 

impedance vector of the lock-in amplifier (which is 

proportional to the DC output of the LIA when the phase 

angles of the reference signal is adjusteJ to that of the 
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R 

Phase angle e: arctan (Xc!R) 
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Figure 2.6 Vector representation of impedance 
in the complex plane 
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input signal) could be calculated from the DC output of the 

lock-in amplifier when the phase angle of the reference 

signal has been calculated according to the following 

calibration procedure, which was tested by taking measure-

ments on known capacitors and resistors. 

The output signal from the lock-in amplifier 

( V V) was related to the AC input signal from the out' dc 

potentiostat (V
1
"n = V ) by: ac,p-p 

V " = ( 0 . 290 ) (L I A 1n sens, V/fs)(Vout ) 

(sens = sensitivity; fs =" fullscale) 

In calculating the root-mean-square (rms) AC voltages, the 
constant was 0.105 instead of 0.290. 

The impedance (2) was related to the output and the 

sensitivity of the potentiostat (pot) and the modulation 

amplitude (~V) as: 

2 = ( V, Vac,p_p)(pot output, Vac,p_p)(pot sens, A/V) 

The resistance (R), the reactance (X) and the capacitance 

(C) were related to the impedance, the phase angle, and the 

frequency (f) according to: 

R = 2 cos e = R2/(R2 + X2)~ 
X = 2 sin e = X2/(X2 + R2)t 

C = wX = 21TfX 

(2.6) 

Gileadi has describ~d a method (2.5) of measuring 

the differential capacitance of electrodes in solutions that 

compensates for the resistance of the cell and the electrode 
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by using a potentiostat with positive feedback and then 

directly reading Z. Since the uncompensated 

resistance--which is assumed to be the total resistive 

component of the AC impedance vector--is adjusted to zero 

(that is, R = 0) , the amplitude of the reactive component is 

assumed to be the amplitude of the entire impedance vector 

(that is, Xc = Z) • This procedure has been employed by 

others in this laboratory (1.11), but was not used in these 

experiments because both the electrode resistance and the 

capacitance were of interest. 

The procedure of adjusting the phase of the 

reference signal to give the maximum DC output from a 

quadrature detector such as an impedance bridge or a lock-in 

amplifier (meaning that the reference and the measured 

waveforms are exactly in phase) gives the amplitude of the 

total impedance vector. According to equation 2.5, 

Z = (R2 + X 2)"~ 
c 

This amplitude is not equal to the capacitive reactance 

unless the resistance component is zero, which is true only 

at 100% iR compensation. Otherwise, a positive error in the 

capacitive reactance (a negative error for C, positive for 

1/C2 ) will result. This error is more serious at low 

frequencies. It has no definite correlation with the 

applied voltage because of the complicated dependence of R 

and C on the bias potential. 



The greatest contribution to this error is the 

uncompensated cell resistance. In most potentiostats, iR 

compensation is done by positive feedback. A fraction of 

the output voltage (Ef = ioutRf ), which is supposed to 
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be equal to the potential drop (E = iRu) across the 

uncompensated resistance, is added to the summing op amp. 

This adjustment of the potentiometer usually is done only at 

one frequency and one bias potential. Varying the 

experimental conditions, especially the bias potential, 

usually changes the resistance and the capacitance of the 

cell. Unless the iR compensation is adjusted at each new 

set of conditions, the results might be in error because the 

amount of feedback needed for the iR compensation would vary 

during the measurement. Without a data storage register, 

this procedure would be impractical for methods such as 

cyclic voltammetry, in which the bias potential is changed 

continuously. As a practical matter, complete iR 

compensation is unfeasible because the electronics tend to 

go into oscillations as 100% compensation is approached. 

Mathematically, the point of exactly 100% compensation is an 

unstable equilibrium point so that a small signal (such as 

from noise pickup) may change the phase shift past the 

critical 0 0 point. As a consequence of the incomplete iR 

compensation, the measured AC impedance includes both 

capacitive and resistive components and the current response 
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of the electrode leads the applied sinusoidal voltage by 

less than the ideal 900
. Only at complete iR compensation 

are these three conditions satisfied: 

--the resistive component is exactly zero 

--the current response is exactly 90 0 out of phase 
with the applied voltage 

--the amplitude of the impedance vector is precisely 
equal to the capacitive reactance 

Otherwise, the capacitance measurements will be incorrect. 

2.7.1 Instrument calibration 

Impedance spectra of standard electrical components 

were taken to insure that the impedance of the chemical 

system, rather than spurious effects from the instruments, 

were being measured. Differences from theoretical behavior 

were noted and were assumed to be caused by the instruments. 

The standard components were chosen carefully to approach 

ideal behavior. For a resistor, one reason for differences 

from ideal behavior is the shot noise. Another is inductive 

behavior at high frequencies. The shot noise increases in 
1 

direct proportion to R and to T2, but for a given 

resistance and temperature it is smaller for metal 

resistors. For this reason, metal film resistors rather 

than carbon resistors were used for these standardization 

measurements. All resistors are unavoidably susceptible to 

inductive behavior at high frequencies, so this error set an 
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upper limit to the fre~uency that could be used. For 

capacitors, the most common deviations from ideal behavior 

are current leakage at low fre~uencies and inductive 

behavior at high fre~uencies. Both of these errors can be 

minimized by choosing a dielectric material with a high 

resistance and a high breakdown voltage. Electrolytic 

capacitors clearly were unsuitable for this application. 

Mylar capacitors were better, but polyester capacitors were 

the best ones available and were chosen for these 

measurements. 

The results of this calibration procedure were 

complicated and are described only ~ualitatively here. 

A range of fre~uencies from Hz to 20 KHz and a range of 

gains from 0.1 to 1000 were tested. Over the entire ranges 

of fre~uency and gain, the measuring system gave no spurious 

resistance signals. However, several errors in the 

capacitance were noted. At low fre~uencies, a systematic 

error resulted from a capacitive reactance being added to 

the true signal. This effect may have been caused by charge 

leaking across the test capacitor or, more likely, across 

the capacitors and the transistors of the instruments. 

Another difficulty was pickup of 1/f noise. The lock-in 

amplifier allowed signals to be averaged over time intervals 

of up to 100 s, but the 1/f noise made this limit 

insufficient at modulation frequencies below 5 Hz. At high 
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frequencies, the impedance of an ideal capacitor is supposed 

to approach zero. Instead of this prediction, an inductive 

reactance (which has a phase shift opposite that of a 

capacitive reactance) became large enough to cause the 

measured reactance of the capacitor to overshoot the zero 

point and become negative. This result was expected, 

because all electrical components show inductive behavior at 

high frequencies. This effect was especially serious at 

frequencies above 5 KHz. The size of these error signals 

depended on the frequency, the gains of the lock-in 

amplifier and the potentiostat, and the current amplitude. 

For exact corrections, this error signal would have been 

taken at every set of measurement conditions and applied to 

each data point. This procedure was tediously impractical, 

so the corrections to the data in this dissertation were 

described only qualitatively. A quantitative correction 

would be more feasible with an automated measurement system 

that had data-storage capabilities. 

2.7.2 Non-steady-state measurements 

A complete description of the electrode response to 

an AC signal involves studying the effect of changing 

measurement conditions such as the bias potential, the 

identity and concentration of the redox couple in the 

solution, and the doping density of the semiconductor. To 
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study the dependence on bias potential, measurements of 

impedance spectra away from the flat band potential were 

attempted. These experiments did not give reliable results 

because the net electrolysis caused the structure of the 

electrode-solution interface and the solution composition to 

change. As a result, the impedance of the electrode 

drifted. The AC impedance measurements were sensitive 

enough to detect this change over the 20 to 60 minute time 

period needed to get an entire spectrum. This problem could 

be solved in one of two ways. The first would be to apply a 

bucking current with an equal magnitude but an opposite 

polarity to the electrolysis current. This balancing 

current could be supplied by a simple circuit of a battery 

and a variable voltage divider being connected to the 

summing op amp of the potentiostat. Alternatively, the 

current output of a galvanostat could be used. Another 

solution to this problem of drifting impedance values would 

be to scan through the entire frequency range rapidly, so 

that the entire range would be covered before the impedance 

changed significantly. The most practical procedure would 

be to take impedance measurements in the time domain rather 

than in the frequency domain, using either a step function 

or white noise as the impulse and analyzing the data by a 

fast Fourier transform. These methods will be discussed 

briefly in the conclusion of this dissertation. 



CHAPTER 3.1 

RESULTS AND DISCUSSION: PHOTOCOULOMETRY MEASUREMENTS 

As explained in the introduction, photocoulometry 

and AC impedance measurements can be used to study rates and 

. mechanisms of electrochemical reactions. The work that is 

described in this dissertation applies these techniQues to 

studying the reaction mechanisms and rates of the photo-

assisted oxidation of hydroQuinone to benzoQuinone at 

various phthalocyanine modified electrodes. The models that 

are considered in this discussion, which were presented in 

the introduction and explained in more detail in Appendix 2, 

are summarized below. 

1 ex cit 0 n in t e r m e d -:. ate, t ~l i c',{: d.7 e f i 1 m 
2 exciton intermediate, thin dye film 
3 cation intermediate, thic',{: dye film 
4 cation intermediate, thin dye film 

The results of these experiments indicate that model 3 

explains the results better than the others do. 

Furthermore, these experiments suggest that of the possible 

rate limiting steps in model 3: 

1 charge transport through the dye film 
2 charge transfer frem the dye to the solution 
3 charge transfer from the dye to the substrate 

1 23 



124 

charge transfer between the dye and the substrate is the 

rate limiting step. This chapter presents the evidence and 

the discussions to support this interpretation. 

3.1.1 Selection of electrode materials 

Previous work (1.11) has indicated that several 

phthalocyanine dyes show photoelectrochemical activity. 

Based on these results, several phthalocyanines were tested 

for their transient photocurrent response. The substrate 

was ~-Sn02 on glass, the solution was 1 x 10-3 M 

hydroquinone and 0.1 ~ KHP, the light was the emission at 

655 nm from a pulsed dye laser, and the bias potential and 

light intensity were varied from values that gave no 

measureable signal to the most extreme values that would not 

cause the dye layer to photodecompose in one laser shot. 

Under these conditions, the following dyes were studied: 

CoPc 
CuPc 
AIPc-Cl 
AIPc-F 
InPc-Cl 
GaPc-Cl 
m-SiPc 

Of all these materials, only GaPc-Cl and m-SiPc produced 

significant photocurrents. The signals with GaPc-Cl 

electrodes were barely above the noise level. Consequently, 

only m-SiPc was further studied by these photocoulometric 

measurements. The absence of measureable signals, however, 
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did not necessarily mean that the dye being studied was not 

photoactive. The method of electrode preparation affected 

the thickness of the dye film and the Jegree of ordering in 

the dye crystal structure, and highly resistive films might 

have given photocurrents that were below the noise level of 

these measurements. After this work was completed, others 

in this laboratory (3.1) have found that dye films of the 

preceding materials that were prepared by a slow sublimation 

procedure (deposition of about 1 equivalent monolayer per 

hour), had a more highly ordered crystal structure and 

enhanced photoelectrochemical activity compared to the 

electrodes that were used in this study. 

3.1.2 Effect of redox couples 

3.1.2.1 Hydroquinone/benzoquinone, ferrocyanide/ 
ferricyanide, and Fe(~3)/Fe(+2) 

To study photoelectrochemical reactions with similar 

thermodynamics but without the mechanistic and kinetic 

complications of quinone electrochemistry, two other redox 

couples having standard reduction potentials that were 

similar to that of the hydroquinone/benzoquinone couple were 

studied. The systems that were investigated were the 

iron (+3/+2) couple as FeC13 and Fe(NH4 )2(S04)2' 

and the ferricyanide/ferrocyanide couple as K3Fe(CN)6 

and K
4

Fe(CN)6' with 0.1 ~ KHP (pH = 4) as the 
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indifferent electrolyte for both systems. Even though these 

three systems all have similar redox potentials, the photo

coulometric signal from the H2Q/BQ redox couple was 

between 4 and 10 times larger than the signals from the 

other two. The difference in the number of electrons 

transferred per molecule of redox couple (n = 2 for 

H2Q/BQ; n = 1 for the others), was not large enough to 

explain this difference. This increased photocoulometric 
. 

signal that was measured with the hydroquinone/benzoquinone 

couple was comparable to the increased photocurrents that 

were measured under low intensity continuous illumination on 

non-porous m-SiPc dye films (1.13). On these electrodes, 

the electrochemical activity of the substrate was blocked. 

Even so, the photocurrents on the dye modified electrodes 

were greater than those on the bare gold substrate. This 

effect was explained by proposing a specific interation such 

as adsorption, partitioning, or electrodeposition between 

the dye and the quinone. This effect would not be allowed 

for the cyano and the aquo complexes of iron, because only 

hydroquinone has a delocalized ~-bond system that can 

interact with the ~-electrons of the phthalocyanine. A 

possible example of this effect was discussed by Loutfy and 

Sharp (3.2), who described the adsorption of napthoquinone 

on manganese phthalocyanine. The interaction between these 

two molecules may be similar to the proposed n-n bond 
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interaction between the phthalocyanine and the hydroquinone. 

An objection to this comparison, however, is that the 

bonding between napthoquinone and manganese phthalocyanine 

might involve the nitrogen and oxygen heteroatoms, rather 

than the w-electrons, on these two molecules (3.3). If this 

alternate explanation is correct, then the example cited by 

Loutfy and Sharp would not apply to the interaction between 

hydroquinone and phthalocyanine. 

3.1.2.2 Other redox couples 

Although these experiments were not done, the 

expected effect of changing EO of the redox couple is 

discussed here. Photovoltage measurements with continuous 

low intensity illumination (1.13) showed that at a constant 

light intensity, a ffi-SiPc electrode in solutions of a series 

of substituted ,quinones having a range of EO from -0.24 to 

+0.25 V had photovoltages that were independent of EO. 

This insensitivity of the photovoltage to EO indicated 

Fermi level pinning on the system. This result would also 

be expected for photocoulometric measurements if the 

interaotions between the dye and the quinones and the 

mechanism of charge transfer at the electrode are the same 

with the continuous, low intensity illumination used in the 

photocurrent measurements and with the pulsed, high 

intensity illumination used in the photocoulometric 
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measurements. This prediction is supporte1 by results of 

the photocoulometric e~periments, which are consistent with 

a model in which charge transfer between the solution and 

the dye molecules (which act as surface states by 

introducing energy levels at the electrode-solution 

interface) is much faster than any other charge transfer 

processes. Fermi level pinning would offer the same 

advantages and impose the same limits on both transient and 

steady state photocurrent measurements. 

3.1.3 Possible sources of the photocoulometric signals 

When an electrode is illuminated, several processes 

may occur. In addition to desired results such as light 

induced or light catalyzed charge transfer reactions, some 

undesired occurrences include: 

--heating of the electrode and the nearby solution, 
which causes thermal gradients and convection 

--transient expansion of the electrical double layer 
at the solution-electrode junction, which produces 
induced charging currents 

--photoemission, which results in a net current flow 

These unwanted processes were more serious for the photo-

coulometric experiments, with their high light intensity and 

their short time domain, than with steady state photocurrent 

measurements taken at low light intensities. The following 

is an argument that photoelectrochemical reactions, rather 

than these other effects, were being observed. 



129 

Light stimulated adsorption or desorption of hydro

quinone might have occurred, but these processes would not 

have produced a net current flow. Thermally induced 

expansion of the electrical double layer was an unavoidable 

source of charging currents, but the net charge transferred 

in this process was zero. Photoemission was not expected to 

be significant because this process requires strongly' 

negative potentials, at least -1 V against the standard 

calomel electrode, to induce photoemission from mercury 

electrodes. Since they have comparable ionization 

potentials, similarly negative potentials would have been 

necessary to cause photoemission at dye or semiconductor 

electrodes, and these extreme potentials were not applied. 

If all of these possibilities can be eliminated, then all 

non-zero signals ~ay be interpreted either as photocharg~s 

or as noise pickup. 

The photocoulometric Signal was expected to be zero 

in the absence of any faradaic processes. This null result 

was expected on an unilluminated electrode with a bare 

electrode at moderate potentials, or with a blank 

electrolyte, but sometimes a non-zero signal was observed 

under these conditions. Two explanations for this result 

are that the previous assumptions were not valid, or that 

the instruments distorted the signals. To choose between 

these two explanations, an electrochemically inactive system 



was studied. The one chosen for this work was a plain 

~-Sn02/glass electrode in de-oxygenated 0.1 ~ KHP at a 

130 

bias potential of -0.2 V against Ag/AgCl. The photocoulo

metric measurements on this system were not significantly 

different from zero when observed in the millisecond time 

domain. In the microsecond time domain, however, the 

deviation became significant. One possible explanati')!l for 

this non-zero signal would be a resiJual pickup of noise 

from the laser flashlamp. Another v,r,J.ld be that 

non-faradaic processes such as light induced charging of the 

electrical double layer might have given a non-zero sig~al 

even though they produced a time dependent current that 

averaged out to zero. ~his result can be explained by the 

high frequency response characteristics of the e:ectronic3. 

An amplifier has a finite gain-band~id~h product, which 

means that it will have a smaller gain towards high 

frequency signals than for low frequency signals. If the 

high frequency currents have one polarity and the low 

frequency currents have the opposite, then this greater 

attenuation of high-frequency signals would result in a net 

non-zero Signal. Figure 3.1 illustrates this effect. Two 

ways to test this explanation would be to use electronics 

with a higher frequency response, or to use methods such as 

photovoltage or coulostatic measurements that, unlike photo

coulometry, do not involve a net current flow. In the 
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absence of a redox couple, all of these methods would be 

expected to give zero net signals. 

3.1 .4 Current-time behavior 
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Figure 3.2a shows a typical response of photocurrent 

against time for a m-SiPc/n-Sn02 electrode in a solution 

of 0.01 M hydroquinone and 0.1 ~ KHP. The current amplitude 

and the time duration of the signals were both large enough 

that the transient photocurrent could be measured with a 

signal averager and plotted on a chart recorder. Although 

the current-time behavior depended on experimental 

conditions such as the electrode, the electrolyte in the 

solution, the bias potent~al, and the light intensity, all 

of the photocoulometric signals showed this monotonically 

exponential decrease with time. To illustrate this 

relation, Figure 3.2b is.a plot of (log photocurrent) 

against time for the same data. The change in the slope of 

this line, which indicated a deviation from the exponential 

relation, could be explained by both instrumental and 

chemical effects. Instrumental artifacts such as incomplete 

backgro11nd subtraction and signal averaging might have 

caused this deviation from exponential behavior. A chemic2l 

explanation is that the photocurrent has both a faradaic 

component caused by a net charge transfer between the 

electrode a~d the solution, and a non-~ar~Ja~c com~o~ent 



Figure 3.2a-b 

Photocurrent for a m-SiPc/~-Sn02 electrode 

in O. 01 ~I hydroquinone and 0.1 M KHP 

Figure 3.2a: photocurrent against time 

Figure 3.2b: (log photocurrent) against time 

Illumination: pulsed dye laser, 655 nm 

Bias potential: +0.4 V against Ag ref. 
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caused by a transient charging of the electrical double 

layer. The magnitude of the non-faradaic current de~ends on 

the double layer capacitance, and the AC impedance 

measurements to be described later show significant 

differences in the double layer capacitance upon addition of 

hydroquinone to the solution or upon modifying a substrate 

with a dye film. Because of these differences, the charging 

current would be different for the unknown and the blank 

measurements, and would not subtract out completely. 

As previously discussed in the Experimental section 

(Chapter 2.6, Table 2) of. this dissertation, the RCtime 

constant of the exponenti~lly decreasing photocurrent was 

determined by the charging current rather than by the 

faradaic current. The time dependence of the photocoulo

metric signal did not give information on the lifetimes of 

transient intermediates that were involved in the photo

currents. However, the time dependence did give the RC time 

constant of the equivalent electrical circuit for the 

electrochemical cell. This information leads to the AC 

impedance studies that are presented in Chapter 3.3 of this 

dissertation. 

At extreme values of the instrument gain, the 

signals were distorted. At the lowest gains, the signals 

were dominated by a high frequency sine wave with an 

exponentially decreasing amplitude, which was probably noise 
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pickup from the flashlamp because it remained the same even 

when the light path to the electrode was blocked. At the 

highest gains 1 the signals were distorted by the 

electronics. These signals showed a slower initial rise, a 

falling curve that overshot the level of the dark current, 

and a longer time duration. This response to high frequency 

signals probably was caused by the limited gain-bandwidth 

product of the operational amplifiers in the electronics. 

As the frequency domain of the signals approached the unity 

gain frequency of the amplifiers, the signals experienced a 

phase shift that decreased from 1800 to 00
. The 

transient oscillations indicated that the phase shift was 

approaching 0 0 and the amplifier was changing from a 

stable negative feedback mode to an unstable positive 

feedback. Higher instrument gains c~used this critical 

frequency to lower and did not increase the signal 

amplitude. 

3.1.5 Effect of bias potential 

3.1.5.1 Results 

Figure 3.3 shows the effect of bias potential on the 

photocharge for a m-SiPc/~-Sn02 electrode in a solution of 

0.01 ~ hydroquinone and 0.1 ~ KHP (potassium hydrogen 

phthalate) at a pH of 4. The net signal WqS below the noise 

level at bias potentials of between -0.4 V and -0.2 V 



Figure 3.3 

. 
Dependence of photocharge on bias potential 

~lectrode: m-SiPc/~-Sn02 

Solution: 0.01 ~ hydroquinone, 0.1 M KHP 

Illumination: pulsed dye laser, 655 nm 
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against a Ag pseudo-reference electrode. More positive 

potentials produced an anodic current. By comparisons with 

cyclic voltammetry measurements on the same electrochemical 

system, this Signal could be attributed to the oxidation of 

hydroquinone to benzoquinone. The photocharge increased 
• 

exponentially with overpotental for small values, and linear 

with overpotential at higher values. At extremely positive 

overpotentials, over +0.6 V, the dye film suffered photo-

decomposition. 

These results contrasted with steady state 

photocurrent measurements taken'with low-intensity 

continuous illumination ~rom a xenon arc lamp. Both the 

photocharges and the photocurrents increased with more 

positive potentials at low overpotentials, but the photo-

currents reached maximum values at overpotentials of +0.4 V 

whereas the photocharges continued to increase. The 

limiting photocurrent has been interpreted (1.13) as being 

limited by either the photon intensity or by mass transport. 

The absence of limiting photocoulometric signals suggested 

that neither photon flux nor mass transport processes were 

limiting these signals. This explanation was supported by 

the observation that the photocharge was not affected when 

the solution was stirred to facilitate mass transport. The 

following is a discussion to support this proposal that 

photocoulometric measurements on this system was not 
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affected by mass transport processes, such as diffusion and 

convection, in the solution. 

3.1.5.2 Independence of photocoulometric 
signals from mass transport 

An electrolysis process creates a depletion layer in 

the solution near the electrode surface. The thickness of 

this layer is: 

q/nFCA = d 

The time that is required for a substance to diffuse this 

distance is: 

t = d2/2D 

Substituting these typic~l values: 

q = 10-8 C 

A = x 10-2 cm2 

C = x 10-3 M = 1 x 10-6 mol/cm3 

n = 
D = x 10-5 cm2/s 

in to (3. 1) and (3. 2) g i v e s : 

d = 2.6 x 10-6 em = 260 A 

t = 3.4 x 10-7 s 

For this example, the diffusion time was shorter than the 

20 ~s time resolution of the electronics and the 350 ns time 

duration of the laser pulse. This demonstration that ~ass 

transport through the solution did not affect these photo~ 
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coulometric measurements allowed several simplifications to 

interpreting the data from these experiments. Photo

electrochemical reactions could be studied at high over

potentials, resulting in larger signals, without 

encountering the effects of diffusion. Unwanted mass 

transport processes, such as convection caused by uneven 

heating of the electrode and the solution, could be ignored. 

The thickness of the depletion layer was comparable to 

molecular dimensions. This relation was a possible 

complication, because the measurements would be sensitive to 

microscopic unevenness in_the dye film. However, it was 

also a possible advantage in that for a porous dye film, 

small islands of dye could be considered as separate 

photoactive 8ites on the electrode. 

This indifference to mass tr~nsport effects permits 

an important simplification in the models for dye-sensitized 

photocurrents that are derived in Appendix 2 and summarized 

in Chapter 1.6 of the Introduction. Because a negligible 

degree of electrolysis occurs at the electrode surface, no 

distinction needs to be made between concentrations in'the 

bulk solution (which are known accurately) and 

concentrations at the electrode surface (which depend on 

several conditions such as heterogeneous charge transfer 

rates and mass transport rates). As a result of this 

simplification, the bulk concentrations may be used in the 
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rate equations for interpreting the photocoulometric data 

and in testing the various models. 

3.1.5.3 Calculation of charge transfer resistance 

Although the photo charge values did not reach a 

limit at large overpotentials, neither did they show the 

exponential dependence on potential that was observed at 

lower overpotentials. Instead, these signals showed an 

exponential dependence (Butler-Volmer behavior) at low over

potentials and a linear relation (Ohm's Law behavior) at 

high overpotentials. This linear relation suggested that 

the resistance to charge .transfer could be calculated by: 

R = nli 

In this application, R is not the usual charge transfer 

resistance from the linaar approximation of the 

Butler-Volmer equation at small overpotentials. Inst8ad, it 

is related to the photoconductive proparties of the film, as 

discussed by Rose (1.36): 

R = L2/e~T~ (3.4) 

L = spacing between electroactive centers 
w = charge carrier mobility 
T = charge carrier lifetime 
~ = charge carrier production rate 

This calculation of R would be only an estimate. The two 

phase dye model (1.34-35) would suggest that at least two 

different values for the charge carrier mobility, one for 
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each phase, must be considered. Furthermore, in converting 

the photocharge to a photocurrent through the relation 

i = q/t, t was unknown. The duration of the curr~nt flow 

that was undistorted by RC smoothing could not be measured. 

Its minimum value would have been the 350 ns duration of the 

laser pulse, and its maximum value would have been the 20 ~s 

Re time constant of a typical current 

-voltage curve. Applying this range of t to the data shown 

in Figure 3.3 limited the charge transfer resistance to 

between 1 Kn and 50 Kn. These values were comparable to 

those suggested by steady-state photocurrent measurements 

(1.13), but the unknown d~ration of the current in the 

photocoulometric studies and the higher light intensities of 

the dye laser prevented a dir~ct comparison between these 

two results. However, the AC impeda~ce measur~~enta ~h~ch 

are described in a later section of this dissertation ~ere 

able to reliably measure the resistance and they confir~ed 

that these values were in the 1 Kn range. 

3.1.5.4 Application of results to photocurrent models 

This observed dependence ~f the photocoulometric 

si6 nal (q) on the bias potential (E)--exponential at low 

overpotentials, linear at high 0verpotentials--may be used 

to choose among the models for dye sensitized photocurrents 

that were summarized at the beginnin5 of this chapter. 



Assuming that kd is small with respect to other processes 

* that remove the excited state dye D , none of the models 
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which involve a dye exciton intermediate or the combination 

of a dye cation intermediate and a thick dye film (Models 1, 

2, and 4) have rate equations containing terms that depend 

on potential. These equations would predict that the charge 

is independent of the bias potential. Since this prediction 

disagrees with the results, these models can be discarded. 

Applying the same assumption that kd is small to model 3, 

which involves the combination of a dye cation intermediate 

and a thin dye film, give~ a rate equation with a term 

(k+ ) that is linear with respect to E in the numerator m • 

and a term (Ks) that is exponential with respect to E in 

the denominator. This equation would predict a photocharge 

that is linear with E at low bias potentials (when 

ks«k+m) and reached a limiting value at high bias 

potentials (when k+m«ks)' Because the observed signals 

did not follow this behavior, this model also may be 

* discarded. Consequently, de-excitation of D (described 

by kd ) is not small with respect to other processes that 

* remove D . 

* If the de-excitation rate of D were comparable to 

the other processes, then the rate equations would predict 

complicated relations between q and E. If the de-excitation 

rate were much larger, however, then the rate equations 
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would predict simple relations. Models 1, 2, and 4 (exciton 

intermediate, or cation intermediate and thin dye film) all 

have rate equations which include k+ or k in the a +m 

numerator, and would predict a linear relation between q 

and E. Model 3 (cation intermediate and thick dye film) has 

a rate equation which includes ks in the numerator, and 

would predict that q increases exponentially with E. 

Because the photocoulometric measurements showed both 

exponential and linear relations between q and E, all four 

of the models can fit the data. Although studying the 

dependence of the photoch~rge on the bias potential did not 

provide sufficient information to choose among the models, 

these measurements illustrated two points. The first was 

that the photocoulometric signals were not affected by mass 

transport processes in the solution. The second was that 

the de-excitation of an excited state dye, without producing 

free charge carriers, should be considered in any model 

describing photocurrents for the oxidation of hydroquinone 

to benzoquinone at phthalocyanine electrodes. In other 

words, the photoelectrochemical efficiency of phthalo

cyanines is significantly less than 100%, and one factor 

that limits the value is that only a fraction of excited 

state dye molecules can produce free charge carriers. 
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3.1.6 Effect of hydroguinone concentration 

3.1.6.1 Results 

The dependence of the photocoulometric signal on the 

hydroquinone concentration was studied to choose among the 

various models explaining photocurrents at dye-modified 

electrodes, and to examine the possibility of specific 

interactions between hydroquinone and the dye. Figure 3.4 

shows the dependence of q on [H2Q]. Over the concen

tration range of 1 x 10-6 to 1 x 10-2 ~, the signal 

increased by a factor of-only 10. In addition to the points 

that are shown on this gr~ph, a signal of 1 x 10-11 C, 

corresponding to the oxidation of (6 x 107)/n molecules, 

was measured in a 0.1 M solution of the injifferent 

electrolyte KHP. The measurements done in the absence of 

hydroquinone caused visible damage to the dye film. 

Repeated laser pulses gave smaller signals and further 

deterioration of the dye film. These results contrasted 

with photocurrent measurements under continuous low 

intenSity illumination (1.13), which showed a photocurrent 

that was directly proportional to the hydroquinone 

concentration at most light intensities. 



Figure 3.4 

Dependence of photocharge on hydroquinone concentration 

Electrode: m-SiPc/~-Sn02 

Solution: 0.1 M KHP background electrolyte 

Bias potential: +0.4 V against Ag 

Illumination: pulsed dye laser, 655 nm 
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3.1.6.2 Application of results to photocurrent models 

As described in Chapter 1.6 and in Appendix 2 of 

this dissertation, the photocurrent model that involved a 

dye exciton as a transient intermediate predicted no net 

photocurrent in the absence of a reducing agent, whereas the 

model that involved a dye cation allowed a non-zero signal. 

According to the exciton models, the reaction between an 

exciton and a reducing agent in the solution was necessary 

to produce a mobile electron that could travel to the 

substrate. Consequently, the absence of a reducing agent 

would have prevented a photocurrent. The observation of a 

signal in the absence of.a reducing agent would disprove the 

models involving an exciton intermediate. The following 

discussion supports this interpretation. 

S0me reasons for the signal in the absence of 

hydroquinone could have been: 

--a reaction on the substrate with trace impurities 

--a reaction on the dye film with trace impurities 

--oxidation of the dye film 

If the charge transfer had been produced by the electrolysis 

of a trace impurity on the substrate, then the signal would 

have been expected to grow as the deteriorating dye film 

exposed more and more substrate. This effect was not seen, 

so this explanation may be ruled out. If the charge 

transfer had been produced by the electrolysis of a trace 
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impurity on the dye film or from oxidation of the dye film 

itself, then the signal would have decreased as was 

observed. These two possibilities were distinguished by 

comparing the signal size to what these two models 

predicted. 

Complete electrolysis of a dye film would produce: 

N = ----------------------------
(160 A2/molecule) (10-8 cm/A)2 

= 6.2 x 1013 molecules/cm2 

An electrode with an area of 0.02 cm2 contains: 

N = (0.02 cm2 )(6.2 x-10 13 molecules/cm2 ) 

= 1. 2 x 1 0 12m ole c u·l e s 

The number of electrons transferred when one dye molecule 

decomposed was unknown, but assuming one electron per 

molecule (n = 1) would give 1.2 x 10 12 electrons, 'or 

2 x 10-7 C, for complete electrolysis of one equivalent 

monolayer of the dye film, or 2 x 10-6 C for a dye film 

having a thickness of 10 equivalent monolayers. This 

estimate was well above the typical photocoulometric signal 

-10 -3 of 10 C, so that the electrolysis of less than 10 

of one equivalent monolayer would account for a typical 

signal. For an electrolyte in the solution to give this 

signal of 10- 10 C, its concentration would have needed to 

be: 



C = q/nFA 

C = 1 x 10-11 C mol 

n eq 1 x 10-5 C 0.02 cm2 2.6 x 10-6 cm2 

= 2 x 10-8 mol/cm3 = 2 x 10-5 M 

Because the signal indicated a net oxidation, oxidizing 

agents such as O2 or H+ could not have produced it. 
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Another possibility, the electrolysis of water, has not been 

supported by any published work on phthalocyanine photo

electrochemistry. Other workers in this laboratory (1.12) 

have tested the purity of the triply distilled water by 

cyclic voltammetry measurements and detected no measureable 

amount (less than 10-6 ~) of readily electrolyzed 

impurities. The most likely conclusion to these experiments 

is that the signals were caused by photooxidation of the dye 

itself. If this explanation is correct, then all of the 

photocurrent models involving a dye exciton intermediate 

(Models 1 and 2) may be eliminated from consideration. 

Although photocurrents in the absence of a reducing agent 

were not seen under continuous illumination with a xenon arc 

lamp, the lower intensity of this light would have given 

smaller photocurrents that might have been below the noise 

level of these measurements. 
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3.1.6.3 Evidence of hydroquinone adsorption 

The dependence of the photocharge on the hydro

quinone concentration can be explained by considering the 

signal as being caused by the electrolysis of hydroquinone 

molecules that are both adsorbed at the electrode surface, 

and within the diffusion layer thickness in the solution. 

Regardless of the mechanism or the rate limiting step, all 

of the photocharge came from the oxidation of hydroquinone 

(neglecting oxidation of impurities or the dye layer). As 

previously discussed, the short laser pulses and short 

electrolysis times that were used in these photocoulometric 

measurements sampled a d~ffusion layer that was only about 

260 A thick. The number of hydroquinone molecules within 

this distance was so small that adsorbed molecules, if they 

were present, would have caused most of the signal. 

To illustrate this statement, the following is a 

sample calculation using typical experimental data. 

1) The surface density of phthalocyanine molecules, as 

estimated by previous calculations (Equation 3.5), is 

6.2 x 1013/cm2 , or 1.2 x 10 12 molecules for an 

electrode with an area of 0.02 cm2 . 
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2) For a solution concentration of 1 x 10-3 ~, the 

number of hydroquinone molecules contained in a 260 A 

diffusion layer is: 

10-3 mol 10-3 L 6 x 1023 molec 260 A 10-8 cm O.O? cm2 

mol A 

3.1 x 10 10 molecules (3·6) 

3) Complete electrolysis of one monolayer of adsorbed 

hydroquinone, assuming that one hydroquinone molecules 

is adsorbed on one dye molecule, would give: 

1.2 x 10 12 molec 2·e x 10-19 C 

e 

-7 = 3.8 x 10 C 

4) _ Complete electrolysis of the hydroquinone within a 

diffusion layer thickness of 260 A would give: 

3.1 x 1010 molec 2 e x 10-19 C 

e 

-8 = 1.0 x 10 C 
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This calculation has shown that one equivalent 

monolayer of adsorbed hydroquinone can account for most of 

the photocoulometric signal. Because the adsorbed molecules 

are already at the surface whereas molecules in the solution 

would have to diffuse to the electrode surface, most of the 

adsorbed hydroquinone would react compared to only part of 

the hydroquinone in the solution. This explaination would 

account for the dependence of q on [H2Q], which can be 

described as a constant term cor.responding to the 

electrolysis of adsorbed molecules plus a smaller term that 

is directly proportional to the solution concentration. The 

best fit of the data to this prediction would give a 

constant term of 6 x 10-10~C (or 2 x 10 9 e) for the 

adsorbed hydroquinone, and a variable term of 6 x 10-11 C 

(2 x 108 e) for a 1 x 10-3 M solution. These values 

amount to under 1% of the total number of hydroquinone 

molecules that are adsorbed onto the electrode surface or in 

solution. At concentrations below 1 x 10-4 ~, the 

photocoulometric signals dropped below 6 x 10-10 C, 

suggesting that the adsorption process was incomplete below 

this concentration. The non-linear relation between q and 

[H 2Q] supports this possibility of adsorption, but it is 

not definite proof. All of the photocoulometric signals 

were small enough that complete electrolysis of the 
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diffusion layer within 260 A of the electrode surface could 

have accounted for the entire signal. 

Photocurrent measurements with steady low-intensity 

illumination suggested that an oxidation product of hydro

quinone adsorbed or electropolymerized onto phthalocyanine, 

forming a film that was optically transparent but which 

changed the surface tension of the electrode. This 

conclusion was supported by the observation that water 

beaded up on a freshly made electrode but not on one that 

had seen active service in photoelectrochemical 

experiments (1.13). After being used, the electrodes showed 

decreased photocurrents ~ut their original activity was 

partly restored by soaking the electrodes in distilled 

water, which may have removed the film. Another worker in 

this laboratory has done thin-layer electrochemical studi~3 

to test these possibilities of hydroquinone adsorption, 

electrodeposition, or deposition on phthalocyanine (3.4), 

but the results of these experiments were inconclusive. 

3.1.7 Effect of illumination direction 

The experiments that have been discussed so far--the 

dependence of the photocoulometric Signal on bias potential 

and on hydroquinone concentration--have provided evidence to 

support a model of photocurrents at phthalocyanine 

electrodes ~ith these characteristics: 



--a dye cation intermediate rather than a dye exciton 
intermediate 
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--a significant amount of dye de-excitation that does not 
result in the production of charge carriers 

--hydroqui~one adsorption at the electrode 

To gain information on the rate-limiting step in the photo-

current process, the dependence of the photocoulometric 

signal on the illumination direction was studied. 

Figure 3·5 contrasts front side and back side illumination. 

In front-side illumination the light travels first 

through the solution, then through the dye, and finally 

through the substrate. Because the light intensity is 

attenuated as it passes through the absorbing dye film, the 

greatest number of charge carriers is produced near the 

interface between the dye and the solution. If the dye film 

thickness is greater than the average penetration depth of a 

photon, then the photocurrent will: 

--be independent of dye film thickness if charge transfer 
between the dye and the solution is the rate limiting 
step, because most of the charge carriers are near the 
solution 

--decrease with increasing dye film thickness if charge 
transport through the dye film is the rate limiting 
step because the charge carriers must traverse the dye 
film to reach the substrate. 

--be independent of the dye film thickness if charge 
transfer between the dye and the substrate is the rate 
limiting step, because the "bottleneck" principle would 
predict that only this final step would affect the 
photocurrent. 



substrate dye solution 

hv 

Back-side illumination 

Front-side illumination 

Figure 3.5 A comparison of front-side and 

back-side illumination 
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On the other hand, if the dye film thickness is less than 

the average penetration depth of a photon then the photo

current would be independent of the dye film thickness 

because the photocurrent would be limited by processes other 

than the creation of charge carriers. 

Back-side illumination, in which the light travels 

first through the substrate, then through the dye, and 

finally through the solution, creates the largest number of 

charge carriers near the interface between the dye and the 

substrate. By reasoning that is analogous to the discussion 

concerning electrons, the photocurrents produced with back 

side illumination would be "expected to decrease with dye 

film thicknesses only if the penetration depth of a photon 

were less than the dye film thickness and charge transport 

through the film were the rate limiting step. 

According to the two-phase model, which considers 

the dye film as consisting of a more photoactive phase at 

the substrate and a less photoactive phase away from the 

substrate, back-side illumination would be expected to 

produce greater photocurrents than front-side illumination 

(with all other conditions being equal) because the more 

photoactive phase would receive a greater light intensity. 

Previous work, including both photoaction spectra of 

m-SiPc dyes and photocurrent measurements under continuous 

illumination from a xenon arc lamp (1.13), has suggestt3d 
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that the tr~nsition between the more photo~ctive ~nd the 

less photoactive forms of the dye film occurs at a thickness 

of about 100 equivalent monolayers. Because many of the dye 

films used in these studies had thicknesses exceeding this 

value, a dependence of the photocharge on illumination 

direction might have been expected. No significant 

difference, however., was seen. One possible explanation for 

this result was that the higher laser light intensities, 

which exceeded those of the xenon arc lamp by factors of 

10 - 1000, caused a photon saturation effect. This 

possibility is investigated further in the discussion of the 

relation between the pho~ocoulometric signal and the light 

intensity. 

3.1.8 Effect of light intensity and dye film thickness 

Since light intensity ~nd dye film thickness have 

simil~r effects, in that an increasing dye film thickness 

decreases the photon flux that penetrates the film, they 

were considered together in studying their effect on the 

photocoulometric signal. 

3.1.8.1 Results 

Figure 3.6 illustrates the dependence of the photo

charge (q) on the light intensity and on the dye film 

thickness for m-SiPc/~-Sn02 electrodes in solutions of 

0.01 M hydroquinone and 0.1 M potassium hydrogen phthalate 



• 

Figure 3.6 

Dependence of photo charge on 
light intensity ·and dye film thickness 

Electrodes: m-SiPc/~-tin oxide 

Dye film thickness = 13 equivalent monolayers ~ 
35 II 1'-Q-iJ-

80 II "-0-0-

Solution: 0.01 M hydroquinone, 0.1 M KHP 

Bias potential: +0.4 V against Ag 

Illumination: pulsed dye laser at 655 nm 
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(KHP). The electrodes were made under conditions that gave 

porous dye films with a photoelectrochemically active 

geometrical area of 0.02 cm2 . The light intensities were 

varied from the maximum laser intensity of about 2 KW/cm2 

(corresponding to a photon intensity of 2.3 x 1015 

photons/cm2 ), to the minimum intensity that gave a signal 

above the noise level. This minimum value ranged from 2 

W/cm 2 to 200 W/cm2 , depending on the electrode. The 

bias potential of +0.4 V against a Ag paeudo-reference 

electrode and the hydroquinone concentration were ctosen 

because these conditions had given photon limited 

photocurrents under continuous illumination with a xenon arc 

lamp. 

The most distinctive feature of these experiments 

was that the log-log graphs of photocharge (or photo

electrons) against light intensity (or photons) had slopes 

of 0.6 ± 0.1 over most of the light intensities that were 

studied. In other words, q was directly proportional to 

la, with a = 0.6 ± 0.1. At the lowest light intensities, 

the slopes were 0.8 = 0.2, and they were 0.4 ± 0.1 at the 

highest intensities. Further~ore, the slopes depended only 

on the light intensity and not on the dye film thickness. 

With increasing dye film thicknesses, the photocurrents 

decreased slightly. 
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3.1.8.2 Test of Beer's Law behavior 

The non-linear relation between the photo charge and 

light intensity suggested that light absorbance by the dye 

film might not have been following Beer's Law. To test this 

possibility, the transmittances of two dye films with 

thicknesses of 20 and 100 equivalent monolayers were 

measured at various light intensities. The transmittance 

did not change significantly, within the 20% relative 

uncertainty of these measurements. This result meant that 

the fraction of the photons that was absorbed, scattered, or 

reflected by the dye film did not depend on the light 

intensity even when the number of photons in one laser pulse 

was comparable to the number of dye molecules in the film. 

The fraction of photons absorbed by the dye film was 

independent of light intensity over the entire range 

studied, so that this system obeyed Beer's Law. This 

conclusion is important because it permits the non-linear 

relation between photo charge and light intensity to be 

interpreted by the photodoping models of Rose, rather than 

by a possible deviation from Beer's Law behavior. 

3.1.8.3 Evidence of photodoping and light saturation 

Because this system appeared to follow Beer's Law, 

the non-linear relation between q and I indicated a 

photocurrent efficiency (defined as the ratio of photo-
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electrons produced to photons absorbed, or the ratio of 

current density to photons flux) that depended on the light 

intensity. In terms of the photoconductor model presented 

by Rose, this non-linear relation can be explained by a 

combination of photodoping and saturation effects. 

Photodoping can account for the value of a = 0.6. This 

value of a is comparable to the value of 0.68 that has been 

measured on GaPc-Cl films (1.12). One notable difference, 

however, was that higher light intensities were needed to 

produce comparable degrees of photodoping in the m-SiPc 

films. In terms of the models presented in the 

Introduction, this resul~ mean that the number of 

recombination or trap sites, and consequently the rate of 

charge carrier removal (described by kr[D*J), is greater 

on m-SiPc than on GaPc-Cl. This difference is reasonable 

because m-SiPc forms crystals that are smaller and less 

ordered than GaPc-Cl, as shown by electron 

micrographs (1.12). 

3.1.8.4 Applications of results to photocurrent models 

For photon intensities of greater than 10 12 , all 

of the photocharge against photon intensity curves had 

slopes of less than O.5--regardless of the dye film 

thickness on the m-SiPc/~-sn02 electrodes. This behavior 

was not discussed by the photoconductor model of Rose, b~t 
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it can be explained by a light saturation effect. Assuming 

that photocharges on m-SiPc are described by Model 3 (the 

model involving a thick dye film and a dye cation 

intermediate), one of these processes was limiting the 

photocurrent: 

Model 3. 1 : transfer of charge carriers from the dye to 
solution 

Model 3·2: transport of charge carriers through the dye 
layer 

Model 3.3: transfer of charge carriers from the dye to 
substrate 

the 

the 

Previous studies, such as photoaction spectra using 

continuous low intensity iight (1.13), has suggested that 

charge transfer from the dye to the substrate (Model 3.3) 

was the rate limiting step. The following is a discussion 

about how these photocoulometric experiments gave r8sults 

that were consistent with this conclusion. 

The back side illumination that was used in these 

studies created a number of charge carriers at the interface 

between the dye and the solution that was directly 

proportional to light intensity. If Model 3.1 were correct, 

then the photo charge would have been limited by the concen-

tration of hydroquinone at the electrode surface. 

Consequently, the flux of hydroquinone to the electrode and 

mass transport processes in the solution would have affected 

the photocharge. Because the signal was in fact independent 
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of mass transport processes, Model 3.1 can be discarded. If 

Model 3.2 were correct and migration of charge carriers 

through the dye film were the rate determining step, then 

the number of charge carriers that were created within the 

average migration length of a charge carrier would have been 

directly proportional to the light intensity. This model 

was supported by some, but not all, of the ph6tocoulometry 

measurements: they showed a linear to sub-linear relation 

between light intensity and the photocharge. 

The remaining explanation, Model 3.3, considers 

charge transfer from the ~ye to the solution as being 

involved in the rate limiti~g step of photo charge 

production. As previously discussed, the dependence of tho 

photocharge on the bias potential has indicated that charge 

transport through the dye film (as described by Model 3.2) 

was the rate limiting step at high overpotentials, but that 

charge transfer across the interface between the dye film 

and the substrate (as described by Model 3.3) was the rate 

limiting step at low overpotentials. This shift from one 

rate determining step to another at different overpotentials 

is reasonable because k and k (which describe charge +c +a 

carrier transfer across an interface) increase exponentially 

with overpotential, but k and k h (which describe 
+e + 

charge carrier transport through the dye film) increase 

linearly with overpotential. At a sufficiently large 
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overpotential, terms involving k and k might become +c +a 

greater than terms involving k and k h' This behavior 
+e + 

would cause a change in the rate limiting step. 

The light saturation effect, as shown by a slope of 

less than 0.5 in the plot of photoelectrons against photon 

intensity, appeared at photon intensities of greater than 

1 x 1013 . On the 0.02 cm2 electrodes that were used, 

this photon intensity corresponded to a photon flux of 

5 x 1014/ cm2. Assuming a 160 A2 surface area for a 

m-SiPc molecule gives a surface density of 

6.2 x 1013/cm2 per equiva~ent monolayer. These results 

indicate that the saturation effect was significant at 

photon intensities corresponding to the number of dye 

molecules in fewer than 10 equivalent monolayers. This 

result, which indicated that the photoactive dye phase may 

have been thinner than 10 equivalent monolayers, is 

considerably less than the results indicated by photoaction 

spectra of m-SiPc/Q-Sn02 electrodes, which suggested a 

photoactive layer of 100 equiuvalent monolayers. This 

difference may have been caused by differences in the 

electrode preparation method. 
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3.1.9 Effect of substrate 

Comparing the photocoQlometric signals of m-SiPc 

films on both ~-Sn02 and Au-MPOTE substrates tested the 

possibility that the photo charge might have been limited by 

the rate of charge transfer at the interface between the dye 

and the substrate. Model 3.3 would predict that the 

photocharge at an electrode having a dye film on a gold 

substrate would be larger than the photocharge at a similar 

dye film but on a tin oxide substrate, because gold has a 

lower resistance than tin oxide and would give a larger 

value of k+c The substTate wculd make no difference in 

the photocharge, however r if another model were correct 

becaQse this model does not consider charge transfer across 

the dye-substrate interface as being the rate limiting step. 

Figure 3.7 shows the results of this study. Dye 

films on gold substrate gave smaller signal compared to 

dye films of similar thicknesses on tin oxide substrates. 

Although this result was predicted by none of the models, it 

can be explained in terms of dye film porosity. Because the 

dye films were porous, electrochemical reactions on the 

exposed substrate may have occured. The heterogeneous ~ate 

coefficient (k s ) for the oxidation of hydroquinone to 

benzoquinone has been measured (1.13) as 1 x 10-6 and 

1 x 10-7 cm/i on gold and on tin oxide respectively. If 

the photo-oxidized product could have been reduced on the 



Figure 3.7 

Dependence' of photocharge on 
light intensity and dye film thickness 

Electrode: m-SiPc/AU-MPOTE 

Dye film thickness = 20 
39 

1 02 
1 60 

equivalent monolayers -6 ~ 
11 "-0--0-
11 11.-0-0-

11 

Solution: 0.01 M hydroquinone, 0.1 M KHP 

Bias potential: +0.2 V against Ag 

Illumination: pulsed dye laser at 655 nm 
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Figure 3.7 Light intensity and dye film thickness: SiPc/Au 
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bare substrate, then this reaction probably would have been 

faster on gold than on tin oxide. Consequently, the net 

photocharge for electrodes having porous dye films on gold 

substrates would be expected to be smaller than the signals 

for similar dye films on tin 'oxide substrates. Recent work, 

which studied porous dye films with the substrate activity 

blocked by polymeric phenols (3.1), has verified that 

reductions on the exposed substrate do indeed take place. 

This effect could have overwhelmed the differences in the 

photocharge that were predicted by Model 3.3. 

3.1.10 Models supported by photocoulometry results 

Table 3.1 summarizes the models for photocurrents at 

dye-modified electrodes that have been considered in this 

discussion. The predictions of these models as to the 

results of photocoulometric measurements are summarized in 

Table 3.2. The conclusion that Model 3.3 is consistent with 

the experimental results is justified by the comparison 

between predictions and results which are listed in 

Table 3.3. 
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Table 3.1 

List of models for photocurrents at dye-modified electrodes 

exciton intermediate, thick dye film 

2 exciton intermediate, thin dye film 

3 dye cation intermediate, thick film 

3.1 rate limiting step: charge transfer 
from dye to solution 

3.2 rate limiting step: charge transport through dye film 

3.3 rate limiting step: c~arge transfer 
from dye to substrate 

4 dye cation intermediate, thin film 



Model 

1-2 

3. 1 

3·2 

3·3 

Table 3.2 

Predictions of photocoulometric experiment results from models 

Variable 

E [H2Q] [hv] illumination substrate film 

linear or linear linear * * * 
exponential 

exponential constant linear to front ND ND 
+ linear sub-linear back 

or ND 

linear constant linear to ND ND decr. 
+ linear sub-linear 

exponential constant linear to back Au ND 
+ linear sub-linear front Sn02 or ND or ND 

I--' 
(J'\ 

to 



Variable 

overpotential 

[H2Q] 

[ h \i] 

illumination 
direction 

substrate 

dye film thickness 

Table 3.3 

A comparison of predictions with results 

Result 

exponential or li~ear 

constant + linear 

linear to sub-linear 

no difference (ND) 

ND or higher on gold 

slight decrease 

Predictions of Model 3.3 

exponential or linear 

constant + linear 

linear to sub-linear 

back front or ND 

slightly higher on tin oxide 

ND or slight decrease 

...... 
"'-I 
o 
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3·1.11 Estimates of excited-state lifetimes 

Although these pulsed-laser photocoulometric 

experiments did not directly give the lifetimes of 

excited-state intermediates in the photoelectrochemical 

reactions of m-SiPc, the results could be used to set upper 

and lower limits. The upper limit to the lifetime of the 

excited state was set by the evidence presented in the 

following discussion. 

The close agreement between the HC time constants of 

the exponentially decreasing time-dependent photocurrents 

and the HC time constant of the cell as measured by an AC 

bridge meant that the lifetimes of the excited state inter-
. 

mediates were less than the cell time constant of 20 ~s. 

The observation that the electrode transmittance was 

independent of light intensity meant that the dye molecules 

did not become saturated with photons even at intensities 

that provided a flux of one photon per dye molecule in 

350 ns, the duration of a laser pulse. This lack of 

saturation meant that the average lifetime of an 

excited-state dye molecule was less than 350 ns. A lower 

limit was calculated with the following data: 
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Given this equation (3.4) that relates the photocharge 
(q) and the mean lifetime of charge carriers (T): 

q = A e ( cjJJ I L ) T E ).J 

• = charge carriers per photon; the other terms are 
defined in Appendix 1 

and expressing it in terms of the charge-carrier 
lifetime: 

then, substituting in these typical physical constants 
and experimental results: 

A = 2 x 10-2 cm2 

q = 2 x 10-8 C 

'( = 3.5 x 10-7 s 

e = 1 .6 x 10-19 C/e-

cjJ = 2 x 10-3 e-/photon 

J = 1.5 x 10 19 photon/cm2-s 

L = 100 A = 1 x 10-6 cm 

E = 6 x 105 V/cm 

).J = 20 cm2/V-s 

gives T = 5 x 10-11 s. This estimated lifetime is far 

below the time domain of electrochemical methods that 

involve a net current flow. Direct measurements of these 

transient photocurrents would require other methods such as 

AC impedance or coulostatic measurements. 
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3.1.12 Summary of photocoulometric experiments 

These photocoulometric experiments have shown that 

the excited-state intermediate in the photoelectrochemical 

reactions of m-SiPc was a cation dye rather than an exciton. 

They also showed that even with the thinnest dye films, 

charge transport within the dye layer had to be considered, 

and that the photocurrent was limited by the rate of charge 

carrier transport through the dye film or across the 

dye-substrat~ interface, depending on the bias potential. 

These experiments also demonstrated that photocoulometric 

measurements were not affected by mass transport processes 

in the solution. They su~plied evidence of hydroquinone 

adsorption on m-SiPc. Finally, these results could be used 

to estimate the lifetime of the excited state 1ye, givin~ a 

range of 0.05 - 350 ns. 



CHAPTER 3.2 

RESULTS AND DISCUSSION: 
DIFFERE~IAL CAPACITANCE AND MOTT-SCHOTTKY MEASUREMENTS 

Mott-Schottky measurements can be used to determine 

the flat band potential and the charge carrier density of 

semiconductors. As explained previously, the semiconductor 

properties of ~-Sn02 were studied through these 

measurements. The procedure used in previous work had 

systematic errors from the resistive contribution to the 

total AC impedance, so to find more accurate values these 

measurements were repeated according to the procedure 

described in Chapter 2.7 of this dissertation. 

The earliest models of dye-sensitized photocurrents 

considered the dye layer as an organic semiconductor. More 

recent work (1.12-13) has indicated that phthalocyanines 

were more accurately described as photoconductors. However, 

the unilluminated dye still would be expected to have semi

conductor properties. To study these characteristics, 

Mott-Schottky measurements were applied to various 

dye-modified electrodes. In systems that were described 

well by the semiconductor model, the flat band potential, 

the charge carrier density, and the effect of surface states 

all could be measured and described. Differences from the 

behavior that is predicted by the Mott-Schottky equation 

174 
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were explained by corrections to the ideal semiconductor 

model. Measurements on some electrochemical systems showed 

behavior that did not agree with the Mott-Schottky equation. 

For these systems, some reasons for this disagreement are 

discussed. 

3.2.1 Unmodified n-tin oxide electrodes 

3.2.1.1 Results 

Figure 3.8 shows the results of differential 

capacitance measurements at various bias potentials on an 

unmodified, unilluminated n-Sn02 electrode in a solution 

of 0.1 ~ KHP with the data plotted according to the 
. 

Mott-Schottky relation (Equation 1.8). Results for the same 

-2 d' electrode in solutions of and 10 ~ each of hy roqulnone 

and benzoquinone, with 0.1 M KHP as the indi~ferent 

electrolyte, are shown in Figure 3.9 and su~marized in 

Table 3.4. 

Table 3.4 

Mott-Schottky measurements on unmodified ~-Sn02 electrodes 

Solution 

0.1 ~ KHP (pH = 4) 

0.1 M KHP, 0.01 M each 
hydr~quinone and-benzoquinone 

V 

Efb 

vs. 

-0·30 

-0·36 

No 

Ag cm-3 

7 x 1020 

4 x 1021 



Figure 3.8 

Mott-Schottky plot: unmodified n-tin oxide 
in 0.1 M KHP 

Modulat ion frequency = 10Hz 6 
100 Hz 0 

1 KHz 0 
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Figure 3.9 

Mott-Schottky plot: unmodified n-tin oxide 
in 0.1 M KHP, and 0.01 M-each 
hydroquTnone and benzoquinone 

Modulation frequency = 10 Hz A 
100 Hz C 

1 KHz 0 
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3.2.1.2 Discussion 

The value of -0.30 ± 0.05 V against the Ag pseudo

reference electrode (-0.25 ± 0.05 V against the Ag/AgCI 

reference electrode) was significantly·· more positive than 

the value of -0.6 V measured with an AC impedance bridge by 

Elliott, Zellmer, and Laitinen (1.51); also was more 

positive than the -1.6 V measured by Shepard and Armstrong 

according to Gileadj's method (1.48); was slightly more 

negative than the +0.09 V reported by Mezza and Armstrong 

(1.13), but was in agreement with the -0.2 V that was 

reported by MoIlers and M~mming (1.49-50). The following is 

an explanation for these differences. 

Since the Mott-Schottky measurements were taken by 

different procedures in this work and the two others, 

instrumental errors such as those described in Chapter 2.7 

of this dissertation might have explained these differences. 

The chemical explanations for these differences in the 

reported flat band potentials are not as well established as 

the instrumental reasons. A sufficiently large concen

tration of surface states may cause Fermi level pinning and 

fix the flat band potential. The number and the energy 

levels of the surface states depend strongly on how the 

electrodes were prepared. All of the ~-Sn02 electrodes 

used in these experiments were treated in an oXjgen plasma. 
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This procedure roughened the electrode surface and increased 

the doping level of holes by adding the electron acceptor 

02 to the substrate (3.6). These effects of the 

02-plasma etching may have resulted in Fermi level pinning 

at potentials that were different from the values of 

untreated electrodes. Furthermore, the films used by 

Laitinen and his co-workers, and those used by Shepard and 

Armstrong, used antimony for the doping. Since ~-Sn02 is 

an extrinsic semiconductor, variations in dopant concen

trations as a result of the manufacturing process may have 

caused these differences in the Fermi levels and the flat 

band potentials. 

Another reason for the difference in the measured 

flat band potentials was the slow hydration of Sn02 . 

Laitinen and co-workers have observed (1.51) that Sn02 

electrodes that were polished with alumina or powdered 

Sn02 and boiled in water were hydrophobic (not wetted by 

water), as indicated by a large contact angle between water 

droplets and the electrode surface. After the electrodes 

were exposed to an acidic solution for several hours, 

however, the contact angle decreased to indicate a lowering 

of the surface tension between the water and the Sn02 . 

This observation was similar to that seen on m-SiPc (1.13). 

Along with these visual observations, the measured 

capacitance increased and the flat band potential became 
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more positive. The work described in this dissertation, in 

contrast, took measurements on the electrode without waiting 

the several hours that might have been needed to reach 

equilbrium. On both the bare Sn02 substrate and the 

dye-modified electrodes, the same surface wetting effect was 

seen after an experiment was completed. The capacitance and 

the flat band potentials might have reached their equilbrium 

values during the time duration of the experiment, because 

no significant drift of these measurements with these 

electrodes was seen. However, a slow approach to equilbrium 

might have caused at least some of the differences between 

the results of this work and those of Laitinen's. 

3.2.2 m-SiPc/n-tin oxide electrodes 

3.2.2.1 Results 

Figures 3.10, 3.11, and 3.12 illustr~te the results of 

Mott-Schottky measurements on an electrode of Q-Sn02 

modified with m-SiPc. Table 3.5 summarizes the results of 

these studies. 



Figure 3.10 

Mott-Schottky plot: m-SiPc/n-tin oxide 
i Q. O. 1 M KHP -

Modulation frequency = 10 Hz ~ 
1 00 Hz [] 

1 KHz 0 
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Figure 3.11 

Mott-Schottky piot: m-SiPc/n-tin oxide 
in 0.1 M KH~, and 0.001-M each 
hydroquinone and benzoquinone 

Modulation frequency = 10 Hz 6 
1 00 Hz IJ 

1 KHz 0 
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Figure 3.12 

Mott-Schottky plot: m-SiPc/n-tin oxide 
in 0.1 M KHP, and 0.01-M each 
hydroqulnone and benzoquinone 

Modulation frequency = 10 Hz A 
100 Hz D 

1 KHz 0 
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Table 3.5 

Mott-Schottky measurements on m-SiPc/~-Sn02 electrodes 

Solution 

0.1 ~ KHP (pH = 4) 

0.1 M KHP, 0.001 M each 
hydroquinone and benzoquinone 

O. 1 M KHP, 0.01 M 88,ch 
hydroquinone and-benzoquinone 

3.2.2.2 Discussion 

V 

Efb 

vs. 

-0.28 

-0.28 

-0.28 

No 

Ag cm-3 

2 x 10 21 

6 x 10 21 

1 x 10 22 
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Coating the substrate with a layer of phthalocyanine 

dye did not affect the flat band potential. This result 

agreed with similar observations by Shepard and Armstrong 

(1.48) on silane modified ~-Sn02' and by Finklea and 

Murray (1.47) on Ti0 2 . Because modifying the ~-Sn02 

surface with the dye caused no significant change in the 

flat band potential, the dye films were assumed to be 

electrochemically porous. Most of the charge transfer took 

place between the solution and the substrate. Consequently, 

these two components rather than the dye determined the 

capacitance of the dye-solution interface. An applied 

electric field would produce a potential gradient across the 

substrate and the solution, but not across the dye. This 
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behavior would agree with models treating the unilluminated 

dye as an insulator. 

3.2.2.2.1 Effect of dye modification. Modifying the 

surface of the electrode with layers of m-SiPc increased the 

differential capacitance and the effective charge carrier 

density, in agreement with results that were previously 

observed for ~-Sn02 electrodes modified with n-propyl 

silane and cobalt toluene sulfonyl phthalocyanine (1.11). 

These results have been explained by describing an 

unilluminated electrode, with no faradaic processes, with 

the equivalent circuit that is illustrated in Figure 3.13. 

According to this ~odel, modifying the electrode 

surface would increase the ionic population, and thus the 

surface state capacitance (C ss ) of the hydrated layer of 

the ~-Sn02. The addition of hydroquinone to the solution 

caused the differential capacitance and the charge carrier 

density to increase for both the unmodified ~-Sn02 

electrodes and the m-SiPc/~-Sn02 electrodes. A possible 

explanation for the increase would be that hydroquinon~ 

adsorbed onto the electrode surface to cause an effect 

similar to that of modifying the surface with a phthalo

cyanine or a silane, thus increasing the electrode 

capacitance. The decreased capacitance for the dye-modified 

electrodes could not be explained this way, but the 

difference was within the uncertainty of the capacitance 
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Figure 3.13 Equivalent circuit for an unilluminated 
dye-modified electrode 
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measurements. At bias potentials more positive than +0.5 V, 

the Mott-Schottky graphs all became non-linear. This 

deviation from the predicted Mott-Schottky behavior was 

larger for the electrodes in the hydroquinone/KHP solution 

than in the blank KHP solution. One reason for this 

behavior would be that at large overpotentials, the large 

electric field gradient at the semiconductor solution 

junction made the space charge layer so thin that the 

Mott-Schottky equation no longer described its differential 

capacitance. Another reason, which would apply to the 

electrodes in the hydroquinone solution, would be the slow 

electron exchange between this electrolyte and the ~-Sn02 

at the larger overpotentials. Attempts to measure the 

differential capacitance of illuminated electrodes by this 

procedure were not successful. The capacitance values 

increased, indicating a higher charge carrier density, but 

the signals drifted so much that the flat band potential 

could not be determined. The most likely explanations for 

this behavior would be an increased rate of a light induced 

charge transfer, of photodecomposition, or of an adsorption 

process. 

3.2.2.2.2 Frequency dispersion. The ideal electrode 

electrolyte junction would have a differential capacitance 

that was independent of frequency. By contrast, all of the 

electrodes tested in this study showed a frequency 
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dispersion; that is, a dependence of the differential 

capacitance on frequency. One reason for this observation 

could have been limitations on the measurement procedure. 

Long term 1/f noise of the electronics, such as that caused 

by drifts in the ambient temperature, and of the electro

chemical system, such as from convection caused by thermal 

gradients, made the measurements at low frequencies less 

reliable than those at higher frequencies. Even allowing 

for this uncertainty, the frequency dispersion of these 

electrodes still was significant. In both KHP and hydro

quinone/KHP solutions; the unmodified ~-Sn02 electrodes 

had differential capacita~ce values that decreased slightly 

at higher frequencies. This dispersion probably was caused 

by slow ion exchange between the solution and the hydrated 

~-Sn02 layer, which had a larger contribution to the 

capacitance at low frequencies. For the ~-Sn02 electrodes 

modified with ill-SiPc in a blank KHP solution, the frequency 

dispersion was similar. In solutions containing hydro

quinone, however, a second effect was seen. In addition to 

the previously described frequency dispersion, the 

differential capacitance values at the most positive bias 

potentials showed a smaller deviation from ideal 

Mott-Schottky behavior at higher frequencies than at lower 

frequencies. 
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A possible explanation for the behavior of the 

dye-modified electrodes would be the adsorption of a charged 

substance, such as the indifferent electrolyte, onto the 

electrode surface. This process would cause an effect known 

as an adsorption pseudocapacitance. It was so named because 

it would produce a current response to a linear voltage ramp 

(such as the waveform that would be applied in a cyclic 

voltammetry experiment) that was directly proportional to , 
dV/dt as for a capacitor, rather than to (dV/dt)~ as for ~ 

Nernstian diffusion limited process. A typical value for 

the pseudocapacitance would be 200 - 2000 ~F/cm2. This 

value would be much larger than the contributions from the 

space charge layer, the double layer, and other capacitive 

components in an equivalent circuit of the electrode 

solution interface. The value of the pseudocapacitance, 

Cp = ao/aE, varies with potential and on the potential 

dependence of the adsorption isotherm. The usual equivalent 

circuits consider the adsorption pseudocapacitance as a 

leaky capacitor (representing a capacitor and a resistor in 

parallel), corresponding to charge storage in the adsorbed 

ionic layer and charge transport across this layer. The 

diagram for this equivalent circuit is illustrated in 

Figure 3.14. 
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Usually C is much larger than Cdl or C o sc 

Consequently, if the values of Rct ' across the adsorbed 

ionic layer and Rct across the interface between the 

electrode and the solution are comparable then the effect of 

Co on the measured AC impedance would be significant only 

at low frequencies where w is small with respect to 1/RC. 

The possibility of a pseudocapacitance from adsorbed 

hydroquinone may be applied to explaining the AC impedance 

behavior of electrodes modified with phthalocyanines. 

Previous studies of these electrodes using a rotating 

ring-disk electrode (1.12) has shown that the photooxidation 

of hydroquinone to benzoq~inone at a pH of 4 gave an 

intermediate semiquinone with a lifetime of less than 1 ms, 

and that the first electron transfer was the rate limitin6 

step, meaning that Rct was much less than Rct ' and that 

1/RC for the adsorption process had to be small. The 

possibility of this adsorption pseudocapacitance might 

clearly be proved or disproved by AC impedance measurements 

at lower frequencies. 

Finklea has described (1.47) the preparation and the 

characterization of Ti0 2 electrodes with no significant 

frequency dispersion from 100 Hz to 50 KHz. He found that 

the frequency dispersion depended strongly on how the 

electrodes were prepared. This observation supported the 

explanation that frequency dispersion of Ti02 electrodes 
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could have been caused by charge transfer processes 

involving surface states. This explanation can also be 

extended to ~-Sn02 electrodes. Another possible 

interpretation of the frequency dispersion is given by the 

photoconductor model of Rose (1.36). The presence of 

trapping states in the band gap of the Sn02 would give a 

slow response time of the semiconductor to the AC voltage. 

These two different explanations can be distinguished 

because the first one would involve a net current flow 

whereas the second one would not. However, the methods used 

in this laboratory were not sensitive enough to detect the 

small currents that would have been caused by charge 

transfer at surface states. 

3.2.3 Capacitance measurements on GaPc-Cl/Au electrodes 

3.2.3.1 Results 

To test the possibility of semiconductor behavior by 

GaPc-Cl, capacitance measurements were taken on a gold 

metallized optically transparent electrode (Au-MPOTE) 

substrate that was modified with a porous layer of GaPc-Cl. 

Figures 3.15 and 3.16 illustrate the results of these 

studies. Under polychromatic illumination from a xenon arc 

lamp, the capacitance of the GaPc-Cl/Au electrode in 

0.1 M KHP increased from 0.06 ~F/cm2 to 0.16 ~F/cm2 at 

the potential of zero net current flow (+0.4 V against Ag). 



Figure 3.15 

. 
Capacitance measurements on GaPc-Cl/gold 

Solution: 0.1 M KHP 

Modulation frequency: 1 KHz 

Reference electrode: Ag/AgCl (saturated KCl) 

Illumination: xenon arc lamp filtered to pass 470-1000 nm 

at approximately 150 mW/cm2 . 
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Figure 3.16 

Mott-Schottky plot for GaPc-Cl/gold 

Solution: 0.1 M KHP 

Modulation frequency: 1 KHz 

Reference electrode: Ag/AgCl (saturated KC1) 

Illumination: xenon arc lamp filtered to pass 470-1000 nm 
at approximately 150 mW/cm2 . 
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3.2.3.2 Discussion 

The results of these measurements do not fit the 

Mott-Schottky equation. Instead, the relation between the 

capacitance and the bias potential is more like that of a 

metal than of a semiconductor. These results may reflect 

the behavior of the exposed metal substrate, but they also 

may show that the simple semiconductor model of dye-modified 

electrodes should be revised. The photoconductor model of 

Rose (1.36) may explain the results. 

This increase indicated a charge separation that 

might have been caused byoa light induced rearrangement of 

the electrolyte, or by production and separation of charge 

carriers in the dye film, or by a combination of both. The 

AC impedance measurements that are deacrib~d in the 

following section indicate that most of the char5e 

separation is caused by processes involving the dye film, in 

agreement with the second explanation. These measurements 

can be used to estimate the number of free charge carriers 

in the dye film, assuming that the entire increase in the 

capacitance was caused by the creation and separation of 

charge carriers in the dye film. 

The relation between charge and capacitance: 

q = CV 
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can be expressed in terms of charge density and capacitance 
per unit area: 

a = CV 

Assuming that the entire bias potential is dropped across 

the dye layer, and that the increase in the electrode 

capacitance is caused entirely by charge separation in the 

dye film, the experimental results can be substituted into 

( 3 .9) to give: 

= 1 x 10-7 F 0.4 V 

cm2 

= '4 x 10-8 C/cm2 

or: (3.10) 

= 4 x 10-8 C 1.6 x *10- 1 9 c 

cm 2 e 

= 2 x 10-11 -/ 2 e cm 

As calculated in (3.5), assuming that the surface area of a 

GaPc-Cl molecule is 160 A2 gives a surface density of 

6.2 x 1013/cm2. Comparing this surface density with the 

charge density shows that less than 1% of the GaPc-Cl 

molecules produced charge carriers under these conditions. 

This low number might have been caused by the method 

of preparing the dye films, which gave polycrystalline 

porous films. Because the dye films were porous, 

recombination of charge carriers on the exposed substrate 



might have occured. Recent work that studied the photo

reduction of AgN03 on a vanadyl phthalocyanine film (3.7) 

has shown that only 1% of this dye film was photoactive. 
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Scanning electron microprobe pictures have shown that these 

active sites corresponded to the (100) crystal face that was 

coplanar with the bulk surface of the dye film. The similar 

1% fraction of photoactive dye molecules found with these 

independent studies supports the hypothesis that non-porous 

dye films with well defined crystal structure might produce 

a greater fraction of charge carriers under illumination. 

3.2.4 Summary of "Mott-Schottky measurements 

Previously reported methods and results of 

Mott-Schottky measurements on ~-Sn02 electrodes 'I/ere 

compared with the modified procedure which is described in 

this dissertation. The results of these experiments are 

summarized in Table 3.6. 
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Table 3.6 

Mott-Schottky measurements on ~-Sn02 and m-SiPc/~-Sn02 

Electrode Measured Predicted from literature 

No 7 x 102O /cm3 1020 - 1021 /cm3 

Efb -0.3 to -0.2 V -1 .6 to -0.1 V 

m-SiPc/Sn02 No 2 x 1021/cm3 slight increase 

Efb no change no change 

The modified procedure was shown to give flat band 

potentials that agreed more closely with the values found by 

other methods such as the potential of zero net current flow 

in cyclic voltammetry measurements. ~hese studies also 

showed that modifying a substrate of ~-Sn02 with a layer 

of m-SiPc changed the differential capacitance in a similar 

way to adding a capacitor corresponding to the dye layer in 

series with that of the substrate, indicating that the dye 

had some semiconductive properties. However, the 

semiconductor model failed when the dye-modified electrodes 

were illuminated. Instead, the dye layer behaved more like 

a metal. These results supported the model of describing 

phthalocyanines as photoconductors rather than 

semiconductors. 



CHAPTER 3.3 

RESULTS AND DISCUSSION: FARADAIC IMPEDANCE MEASUREMENTS 

Previous studies of electrodes modified with 

nonporous films of m-SiPc and GaPc-Cl (1.12-13) have tested 

the ~-n semiconductor junction model of their photo

electrochemical behavior. The results of these studies 

suggested two corrections to this model: the phenomenon of 

Fermi level pinning, and the photoconductive rather than the 

semiconductive behavior of the dyes under illumination. The 

photocoulometric experiments that were described in the 

previous section gave results that could be interpreted 

according to this model, indicated possible mechanisms for 

the photoelectrochemical reactions, and estimated the rates 

of some processes and the lifetimes of the transient 

intermediates in these mechanisms. The AC impedance 

experiments to be described in the following section 

extended these studies to faster time domains, to smaller 

signal amplitudes, and to non-faradaic processes. By 

helping to establish models of equivalent electrical 

circuits for these dye-modified electrodes, they also set 

the foundations for measurements having faster time domains, 

such as photocoulostatics. The Randles equivalent circuit 

was used as a starting point for interpreting the results. 
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Based on these results, this circuit was modified and values 

were assigned to its components. Finally, the components 

were attributed to specific chemical processes. 

AC impedance measurements were made on four classes 

of electrodes: 

unmodified Au-MPOTE 

2 unmodified ~-Sn02 

3 m-SiPc/~-Sn02 

4 GaPc-CI/Au 

The first two materials were studied because the impedance 

spectra of these electrodes could be interpreted according 

to models describing the behavior of a metal and a highly 

doped semiconductor respectively. Results from the 

• 

experiments on the dye-modifed electrodes ~ere interpreted 

according to the models already described by others anJ in 

this dissertation, with emphasis on the new information that 

was found through these experiments. 

3.3.1 Unmodified Au-MPOTE electrodes 

3.3.1.1 Results 

The response of the electrochemical cell to an AC 

voltage was not determined by the impedance of the working 

electrode alone. Instead, it was determined by the combined 

impedance of this electrode and the rest of the electro

chemical cell. The contributions of the electrochemical 
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cell included the solution, the counter electrode, the 

electrical contacts between the electrodes and the measuring 

electronics. Furthermore, the measured impedance also 

included non-ideal characteristics (such as non-zero output 

impedances, finite input impedances, and phase'shifts) of 

the electronics. To separate the impedance response of the 

working electr6de from the response of the entire system, a 

reference system of a Au-MPOTE electrode in 0.1 M KHP was 

studied. Figure 3.17 shows the impedance spectrum for this 

system. 

3.3.1.2 Equivalent circuit representation 

The results of these measurements on the gold 

electrode in KHP were used to determine the impedance 

characteristics of the measuring system. The gold electrode 

was expected to have a resistance and a capacitance that 

were both much smaller than those of the remaining system. 

If these assumptions were correct, then the resistive 

component of the measured impedance would be approximately 

equal to the resistance of the measuring system excluding 

the test electrode: 

RT = R1 + R2 

RT ~ R2 for R1 «R2 



Figure 3.17 

Impedance spectrum fo~ unmodified gold in 
0.1 M KHP 

Figure 3.17a: entire spectrum 

Figure 3.17b: spectrum expanded to show 
high frequency limit 

Bias potential: 0 V 

Illumination: filtered xenon arc lamp 
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and the capacitive component would be approximately eQual to 

the capacitance of t~e test electrode. 

1/CT = 1/C 1 + 1/C2 

CT = C1C2/(C 1+C 2 ) 

C
T 

::: C1 for C2 » C
1 

The equivalent electrical circuit for a gold 

electrode, in the absence of faradaic reactions or specific 

adsorption, would be a resistor and a capacitor in series r 

with their values independent of frequency. This eQuivalent 

circuit and its frequency spectrum have been illustrated in 

Circuit d of Figure 1.15. These results indicated that the 

system followed the theor~tical predictions closely, but not 

exactly. The capacitive component of the impedance spectrum 

was not constant, and its curve at the hig~ frequency li~it 

approached the x-axis with a slope of less than 90 0
• This 

response corresponded to that of a large resistor in series 

with a capacitor having a value that depended on frequency, 

as shown in Circuit b of Figure 1.20. The effect of these 

processes on the impedance spectra would be to give a 

semicircle that was centered on the x-axis, having a 

diameter of Rct and a maximum value of the reactance at 

f max = 1/RctCdl (Figure 1.16). If Rct were 

suffiCiently large, then only the initial high frequency arc 

of this semicircle would be measured. For the ranges of 

frequencies and impedances that were measureable, the lower 



limit for Rct of this proposed adsorption or faradaic 

process was estimated to be 80 KQ. 
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If the preceding model of the Au-MPOTE/KHP system 

were accurate, then this system would be described by the 

equivalent circuit of Figure 3.18. At a bias potential of 

+0.406 V against a Ag/AgCl reference electrode, the 

impedance spectrum showed R = 520Q and C = 0.34 ~F. These 

measurements used a geometrical electrode area of 

0.079 cm2 , so that the capacitance per unit area was 

4.3 ~F/cm2. These values were used to check that the 

resistance and the capacitance of the Au-MPOTE test 

electrode both were much smaller than the Rand C values of 

the rest of the system. 

j.).1.3 Electrochemical interpretation 

Some physical explanations for this non-ideal 

behavior would include a slow charge transfer reaction at 

the electrode or an adsorption process, with the time scale 

of these effects being comparable to the modulation 

frequency. These processes might involve the oxidation and 

the reduction of the gold substrate, or the adsorption and 

desorption of the KHP or trace impurities (such as residual 

O2 ) at the electrode surface. 
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Since both gold and platinum are noble metals, their 

resistivities were expected to be similar. The electrode 

capacitances would be directly proportional to the electrode 

area. The electrocnemical cell used in these experiments 

had for the cbunter electrode a platinum ring with an area 

of 2.53 cm2 , which was more than 32 times larger than the 

0.079 cm2 area of the working electrode. This large 

difference in electrode areas meant that th~ capacitance of 

the counter electrode was much greater than the capacitance 

of the indicator electrode, and that the measured 

capacitance was approximately equal to the capacitance of 

only the working electrode. This result was significant 

because it meant that the capacitance of the Pt counter 

electrode could be neglected in an equivalent circuit 

representation of the electrochemical cell. 

The resistance that was measured on the system may 

be shown to be caused mainly by the electrolyte solution. 

The resistance of the 0.1 M KHP solution may be estimated 

from the cell geometry and the equivalent conductances of 

K+ and Cl-. The equivalent conductance of the 

biphthalate ion is smaller than that of chloride ion, but 

the difference does no~ change the calculated value of the 

solution resistance significantly. With these assumptions, 

the calculation follows. 



A for K+ and Cl- = 75 cm2/(V - equiv) 

and C = 0.1 M = 1 x 10-4 mol/cm3 

R = 1/AC = 130 Q-cm 

With the cell geometry: 

then: 

d = 0.3 cm 

2 A = 0.08 cm , 

R = (130 Q-cm)(0.3 cm)/0.08 cm2 

= 5 x 102 
Q 
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(3.11) 

This result would suggest that most of the measured 

resistance of 520 Q came from the electrolyte solution and 

that the contributions frpm the Pt ring counter electrode, 

the Au-MPOTE test electrode, and the contacts between these 

electrodes and the external connections all were negligible. 

3.3.2 Unmodified n-tin oxide electrodes: KHP solution 

3.3.2.1 Results 

Figure 3.19 illustrates the impedance spectrum of an 

unmodified n-Sn02 electrode in 0.1 M KHP at the flat band 

potential of -0.2 V against Ag. These measurements were 

expected to give information similar to that from the 

impedance spectra of Au-MPOTE electrodes, with any differ-

ences being attributed to the semiconductor properties of 

the ~-Sn02' The spectra for the two electTodes agreed 



Figure 3.19 

Impedance spectrum for unmodified n-tin oxide in 
0~1 M KHP 

Figure 3.19a: entire spectrum 

Figure 3.19b: spectrum expanded to show 
high frequency limit 

Bias potential: -0.25 V against Ag 

Illumination: filtered xenon arc lamp 
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well, meaning that the imp8dance spectrum for the Q-Sn02 
electrode also could be described by an equivalent circuit 

of a 800 n resistor and a variable capacitor (0.26 ~F at 

10 Hz) in series. Two important differences between the two 

spectra were that the resistive term was larger and that the 

capacitance was smaller for the semiconductor. 

3.3.2.2 Discussion 

The higher resistance could be explained by the 

lower number of charge carriers in the semiconductor, and 

the lower capacitance could be explained by a simple model 

of the junction between the electrode and the solution as a 

parallel plate capacitor: the space charge layer of the 

semiconductor separated the charges of the electrified 

interface with an insulating dielectric material, thus 

decreasing the capacitance. 

3.3.2.3 Effect of changing bias potential 

3.3.2.3.1 Results. At different bias potentials the 

capacitance values changed, as would be expected from the 

Mott-Schottky equation. However, all of the data points of 

the impedance spectra fell along the same curve for all of 

the bias potentials measured. 

The results that are illustrated in Figure 3.19 show 

that R = 900 n. The value of C changed with the bias 

potential and, to a lesser extent, with the modulation 



frequency. Over the entire range studied, however, the 

capacitance values for the Q-Sn02 electrode always were 

smaller than the value for the Au-MPOTE electrode. 
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3.3.2.3.2 Discussion. These results meant that the 

same equivalent circuit of a resistor and a 8apacitor in 

series could be used to describe the interface between the 

~-Sn02 electrode and the KHP solution over all of the bias 

potentials that were studied. Interpreting this result 

according to chemical models would mean that no other 

processes, such as adsorption or charge trapping by surface 

states, were observed. They also would mean that the 

assumption made in the analysis of the impedance spectrum 

for the Au/KHP system, that the capacitance of the counter 

electrode could be neglected, was valid for the Q-3n02/KHP 

system as well. Applying the same equvalent circuit to this 

system, and taking the solution resistance as 520 ~, would 

give a value of 380 ~ ,for the resistance of the Q-Sn02 
electrode. This value was consistent with the range of 200 ~ 

to 2000 ~ that was measured with a four-probe resistance 

meter. 



3.3.3 Unmodified n-tin oxide in 
hydroquinone-benzoquinone solution 

3.3.3.1 Results 

21 1 

Figure 3.20 illustrates the impedance spectrum of an 

unilluminated ~-Sn02 electrode in a solution of 0.1 M KHP 

and 0.01 ~ each in hydroquinone and benzoquinone at various 

bias potentials. The results of these measurements were 

comparable to those of an unmodified ~-Sn02 electrode in a 

blank KHP solution. However, significant differences were 

seen at the extremes of high and low frequencies. The high 

frequency limit of the impedance spectrum approached a 

resistance of Rs = 800 n.. This decrease of 100 12 from the 

resistance in the plain KHP solution might have been caused 

by a difference in doping densities for the various ~-3n02 

substrates, or by, lower resistances of the contacts :0 the 

electrodes. At low frequencies, the impedance spectra 

showed significant deviations from purely capacitive 

behavior. This effect was larger at more positive bias 

potentials. 

3.3.3.2 Discussion 

One possible interpretation of these results would 

be that hydroquinone was adsorbing on to and desorbing off 

of the 3n02 surface. Another explanation would be that 

the hydroquinone was partitioning into the hydrated gel 



Figure 3.20 

Impedance spectrum' for unmodified n-tin oxide 
in 0.1 M ~HP and 0.01 M each 
hydroqulnone and benzoquinone 

Figure 3.20a: entire spectrum 

Figure 3.20b: spectrum expanded to show 
high frequency limit 

Bias potential: -0.25 V against Ag 

Illumination: filtered xenon arc lamp 
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layer. Both of these effects would result in the pseudo

capacitance effect that was previously described. However, 

they could be distinguished by their rates, and consequently 

their r~lative capacitance values, because adsorption would 

probably be faster than partitioning. Neither of these 

effects was observed by cyclic voltammetric measurements, 

but the AC impedance method had a lower detection limit. 

Both cyclic voltammetry and AC impedance measurements could 

detect currents as small as 10-7 A, but the AC impedance 

method used phase sensitive detection which allowed the 

faradaic current to be separated from non-faradaic processes 

in the same way that AC poiarography enhances the detection 

limit over that of DC polarography. 
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3.3.4 Unillumimated m-SiPc!tin oxide: KHP soluticn 

3.3.4.1 Results and equivalent circuit model 

Figure 3.21 shows the impedance spectrum for an 

unilluminated .!!-Sn02 electrode modified with an elec

trochemically porous film containing 10 equivalent 

monolayers of m-SiPc in a solution of 0.1 fo1 KHP. 

Qualitatively, the spectrum for this system was comparable 

to that for the unmodifted .!!-Sn02 electrode in a solution 

of hydroquinone and KHP. One difference between the 

impedance spectrum for the m-SiPc!~-Sn02 electrode in a 

solution of only the supporting electrolyte of KHP compared 

to an unmodified electrode in a solution of hydroquinone was 

the limiting values of the impedance spectra at high 

frequencies. :his resistance correspon~ei to the 8erie~ 

resistance of the cell. The spectrum could be descritdd bj 

the circuit of Figure 3.22: a resistor and a capacitor in 

series with an additional large resistor in parallel with 

the capacitor. 

3.3.4.2 Electrochemical interpretation 

The similarity of the impedance spectra and the 

equivalent circuits of these two systems suggested similar 

chemical explanations for the parallel resistance. For 

m-SiPc!.!!-Sn0 2 electrodes in KHP, the possibility of a slow 

faradaic reaction would have been unli~ely because the only 



Figure 3.21 

Impedance spectrum-for m-SiPc/n-tin oxide in 
.0.1 M KHP -

Figure 3.21a: entire spectrum 

Figure 3.21b: spectrum expanded to show 
high frequency limit 

Bias potential: -0.20 V against Ag 

Illumination: filtered xenon arc lamp 
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electroactive component in the solution was residual O2 , 

A more likely explanation would be a pseudocapacitance 
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effect. The chemical processes that might have caused this 

behavior could be the adsorption or partitioning inter-

actions that were previously described in the discussion of 

the Mott-Schottky measurements. Although the processes that 

caused this response still were too slow to be observed 

accurately even by AC impedance measurements, a lower limit 

of 100 Kn for the charge transfer resistance, corresponding 

to a process having an exchange current density of less than 

2.6 x 10-7 A/cm2 , could be set. The chemical phenomenon 

that caused this behavior could have been either a slow 

charge transfer reaction, or a process that caused an 

adsorption pseudocapacitance. Cyclic voltammetric 

measurements could help to choose between these two 

possibilities because the current from a faradaic process 
1 

would increase with (dV/dt)2, in contrast to the current 

from an adsorption pseudocapacitance that would increase 

with (dV/dt). These experiments could not be done in this 

work because the measuring system was not sensitive enough 

to detect the signals. 

The slightly lowered resistance of the dye-modified 

electrode in the solution of KHP might have been caused by a 

change in the contact resistance. The dye film was thin 

enough that it did not increase the resistance of the 
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electrode significantly. Another possible explanation for 

this difference would be an increased resistance on the 

unmodified electrode caused by adsorbed hydroquinone. 

3.3·4.3 Evidence for the geometry of pores in the dye film 

The differences between the impedance spectrum of 

the dye-modified electrode and the equivalent circuit of a 

resistor in series with a parallel network of a capacitor 

and the Warburg impedance may give information about the 

geometry of the pores in a porous electrode. According to 

models developed by Keiser 'and co-workers (1.74), the 

impedance spectrum illustr~ted in Figure 3.21 corresponded 

to that of a dye film that was nonporous but had surface 

roughness with the pore geometry that is illustrated in 

Figure 3.23. 

This interpretation is not definite because the 

derivations of the relations between electrode porosity and 

impedance spectra assumed that the substrate had a surface 

that was chemically and physically homogeneous, and that the 

impedance spectrum of this substrate was well known. More 

information, such as a more reproducible method of 

depositing the dye film, more accurate AC impedance 

measurements, and correlations with electron microscope 

photographs, would be nee~ed to satisfy these requirements. 



Figure 3.23 Possible geometry of pores in a 
m-SiPc dye film 
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3.3.5 Unilluminated m-SiPc/n-tin oxide electrode: 
ferricyanide/ferrocyanide solution 
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As previously explained, attempts to take impedance 

spectra at non-equilibrium potentials were not successful 

(except for H2Q/BQ on unilluminated m-SiPc/g-Sn02 ) 

because the net current flow resulted in changing of concen-

trations and drifting of impedance values during the time 

required for the measurement of a single spectrum. For this 

reason, the remaining AC impedance measurements all were 

taken at the potential that gave zero net current flow. 

Theoretically, this potential was expected to have been the 

flat band potential that was previously found by 

Mott-Schottky measurement~. In fact, however, a range of 

bias potentials was used that was from 100 to 150 mV 

positive of the measured flat band potential. This 

difference was present on both illuminated and unilluminated 

systems, and was significantly greater than the estimated 

uncertainties of the two methods: ±50 mV for the 

Mott-Schottky measurements, and ±20 mV for the AC impedance 

measurements. The remaining explanations for this 

difference include the electrode preparation method and 

chemical effects. Differences in the electrode preparation 

method could have produced different crystal structures, 

doping levels, and surface states that caused variations in 

the flat band potentials of the electrodes. The double 
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layer capacitance, which depended on the solution 

composition, was not expected to be significantly different 

since all measurements had 0.1 M KHP as the indifferent 

electrolyte. However, the hydroquinone and the benzoquinone 

in some of the solutions might have caused an adsorpt~on 

pseudocapacitance and a potential drop across this 

capacitor. 

3.3.5.1 Results 

Figure 3.24 shows a c,yclic vol tammogram 0: the S8omE; 

m-SiPc/~-Sn02 electrode that was examined in the previous 

study. The measurements were taken both under illu~ination 

and in the dark, with the e~ectrode in a solution of 

0.01 M K4~e(CN)6' 0.01 ~ K3Fe(:N)6' and 0.1 M KHP. 

This electrochemial system had a well defined equilibrium 

potential, showed close to Nernstian behavio-, and was not 

expected to show complications such as specific adsorption 

of the reactants or the products. Both the light and the 

dark impedance spectra, which are illustrated in Figure 

3.25, may be described by the Randles equivalent circuit. 

The frequencies that were available with the measurement 

system did not, however, extend low enough to permit the 

observation of the Warburg impedance. If the Randl~s 

equivalent circuit is assumed valid, then the followin~ 

component values may be assigned, as shown in Table 3.7. 



Figure 3.24 

Cyclic voltammogram for m-SiPc/n-tin oxide in 
0.1 M KHP and 0.01 M each ferricyanide and ferrocyanide 

Illumination: filtered xenon arc lamp 

v = 50 mV/s 
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Figure 3.25 

Impedance spectrum"for m-SiPc/n-tin oxide in 
0.1 M KHP and 0.01 M each ferricyanlde and ferrocyanide 

Figure 3.25a: entire spectrum 

Figure 3.25b: spectrum expanded to show 
high frequency limit 

Bias potential: -0.100 V against Ag (dark) ~ • 
-0.127 V against Ag (light)~ 

Illumination: filtered xenon arc lamp 
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Table 3.7 

Summary of impedance spectrum for m-SiPc/n-SnO 
electrode in KHP, ferricyanide, and ferrocyaniae 

in the dark: in the light: 

Rs 840 n 760 n 

Gdl * 7 lJF 

Rct 180 Kn 44 Kn 

io * 0.74 'lJA 

jo * 15 lJ A/ cm2 

ks * 3 x 10-5 cm/s 

* describes values that could not be measured accurately 

3.3.5.2 Discussion 

The impedance spectra for this system showed that 

224 

the charge transfer resistance decreased by a factor of at 

least 4 under illumination, in agreement with previously 

observed behavior. Under illumination, the cyclic 

voltammogram showed no change in the potential of zero net 

current flow and only a slight increase in the rate of 

electrolysis. This apparent disagreement may be explained 

by the fact that the cyclic voltammogram and the impedance 

spectra were taken on two different electrodes. Although 

they were prepared in the same batch, the dye films might 

have had differences in their porosity or their thickness. 
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3.3.6 m-SiPc/tin oxide: hydroquinone/benzoquinone solution 

3.3.6.1 Results 

Figure 3.26 illustrates a cyclic voltammogram for a 

m-SiPc/~-Sn02 electrode in a solution that was 0.1 ~ in 

KHP and 0.01 ~ each in hydroquinone and benzoquinone. This 

measurement showed that the equilibriu~ potential (the 

potential where the net current flow is zero) for the 

hydroquinone-benzoquinone redox couple shifted to more 

negative values under illumination. This change in 

equilibrium potential, called a photopotential, has been 

observed previously (1 .13~ and is evidence of a photoassited 

reaction in the oxidation of hydroquinone to benzoquinone. 

In addition to the more negative equilibrium p0te~tlal, the 

heterogeneous charge transfer rates for ~oth the oxidqtion 

and the reduction in~reased under illumination. The absence 

of a peak and a diffusion limited current for the oxidation 

indicated that convection (probably a result of thermal 

gradients caused by the xenon arc lamp), rather than 

diffusion, limited mass transport in this system. 

Figure 3.27 presents the impedance spectrum of the 

unilluminated system. The impedance spectrum of this 

electrochemical syste~ could be described by the same 

equivalent circuit as the one for the preceding two systems, 

but the quantitativa results contrasted with the others. 



Figure 3.26 

Cyclic voltammogr~ for m-SiPc/n-tin oxide in 
0.1 M KHP aHd 0.01 M each hydroquinone and benzoquinone 

Dye film thickness = 10 equivalent monolayers 

Illumination: filtered xenon arc lamp 

v = 50 mV/s 
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Figure 3.27 

Impedance spectrum for m~SiPc/n-tin oxide in 0.1 M KHP 
and 0.01 M each hydroquinone and benzoquinone 

Ieffect of bias potential) 

Figure 3.27a: entire spectrum 

Figure 3.27b: spectrum expanded to show 
high frequency limit 

Dye film thickness = 10 equivalent mbnolayers 

Illumination: filtered xenon arc lamp 

Bias potential (vs. Ag ref.) +0.2 V .. 
+0.4 V • 
+0.6 V • 
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The cyclic voltammogram of this system showed a significant 

anodic current in the dark at potentials more positive than 

+0.3 V. Increasingly positive bias ,potentials resulted in 

larger currents until a diffusion limit was reached. The 

changes with potential of the impedance spectra also could 
• 

be interpreted according to this behavior. 

3.3.6.2 Equivalent circuit 

The simplest equivalent circuit of an electro-

chemical cell that would account for a faradaic current 

could be represented as a resistor, corresponding to the 

charge transfer resistance, in parallel to the double layer 

or space charge capacitance (Circuit 4 of Figure 1.14). An 

increasing current would be modeled as a decreasing value 

for the resistor. 

3.3.6.3 Comparison of i measured by AC impedance 
and by cyclic v8ltrunmetry 

The current in a cyclic voltammetric measurement and 

the charge transfer resistance in an impedance spectrum may 

be compared as follows. By using the data in the cyclic 

voltammogram (Figure 3.26), io values may be calculated 

from the Tafel plot (Figure 3.28) and compared with the 

value found in the impedance spectrum (Figure 3.27). 



Figure 3.28 

Tafel plot for m-SiPc/n-tin oxide in 
0.1 M KHP and 0.01 ~ each hydro~uinone and benzoquinone 



229 

o 

0-
~ 
......... 
C/ 

N 
::I: 

~I 
~ ,---, 0 

\ > M 
0 '-' 

......... 
N 

~ .0 

\ ro ~ 
• ..-t U) 
-+-J I 

~ ~I 

\ <l> ......... 
-+-J U 
0 c... 
C. • .-1 

\ :... U) 
C) I 

> E 
0 

\ ...., 
C'l 0 

....... 

\ 
0 c. 

r-< 
Q) -

\ ;oj 

E-

\ 00 
N 

to/") 

\ <l> 
:... 
~ 
!::J) 

• .-1 

w... 
0 C- O 

LI"l \CI r--.. 

[CZUI"J/Vrt)/ ~] j01 



230 

The cyclic voltammogram illustrated in Figure 3.26 
0' showed E = -0.060 V against Ag. 

A Tafel plot of the data (Figure 3.28) gave: 

io = 5 x 10-8 A 

jo = x 10-6 A/cm2 

The impedance spectr'lm of Figure 3·27 showed: 

io = 2 x 10-7 A ( at E = +0.40 V) 

jo = 4 x 10-6 A/cm2 

Although the results of the cyclic voltammogram and the 

impedance spectrum did not give the same current density, 

this difference can be explained as follows. The Tafel 

plots involved a large extrapolation. Furthermore, 

different electrodes (albeit from the same batch) were used 

in these two measurements. Considering the limited 

reproducibility of the electrode preration method and the 

approximations used in the equations, the disagreement in 

the current densities found by these two methods was not 

significant. 

3.3.6.4 Illuminated m-SiPc/n-SnO electrode: 
hydroquinone and benzoquinone solution 

Under illumination, the m-SiPc/~-Sn02 electrode in 

a solution of 0.01 ~ hydroquinone, 0.01 ~ benzoquinone, and 

0.1 M KHP (hydro/benzoquinone) was expected to give results 
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that were qualitatively similar to the system with the 

ferri/ferrocyanide redox couple, but with some quantitative 

differences: 

--slower charge transfer with hydro/benzoquinone 
than with ferri/ferrocyanide on the unilluminated 
electrodes. 

--a greater increase in the rate of charge transfer 
upon illumination with hydro/benzoquinone, to 
values comparable with that of ferri/ferrocyanide. 

--possible adsorption with the hydro/benzoquinone 
couple. 

3.3.6.4.1 Results. The impedance spectrum for this 

electrochemical system is illustrated in Figure 3.29. 

These results support the first two predictions. If the 

Randles equivalent circuit is assumed to describe the 

impedance spectra, then these values of the circuit 

components can be assigned and these electrochemical 

quantities may be calculated (Table 3.8): 



Figure 3.29 

Impedance spectrum for m-SiPc/n-tin oxide (thin dye film) in 
0.1 M KHP and 0.01 M each hydroquinone and benzoquinone 

Figure.3.29a: entire spectrum 

Figure 3.29b: spectrum expanded to show 
high frequency limit 

Dye film thickness: 10 equivalent monolayers 

Bias potential: -0.115 V against Ag (dark) •• 
-0.143 V against Ag (light)~ 

Illumination: filtered xenon arc lamp 
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Table 3.8 

Summary of impedance spectrum for m-SiPc/n-SnO . 
electrode in KHP, hydroquinone, and benzoquinohe 

in the dark: in the light: 

• 
Rs 2.8 KQ 2. 1 KQ 

Cdl * 0.24 \IF 

Rct * 50 KQ 

io * 0.27 \lA 

jo * 13 \lA/cm2 

ks * 1 .4 x 10-5 cm/s 

* describes values that could not be measured 
accurately 
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3.3.6.4.2 Discussion. As with the previous system, 

the available range of frequencies did not extend low enough 

to permit the observation of either Warburg behavior or 

evidence of adsorption in the impedance spectra. 

The high frequency limits of the impedance spectra 

gave indirect evidence for both adsorption of hydroquinone 

and for porosity of the electrode. With the same m-SiPc 

electrode, the series resistance of the electrochemical cell 

was higher with the hydroquinone-benzoquinone solution than 

with the ferricyanide-ferrocyanide solution. This 

difference suggested that an electrochemic~lly inactiv~ 



234 

layer of hydroquinone might be depositing onto the 

electrode, thus increasing its resistance. The shape of the 

impedance spectra deviate from the ideal semicircle at the 

high frequency limit, possibly indicating a porous dye film, 

but the differences were not large enough to rule out 

instrumental distortion as the cause of this deviation from 

ideal behavior. 

3.3.6.4.3 Thick dye film. Figure 3.30 shows the 

impedance spectrum for a similar system as the previous 

one, except that the electrode had a layer of m-SiPc that 

was so thick that no electrochemical activity was seen on a 

cyclic voltammogram of either the illuminated or the un

illuminated electrode. The spectrum for the unilluminated 

electrode could be described simply by a resistor and a 

capacitor in series, meaning that any charge transfer or 

adsorption processes were too slow to observe on the 0.1 s 

time domain of these impedance measurements. The high 

frequency limit of the impedance spectrum for the illumi

nated electrode was not significantly larger than the 

corresponding value for a thin dye film. However, the 

radius of the semicircle at the lower limit of the spectrum 

was larger by more than a factor of 10. This increase meant 

that the RC time constant of the equivalent circuit 

increased, corresponding to an increase in either the charge 

transfer resistance, the double layer capacitance, or both. 



Figure 3.30 

Impedance spectrum for m-SiPc/n-tin oxide (thick dye film) in 
0.1 M KHP and 0.01 M each hydroquinone and benzoquinone 

Figure 3.30a: entire spectrum 

Figure 3.30b: spectrum expanded to show high 
frequency limit 

Dye film thickness : 200+ equivalent monolayers 

Bias potential: -0.070 V against Ag (dark) •• 
-0.110 V against Ag (light) ~ 

Illumination: filtered xenon arc lamp 
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Since the capacitance of a dye-modified electrode has been 

shown to decrease with increasing thicknesses of the dye 

layer (1.12), the charge transfer resistance must have 

increased by at least an order of magnitude to account for 

the larger RC time constant. This result showed that the 

thickness and the structure of the dye film had only a small 

effect on the series resistance, which indicates the 

impedance to charge transport through the dye layer. On the 

other hand, the thickness and the structure had a large 

effect on the charge transfer resistance, which was affected 

by charge transfer across interfaces as well as within the 

dye layer. Another interesting point about this spectrum 

was that the series resistance was larger in the light than 

in the dark. A possible explanation for this result would 

be a light induced adsorption or electropolymerization, 

which might have caused an increase in the electrode 

resistance that overruled the small light induced decrease 

in the resistance of the dye film. 
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3.3.6.5 Summary of impedance spectra for m-SiPc electrodes 

Table 3.9 summarizes the results of AC impedance 

measurements on systems with m-SiPc/~-Sn02 electrodes. 

Table 3.9 

Summary of AC impedance measurements on m-SiPc/~-Sn02 

Experiment 

Solution: KHP 

Light: off 

on 

Sol uti 0 n: K...T.f P , 
ferri/ferrocyanide 

Light: off 

on 

Solution: KHP, 
hydro/benzoquinone 

Light: off 

on 

io measured 

no significant 
faradaic activity 

" " 

no significant 
faradaic activity 

15 lJA/cm2 

no significant 
faradaic activity 

13 lJ A/ cm2 

io predicted 
from literature 

no significant 
faradaic activity 

" " 

no significant 
faradaic activity 

10 lJA/cm2 

no significant 
faradaic activity 

10 lJA/cm2 

These measurements supported previously established models 

(1.13) that described the photoelectrochemical behavior of 

monomeric silicon phthalocyanine, and gave results that were 

consistent with the models that were discussed with 
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reference to the photocoulometry experiments. These 

AC impedance measurements have demonstrated that the Randles 

equivalent circuit accurately described the impedance 

spectra of these electrodes in solutions of both 

ferricyanide-ferrocyanide and hydroquinone-benzoquinone. 

They also have shown that the resistance to charge transfer 

at an unilluminated electrode was higher for solutions of 

hydro/benzoquinone than for solutions of ferri/ferrocyanide, 

but were almost the same for illuminated electrodes. The 

series resistance of the dye film (representing the 

resistance to charge transport within the film) decreased 

slightly, but the charge transfer resistance (representing 

the resistance to charge transport across the dye-substrate 

and the dye-solution interfaces as well as transport within 

the dye film) decreased greatly under illumination. 
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3.3.7 GaPc-Cl electrodes: KHP solution 

Like silicon phthalocyanine, chloro-gallium phthalo

cyanine shows photoelectrochemical activity' in the 

electrolysis of the ferricyanide-ferrocyanide and the 

hydroquinone-benzoquinone redox couples. The AC impedance 

method was applied to these electrodes to compare the 

impedance spectra of GaPc-Cl with those of m-SiPc, to study 

the behavior of different GaPc-Cl dye layer structures, and 

to correlate the impedance spectra with photoelectrochemical 

behavior. 

3.3.7.1 Results 

Figure 3.31 illustrates the impedance spectrum for a 

Au-MPOTE substrate with a porous dye layer of roughly 500 

equivalent monolayers of GaPc-Cl in a solution of 0.1 ~ KHP, 

both in the light and in the dark. A cyclic voltammogram of 

this system, illustrated in Figure 3.32, showed small 

charging currents but no significant faradaic activity. 

Under the illumination from the xenon arc lamp, the 

impedance spectrum changed noticeably. The system showed 

Warburg behavior, even though the solution contained no 

electroactive materials. 



Figure 3.31 

Impedance spectrum for GaPc-Cl/gold in 0.1 M KHP 

Figure 3.31a: entire spectrum 

Figure 3.31b: spectrum expanded to show 
high frequency limit 

Bias potential: -0.095 V against Ag (dark) • • 
-0.246 V against Ag (light) ~ 

Illumination: filtered xenon arc lamp 
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3.3.7.2 Discussion 

This behavior had at least two possible 

explanations. The first would be a light induced 

electrolysis of the dye itself. However, the data did not 

support this explanation because the 45 0 slope of the 

impedance spectrum implied that the diffusion of the dye 

would have been characterized by semi-infinite diffusion 

(that is, a diffusion layer that was much thicker than the 

depth of the concentration perturbations that was caused by 

the applied AC voltage). This condition may be shown not to 

be satisfied: 

For these values: 

D = 1 x 10-5 cm2/s 

f = 20 Hz 

t = 1/f = 1 x 10-3 s 

8 = 2 x 10-4 cm = 2 x 104 A 

Assuming that an equivalent monolayer of GaPc-Cl has a 

thickness of 4 A, these values would correspond to dye 

layers having thicknesses of at least 5000 equivalent 

monolay~~8. Because this calculated thickness was much 

greater than the actual values, this explanation for the 

AC impedance behavior of the illuminated GaPc-Cl electrode 

in a solution of KHP may be discarded. 
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Another possible explanation for this behavior is 

migration of the photo-produced charge carriers within the 

illuminated dye film. If this explanation were correct, 

then the mobility of the charge carriers in the GaPc-Cl dye 

film may be estimated as follows. 

If an impedance spectrum showed Warburg (diffusion 

limited) behavior with a frequency of 10 Hz and a modulation 

amplitude of 7 mVac,rms' then assuming that the electric 

field was applied entirely across the dye film and using a 

typical dye film thickness of 800 A (200 equivalent 

monolayers) would mean that the charge carriers required at 

least 0.1 s to cross the dye film. The mobility would be 

calculated: 

~ = d/vt 
2 

= 800 A 800 A 1000 mV (cm) 

7 mV V (108 A)2 

= 1 x 10-7 cm2/V-s 

which is far below the usual range of 0.01 - 100 cm2/V-s. 

This explanation, therefore, is not likely. 

A third explanation for the impedance spectrum would 

be a light induced pseudocapacitance. This effect might be 

caused by adsorption of non-electroactive materials such as 

the indifferent electrolyte KHP, or by an electrodeposition 

process. The 45 0 slope of the impedance spectrum at low 

frequencies would tend to support the adsorption mechanism, 
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but this conclusion is not definite because of the limited 

frequency range that was studied. 

3.3.8 GaPc-Cl!Au electrode: 
ferricyanide-ferrocyanide solution 

Figure 3.33 presents the cyclic voltammogram for the 
• 

same GaPc-Cl/Au-MPOTE electrode in a solution of 0.1 M KHP 

and 1 x 10-3 M each in K4Fe(CN)6 and K3Fe(CN)6' 

both in the light and in the dark. The peak separation of 

105 mV in the cyclic voltammograms indicated that the 

electrolysis of the ferricyanide-ferrocyanide redox couple 

was almost Nernstian both in the light and in the dark. 

This result showed that the dye film was porous, because the 

charge transfer reaction could take place at the gold 

substrate on an unilluminated electrode. In the light the 

peak separation did not change significantly, but at 

potentials that showed currents limited 8y mass transport, 

the currents increased slightly. The enhancement of mass 

transport may have occured through convection that was 

caused by thermal gradients from heating by the xenon arc 

lamp. 

3.3.8.1 Results and equivalent circuit 

Figure 3.34 gives the impedance spectrum for this 

system. Unlike the impedance spectrum of m-SiPc in a 

solution of ferricyanide and ferrocyanide, the GaPc-Cl 
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Figure 3.34 

Impedance spectrum for GaPc-Cl/gold in 0.1 M KHP 
and 0.001 M each ferricyanide and ferrocyanide 

Dye film thickness : 500 equivalent monolayers 

Bias potential: +0.185 V against Ag (dark) -e. 
+0.185 V against Ag (light) ~ 

Illumination: filtered xenon a~c lamp 
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electrode showed only Warburg behavior. This result meant 

that the rate of electron transfer in bot~ the light and in 

the dark was limited by diffusion, in agreement with 

evidence from the cyclic voltammogram of this system. For 

this porous electrode, the cyclic voltammogram showed only 

small differences between the light and the dark systems. 

By contrast, illumination caused large changes in the 

impedance spectrum. The high frequency limit, which could 

be interpreted as the combined series resistance of the 

electrode and the solution, decreased in the light. The 

results for these measurements of Rs were: 

--unmodified Au-MPOTE in 0.1 M KHP = 930 ~ 

--unilluminated GaPc-Cl/Au-MPOTE in 0.1 M KHP and 0.001 M 
each ferricyanide and ferrocyanide = 1~40 ~ 

--illuminated GaPc-Cl/Au-MPOTE in 0.1 M KHP and 0.001 M each 
ferricyanide and ferrocyanide = 980 ~ 

3.3.8.2 Discussion 

This result was similar to the impedance spectrum of 

the m-SiPc electrode, showing the decreased resistance of 

the dye film under illumination. This result can be 

explained by an increase in the active electrode surface 

under illumination, caused by photoactivation of the dye. 

However, the effect was greater with GaPc-Cl in that the 
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resistance of the illuminated electrode dropped to less than 

one sixth of its dark value, compared with a drop to 

two thirds of the dark value for the m-SiPc electrode. 

3.3.9 GaPc-Cl/Au (porous film): 
hydroquinone-benzoquinone solution 

The cyclic voltammogram of the same GaPc-Cl 

electrode in a solution of 0.1 M KHP and 1 x 10-3 M each 

in hydroquinone and benzoquinone, both in the light and in 

the dark, is shown in Figure 3.35. On the unilluminated 

electrode, the peaks for the anodic and the cathodic 

currents were separated by 700 mY. This separation 

decreased to 200 mV on the illuminated electrode, which was 

comparable to the peak separation on a plain Au-MPOTE 

electrode. This decreased peak separation meant that the 

electrolysis of the hydroquinone-benzoquinone system was 

almost as rapid on the illuminated GaPc-Cl/Au electrode as 

on the unmodified gold electrode. This result illustrated 

the photoconductive properties of this dye. 

3.3.9.1 Results 

Figure 3.36 illustrates the impedance spectrum for 

this system. The unilluminated electrode had a spectrum 

which was similar to that of a m-SiPc/~-Sn02 electrode. 

The spectrum of the illuminated electrode was qualitatively 

similar, but quantitatively different. Assuming that the 



Figure 3.35 

Cyclic voltammogram for GaPc-Cl/gold (po~ous film) in 
0.1 M KHP and 0.001 M each hyd~oqQinone and benzoquinone 

Dye film thickness 500 equivalent monolayers 

v = 50 mV/s 

Illumination = filtered xenon arc lamp 
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Figure 3.36 

Impedance spectrum for GaPc-Cl/gold (po~ous film) in 
0.1 M KHP and 0.001 M each hydroquinone and benzoquinone 

Figure 3.36a: entire spectrum 

Figure 3.36b: spectrum expanded to show 
high frequency limit 

Dye film thickness : 500 equivalent monolaye~s 

Bias potential: -0.005 V against Ag (da~k) • • 
-0.054 V against Ag (light) ~ 

Illumination: filtered xenon a~c lamp 
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system could be described by the Randles equivalent circuit 

would give these results (Table 3.10): 

Table 3.10 

Summary of impedance spectrum for GaPc-Cl/Au (porous film) 
in KHP, hydroquinone, and benzoquinone 

in the dark: in the light: 

Rs 850 n 650 n 

Cdl * 6 ~F 

Rct 500 Kn 800 n 

io 0.05 ~A 33 ~A 

jo 0.2 ~A/cm2 O. 1 mA/cm2 

k s 2 x 10-6 cm/s 1 . 1 x 10-3 cm/s 

* describes values that could not be measured 
accurately 

3.3.9.2 Discussion 

This value for the exchange current density was 

comparable to the diffusion controlled limit of 

7 x 10-3 cm/s, and showed that jo increased by more than 

a factor of more than 600 on the illuminated electrode. 

3.3.10 GaPc-Cl/Au (non-porous film): 
hydroquinone-benzoquinone solution 

Recent work (3.1) has shown that if the conditions 

of subliming the dye film onto the substrate are controlled 
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carefully, then the crystal size and the porosity of the dye 

film can be varied. Generally, slower deposition rates 

produced films that had larger crystals and less porosity. 

To explore the effect of dye film porosity on the impedance 

behavior, a non-porous dye film was studied. Figure 3.37 

presents the cyclic voltammograms for both an illuminated 

and an unilluminated GaPc-Cl/Au-MPOTE electrode prepared 

under conditions that gave non-porous electrodes, in the 

same hydroquinone and benzoquinone solution of the previous 

system. Because the voltammogram of the unilluminated 

electrode showed incomplete blocking of the faradaic 

current, the dye film of this electrode was inferred to be 

less porous than the one that was discussed with reference 

to Figures 3.35 and 3.36. 

3.3.10.1 Results 

The impedance spectrum for this system is illus

trated in Figure 3.38. Both the illuminated and the 

unilluminated spectra are notably different from those of 

the more porous GaPc-Cl/Au-MPOTE electrode. In the dark, 

the radius of the semicircle at the low-frequency end of the 

spectrum, which corresponded to RctC d , was larger. 

result meant that Rct on the less porous electrode 

This 

was 

larger and that charge transfer reactions were slower, 

corresponding to a higher surface coverage and greater 



Figure 3.37 

Cyclic voltammog~am fo~ GaPc-Cl/gold (non-porous film) in 
0.1 M KHP and 0.001 M each hydroquinone and benzoquinone 

Dye film thickness 500 equivalent monolaye~s 

v = 50 mV/s 

Illumination = filtered xenon a~c lamp 
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Figure 3.38 

Impedance spectrum for GaPc-Cl/gold (non-po~ous film) in 
0.1 M KHP and 0.001 M each hydroquinone and benzoquinone 

Figure 3.38a: entire spectrum 

Figure 3.38b: spectrum expanded to show 
high frequency limit 

Dye film thickness : 500 equivalent monolayers 

Bias potential: +0.215 V against Ag (dark) •• 
+0.083 V against Ag (light) ~ 

Illumination: filtered xenon arc lamp 
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blocking of the gold substrate. The impedance spectrum of 

the illuminated electrode could not be described by any of 

the models descussed previously. Interpreting this spectrum 

was complicated by the instrumental distortions that have 

already been described, but a qualitative adjustment would 

give the impedance spectrum of Figure 3.39. This spectrum 

featured inductive behavior at low frequencies, and could be 

described by the equivalent circuit that is illustrated in 

Figure 3.40. 

3.3.10.2 Discussion 

One chemical model that would fit this equivalent 

circuit is the model of Epelboin and Kaddam (1.63) for the 

corrosion of iron. They proposed that the acid catalyzed 

oxidation of iron took place in two distinct electron 

transfer steps, involving an adsorbed intermediate. They 

used this model to explain the impedance spectrum of iron in 

a basic solution: 

Fe + OH- ~ Fe + (OH-)ads + e + 

Fe + (OH-)ads (FeOH)ads -+ e ~ + e + 

(FeOH)ads t (FeOH+) + e 

(FeOH+) + H+ ~ Fe+2 + H
2

O + 



Figure 3.39 

Corrected impedance spectrum for 
GaPc-Cl/gold (non-porous film) in 

0.1 ~1 KHP and 0.001 ~ each hydroquinone and benzoquinone 

Figure 3.39a: original data 

Figure 3.39b: after qualitative correction 
for instrumental distortions 

Because the corrections were qualitative, 
and not quantitative, the scales on the 
axes are arbitrary. 



x c 

Fig. 3.39a 

R 

x c 

Fig. 3.39b 

Figure 3.39 Corrected spectrum: non-porous film GaPc-Cl/Au, 1 mM H2Q/BQ 

R 

N 
V1 
0\ 



Figure 3.40 Equivalent circuit for GaPc-Cl/gold (non-porous film) in 
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If the electrolysis of hydroquinone to benzoquinone at 

GaPc-Cl/Au electrodes were analogous to this mechanism, then 

applying this mechanism to the oxidation of hydroquinone 

would give: 

+ 
+ 

H2Qads 

HQ·ads + e- + H+ 
• 

In this mechanism, the adsorption step could have produced 

the inductive behavior. This effect might not have been 

seen on the more porous electrodes because the current 

produced by this adsorption step would be small compared to 

the current produced by direct electrolysis at the exposed 

gold substrate. 

Another explanation for this behavior may be the 

electrodeposition of hydroquinone. This process would give 

similar impedance behavior as adsorption, except that 

electrodeposition involves a net charge transfer as part of 

the adsorption step and an irreversible change in the 

electrode surface that is caused by the polymerization of 

qui nones via free radical intermediates. Since electro-

deposition involves a net charge transfer whereas adsorption 

does not, thin layer photocoulometry measuremens can be used 

to distinguish between these two possibilities. Previous 

work in this area (3.4), however, gave inconclusive results. 
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The adsorption or deposition process, if it occured at all, 

was slow and resulted in a film that was only weakly held to 

the dye layer. In principle, AC impedance measurements may 

be used to choose between the possibilities of adsorption 

and electrodeposition. Both processes involve an adsorption 

process, but only eletrodeposition involves a charge 

transfer. The charge transfer step in a possible electro

deposition process would add an additional term to the 

impedance spectrum of this system, as illustrated in 

Figure 3.41. 

This additional semicircle in the impedance spectrum 

would be seen if the time scales of the adsorption and 

charge transfer steps were sufficiently different. These 

studies could not be done on the system of GaPc-Cl/Au and 

hydroquinone because the lowest modulation frequency of 

10 Hz was not low enough to include the time domain of these 

processes. 
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3.3.11 Summarl of AC impedance measurements 
on GaPc-Cl electrodes 
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Table 3.11 summarizes the AC impedance measurements 

for systems involving GaPc-Cl/Au-MPOTE electrodes. 

Table 3.11 

Summary of AC impedance measurements 
on GaPc-C17Au electrodes 

Experiment 

Solution: KHP 

Light: off' 

on 

Solution: KHP, 
ferri/ferrocyanide 

Light: off 

on 

Solution: KHP, 
hydro/benzoquinone 

Light: off 

on 

observed 

slow motion of 
charged species 

diffusion limited 
motion of charged 
species 

diffusion limited 
current 

larger diffusion 
limited current 

slow motion of 
charged species 

i = 6 A/cm2 ; 
p8ssible electro
deposition of 
quinone radicals 

predicted 
from literature 

no significant 
faradaic activity 

" " 

diffusion limited 
current 

larger diffusion 
limited current 

no significant 
faradaic activity 

i = 1 mA/cm2 
o 
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These results supported the model of Linkous (1.12) that 

described the photoelectrochemial behavior of GaPc-Cl. Some 

of the results were qualitatively similar to those of the 

m-SiPc/n-Sn02 electrodes: illumination decreased both the 

series and the charge transfer resistance of the dye films, 

and the Randles equivalent circuit accurately described the 

impedance spectra. These measurements showed that illu~i

nation increased the exchange current densities of both the 

hydro/benzoquinone and the ferri/ferrocyanide redox couples 

to a diffusion controlled limit. Finally, these experiments 

gave preliminary evidence for a mechanism that involved an 

adsorbed or electropolymerized intermediate in the photo

electrolysis of hydroquinone to benzoquinone at a fairly 

non-porous film of GaPc-Cl on Au-MPOT~. 



CHAPTER 4 

CONCLUSION 

4.1 Summary 

The work that has been described in this 

dissertation is the first reported application of photo-

coulometric and AC impedance measurements to the study of 

transient photoelectrochemical processes at dye-modified 

electrodes. These experiments have provided information 

that was not available with conventional photoelectro-

chemical methods using lower light intensities and studying 

slower time domains. 

4.1.1 Photocoulometry 

Photocoulometric experiments have provided in3ight 

into both the rates and mechanisms of the photo-assisted 

oxidation of hydroquinone to benzoquinone at n-tin oxide 

electrodes modified with monomeric silicon phthalocyanine. 

These measurements have shown the following: 

--a dye cation, rather than a dye exciton, was the 
transient intermediate 

--the rate limiting step was either charge transport 
through the dye film or char~e transfer across the 
dye/substrate interface 
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--the lifetime of the transient intermediate was between 
0.05 and 350 ns. 

--possible evidence for the adsorption of hydroquinone at 
the electrode surface 

--evidence for photodoping and light saturation, 
according to the photoconductor model of Rose (1.36) 

4.1.2 Mott-Schottky measurements 

A revised procedure for taking Mott-Schottky 

measurements on ~-Sn02 was presented. This modified 

procedure gave values for the charge carrier density and the 

flat band potential that were consistent with the observed 

photoelectrochemical behavior of this material. 

Explanations for the differences between these results and 

those of other workers were presented. 

4.1.3 AC impedance measurements 

AC impedance measurements gave ·quantitative 

information on the photoelectrochemical properties of IQ-SiPc 

and GaPc-Cl, such as decreases in both the electrical 

resistance of the dye film and the charge transfer 

resistance with respect to the photooxidation of 

hydroquinone. They also showed that the AC impedance 

spectra could be described roughly, but not exactly, 

according to the Randles equivalent circuit. These results 

suggested that non-faradaic processes such as adsorption of 

the redox couple might be significant. 
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4.2 Suggestions for future work 

4.2.1 Electrode preparation methods 

The work described in this dissertation has 

suggested several directions for future work in the 

transient photoelectrochemistry of dye modified electrodes. 

The most urgently needed is better control of electrode 

preparation and further development of characterization 

methods. The method of preparing the dye films has been 

shown to strongly affect their photoelectrochemical 

behavior. Recent work (3.1) has addressed this problem, 

indicating that slow deposition of dye films (at the rate of 

less than one equivalent monolayer per hour) giv~s dye films 

that are non-porous reproducible crystal structures that are 

needed for comparing results on different electrodes. 

4.2.2 Photocoulometry studies 

The most significant advantage of the 

photocoulometric technique is that these measurements are 

not affected by mass transport processes. This independence 

from mass transport simplifies the models describing photo

electrochemical processes, and separates mass transport 

effects from surface phenomena such as adsorption. Future 

experiments in this area may i~clude: 
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--using a wider range of light intensities, to show 
complete light saturation at high intensities and the 
transition to concentration limited signals at low 
intensities. These studies would require more powerful 
light sources to reach the high intensities, and more 
effective noise reduction techniques so that photo
coulometric signals at low intensities can be measured. 

--using shorter laser pulse widths to further decrease 
the solution volume that is sampled and the time domain 
that is covered by these measurements. This change 
would enhance the surface specificity and the ability 
to study surface processes and to study transient 
phenomena. 

--extending these studies to the photocoulostatic methods 
that are discussed in Chapter 4.2.4. 

4.2.3 AC impedance studies 

The most serious limitation to these AC impedance 

studies has been the limited range of frequencies, 5 Hz to 

5 KHz, that was available. This range was the widest 

practical limit for real time measurements, but the range 

could be greatly expanded by applying fast Fourier transform 

methods. These methods are described in several references 

(4.1-3). They are especially appropriate for AC impedance 

studies because the sine wave perturbation of this technique 

has a Fourier transform of a step function and a Laplace 

transform of white noise; all of these waveforms are 

conveniently available with simple instrumentation and 

recent developments in on-line minicomputers have made the 

problem of data treatment more practical. One advantage to 

the fast Fourier transform technique is that AC i~pedances 
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could be measured at lower frequencies, where phenomena such 

as adsorption could be studied. Another advantage to the 

fast Fourier transform method is that the entire frequency 

spectrum is scanned on the order of seconds, so that 

measurements away from the equilibrium potential, when a net 

current might flow and change the solution composition 

during the observation, are more feasible. However, the 

need for signal averageing partly removes this advantage. 

4.2.4 Photocoulostatics studies 

The AC impedance experiments that were described in 

this dissertation have emphasized correlations between 

components of the equivalent electrical circuit and photo

electrochemical phenomena. Another application of these 

experiments is to the photocoulostatic method (4.4). This 

technique, along with AC impedance methods, has the 

advantages of being almost unaffected by uncompensated 

resistance (4.5-7) and of not having a time domain that is 

limited by the cell HC time constant. Despite these 

advantages, it has not become popular (4.8). Two reasons 

for this disuse have been the need for a rapid charging of 

the electrical double layer (ideally, the charging would 

take place by a delta function charge impulse), and 

complicated data analysis. In traditional coulostatic 

experiments, the charge impulse is supplied by the discharge 
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of a capacitor and its duration is limited by an RC time 

constant of about 0.1 ~s. In the photocoulostatic method, 

the charge is delivered by a laser pulse which can have a 

duration in the sub-nanosecond range when methods such as 

Q-switching and mode locking are applied. This shorter 

pulse duration has enabled observations of faster reactions 

and shorter lived transient intermediates. Preliminary work 

on this technique has been done both by Perone (4.9) and by 

others in this laboratory (3.1). However, the second 

difficulty of complicated data analysis still remains. A 

recent work (4.10) has discussed the limits of both the 

accuracy and the time domain of coulostatic techni~ues, and 

compared them to other DC relaxation methods. One 

conclusion of this analysis is that interpretations of data 

from coulostatic experiments are more reliable if the system 

has been described by an accurate equivalent circuit ¥ith 

good estimates of the component values. AC impedance 

methods are especially suited for this application. The 

relations between these two methods have been 

described (4.11). A'combination of AC impedance and photo

coulostatic methods offers the possibility of extending the 

time domain for photoelectrochemical studies on dye mod:fied 

electrodes to more than 11 orders of magnitude, from 103 s 

(10-3 Hz) down to 10-8 s. ~he chemical significance of 

this expanded time domain ~ould be that it might permit 



studies of photoelectrochemical processes as slow as 

adsorption and as fast as excited state lifetimes. 
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LIST OF SYMBOLS 

A area 
absorbance 

B admittance 

C concentration 
capacitance 

c speed of light 

D diffusion coefficient 
dye molecule 

d diameter 
distance 

E energy 

e electron 
electronic charge 

F Faraday constant 

f frequency 

G Gibbs free energy 
conductance 

h Planck constant 

I light intensity 

i current 

J flux 

j current density 

k Boltzmann constant 
reaction rate coefficient 

L inductance 
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1 length 

M molar concentration 

m mass 

N number of particles 
particle density 

n electrochemical equivalents/mole 

q charge 

R resistance 
gas constant 

T temperature 

t time 

V volume 
potential 

v scan rate in cyclic voltammetry 

X reactance 

Y admittance 

Z impedance 

a transfer coefficient 
Cole parameter for AC impedance 

B fraction of surface covered 

y surface tension 

~ change in a quantity 

8 diffusion layer thickness 

€ dielectric constant 
molar absorptivity 

n overpotential 

¢ char~e carriers produced/molecule 
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8 phase angle 

A wavelength 

(J excess surface charge 

T time constant 
exci ted state lifetime 

w angular frequency • 
v frequency 

~ mobility 



APPENDIX A 

RATE EQUATIONS FOR MODELS OF PHOTOCURRENTS 
AT DYE-MODIFIED ELECTRODES 

This appendix shows the derivations of rate 

equations for photocurrents at dye-modified electrodes. The 

four models that are discussed are: 

thick dye layer, exciton dye intermediate 

'2 thin dye layer, exciton dye intermediate 

3 thick dye layer, cation dye intermediate 

4 thin dye layer, cation dye intermediate 

Some points that apply to all of the models include: 

--the photocoulometric signal (q) was assumed to be the 
photocurrent (i) multiplied by the duration of the 
laser pulse (T) 

--all of the measurements involved a bias potential being 
applied at the electrode, so that charge transport 
through the dye layer and across the dye/solution 
interface or the dye/substrate interface were assumed 
to go only in the forward direction. . 

--since the net reaction in this study was the oxidation 
of hydroquinone to benzoquinone, the subscripts "c" and 
"a" were used to describe the cathodic (reduction) and 
anodic (oxidation) reactions involving the dye, rather 
than the subscripts Iff" and "b" that are normally used 
in electrochemical kinetics. This change was made to 
avoid confusion with the rate coefficients describing 
charge transport through the dye layer, and with the 
oxidation of hydroquinone to benzoquinone being labeled 
as the "backward" reaction. 
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--The light intensity (I) and molar absorptivity (E) are 
related to the quantities [hv] and ke as follows: 

I Tl 
[h v ] = x -

I is 
[ hv] 
Tl is 
B is 

hv c 

in W/cm2 
is in photons/cm2 

the dielectric constant (dimensionless) 
Einstein's coefficient of induced absorption 

B 2.303 c 
f E(V) dv 

hv [n ] n 

--The numbers of mobile electrons and holes are not 
necessarily the same. Even though absorption of a 
photon produces one electron and one hole, these 
possible charge carriers might become trapped and not 
become mobile. At high light intensities, h~wever, the 
numbers of mobile electrons and holes become equal. 
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Model 1: Dye exciton intermediate, thick film. 

(A1.1 - A1.6) are the steps in the model. 

A 1 • 1 D + hv 
k 

e') D* 
b 

D* 
kd 

D + h v' 
b ~ A 1 .2 

k+m 
::. D* D* b < s k -m 

A 1 .3 

k+a 
::.. 

D* + R D + 0 s < s k -a 

A 1 .4 

k+m, 
~ D -D- s : < m 

k -m' 

A 1 .5 

k+c :::... 
D - D " + e m k m A 1 .6 

-c 
(A1.7) is the anodic photocurrent. 

d 
A 1 .7 [OJ = k+a [D*sJ [R] - k_a[D-s][oJ 

dt 

(A1.8) is the cathodic photocurrent. 

d 
A 1 .8 [e- J = k+ [D- J - k [DJ[e- ] m c m -c m dt 



(A1.9 - A1 .12) are rate e~uations for the transient 
intermediates. 

d ke[DJ[hv] - kd[D*b] -
A1.9 -[D*b] = 

dt k+m[D*b J + k [D*] -m s 

d k [D*b] - k [D*]-
A 1 .10 [D* ] +m -m s = 

dt s 
k+a[D*sJ[RJ + k_a[D-sJ[O] 

d k+a[D*sJ[R] - k [D- J[ 0 J -
A 1 . 11 [D-s ] -a s = 

dt k+m,[D-s ] +k ,[e-J -m m 

d k+m,[D-s ] - k ,[e- J[O] -
A 1 .12 [e- ] -m m = 

dt m k+c[D- s ] + k_c[e-m] 
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Applying the steady state assumption to this system converts 
(A 1 .9 - A 1 .12) to (A 1.13 - A 1.16) . 

A 1. 13 [D* J 
ke[DJ[hv] + k_m,[D*s] 

= b kd + k , +m 

A 1 . 14 [D* J 
k+m,[D*bJ + k_a[D-sJ[O] 

= s k_a[OJ + k+m, 

k [D* J[R] + k , [e- J 
A 1 .15 [D-s ] +a s -m m = 

k_a[O] + k+m, 

A 1. 16 [e- ] 
k+m,[D-s ]+ k_c[D][e-m] 

= m k + k+c -m' 
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(A1.7 - A1.8 and A1.13 - A1.16) become (A1.17 - A1.22) by 
assuming that charge carrier migration through the dye layer 
and that charge transfer at the dye/electrode and 
dye/substrate interfaces go only forward (k ,k " 
k ,k = 0) -m -m 
-a -c 

A 1 .17 
d 

dt 

d 
A1.18 [e-mJ = k+c[e-mJ 

dt 

A 1 .19 

A 1 .20 [D* J 
k+m[D*b J 

= s 
k+a[R] 

A 1 .21 [D-sJ 
k+a[D*s][R] 

= 
k+m, 

A 1 .22 [e-mJ 
k+m,[D-sJ 

= 
k+c 

(A1.23) is the expression for the anodic photocurrent, found 
by substituting (A1.20) into (A1.17). 

d 
A1.23 [OJ = k+m,[D*b J 

dt 

Sub s tit uti ng ( A 1 . 1 9 ) in to (A 1 . 23) g i v e s (A 1 . 24) . 



d 
A 1 .24 [0 J = 

(A1.25), the expression for the cathodic photocurrent, is 
found by substituting (A1.22) into (A1.18). 

d 
A1.25 [e-mJ = k+m,[n-sJ 

dt 

Substituting (A1 .21) into (A1.25) gives (A1. 26). 

d 
A1.26 [e-mJ = k+a[n*sJ[RJ 

dt 

Substituting (A1.20) into (A1.26) gives (A1.27). 

A1.27 
d 

dt 
[e- J = k [D* J m +m b 
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(A1.27) is the same as (A3.23) and leads to (A3.36) as the 
expression for the anodic photocurrent. 



Model 2: Dye exciton intermediate, thin dye film 

k 
A2.1 D + h v e> D* 

k 
A2.2 D* d): D + h v' 

• 
k+a 

A2·3 D* ::.. -+ R <:: D + 0 
k -a 

A2.4 
k+c 

~ -D , D + e 
k -c 

(A2.5) gives the anodic photocurrent. 

d 
A2.5 

dt 

(A2.6) gives the cathodic photocurrent. 

d 
A2.6 

dt 

(A2.7 - A2.8) are rate equations for the transient 
intermediates D* and D-. 

A2.7 
dt 

[D*] = 
ke[D][hv ] - kd[D*] -

k+a[D*][R] + k_a[D-][O] 
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A2.8 
d 

dt 

k+a[DJ[hvJ - k_a[D-J[OJ -

k+c[D-J + k_c[DJ[e-J 
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(A2.9 - A2.10) are obtained from (A2.7 - A2.8) by applying 
the steady state assumption to this system. 

A2·9 [D*J 
ke[D][hvJ + k_a[D-][O] 

= 
kd + k+a[R] 

1, [D*J[RJ + k [D J 
A2.10 [n-J ·"+a -c = 

k_a[OJ + k+c 

(A2.11 - A2.14) are obtained from (A2.5 - A2.6) and (A2.9 -
A2.10) by assuming that all charge transfer reactions go 
forward only. 

d 
A2.11 [OJ = k+a[D*][RJ 

dt 

d 
A2.12 [e-J = k+c[D-] 

dt 

A2.13 [D*] 
ke[D][h v] 

= 
kd + k+a[R] 

A2.14 [,D-] 
k+a[D*J[RJ 

= 
k+c 

( A2 . 1 5) , the anodic photocurrent, is obtained by 
substituting (A2.11) into (A2.13). 



d 
A2.15 [0] = 

(A2.16), the cathodic photocurrent, is obtained by 
substituting (A2.12) into (A2.14). 

A2.16 
d 

dt 
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Model 3: cation intermediate, thick film 

(A3.1 - A3.8) are the steps in the model. 

A3·1 D + hv 
ke 

) D* 

k 
A3 2 D* ~ D+ + • ---' b e b 

A3·3 D* 
kd 

) D + hv' 

A3·4 
k 

D- _r.;>- D + h,," b+eb 7' v 

A3·5 

A3·6 

A3·7 
k+a 

D+ + R ___ .... _ D + 0 
s '" 

A3·8 ---_ ..... ;:.. -
e s < e m 

k -c 

(A3.9) is the anodic photocurrent. 

d 
A3·9 [0] 

dt 



(A3.10) is the cathodic photocurrent. 

A3.10 
d 

dt 
[R] 

(A3.11 - A3.16) are the rate equations for the transient 
intermediates. 

d 
A3·11 [D*J = k [DJ[hvJ - kc[D*J - kd[D*J 

dt e 

d kc[D*J - kr[D+bJ[e-bJ -
A3·12 [D+bJ = 

dt k+h[D+bJ + k_h[D+sJ 

d kc[D*J - kr[D+bJ[e-bJ -
A3·13 [e-bJ = 

dt k+h[e-bJ + k_h[D+sJ 

d k+h[D+bJ - k_h[D+sJ -
A3.14 [D+ J = 

dt s k+a[D+sJ[R] + k_a[D][OJ 

d k+e[e-b ] -k [e - J -
A3·15 [e-sJ -e s = 

dt k+c[e-sJ + k [e- J -c m 

( A3 . 1 6 ) applies to a light saturated process, when the 
number of electrons and holes is equal. 

(A3.17 - A3.21) result from applying the steady state 
assumption to (A3.11 - A3.15)~ 
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A3·17 [D*J 
ke[DJ[hvJ 

= 
kc + kd 

A3·18 [D+bJ 
(kc[D*] + k_h[D+

S
]) 

= 
kr[e-b ] + k+h 

A3·19 [e-bJ 
kc[D*] + k_e[e- s ] 

= 
kr[D+b ] + k+e 

A3·20 [D+ ] 
k+h[D+bJ + k_a[D][OJ 

= s 
k_h + k+a[RJ 

k+e[e-bJ + k [e- J 
A3·21 [e- ] -c m = s 

k + k+ -e c 

If charge transport and charge transfer processes are 
assumed to go only in the forward direction then (A3.9, 
A3.10, A3.18 - A3.21) become (A3.22 - A3.27) by setting 
k h' k ,k ,and k = 0. - -e -a -c 

d 
k+a[D+sJ[R] A3·22 [OJ = 

dt 

d 
A3·23 [e- J = k+c[e-sJ 

dt m 

A3·24 [D+
b

] 
kc[D*] 

= 
kr[e-b ] + k+h 
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A3·25 [e-b ] 
kc[D*] 

= 
kr[D+b ] + k+e 

A3·26 [D+ ] 
k+h[D+b] 

= s 
k+a[R] 

k+e[e-b ] 
A3·27 [e- ] = s 

k+c 

If the charge carriers at the dye surface are assumed to be 
only a small fraction of the total number, then (A3.16) 
becomes (A3.28) and (A3.24 = A3.25 = A3.29) because 
[D+s ] [D+b ] and [e-s ] [e-b ]. 

A3·28 [N] = [D+b ] = [e-b ] 

k+n = k+h = k+e 

A3·29 
k [D*] 

[N] = _c>_'" ___ _ 

(kr[N] + k+h ) 

(A3.29) is a quadratic equation with respect to [N], with 
(A3.30) being the solution. 

A3·30 [N] = 
-k+b + [(k+b )2 + 4k r ks [D*]]+ 

2k r 

II 



(A3.30) may be rewritten as (A3.31): 

A3.31 [N J = 
-k+b + k+b[-k+b + 4krks[D*J/(k+b)2Jt 

2k r 
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For x « 1, (1 + x)t ~ 1 + x/2 and (A3.31) beco~es (A3.32). 

A3·32 

(A3.32) simplifies to (A3.33). 

A3·33 [N J = 

Substituting (A3.17) into (A3.33) gives (A3.34). 

A3·34 [NJ = 
kske[D][hvJ 

k+h(ks + kd) 

Substituting (A3.26) into (A3.22) gives (A3.35). 

d 
A3·35 [OJ = k+h[NJ 

dt 

Substituting (A3.34) into (A3.35) gives (A3.36). 

A3·36 
d 

dt 
[0] = 

k k [D][h v ] 
s e 



Model 4: cation intermediate, thin dye film 

(A4.1 - A4.6) are the steps in the model. 

k 
A4.1 D + hv4 D* 

k 
A4.2 D* ~D+ + e 

k 
A4·3 D* 4D+ hv' 

k 
A4.4 r> D + hv" 

A4·5 D+ 
k+a 

+ R <: 
> D + 0 

k -a 

k+c 
:::.. -e e 

'< k m A4.6 
-c 

(A4.7 - A4.9) are the rate eQuations for the transient 
intermediates. 

d 
A4.7 [D*J = ke[D][hvJ - k [D*J - kd[D*J 

dt s 

d 
[D+J 

k [D*J - k [D+J -
A4.8 s r = 

dt k+a[D*J[RJ + k_a[D][O] 
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A4·9 
d 

dt 

(A4.10) is the anodic photocurrent. 

A4.10 
d 
- [OJ = 
dt 

k [D+J[RJ - k [DJ[O] +a -a 

(A4.11) is the cathodic photocurrent. 

d 
A4·11 - [e- ] = 

dt m 

Applying the steady state assumption to this model 
simplifies (A4.7 - A4.9) to (A4.12 - A4.14). 

A4.12 [D*] 
ke[D][hvJ 

= 
ks + kd 

[D+] 
ks[D*] + k [D][O] 

A4.13 -a = 
kr[e-] + k+a[R] 

ks[D*] + k [e-] 
A4.14 [e-] -c m = 

kr[D+] + k+c 

(A4. 1O, A4. 1 1 , A4· 13, and A4.14) simplify to (A4.15 -
A4. 18) , assuming that the charge transfer reactions go 
forward only (k = 0, -c k = 0). -a 

d 
k+a[D+][R] A4.15 [0 ] = 

dt 
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d 
A4.16 -- [e- ] = k+c[e-] 

dt m 

A4.17 [D+] 
ks[D*] 

= 
kr[D+] + k+c 

A4.18 [e-] 
ks[D*] 

= 
kr[D+] + k+c 

In a )hotoconductor, [D+] = ~e-] = [N] so (A4.17 -
A4.18 become (A4.19 - A4.20 . 

[D+] 
k [D*] 

A4.19 [N] s 
= = 

kr[D+] + k+c 

k [D*] 
A4.20 [N] [e-] s 

= = 
k [D+] + k+c r 

By calculations that are analogous to (A3.29 - A3.33), 
(A4.19 - A4.20) become (A4.21 - A4.22). 

A4.21 [N] 
ks[D*] 

= 
k+a[R] 

A4.22 [N] 
ks[D*] 

= 
k+c 
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Substituting 

d 
A4.23 [OJ 

dt 

Substj.tuting 

A4.24 
d 

dt 

(A4. 21 ) into ( A4 . 1 5 ) gives (A4.23). 

= ks[D*J 

(A4.22) into (A4.16) gives (A4.24). 

Substituting (A4.21) into either (A4.23) or (A4.24) gives 
(A4.25), the expression for either the anodic or the 
cathodic photocurrent. 

d 
A4.25 

dt 

d 
[OJ 

dt 

kske[D][hv J 

ks + kd 
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From these results, the various models may be tested 

by photocoulometric measurements. Comparing these 

predictions with the experimental results may provide 

evidence to support or to eliminate various models. The 

dependence of the photocoulometric signal on the light 

intensity and the concentration of the redox couple can be 

studied directly. The dependence of the signal on bias 

potential is less straightforward because the distribution 

of an applied bias potential across the entire 

electrochemical system, consisting of the substrate, the 

dye, and the solution, is not known exactly. However, 

previous work (1.12-13) has suggested that the dye caused 

Fermi level pinning on the semiconductor substrate, so that 

most of the potential gradient would be found in the dye 

layer. 

Given this assumption, the bias potential would be 

expected to affect the various rate coefficients in the 

following way. 

--Processes involving the mobility of charge carriers 
have a linear dependence on potential. These reactions 
are described by k+h' k_h' k+e , k_ e , k+m, k_m, k+m" and 
k • 

-m 

--Processes involing the separation and recombination of 
charge carriers, or charge transfer at an interface, 
have an exponential dependence on potential. These 
reactions are described by ks ' kr' k+ c ' k_ c ' k+a , and k -a 
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--Processes involving the absorption or the emission of 
photons are assumed to be unaffected by an electric 
field. Complications such as the Stark effect are 
ignored. These processes are described by ke and kd o 

• 



APPENDIX B 

AC CIRCUITS 

B.1 Amplitude and frequency 

For a sinusoidal waveform, such as the one illustrated in 

Figure B.1, V(t) = Vp sin( t). The amplitude of an AC 

signal may be expressed as peak, peak to peak, or root mean 

square. These values are related as follows. 

2 x peak amplitude = peak to peak (p-p) amplitude 

0.707 x peak amplitude = root mean square (rms) 
amplitude 

Calculations of AC currents and voltages are consistent as 

long as the same definition of amplitude is used. 

The time dependence of an AC signal is described by 

the frequency, the period, and (when comparing two AC 

signals of the same frequency) the phase angle. These 

quantities are related as follows. 

Duration of one cycle = period (t) 
-1 Cycles per second = t = frequency (Hz) 

2 x frequency = angular frequency (w) 

In Figure B.1, signal 2 has a phase angles of 1/4 cycle, TI/2 

radians, or _900 (a phase lag of 900
) with respect to 

signal 1. 
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Signal 1 Signal 2 

\ / 
}p +v 

t 

-v 

t 
period (t) 

1 

Figure B.1 Sine wave: amplitude and frequency 
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B.2 Impedance 

AC impedance is analogous to the DC resistance of a 

circuit, with Vac = iac x Z. Its two characteristic 

values are the amplitude (Z) and the phase angle (8). An 

ideal resistor behaves the same way in AC circuits as in DC 

circuits, with the resistance R. The AC voltage across a 

capacitor lags the AC current through the capacitor by 

90°. The AC impedance describes both the relation between 

the amplitude of the current and the voltage, and the phase 

difference between these two quantities. The use of complex 

numbers (with the in phase, or resistive, quantity as the 

"real" component and the out of phase, or reactive, quantity 

as the "imaginary" component) is a convenient notation that 

includes information on both the amplitude and the phase of 

two AC signals. ~he impedance of a capacitor may be 

described as Xc = -j/wC. This relation signifies that the 

AC voltage across a capacitor lags the AC current through 

the capacitor by 90°, and shows that the impedance of a 

capacitor decreases with frequency. 

The impedance of an inductor is given by XL = jwL, 

showing that the AC voltage across an inductor leads the AC 

current through the inductor by 90°, and that the 

impedance of an inductor increases with frequency. 
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B.3 Complex plane notation (Argand diagrams) 

The electrochemical literature presents several 

methods of graphing AC impedance data. The most common 

difference among these methods is that some workers plot 

capacitive reactance in the positive direction on the y-axis 

and inductive reactance in the negative direction on the 

y-axis (Figure B.2), whereas others plot the capacitive 

reactance in the negative direction on the x-axis 

(Figure B.3). This difference usually is not serious, 

because most electrochemical systems involve only capacitive 

reactances and the impedance spectra will appear in the 

first quadrant of an Argand diagram with the former 

convention, and in the fourth quadrant with the latter 

convention. 



-j 

we 

R 

Figure B.2 Complex-plane graph (Argand diagram) 
of impedance: positive Xc 
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x = L L W 

R 

- j 
x = we 

Figure B.3 Complex-plane graph (Argand diagram) 
of impedance: negative X 

c 
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B.4 A comEarison of impedance and admittance 

In AC circuits, the impedances of circuit elements 

in series add (that is, Z = s Z1 + Z2) and the 

impedances of circuit elements add reciprocally (that 

1/Zp = 1/Z1 + 1/Z2 ). Some circuits are more 

conveniently analyzed by calculating and using the 

admittance of the circuit elements. Like impedances, 

is, 

admittances are conveniently represented as vectors and 

graphed in the complex plane. The amplitude of an 

admittance vector is inversely related the the amplitude of 

the corresponding impedance vector; the phase angle is 

opposite that of the impedance vector. A summary of these 

relations is given in Figure B.4. 
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Impedance Admittance 

X B 
0+-

G 

Z 
Vector diagrams 

0+-

R 
Y 

Circuit elements 

--'\IV'v\/v- R G = lin 

H 
- j 

Xc = 
wC B = j wC c 

~ jwL 
-j 

XL = BL = 
wL 

Simple circuits 

-.fv\IvV\-I t- o+- 1 1 1 
Z = R + Xc --+- = + 

+ G B 
Y c 

1 1 1 

Amplitude 

Phase angle I Xc + XL 1) 
a = tan- 1 ~ e = tan- 1 

Figure B.4 A comparison of impedance and admittance 
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