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ABSTRACT 

A thin layer electrochemical cell was designed specifically for 

photoelectrochemical studies with detachable electrodes. The kinetics 

of heterogeneous electron transfer between aqueous hydroquinone and 

electrodes of thin film chlorogalliura phthalocyanine dye vapor deposited 

on gold intrex electrodes was studied in this cell. The effects of dye 

thickness and light intensity were examined under various solution 

conditions, and the practicality of thin layer photoelectrochemical cells 

was discussed. 
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INTRODUCTION 

Photoelectrochemical performance at dye-modified electrodes is 

affected by many variables. The overall process combines solution 

electrochemistry with mediating properties of a photoactive dye layer. 

Efficient electrolysis of a reactant at such electrodes requires: 

1. high light absorbance by the dye, 2. fast electron transfer between 

the excited dye and the redox species in solution, 3. high photo

conductivity within the dye film, and 4. fast electron transfer between 

the dye and electrode. Each of these processes, in turn, is affected by 

the choice of materials and the structure of the dye film. This study 

focuses almost exclusively on the photoelectrolysis of hydroquinone at a 

chlorogallium phthalocyanine dye film (GaPc-Cl) which is vapor 

deposited onto a gold substrate. 

Although a complete analysis of such a complex system is not 

possible using a single technique, thin layer electrochemistry offers 

unique simplicity and versatility in studying several aspects. In a thin 

layer cell, all of the solution reactant has immediate access to the 

electrode surface, such that kinetic and thermodynamic properties can be 

determined without complications from diffusion effects. Exhaustive 

electrolysis within the thin layer cavity (1-40 yl) is quick, allowing 

quantitation of n- values and sensitive detection of hydroquinone 

adsorption onto the dye surface. The technique is also sensitive at low 

reactant concentrations, due to the minimized presence of surface active 

impurities within the thin layer volume. Variations in dye thickness, 

1 



2 

light intensity, and solution environment can all be readily analyzed for 

their effect on the resulting photocurrents. 



HISTORY 

Photoelectrochemistry of Semiconductors and Dye Modified Surfaces 

During the past decade, domestic energy production in the 

western world has failed to keep pace with growing demand. As a result, 

an increasing percentage of energy is being supplied by unstable foreign 

sources. This precarious dependence combined with sky-rocketing fuel 

prices has led to an explosion of research in the development of 

alternative energy sources. 

One such area of research involves the direct conversion of 

sunlight into electricity or usable fuel." Commercial application of this 

idea is already manifested in silicon photovoltaic cells, which produce 

electricity by photoexcitation of electrons from a thin layer of electron 

rich n-type silicon to a thin layer of "hole" rich p-type silicon. 

These layers are created by doping silicon with higher valence elements 

(P,As) to form n-type, and lower valence elements (Al, Ga) to form 

p-type. The resulting layers are sandwiched to form a photodiode. Under 

irradiation, electrons flow through an external circuit from n to p 

type silicon and generate current. 

Another system which utilizes chemical doping is the photo-

electrode. For instance, when n-type Sn02 is immersed in solution, 

electrons spontaneously flow to or from the semiconductor into solution 

until the chemical potential of the electrode surface (i.e. the Fermi 

level) is equal to the chemical potention of solution, the redox 

3 
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potential. Depletion of electrons from the semiconductor surface and 

lowering of the Fermi level results in an upward bending of the 

conduction band (CB) and valence band (VB) edges (figure l.A.) 

This interface is analogous to the p-n photodiode described 

above. Illuminating the semiconductor with photons of E - E..^ (where 
BCr 

E^ = E^g - Eyg) excites electrons from the valence band into the 

conduction band, creating an "electron-hole pair". The upward band 

bending, or space charge layer, biases the electrons in the conduction 

band away from the semiconductor surface and through an external circuit 

to a metal cathode. Holes produced in the VB move in the field of the 

space charge layer to the semiconductor surface and oxidize redox 

species in solution. The net result is either a continuous cycling of one 

redox species between the cathode and anode with the production of 

electricity, or the electrolytic oxidation and reduction of two different 

redox species into chemical fuels. 

By the same principle, a p-type semiconductor can be used as a 

photocathode (figure l.B). In this case, the Fermi level is lower than 

the redox potential, holes are injected into solution to equilibrate the 

chemical potential at the interface, and the bands bend downward. 

Photo-produced holes are biased away from the electrode surface and 

photoexcited electrons move through the space charge region of the 

conduction band, reducing solution species at the electrode surface. The 

direction of band bending, however, is dependent on the pH of solution, 

which fixes the band levels at the semiconductor-solution interface. For 

a pH increase of one unit, the flat-band potential shifts 60 mV negative. 
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Figure 1. Band structure of semiconductors at equilibrium with hydroquinone (H„Q) solution. 
— A) n-type; B) p-type. 

Ln 



6 

Thus, a semiconductor which has downward band bending at pH 7 may have 

upward bending at lower pH, and vice versa. 

For direct electrical production, semiconductor-liquid junction 

cells have an advantage over solid state p-n junctions in that the bias 

junction at the interface is spontaneously formed through chemical 

equilibrium (1), and the space charge distance is defined by the doping 

level of the semiconductor (2,9). In solid state devices, the p-n 

junction is formed by thermal diffusion of doping atoms at the p-n inter

face, and is much more difficult to control (1). 

The major advantage of photoelectrochemical cells is their 

ability to store energy in the form of chemical fuels. The levels of 

the conduction band and valence band define the reducing and oxidizing 

power of the cell, which also determine the minimum energy (Eor,) a 

photon needs to excite electrons into the conduction band. 

Hydrolysis of water into at the cathode and at the anode 

for use as chemical fuels is the goal of a majority of the research being 

done in the field today. Both reactants and products are non-toxic and 

produce no side pollutants. Since the first photoelectrochemical 

oxidation of water with TiC^ by Fujishima in 1972 (3), tremendous 

advances have been made (4,5,6). Although water electrolysis to and 

H2 requires only 1.23eV of energy, or a photon in the near infrared 

region of 1000 nm, the semiconductors which are most stable against 

photodegradation have band gaps greater than 3eV (2). 

The energy necessary to drive electrolysis in these systems 

requires light in the ultra violet region, an area where a majority of 
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the solar spectrum is filtered out by the earth's atmosphere (7). Semi

conductors with lower band gaps in the visible region (1.5-3eV) are 

generally unstable and undergo photodecomposition. For instance, small 

band gap n-type semiconductors are surface oxidized by photo-produced 

holes in the valence band. These oxidation products form an 

insulating surface layer and block further photocurrent (8). 

Considerable progress, however, has been made in stabilizing 

these small band gap semiconductors by addition of a suitable reducing 

agent which successfully competes for the photo-produced hole at the 

electrode interface. For instance, metal sulfide electrodes, such as 

2 Q 
CdS , have been stabilized against oxidation to Cd and S by the 

addition of sulfide to solution (1). The hole transport kinetics to the 

surface adsorbed sulfide were favored over that to the crystal bound 

species, and prevented photodecomposition of the semiconductor. 

Barriers due to the large band gaps of stable semiconductors 

have been surmounted by "sensitizing" the semiconductor with organic 

dyes (10). It was discovered that stable, highly absorbing chromophores 

could absorb visible light and transfer electrons from the excited dye 

into the conduction band of n-type semiconductors. The resulting photo-

currents from this sensitization were enhanced in the spectral region of 

dye absorbance. 

Original studies of sensitizing agents were performed with dyes 

in electrolytic solutions (11). This system, however, proved inefficient 

because most of the sensitization occurred by equilibrium adsorption of 

the dye to the electrode surface (12). Dye in solution acted only as a 
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filter and decreased the intensity of light reaching the active 

adsorbed species. Improvements in photoefficiencies were made by 

electrochemical adsorption and covalent attachment of dyes to the 

electrode surfaces. 

Initial work by our group was done by adsorption or bonding of 

erythrosin (Xmax = 527nm) on SnC^ electrodes (13). It was found that 

surface attachment of silane groups onto SnOg resulted in greater dye 

adsorption at a given dye concentration than unmodified SnC^, and 

chemical attachment of erythrosin onto the silicon-modified SnC>2 gave 

stable monolayers of dye. Although these dye modified electrodes were 

electroinactlve under illumination in blank electrolyte, the addition of 

0.1M oxalate solution resulted in steady photo-oxidation currents for 

the covalently attached dye, and in gradually diminished photocurrents 

for the adsorbed dye. The presence of oxalate acted as a "super-

sensitizer" to catalytically regenerate the unoxidized form of the dye, 

while being oxidized in the process. 

Further studies in this group have been performed using a 

number of phthalocyanines as dye sensitizing agents. These compounds 

have high absorption coefficients and are well known catalysts in oxygen 

reduction (14,15). They are also very water insoluble, and stable at 

high temperatures. 

Initial studies were carried out on copper and cobalt phthalo

cyanines (16). Spectral sensitization using these species (Xmax -

630nm) was observed in adsorbed layers and in 10-50 monolayers of vapor 

deposited phthalocyanine on Sn02 electrodes. Supersensitized 
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photocurrents for both dye modifications were comparable in magnitude to 

photocurrents observed with SnC^ immersed in solutions of the dye. For 

all three processes, photocurrent response as a function of the wave

length of incident light resulted in "photoaction spectra" which were 

proportional to the solution absorbance spectra. In each case, the 

resulting photocurrent depended on the concentration of supersensitizer 

in solution, and yielded low photoelectrochemical efficiences with 

quantum yields (n /n ) on the order of 10 where n represents the 
5 p 6 

photogenerated current and n^ is the number of photons absorbed by the 

surface chromophore. 

Several researchers have investigated the possibility of using 

thicker phthalocyanine dye films sublimed onto electrode surfaces as a 

means of absorbing a greater percentage of incident light. It was found 

that these films displayed p-type semiconductor behavior, producing 

photoactivated holes as majority carriers (17-21). A semiconductor band 

model was proposed in which the surface ionization potential (I ) of 
s 

deposited dye corresponded to a valence band energy level (17). By 

measuring Ig and the spectral properties of the dye with respect to 

common electrochemical potentials, band levels for several phthalo-

cyanines were derived. In each case, the conduction and valence band 

edges of the dye layers straddled the conduction band of SnC^ and 

several other inorganic semiconductors (17). There was little variation 

of these band energies among phthalocyanines of different metal 

centers, and unlike inorganic semiconductors, no shifts in the band 

levels were observed for changes in pH. 
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The position of the Sn02 conduction band within the band gap of 

the phthalocyanines allows a unique range of redox capabilities for a 

dye-modified SnC>2 electrode (18,19). Photovoltages can be obtained by 

band gap irradiation of the dye, pumping electrons into the dye excited 

state, where transfer into the conduction band of SnO^ can occur (10). 

Holes produced at the dye-solution interface can then interact with 

redox species in solution. 

Unfortunately, the energy levels of the valance bands for all of 

the phthalocyanine dyes tested are negative of the redox potential for 

the oxidation of water to oxygen. Work is presently underway to modify 

these dyes in hopes of lowering the ionization potential. 

For dyes deposited on ohmic contacts (such as gold electrodes), 

the situation is similar, although there is no band gap within a metal 

surface. The conduction and valance bands are replaced by a single 

electrochemical potential defined as the Fermi potential of the metal 

(E^). In this case, sufficient charge carriers are present within the 

metal to prevent effective band bending, and the potential bias occurs 

only within the dye film. (This scheme is illustrated in figure 2.A. 

for low light intensities.) Photopotentials are possible using these 

ohmic substrates, although the open circuit potential is limited by the 

energy level difference between the Fermi potential of the metal and 

the solution redox potential. This energy barrier is overcome by photo-

excitation of electrons within the dye film, which is analogous to 

semiconductor-dye behavior. 
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high light intensity; D) negative bias at high light 
intensity. 
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In the dye layer, the space charge layer develops under an 

applied bias potential. It has been calculated that the typical width 

of a depletion layer for the phthalocyanine dyes is around 200-250^ (19, 

20). Thus, a film thickness less than the depletion layer results in a 

charge gradient which traverses the entire width of the film. At high 

light intensities, however, the dye layer acts as a conductor, so that 

most of the potential drop occurs at the Helmholtz double layer (Figure 

2.C and 2.D). In this scheme, electrons are raised into the dye excited 

state, allowing for a net increase in the electron population by 

transfer from solution. Consequently, the Fermi level is raised, 

causing the electric field gradient within the dye film to decrease. 

When the light intensity is high enough to eliminate this field 

gradient, the maximum photocurrent is achieved. 

The effect of negative applied bias is illustrated in figures 

2.B and 2.d, for low light and high lignt intensity, respectively. 

Note in figures 2.A and 2.B, that the magnitude and direction of the 

potential gradients are dependent on the applied potential, and the 

resulting photocurrent is proportional to the flux of incident light. 

A problem, however, arises in transfer of charge across the electric 

field in the dye layer. Competition results between charge transfer at 

the dye interface and electron-hole recombination within the film. 

Since phthalocyanines are insulators in the dark, charge migration is 

dependent on the rate of production of electron-hole charge carriers. 

For efficient photocurrents, the lifetimes of the dye excited 

states must be longer than the tirae it takes for an electron or hole to 

diffuse to the dye interface (10,19). In very thick films, the 
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distance to the interface for an electron-hole pair in the bulk of the 

dye may be longer than the diffusion length of a charge carrier. For 

highly absorbing films, light may be completely absorbed at the 

irradiated side, preventing charge carrier generation at the opposite 

face (19). Recombination also occurs at grain boundaries within the 

dye. Thus, thicker films, are likely to have more grain boundaries and 

a larger percentage of recombination. 

It is obvious from the above discussion that the quality of 

films is affected by the conditions under which they are prepared. Film 

performance varies significantly in different sublimating conditions 

(14,27), and even varies from batch to batch under the same conditions 

( 2 2 ) .  

Several studies have been done to elucidate the structure of 

copper and metal free phthalocyanine. It is well known that these 

phthalocyanines can crystallize in at least three different phases. The 

most commonly produced phase is the a phase, which crystallizes in high 

vacuum conditions and gives visible absorbance maxima near 630nm (27, 

28). This form absorbs and water to form a dark conducting, non-

photoactive media (18). The a phase is metastable, and converts into 

the 3 phase at high temperatures (300°C) (14,27,28). The g phase is 

very stable, and does not absorb but has high photoconductivity 

(14,18,30). The absorbance spectra of this phase is broadened and red 

shifted with two absorbance maxima at 670 and 730nm (27,28). The 

least common and least studied crystal is the x-phase, which can be 

formed by neat ball milling or by fast vapor deposition between 1 and 
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30 torr (27-29). This phase has strong absorbance' maxima at 780 and 

624 nm, and appears to crystallize with a dimeric structure (27-29). 

Recently, our group investigated the photoelectrochemical 

response of SnO^ electrodes modified with 10-100 monolayers of the 

fluoro and chloro forms of gallium and aluminum phthalocyanines 

(GaPC-Cl, GaPC-F, and A1PC-C1) and silicon phthalocyanine (SiPC) (26). 

All of these films yielded spectacular increases in photoefficiency 

(n /n ^ 0.02) for the sensitized photooxidation of hydroquinone. This 
e p 

represents a hundred fold increase in efficiency over earlier studies 

(16,17,20). The factor common to all of these films is their broadened 

and red-shifted visible absorbance spectrum, with max between 646 nm 

and 670 nm. Enhancement at even longer wavelengths was observed, and 

maximum efficiency was achieved with the absorbance maximum broadened 

up to 770 nm. Stable photocurrents at high efficiency were obtained 

with a 60% decrease in efficiency after 15 hours of illumination. High 

photocurrents could be regenerated however, by washing the electrodes 

in water for a few hours. Maximum open circuit photovoltages were also 

measured, with the highest observed for SiPc (-0.20v) at high light 

intensity. The high photoefficiencies are indicative of low 

electron-hole recombination, high photoconductivity, and represent a 

significant improvement in film formation. Other phthalocyanines were 

also tried in this study (AlPc-F and CuPc), but these dyes showed 

neither broadened absorbance nor high photoefficiencies. Work is 

currently being done to further characterize these phases, and new 
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sublimating procedures have been developed to produce better ordered 

and more reproducible dye films. 

Hydroquinone Reaction at Metal Electrodes 

The goal of this thesis is to elucidate the mechanism of charge 

transfer at the solution-dye interface, specifically the photooxidation 

of H2Q at vapor deposited GaPc-Cl dye on gold substrates. In 

previous studies by this group, hydroquinone was found to yield higher 

photocurrents than several other supersensitizers which were tested 

(16). It was also found that linear increases in hydroquinone con

centration result in exponential increases in photocurrent (20,26). At 

high concentrations, however, the current becomes saturated (39). Photo-

current is linearly dependent on light intensity, with no 

saturation at high illumination (20,26). These results indicate that 

the reaction is light-limited, yet-very dependent on a sufficient 

concentration of hydroquinone. Thus, there is a complex relation 

between electrochemistry (electrolyte, pH, and redox concentration 

dependence), and solid state photoelectrochemistry of the dye film. 

The aqueous electrochemistry of the hydroquinone-quinone couple 

at reversible electrodes has been studied for decades (31). It under

goes a reversible, two electron transfer and rapidly establishes 

0r< )̂=0 + 2 H+ + 2 e-

Q 

(1) HOQ-OH 

HX1 
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electrochemical equilibrium with metal electrode surfaces (32,33). The 

reaction obeys the Nernst equation, which is expressed as: 

(2) E = E° + RT/2F ln(AQ//AĤ Q) + RT/2F ln(A*+) 

The formal redox potential is +0.245v vs Ag/AgCl at pH 4 (36), 

and shifts 0.059v per change in pH unit, as shown by the Nernsttian 

dependence on the activity of H+. 

Although the redox reaction appears to be an ideal case, it 

exhibits complex behavior which is very sensitive to experimental 

conditions. For instance, the forward and reverse reactions do not 

necessarily follow the same mechanism at an applied potential (34). 

Figure 3.A represents the possible mechanistic steps for the overall, 

two electron, two proton process(32). Electron transfers are written 

across the page, and proton transfers are written down the page. There 

are six possible routes in which the reaction can proceed, all of which 

are dependent on pH and applied potential (32,34,36). In a well 

buffered acidic solution, one can assume that proton transfer will be 

fast, so that the reaction rate will be limited by the electron 

transfer steps of highest free energy (32,34,35). These steps are 

represented as through Eg, and their dependence on the transfer 

coefficient (a) and on proton order is represented in figure 3.B. 

Vetter determined that the reaction on platinum electrodes 

proceeds in two consecutive electron transfer steps, as opposed to both 

electrons transferred in the same step (37). Using Tafel data, he 

elucidated two pH dependent mechanisms, which for the oxidation of 

hydroquinone are: 
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(3) pH < 5 eHeH 

pH > 5.2 HeHe 

where H represents proton transfer and e represents electron transfer. 

From Tafel slopes at different pH, he determined both the a 

dependence and proton order (37). For example, at pH >5.2, the order 

is -1 with respect to H+ and the a value is 1/2. The table in 

figure 3.B shows that this dependence corresponds to the rate limiting 

+ 
step At pH <5, the H order was 0, and a = 1/2, which implies that 

is the rate determining step. At very acidic pH it is possible to 

have competing mechanisms, with partial interference from E2J E^ and Eg, 

as illustrated by Tafel slopes with partial a = 3/2 behavior (34). 

Besides pH and potential, several other factors also influence 

the kinetics of hydroquinone oxidation. Different electrode materials 

and electrode pretreatments have a marked effect on the exchange 

current density. It was found that hydroquinone oxidation on graphite 

was nearly Nernstian, while gold showed irreversible behavior, and plat

inum was even more irreversible (38). By carefully purifying solutions, 

-5 -3 however, exchange currents were raised from 10 to 10 on platinum 

electrodes (35). The low current densities were attributed to adsorption 

of impurities, supporting electrolyte, or 0^ after anodic pretreatment. 

Adsorption was also a major consideration in a number of other 

studies (32). Hydroquinone and benzoquinone were found to be adsorbed 

in the initial and final mechanism steps (32). Later experiments 

illustrated a competing adsorption mechanism between the quinone couple 

and halide additives. It was discovered that a decrease in exchange 
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current for quinone occurred as the concentration -of halide salt was 

increased (45). The effect was most pronounced with iodide, which is 

the most highly adsorbing halide ion. Gileadi studied a self-

inhibiting quinone adsorption which occurred at high concentrations 

(0.1M) and was potential and pH dependent- (33). 

Recently, Soriaga and Hubbard presented a detailed study of 

quinone adsorption on a platinum electrode (46). Utilizing a thin 

layer electrochemical cell, they were able to accurately determine the 

number of adsorbed molecules on the platinum surface. Combining this 

information with the electrode surface area determined from LEED studies 

(67), the packing density of adsorbed quinone was calculated as a func

tion of concentration, and of the competitive adsorption of iodide. At 

low concentrations, the quinones adsorbed coplanar to the electrode 

surface, while at higher concentrations, or in the presence of iodide, 

the quinones stacked in edgewise and endwise orientations (67). 

Hydroquinone Reaction at Illuminated Dye Interfaces 

A majority of the detailed charge transfer studies between 

hydroquinone and dyes has been done on adsorbed dye species (10,39-

44), although correlations can be made to vapor deposited surfaces as 

well. 

One of the most significant aspects of supersensitization was 

illustrated in a study of rhodamine and hydroquinone in solution at a 

SnC^ anode (39). It was discovered that the supersensitized photo-

current was greater than the sura of photocurrents of the dye and 

hydroquinone measured separately in solution. This was due to a faster 
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rate of hydroquinone oxidation through the dye intermediate than 

occurred by direct oxidation at the SnC>2 surface. Thus the dye photo-

catalytically oxidized hydroquinone at the electrode surface (10,16). 

Other studies of rhodamine and hydroquinone were done to 

determine the products of photooxidation (11). Absorbance spectra were 

taken to monitor the disappearance of hydroquinone and the appearance 

of quinone. The results indicated that a stoichiometric amount of 

quinone was produced from consumption of hydroquinone. Simultaneous 

integration of the photocurrent showed that the overall process was a 

two electron transfer. No loss of rhodamine was observed. The dye 

functioned strictly as a photocatalytic mediator to shuttle electrons 

from hydroquinone oxidation. 

Gerisher proposed two different mechanisms for electron trans

fer between the dye and hydroquinone (10). Because of the primary 

dependence on light intensity, he assumed that the dye must pass through 

a photo-excited state before oxidation of the supersensitizer can occur. 

The excited state dye can either be oxidized at the electrode and 

regenerate itself by charge transfer with hydroquinone, or the excited 

state can be quenched by direct electron transfer from hydroquinone 

before interacting with the electrode. These two mechanisms are termed 

"oxidative electron transfer" and "quenching", respectively. 

Figure 4 illustrates the reaction pathways possible during photo-

oxidation (10,39,43). Reactions 8 and 8' represent the two bimolecular 

interactions mentioned above that enhance photooxidation and compete 

with the nonproductive decay of dye species. The relative rates of 
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these processes are dependent on experimental variables such as light 

intensity, bias potential, pH of solution, hydroquinone concentration, 

and, in the case of vapor deposited dye layers, film conductivity. 

The rates of quenching and oxidative transfer can be expressed 

in terms of the Stern-Volmer constant (K ), which is a product of the 

lifetime of the reactive dye species (T) and of the bimolecular rate 

constant for each process (39-43). For quenching, K = k„ T*, 
SV o 

where T* is the lifetime of the dye excited state. For oxidative 

transfer, Kgv = kg T+, where T+ is the lifetime of the oxidized dye. 

If one assumes that the rate constants kQ and kQ' are both O O 
9 —1 3 controlled by the hydroquinone diffusion rate (9 x 10 M dm /s), the 

lifetime for a dye sensitized photooxidation can be calculated (39,43). 

From this lifetime, the supersensitization mechanism can be inferred. 

For instance, the recombination lifetime (T*) for the oxidized dye is 

much longer lived than singlet states, and may have the same lifetime as 

for recombination (39). But since these lifetimes vary by several orders . 

much longer than singlet states, and may have the same lifetime as for 

recombination (39). But since these lifetimes vary by several orders 

of magnitude among different dyes, they must first be experimentally 

determined by time resolved photochemical experiments before a correla

tion can be made to their electrochemistry (39-43). 

Despite this large variance of lifetimes, general trends have 

been observed for all dye species. It was noticed, for example, that 

Kgv increased at higher anodic potentials (40). This was due to the 

higher field gradient that developed within SnC^, creating a 



23 

stronger potential gradient which decreased side reactions, particularly 

the reduction processes: k^, and kg in figure 4 (39). 

In the same fashion, Kgv increased as the pH of solution was 

raised. Since the flat band potential of SnC^ shifted 60 raV cathodic 

for a pH increase of one unit, a steeper space charge layer developed 

at a constant bias potential, creating the same driving force as 

described above (43). 

A change in supersensitizer-dye mechanisms has been observed by 

varying the hydroquinone concentration. It was noticed that the dye 

Malachite Green yielded a higher Kgv at low hydroquinone concentrations, 

-2 
while at concentrations greater than 10 M, the Kgv shifted to a lower 

value. At low concentrations, the rate constant corresponded to the 

longer lived recombination mechanism, while at higher concentrations, 

enough hydroquinone was in close proximity to the active dye for the 

shorter lifetime of the quenching mechanism to be effective. 

From the above discussion, it is evident that the kinetics of 

charge transfer at the solution-dye interface are very complex, 

involving a number of very critical parameters. An effort will be made 

in this thesis to unravel these effects for hydroquinone at a thin film 

dye layer of phthalocyanine. Although most of the experiments 

described so far were done with dye deposited on semiconductors such as 

SnO^, virtually all the work discussed in this thesis was performed 

using gold Metallized Plastic Optically Transparent Electrodes (MPOTE). 

These electrodes are transparent to visible and ultraviolet light, and 

are extremely flexible. MPOTE electrodes of metal and metal oxide 
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surfaces have been extensively studied by this group (61,69). Gold 

MPOTE is of particular interest in photoelectrochemistry because it 

provides a transparent ohmic contact for studies between the dye and 

solution, without bias effects from a semiconductor interface. Thus, 

any bias effects or photovoltages within the dye film can be studied 

with no interference from a semiconductor substrate. 

Thin Layer Electrochemistry 

Thin layer electrochemistry is simple in design and 

versatile in a wide range of electrochemical applications. The 

essential feature of this technique is that the entire quantity of 

reactant is confined within a thin layer (0.01-0.20mm thick) next to the 

electrode surface. This allows for immediate access of the reactant to 

the electrode, avoiding diffusion limitations which are normal in bulk 

electrochemical cells. Equations become simplified in both kinetic and 

thermodynamic studies, and result in a wealth of chemical information. 

For reversible reactions, the elementary combination of Faraday's law 

and the Nernst equation can yield experimental values for electro

chemical constants (47). Irreversible reactions give kinetic information 

by using the appropriate rate expression. 

A number of thin layer cells have been designed for specific 

electrochemical experiments (47,48). The Optically Transparent Thin 

Layer Electrode (OTTLE) (49) is perhaps the simplest design, and is 

commonly used for studying slow electron transfer in biological redox 

systems (50). This cell is constructed from a transparent gold minigrid 

working electrode sandwiched between two glass slides which define the 
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thin layer volume (49). Optical monitoring of the solution is done to 

quantitatively measure the reactants and products of an electrochemical 

reaction. These cells have also been used to study the kinetics of 

EC reastions (51). 

Other cells of more complex design have been fashioned for more 

precise or specific measurements (47). Recently, a new thin layer cell 

was developed by Hawkridge (52) in which the working electrode can be 

removed and easily replaced. This cell has similar capabilities to the 

one designed for the present study, although the former (as with the 

OTTLE) employs a spectrophotometric light source for optical monitoring. 

The latter cell (figure 5) is identical in function, except that the 

incident light source is used for photoelectrochemical excitation, and 

is much more powerful than the light source used for absorbance 

measurements. 

Most of the theory of thin layer electrochemical cells was 

developed by Anson and Hubbard (47,53). For reversible reactions, a 

very slow voltage scan over the redox potential of a species in the thin 

layer cavity results in a Gaussian shaped current curve whose peak 

defines the redox potential. At any given point on the curve, the 

concentrations of oxidized and reduced species (0 and R) can be assumed 

to be uniform throughout the thin layer cavity. This ratio of 0/R is 

defined by the Nernst equation (47): 

(4) E - E° ° RT/nF ln(C°/CR) 
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At the end of a peak, the current decays to zero and complete 

electrolysis of the reactant in the thin layer region has occurred. 

Integration of this peak yields the total charge of the electrolyzed 

reactant, given by Q = nFVC°, where Q = charge (coulombs), n s # of 

electrons transferred, F = Faraday's constant, V = total thin layer 

volume, and C° = initial concentration of the reactant. 

A reverse voltage scan results in an identical peak of 

opposite magnitude, and the product is electrolyzed back to its initial 

reactant state. The peak current for both anodic and cathodic curves 

is (47): 

. _ n2F2(-r)VC° , ' . , , 
(5) ip = — where r = scan rate (mv/sec). 

2 
Since the equation has an n dependence, this value can be 

determined with great sensitivity, if all of the other parameters are 

known. It is critical for the scan rate to be slow enough so that the 

concentration is uniform throughout the thin layer cavity. Otherwise, 

non-equilibrium develops and the Nernst equation will not apply. If 

the scan is too fast, concentration polarization and IR potential drop 

causes the peak potentials to become skewed. Charging current becomes 

larger, and inaccurate calculation of the n-value results. 

For irreversible reactions, the Nernst equation is no longer 

valid, but kinetic information can be extracted. Rate constants (k°) 

and a values can be calculated from peak potential and peak current 

values, provided that k° - 10 "*cm sec ^ (47). If a remains constant, 

while k° shifts to lower values, the current-voltage (C-V) peaks retain 
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their original Gaussian shape but shift to higher .overpotential. If a 

is assumed to be equal to 1/2, the rate constant is then defined by the 

difference in anodic and cathodic peak potentials (47). 

cathode peak potential. 

For a ^ 1/2, a can be determined by the ratio of anodic (i ) 
p,a 

and cathodic (i ) peak currents (47). 

above), or in potential step measurements, is valid for both reversible 

and irreversible reactions. In a typical potential step experiment, the 

electrode is changed from a potential where no current flows, to a 

potential where exhaustive electrolysis occurs. The current is 

integrated and the resulting charge is | Q - Q^| = nFVCQ, where is 

the blank charge due to charging current and background reactions (53). 

This charge can be subtracted out from the Faradaic charge by performing 

the same experiment in the absence of reactant. From the above equation, 

accurate values of n, V, and Cq can be determined in separate measurements. 

The concentration of adsorbed reactants can also be detected by 

potential step experiments if a single thin layer volume can be 

2ART 

where A = electrode area, E = anodic peak potential, and E p,a ft- P;C 

P»c 

Application of Faraday's law in either C-V curves (as mentioned 
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reproducibly injected into the thin layer cavity.' For adsorbed 

reactants which are electroactive, a single injection will result in the 

above equation. However, by flushing reactant through the cavity, the 

total charge will now be (46): 

(8) /Q - Qb/ = nFVC° + nFAr 

2 where T is the surface coverage in moles/cm . The adsorbed surface 

coverage is then calculated by subtracting the charge from the initial 

cavity filling from the charge of subsequent fillings. Adsorbed 

electroinactive components can also be determined in the same manner, 

except that the charge of the initial injection will be (46): 

(9) Q = nFVCQ - nFAr 

Subsequent injections will replenish the solution concentration, and 

yield complete Faradaic charge (nFVCQ). 

The quantitative nature of thin layer cells makes them 

valuable for studying electron transfer at illuminated dye surfaces. 

The reversibility of reactions can be determined by peak shapes, 

products of reactions can be electrochemically characterized, and 

adsorption of reactants or products can be accurately measured. These 

combined features give thin layer electrochemistry unique advantages in 

versatility and simplicity, particularly in quantitative and kinetic 

analysis. 



EXPERIMENTAL 

The Cell 

The thin layer photoelectrochemical cell was constructed from a 

six inch piece of two inch diameter lucite stock, in which four #36 bit 

holes were drilled into one face about 1.1 in deep. One of the holes 

must be precisely positioned to allow proper placement of the cavities 

for the reference and auxiliary electrodes. 

A 0.25 in thick slice was cut from the drilled side and milled 

smooth. This piece served as the mounting bracket for the working 

electrode. The four drill holes were widened with a #25 bit to allow 

easy passage of mounting screws. 

The drilled side of the remaining block was made planar by 

smoothing the surface on a lathe. Without removing the cell, a 

0.375 in diameter platform was created in the center of the front face 

by cutting away the outer diameter with a dovetail tool bit. This 

circular plateau formed one face of the thin layer cavity. At this 

point, it was critical for the raised platform to be parallel-planar 

with the outer diameter, otherwise the resulting thin layer thickness 

(£) would not be uniform throughout (see figure 5). 

The height of the raised face was then measured with a depth 

caliper and increased by planing away the outer diameter until the 

resulting height was 0.028 in. This height was optimal for use with a 

0.030 in bras shim to give the resulting thin layer thickness of 

0.002 in (figure 5). The thin layer thickness could then be adjusted 

30 
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by adding thin foil shims or by replacing the original shim with one of 

a slightly different thickness. 

A concentric ring flush against the raised face was machined to 

0.015 in deeper than the surrounding outer layer (figure 5). This 

trench accomodated a 0.375 in inner diameter rubber o-ring that fit 

Snug against the raised electrode face. The depth of this trench is 

critical to the extent that the o-ring forms a vacuum tight seal with 

the working electrode face without setting so high above the shim as to 

determine the thin layer thickness. 

The cell was then removed from the lathe and two hair sized 

holes were drilled with a #60 drill bit approximately 0.5 in deep at 

opposite ends of the lucite plateau. These holes serve as entrance and 

exit ports for the electrochemical solution. The holes were drilled as 

close to the edge as possible to allow complete flushing of solution. 

Channels to the exterior of the cell were drilled from the side, 

using a #55 bit for the exit port and a #29 bit for the entrance port 

and the first 0.25 in of the exit port. (A smaller exit channel was 

drilled in order to avoid excess solution flushing which wears down the 

working electrode.) Both holes were tapped with 8-32 threads and 

fitted with threaded links for Hamilton valves. These links were glued 

to the cell with normal epoxy cement. 

For the spectroelectrochemical cell, the outlet valve was 

placed on top of the cell to allow room' for the thin layer region to 

set in the light path of the spectrophotometer (figure 6). 
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Holes for the reference electrode and auxiliary electrode were 

drilled through tht top of the cell, with care taken not to disturb the 

mounting screw hole. The reference electrode hole was drilled very 

close to the entrance port to minimize IR drop in the cell. 7/25 and 

7/15 outer glass joints were then cut to appropriate lengths, and 

epoxied into the reference and auxiliary holes, respectively. 

The shim was cut from 0.030 in brass stock and bored with a 

0.625 in metal punch. Before use, the cell body (figure 6) was soaked 

in a 50% solution of ethanol to remove impurities from previous 

experiments. 

The cell fits together as shown in figure 6. When using MPOTE 

electrodes, a glass backing was added to keep the plastic flat for a 

uniform thin layer thickness. For dye-modified electrodes, the dye 

center was carefully mounted within the confines of the o-ring. 

When clamping the working electrode to the cell, care was taken 

to ensure uniform pressure against the electrode. Each screw was 

tightened until slight pressure was felt. The next screw was tightened 

in the same manner and the procedure repeated several times until all 

four screws were firmly tightened. 

Flushing 

All solutions were vacuum degassed for five minutes then over-

pressured with nitrogen in a standard degassing bulb. Vacuum was 

reapplied to the system and the inlet valve of the cell was opened to 

evacuate the chamber. 
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The cell was tilted at an angle and overpressured with nitrogen 

to force solution through the evacuated chamber. The outlet valve was 

opened until solution emerged. 

In some instances solution never emerged from the exit port or 

flowed very slowly through the cell. This was almost always indicative 

of a warped electrode which blocked solution flow. In these cases the 

electrode was either readjusted or replaced. 

For replacing solution within the thin layer region without 

removing the working electrode, the cell is first purged by removing the 

reference and auxiliary electrodes and manually rinsing new solution 

through the inlet valve and electrode ports. The ports are then filled 

with the new solution and the cell is attached to a degassing bulb 

which is also filled with this solution. The cell is then overpressured 

with nitrogen to flush new solution through the thin layer region. 

Nitrogen flushing is repeated a few times to remove traces of the old 

solution. In most cases, two or three flushings are sufficient to 

remove traces of the old solution. 

Solutions 

All solutions were prepared from doubly distilled water and 

deoxygenatftd—as^described above. 

Electrolytes were prepared using 0.1M ultrapure HNO^ and 

0.1M KN03 for pH 1, 0.2M KHP for pH 4, and 0.2M KH^O^ for pH 7 

solutions. All solutions .contained 1M recrystallized KNO^ to reduce IR 

drop through the solution. 
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For normal use, hydroquinone and ferricyanide were prepared in 

lmM concentrations from analytical grade reagents. Quinone was first 

recrystallized by sublimation, and o-tolidine was recrystallized from 

ethanol before use. 

Solutions for concentration dependence were prepared by mixing 

the highest concentrations (10 mM and 5 TOM) and diluting each in 

decade steps. 

Electrochemistry 

All electrochemical experiments were performed on a potentiostat 

of conventional design (1). In most cases, a homemade potentiostat was 

employed; however, a PAR model 174A Polarographic Analyzer was also 

used at times. 

In all experiments, a coiled platinum wire was used as the 

auxiliary electrode. The reference electrode was Ag/AgCl, and was 

formed from silver wire placed in a cavity filled with 3.5M KC1 

solution. 

Cyclic voltommetry was usually performed at a scan rate of 

2mV/sec and recorded with a Houston Instrument "Omnigraphic 2000" 

x-y recorder. Most scans were displayed at lOOmV/in on the x axis. 

Chronocoulometry and chronoamperometry were performed using the 

Omnigraphic 2000 recorder with x-axis time base. The charge in 

chronocoulometric experiments was measured as integrated current using 

a homemade integrating circuit. A choice of resistors in the circuit 

allowed for varying the RC time constant, and thus, the sensitivity to 

charge. 
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Photoelectrochemistry 

The light source used in the photoelectrocheraical experiments 

was an Oriel 450 watt Xenon arc lamp powered by an Electro Powerpacs 

arc lamp power supply. Focused light was passed through a six inch 

water filter and then through Oriel IR and LP 47 UV filters. These 

filters removed all light above and below solar spectrum wavelength 

and passed light roughly resembling the solar spectrum. 

Oriel neutral density filters were also employed to control the 

intensity of light incident upon the photoelectrocheraical cell. 

Electrode Preparation 

Gold Metalized Plastic Optically Transparent Electrodes (MPOTE) 

were obtained from the Sierracen Corporation. This electrode material 

was ultrasonicated in absolute ethanol and triply distilled water. The 

films were then cut into two centimeter squares and plasma etched at 

highest power on a Harrick plasma cleaner for 30 minutes in an 

environment of residual atmospheric gases. 

Tin oxide electrodes obtained from Pittsburgh Plate Glass were 

prepared in the same manner. 

A pure gold electrode was prepared by polishing the surface with 

emory grade alumina then anodically cycling in in 8M nitric acid. 

The sublimation process for depositing GaPc-Cl dye onto the 

surface of the electrodes was carried out in a vacuum of 10 -10 torr. 

Cleaned electrodes were placed on a mask in a sublimation vessel which 

held six at a time, and GaPc-Cl was deposited at temperatures ranging 
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from 260-310°C for ten minutes to two hours, depending upon the 

temperature and resulting film thickness. 

The dye modified electrodes were then removed from the vessel 

and their absorbance spectra measured vs air on a Spectronic 210 

spectrophotometer. A scan was taken of unmodified electrodes to 

compensate for background absorbance. 

The deposited dye concentration was determined by dissolving the 

dye layer into a known volume of pyridine. The concentration of this 

solution was then measured spectrophotometrically, and the results used 

to determine surface concentrations of the sublimated dye layer. 



RESULTS AND DISCUSSION 

Calibration of the Thin Layer Photoelectrocheraical Cell 

Although thin layer electrochemical cells yield substantial 

chemical information in a simple way, there are factors which can 

seriously limit their usefulness. For instance, voltammetric scan rates 

must be kept slow enough, and the thin layer cavity thickness (A) must 

be small enough to maintain uniform concentration of reactant throughout 

the thin layer cavity (47,53). Optimizing these parameters prevents 

diffusion limited currents which are present in bulk electrolysis. For 

the cell employed in these studies, careful machining of the lucite 

body, combined with a slow scan rate of 2inV/sec produced an acceptable 

thin layer thickness. 

More serious problems, however, result from uncompensated IR 

drop due to the relatively isolated placement of the reference electrode 

with respect to the working electrode (figure 6). The inlet port to 

the thin layer cavity was kept small enough to prevent diffusion of 

redox species from the reference electrode, thus minimizing background 

currents (54,55). In this orientation, however, there was only a narrow 

path for the migration of electrolyte, creating high resistance to the 

passage of charge carriers through solution (56). 

The problem was minimized by increasing the electrolyte 

concentration in solution (47). Figure 7 illustrates this dependence 

4-
upon the cyclic voltammogram of ferricyanide, Fe(CN)g , at a gold 

MFOTE electrode, which undergoes reversible, one electron transfer in 
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Figure 7. Electrolyte dependence on the C-V curves of 10 M Fe(CN)fi 

at a gold MPOTE electrode. — a) 1M KN0», 0.2M KHP: 
b) 0.5M KHP; c) 0.2M KHP. Scan rate: ZmV/sec, 
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aqueous solutions (57) (figure 8.A). As the concentration of electro

lyte is increased, the overpotential due to uncompensated resistance is 

decreased, and the distance between anodic and cathodic peak potentials 

decreases according to the equation (58) E = E +IR 
applied we soln 

Notice also that the peaks become sharper at higher electrolyte 

concentrations, indicating a more uniform potential across the face of 

the working electrode (47). IR drop is also decreased by lowering the 

voltammetric scan rate, but at the expense of increased cycling 

times. 

An estimation of the thin layer dimensions for a typical 

.electrode was calculated by potential step coulometry. After correction 

_3 
for blank charge, the complete electrolysis of 10 M ferrous ammonium 

sulfate (shown in figure 8.B) at a gold MPOTE yielded an average 

faradaic charge of 225 ycoulombs. This corresponded to a cell volume 

-3 
of 2.37 yl, and a thin layer thickness of 3.33 x 10 cm. 

The thin layer cell performance was tested at high electrolyte 

_3 
concentrations (1M KNO^ and 0.2M KHP) using 10 M ferricyanide. 

Figure 9 shows C-V curves and potential step coulometry for successive 

flushings of solution through the thin layer cavity (TLC). It is 

evident from the coulometric curves that the total charge increases with 

each refilling of the TLC, and converges to a limiting value after 

several flushings. The corresponding increase in peak area of the C-V 

curves demonstrates that this rise is due to greater Faradaic charge. 

Although adsorption of ferricyanide to the electrode surface could 

cause this effect (46), an increase in solution volume by elimination 
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of air bubbles, or reformation of the TLC could also be responsible. 

Since the relative charge variation was constant at every redox concen

tration used in the flushing studies, volume changes were probably the 

cause. Regardless of its origin, reproducible flushing was obtained 

after a few initial runs. Removal or adjustment of the electrode from 

the thin layer cell, however, resulted in volume changes up to 50%. 

Thus, quantitative measurements were performed on a single electrode 

with necessary rinsings done inside the TLC with no adjustments. 

The charge from potential step coulometry in figure 9.A was 

extrapolated to zero time and compared to the charge measured by 

integrating the corresponding CV curves in figure 9.B. The latter 

charge was determined by estimating the base of each peak (minus the 

charging current), then cutting and weighing them, and comparing their 

weight to a square inch piece of recorder paper. In both initial and 

final flushings, the calculated charge was 5% greater for the C-V 

measurement than for the coulometric data. This difference is small, 

illustrating good precision between the two techniques. 

The C-V pffaks in Figure 9.B were then used to test the cell 

performance by comparing this experimental data to theoretical 

calculations for both kinetic and thermodynamic parameters. Ideally, 

the peak-to-peak separation between anodic and cathodic waves for a 

reversible couple is zero. The measured peak-to-peak separation for 

ferricyanide, however, was 55mV. This overpotential is attributed to 

ohmic resistance, as illustrated in figure 7. 
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From the thin layer volume calculated using Faraday's law, and 

the concentration of ferricyanide, the peak current (i^) for a 

reversible couple can be calculated from equation 6. The calculated 

value for the peak current in figure 9.B was 5.94 pA. The measured 

value was 6.20 yA. The high experimental value was due to charging 

current and background reactions, but resulted in only a 5% increase 

in i . 
P 

The results of experimental and theoretical values for a two 

electron transfer were compared using o-tolidine, whose heterogeneous 

oxidation is shown in figure 8.C. The C-V curve for its electrolysis 

on gold MPOTE is presented in figure 10.A. The peak-to-peak separation 

for this process was 50mV, which is even less than that for ferri

cyanide, although the electrolyte concentration was slightly higher for 

o-tolidine, and the pH was much lower (approximately 0). The 

theoretical oxidative peak current was calculated to be 28.1 yA, 

although the experimental value was only 24.5 pA. In this case, the 

lower experimental value was attributed to peak broadening caused by 

ohmic resistance, which is more sensitive in a two electron redox 

2 
transfer because of the n dependence on i . 

P 

Figure 10.B shows a C-V curve for the same concentration of 

hydroquinone at a gold MPOTE electrode. The peak-to-peak separation 

is 405 mV, and the peak current is considerably less than the more 

ideal case of o-tolidine. Previous studies have reported that hydro

quinone is irreversible at gold electrodes (32,35,38), which is 

clearly illustrated here. Similar experiments performed with a solid 
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Figure 10. Comparison of: A) 10 M o-tolidine and B) 10 M thin 
layer C-V curves at a gold MPOTE electrode. — Scan rate: 
2mV/sec.; Electrolyte: 1M KNC>3, 0.2M KHP. 
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gold electrode yielded identical results, indicating that the MPOTE 

displays normal gold behavior. 

Photoelectrochemical Reactions at GaPC-Cl Modified Electrodes 

A series of experiments were run to characterize the behavior 

of chlorogallium phthalocyanine (GaPc-Cl) modified electrodes under 

illumination and in the dark. A molecule of the phthalocyanine and its 

solution absorbance spectrum are shown in figure 11. Its highly 

conjugated porphyrin-like ring structure makes it a strong light 

absorber (e =3 x 10^ l/mole cm), and its metal center give it catalytic 

properties common to other metallated phthalocyanines (14,18). Recent 

experiments in our group (26,59) have shown it to give high quantum 

yield photocurrents on SnC^ particularly with hydroquinone as a super-

sensitizer (60). 

As with all vapor deposited electrode surfaces, the electro

chemical response of GaPc-Cl is very sensitive to sublimation conditions 

(21,26,29). Figure 12 illustrates two extremes in the light dependent 

photoelectrochemistry for a thick film (figure 12.A) and a thin film 

(figure 12.B) deposited on gold MPOTE. Corresponding absorbance 

spectra for the modified electrodes are shown in figure 12.C and 12.D, 

respectively. These absorbance spectra are characteristic of the • 

molecular orientation of the film, although they are not always adequate 

for predicting their electrochemistry. All of the films show spectra 

whose maximum absorbance (X max) are red shifted from the solution 

spectrum which occurs at 686 nm in pyridine. For thin films, the 

absorbance range is narrow (60 nm) with \ max at 780 nm. As the films 
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Figure 11, Molecular structure of GaPc-Cl A), and its solution absorbance spectrum B). — 

Solution is: 2.5 x 10-6 m GaPc-Cl in pyridine. 
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Figure 12. Effect of illumination intensity on the thin layer C-V 
curves of H2Q at GaPc-Cl modified gold MPOTE. — A) Thick 
film response (470 equivalent monolayers); B) thin film 
response (106 equivalent monolayers); C) absorbance 
spectrum of film A; D) absorbance spectrum of film B. 
Scan rate: 2mV/sec.; Electrolyte: 10~3 M hydroquinone, 
1M KNO,, 0.2M KHP, a) full light, neutral density filter 
(N.D.) = b) 0.4; c) 1.0; d) 2.0; e) dark. 
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Figure 12. Effect of illumination intensity on the thin layer C-V 
curves of H^Q at GaPc-Cl modified gold IIPOTE. 
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become thicker (figure 12.D), absorbance broadens in the blue region. 

For the thickest films (figure 12.C), the spectrum exhibits a broad 

absorbance plateau from 620 to 820 nm. 

Recent evidence from our group (61) suggests that two different 

phases are being deposited during sublimation, with the second phase 

forming on top of the first to create the blue shifted broadening. It 

also appears that the initial layer, which has X = 780 nm, could 
max 

result from the formation of an x~Phase phthalocyanine (27,28), and 

appears to be highly photoconductive (61). 

The molecular concentration of these films can be determined by 

irreversibly dissolving them in pyridine for quantitative solution 

absorbance. The thick film in figure 12 was found to have a surface 

—8 2 
coverage (7) of 5.19 x 10 moles/cm , while the thin film had 

—8 2  
1.17 x 10 moles/cra . These values correspond to 470 and 105 

equivalent monolayers, respectively. From a comparison of the surface 

coverages and absorbance spectra of the two films, it is obvious that 

the magnitude of absorption is not proportional to surface concentration. 

Blue shifting of the molar absorptivity must occur in the top layers of 

the dye film, resulting in a decrease in the relative absorptivity at 

780 nra. 

The photoelectrochemical interaction of these films with hydro-

quinone (Figure 12.A and B) shows a startling reversibility at high 

light intensity. The best peak-to-peak separation for both of these 

films is only 100 mV, which represents an increase in the heterogeneous 

rate constant of several orders of magnitude above that seen for 
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electrolysis of hydroquinone on plain gold electrodes (Figure 10.B). 

Using equation (6), and the peak-to-peak separation for hydroquinone on 

plain gold (405 mV), the exchange current density for the gold 

2 electrode was calculated to be 0.20 yA/cm . This value is in 

2 
excellent agreement with the exchange current of 0.27 yA/cm 

calculated previously from Tafel plots (59). 

Unfortunately, a similar value could not be obtained for the 

light activated dye process, because the thin layer experiment applies 

only to irreversible systems (47). A lower limit, however, was 

estimated by cyclic voltommetric peak separation (59), and was found to 

A 2 
be 1 x 10 A/cm , which is an"increase of three orders of magnitude 

over the bare gold process. This photocatalytic effect is very 

similar to the mediated catalysis of myoglobin at methyl viologen 

modified electrodes (62,63). In the photoactivated case, however, the 

kinetics are controlled by the intensity of incident light, and by the 

thickness of the dye layer. For thick films, as shown in figure 12.A, 

both anodic and cathodic peaks were shifted to higher overpotentials as 

the light flux was lowered. The peaks became flattened and drawn out 

due to a lack of charge carriers within the film, resulting in a lack 

of conductivity (17,19). The thin film in figure 12.B shows more 

porous behavior, with a dark scan (e) which is identical to that of a 

bare gold electrode. Anodic behavior at higher light intensities 

(a,b,c) is identical with the thick film response, until the 

potential for oxidation at the gold surface is reached. Curve d reveals 

predominantly dark oxidation, with some photoactivity at lower bias 
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potential. The cathodic waves show only a slight difference between 

dark and light reduction potentials with no flattening of peak currents 

for the intermediate light intensities. In this case, there is enough 

overlap between the dark and light processes for cooperative enhancement 

of the current. It is evident that all of the cathodic peaks in 

figure 12.B have approximately the same Faradaic charge area. This 

indicates that complete electrolysis of hydroquinone to quinone 

occurred, and resulted in an equal reduction charge for the reverse 

process. 

From a study of several films, it was observed that the average 

peak potential between the anodic and cathodic waves at the highest 

photointensity varied over a range of 300 mV. The reason for this 

variation, which was seen even between two films from the same sublima

tion batch, is not clear. Since the dye film has semiconductor 

properties (17,18,19), it is possible that photovoltages are causing 

this shift. The photovoltage, however, is independent of the absorbance 

characteristics of the film and its thickness. Thus, an additional 

technique for distinguishing different film structures is necessary. 

—8 2 
Figure 13 shows a porous film (T = 1.4 x 10 moles/cm ) whose 

average peak potential is 270 mV vs Ag/AgCl, which is about 100 mV 

anodic of the films shown in figure 12. Because the cathodic wave at 

full light intensity has little overlap with the dark cathodic wave, 

film resistance at intermediate light intensities is not compensated 

by dark kinetics, and flattening of the peaks is observed. For the 

anodic case, the light process appears to be sluggish, but has 

sufficient overlap for the dark reaction to dominate. 
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Figure 13. Effect of light intensity on anodically shifted thin layer 
C-V curves of HzQ at a porous GaFc-Cl modified gold ~POTE 

· electrode. Scan rate: 2mV/sec.; Electrolyte: 1M KN03, 
0.2H KHP. a) full light, N.D. = b) 0.4; c) 1.0; d) 2.0; 
e) dark. 
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The photodependence of hydroquinone and ferricyanide at a 

porous GaPc-Cl film was compared in figure 14. As expected, both redox 

couples show bare gold behavior in the dark. Since this process is 

irreversible for hydroquinone, photoelectrolysls gives a marked improve

ment in electrochemical response. Ferricyanide, however, is reversible 

on bare gold, and shows little difference between its light and dark 

response. This effect is the result of normally slow dark kinetics for 

hydroquinone. 

Figure 15 illustrates the light dependent behavior of ferri

cyanide, hydroquinone, and o-tolidine on a thick film (I* - 6 x 10~8 

2 moles/cm ) of GaPc-Cl. In this case, the film inhibits the dark 

response of both ferricyanide and hydroquinone, but has no inhibiting 

effect on o-tolidine. The latter couple was run at very low pH 

conditions to make it soluble, and it is possible that high acidity 

chemically changes the phthalocyanlne surface, thus decreasing its 

interactions with the redox components and allowing easier passage to 

the electrode surface. A solution of hydroquinone, however, was made 

using the same acidic electrolyte, and showed no improvement in dark 

response. Also, the o-tolidine scan was run prior to either the 

ferricyanide or hydroquinone. 

It is also possible that the phthalocyanine film is chemically 

porous to o-tolidine, since it is a dication in acidic solution, while 

hydroquinone is neutral, and ferricyanide has a charge of -3. If the 

surface excess of charge within the double layer is negative, ferri

cyanide would be repelled, while neutral hydroquinone might be hindered 
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Figure 14. Thin layer curve response of ferricyanide and H2Q at a porous GaPc-Cl modified gold 
MPOTE electrode. --A) 1Q-3H ferricyanide=. B) 10-3M H20· Scan rate: 2mV/sec. ~ 
Electrolyte: lH KN0

3
, 0.2M KHP. a) full light, and b) dark. 
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Thin layer C-V curve response of: A) ICT^m ferricyanide; B) 10~^M H2Q; C) 10 "M 
o-tolidine at a partially porous GaPc-Cl modified gold HPOTE electrode. — Scan rate: 
2mV/sec.; Electrolyte: 
a) light; b) dark. 

A) and B) 1M KNO^, 0.2M KHP; C) 1M HC10,, 0.5M HOAc 
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by electrostatic attraction to the GaPc-Cl surface. O-tolidine, on the 

other hand, would be attracted to the electrode surface, despite a 

chemical affinity for the dye. This situation would most likely exist 

at the high anodic bias potentials required for the oxidation of 

o-tolidine. In this potential region, the electrode surface would have 

a net positive charge, creating a surface excess of negative charge at 

the double layer interface. Another possibility is that high anodic 

bias potentials cause the phthalocyanine to become dark conductive, so 

that all redox couples would show porous behavior beyond this threshold. 

In either case, a detailed capacitance study of the dye modified 

electrode interface would help clarify the problem. A more indirect 

analysis, however, can be made by comparing the light and dark behavior 

of redox species which have a wide range of oxidation potentials and 

molecular charges. 

n-Value Determination of the 
Hydroquinone Oxidation 

Previous results have shown that hydroquinone is photocata-

lytically converted to benzoquinone in a two electron oxidation using 

rhodamine dye as the photocatalyst (11). The thin layer cell was 

utilized in this study to determine the n-value for hydroquinone photo-

oxidation at GaPc-Cl modified gold electrodes. 

Since the peak-to-peak separation for hydroquinone electrolysis 

is greater than 100 mV, the reaction is not reversible enough to deter

mine the n-value by peak current measurements. Accurate values, 

however, were obtained using Faraday's law and exhaustive electrolysis. 
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The cell volume was initially determined by potential step coulometry 

of ferricyanide at an illuminated thick film of GaPc-Cl. Hydroquinone 

was then flushed into the TLC and exhaustively electrolysed. These 

results yielded n-values of approximately one. By comparison with 

ferrous ammonium sulfate, shown in figure 8, and o-tolidine, it was 

found that ferrocyanide was transferring the equivalent of two 

electrons! The reason for this is not clear. The compound appears to 

be electrochemically pure, but consistently yields high n-values. 

Employing ferrous ammonium sulfate to calibrate the cell volume 

resulted in an n-value for hydroquinone of n = 2. This value varied by 

± 10% for different films employed, although this variation could be 

attributed to uncertainties in volume calibration and blank charge 

subtraction (53). 

Chronoamperometry and Chronocoulometry 
for Kinetic Analysis 

Potential step time-based measurements have been performed using 

thin layer cells to study the kinetics of EC mechanisms (51,53). The 

present study employed both chronocoulometry and chronoamperometry for 

monitoring the reaction rate of hydroquinone photooxidation versus time. 

Since diffusion effects are absent in thin layer measurements, a 

potential step beyond the kinetically controlled region will result in 

exhaustive electrolysis of hydroquinone within the thin layer cavity. If 

this electrolysis time can be accurately measured, along with the thin 

layer volume, a rate constant in moles/second can be determined. The 

time resolved photocurrents can also be used to study rate limiting 
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processes which effect electrolysis times. Unfortunately, an accurate 

measurement of the electrolysis times could not be obtained. Light from 

the xenon lamp caused significant heating of the thin layer cavity, 

which resulted in large, inconsistent background currents and masked the 

sharp amperometric decay which is normally observed in exhaustive 

electrolysis. 

A typical family of chronoamperometric curves for hydroquinone 

oxidation on a bare gold electrode is shown in figure 16. Stepping to 

a high bias potentials results in large peak currents and a rapid decay 

of the electrolysis. Smaller potential steps have much lower peak 

currents, and their subsequent decay times are much greater. Curve d 

in figure 16 represents a potential step negative of the anodic peak 

potential, within the kinetic limited region of electrolysis. The 

current is constant and shows no decay within the time of the experi

ment. All other curves decay to a common background level. 

Similar results are observed for the photooxidation of hydro

quinone on a porous GaPc-Cl electrode (figure 17). In this case there 

is an added dependence on light intensity. Each set of curves in 

figure 17 illustrates the chronoamperometric decay for a series of light 

intensities at constant bias potential. The smallest potential step is 

shown in figure 17.A, and the largest in figure 17.D. Note the 

similarity between varying the potential in figure 16 and varying the 

light intensity in figure 17. In GaPc-Cl film photoelectrolysis, both 

factors strongly effect the peak current magnitude and ensuing decay. 

At low light intensity or low bias potential, a small peak current and 



Figure 16. 

0 sec 60 

-3 Chronoamperometric response of 10 M HzQ at a gold MPOTE 
electrode. --Bias potential stepped from 0~ a) 600mV; 
b) 550mV; c) SOOmV ; d) 400mV vs Ag/AgCl. Electrolyte: 
1M KNO 

3
, 0. 2H KHP. 
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Figure 17. Light dependent thin layer chronoamperometric response of 
H2Q at a porous GaPc-Cl modified electrode. — Potential 
step(P) from 0 to: A) +250mV; B) +300mV; C) +350mV and 
D) +400mV. Electrolyte: 10~3m H2Q, 1M KNO3, 0.2M KHP. 
Light step (0) from dark to: a) full light; b) 0.4 N.D.; 
c) 0.5 N.D.; d) 0.9 N.D.; e) 1.0 N.D.; f) 2.0 N.D.; 
g) dark. 
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Figure 17. Light dependent thin layer chronoamperometric response of 
H2Q at a porous GaPc-Cl modified electrode. 
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gradual decay are observed, indicating a kinetic limited rate. At high 

bias or light intensity, rapid depletion of the thin layer cavity is 

observed with no electron transfer kinetic limitations. Both of these 

variables apparently effect the heterogeneous rate constant (39-43). In 

the case of potential step dependence, a higher bias decreases 

electron-hole recombination and the back reactions shown in figure 4, 

Light intensity has a similar effect by increasing the charge carrier 

density and film conductivity. More directly, an increase in light 

intensity results in a higher concentration of excited dye molecules 

and increases both quenching and dye oxidation (equations 3 and 8 in 

figure 4). 

In order to define the kinetics of porous film photoelectrolysis 

more clearly, simultaneous integration of the chronoamperometric data 

was performed. Figure 18 shows the chronocoulometric curves which 

correspond to the photocurrents of figure 17.A. The total charge 

transferred at this bias potential (+250mV), varies with light 

intensity, indicating incomplete electrolysis of hydroquinone at lower 

light flux. This effect is due to a lowering of the exchange current 

density. 

At low light levels, the reaction no longer obeys the Nernst 

equation and exhaustive electrolysis becomes light dependent. 

Figure 19 shows this light dependence for a series of bias potentials. 

These results were extracted from the data in figure 17. Complete 

electrolysis is represented by the saturation of charge at high light 

intensity and bias potential. At the highest bias (+400mV), complete 



Figure 18. Light dependent thin layer chronocoulometric response of 
H2Q corresponding to the chronoamperometric data of 
Figure 17 A). — Potential step (P): 0 •—> +250mV. 
Electrolyte: 10~3M H2Q, 1H KNO3, 0.2M KHP. Light step 
(0) from dark to: a) full light, N.D. = b) 0.4; c) 0.5; 
d) 0.9; e) 1.0; f) 2.0; g) dark. 
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Figure 18. Light dependent thin layer chronocoulometric response of H2Q corresponding to the 
chronoamperometric data of Figure 17 A). 
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electrolysis occurs for even the lowest light flux, including dark 

oxidation. At this potential, the dark reaction is activated, and 

quantitative electrolysis of hydroquinone becomes independent of light 

intensity. The electrolysis rate, however, is still dependent on light, 

as shown in figure 17. 

Chronoamperoraetric studies were also performed on a thick film 

of GaPc-Cl deposited on gold MPOTE. This film displays nonfporous 

behavior, and yields photocurrent decay characteristics which are 

markedly different from the thin film (figure 20). Most notable is the 

relatively negative potentials at which the onset of photocurrents was 

observed. The average thin layer C-V peak potential for this 

particular film was -HOmV vs Ag/AgCl at full light intensity, with the 

anodic peak potential' occurring a5 -25mV. This was by far the most 

significant shift in peak potentials, and represents a photovoltage of 

over 200mV. Due to the extremely sensitive dependence of photocurrents 

on light intensity for non-porous films (figure 12.A), each set of 

photocurrent decay curves in figure 20 was taken at constant light 

intensity and varying bias potential. A comparison with the thin film 

response in figure 17 shows that the non-porous plateau currents are 

longer lived and evident at relatively high bias potentials where they 

should decay rapidly. Under high light intensity and bias conditions, 

these plateaus are probably caused by kinetic limitations of electron 

transfer through the bulk of the dye film (10,19). At low light 

illumination (figure 20.D), there are insufficient charge carriers, and 

the film behaves as an insulator until very large bias potentials are 
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Figure 20. Light dependent thin layer chronamperometric response of 
H2Q at a non-porous GaPc-Cl inodified gold TtPOTE electrode. 
— Light intensity: A) full light, N.D. = E) 0.4; 
C) 1.0; D) 2.0. Electrolyte: 10"3M K2Q, 1M KN03, 0.211 KHP. 
Potential step from -200mV to: a) -100: b) 0: c) 100: 
d) 200: e) 300- f) 400; g) 500 ' and h) 600mV. 
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applied. Under these conditions, exhaustive electrolysis is prevented 

at potentials where even the unmodified electrode surface is normally 

active. 

A plot of chronomperometric peak currents vs light intensity is 

shown in figure 21 for a series of potential steps. The data were 

derived from both the thin film and thick film response curves in 

figures 17 and 20. At high light intensities, all of the photocurrents 

appear to have a linear dependence on light intensity, with approximately 

equal slopes. Below 30% of full light intensity, however, the peak 

photocurrents drop more rapidly. This discontinuity probably results 

from a drop in conductivity, or a sudden change in the field strength. 

According to the theory of conduction within a thin film of photo-

conductive material (70), the output current is defined as: i = a E, 

where a is the conductive and E is the potential field gradient across 

the dye film. Since conductivity is linear with respect to the rate 

of charge carrier generation, gQ, (carriers/cm sec), the lifetime of 

charge carrier recombination, x , and the drift mobility of the charge 

carrier, p , the output current can be restated as: i = egQ tEy . 

Thus, a sudden drop in any of these four terms would result in a non

linear dependence on light intensity. Since gQ is linearly related to 

light flux, and t, y are constant, the non-linearity at low light 

intensity may be due to a non-linear dependence of the potential field 

gradient through the dye film. At higher intensities, the film 

conducts more efficiently and the photocurrent is limited by 

hydroquinone-dye interactions at the electrode surface. The peak 
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Figure 21. Light dependent peak current response for the chono-
amperometric data in Figures 17 and 20. — Porous film data 
from Figure 17 (105 equivalent monolayers). Non-porous film 
data from Figure 20 (470 equivalent monolayers). Potential 
step from 0 for thin film, -200 fro thick film to: a) 0; 
b) +100; c) +250; d) +300: e) +350? f) +400mV. ( ) 
thin film; ( ) thick film. 
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photocurrent response for the thick film at high bias potential 

(+400mV)j represents a case where the potential is stepped way beyond 

the kinetically controlled region. Due to large photopotential, the 

slope for this curve is much higher than the other curves, including 

the slope for the thin film at the same bias potential (figure 21.a). 

In the dark at this bias potential, the peak current for the thick film 

is much lower than for the thin film, because of the differences in 

gold substrate activity. 

The resistance effect of these two films was further 

explored by plotting the same peak currents as a function of bias 

potential (figure 22)• The linear response of current vs voltage 

indicates a constant resistance for the film at a given light intensity 

(R = V/l) (90). The slope of each line represents reciprocal 

resistance (1/R). At higher light intensities, the slope is greater, 

and the resistance is therefore less. For the thin film, the slope 

increases at the onset of bare electrode activity, resulting in lower 

resistance which is particularly noticeable at low light intensities. 

The thick film shows no resistance change at these high bias potentials, 

but displays a very sizeable dependence on light intensity. 

Quantitation of the resistance at each light intensity 

yields the values shown below (Table 1). For the thin film, data from 

the potential step at 400 mV was omitted to avoid contribution from the 

dark current. The resistance at high light intensity is lower for the 

thick film than for the thin film, xjhile at low light intensity, the 
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Figure 22. Potential dependent peak current response for the chrono-
amperometric data in Figures 17 and 20. — Porous film data 
from Figure 17; non-porous film data from Figure 20. 
Light intensity: a) full; N.D. = b) 0.4: c) 1.0; d) 2.0. 



Table 1. Resistance at different light intensities. 

70 

Resistance (k ) 

Full light 0.4 1.0 2.0 

Absorbance of neutral 
density filters: 

Thin Film 8.7 11.4 16.7 21.1 

Thick Film 5.3 8.7 17.0 59.7 

thick film resistance is much higher. In neither case is the 

resistance linear with light intensity, but increases more rapidly at 

lower illumination. 

In summary, the potential step experiments yielded results which 

were characteristic of the corresponding C-V curves. The reaction rate 

increased linearly with light intensity, except at low illumination. 

The film resistance and degree of exhaustive electrolysis also varied 

with light intensity, exhibiting a more pronounced effect in the non-

porous film. Because of the high solution resistance within the thin 

layer cell, these kinetic results are most likely lower than would be 

obtained in an ideal cell configuration. This information, however, is 

useful for determining trends in the light and bias potential 

dependence. 
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Surface Studies of the Au MPOTE 

The thin layer cell is useful for performing high sensitivity 

experiments, such as monitoring electroactive surface species or low 

concentrations of reactants, because of its characteristically low 

deposition of surface active impurities from solution (47,53). In this 

study, the cell was employed to monitor both the gold MPOTE surface and 

the GaPc-Cl modified surface. A previous study in this group showed 

that gold MPOTE produces a surface bound electroactive layer by 

anodically forming and reducing a gold oxide layer (figure 23) after 

plasma etching or sputtering the surface with an argon ion source (64). 

C-V studies in the thin layer cell showed that this electroactive 

species was also present on gold MPOTE surfaces in which neither plasma 

etching nor anodic scanning was done. The peak area of this species was 

largest on the plasma etched films, corresponding to a surface coverage 

of 0.1 monolayer, but was substantially present on unmodified electrodes. 

In order to rule out solution impurities as a possible cause of this 

peak, high sensitivity scans were run in a number of blank electrolytes. 

The electroactive layer was present in every solution tested. It also 

appeared on a solid gold electrode, but was not seen over a wide 

potential range (-200 to +500 mV) on a platinum foil electrode. Thus, 

it appears to be a surface active gold species or an impurity inherent 

to gold surfaces. 

Figure 24.a illustrates a typical C-V curve of a plasma etched 

gold MPOTE electrode in a solution of concentrated electrolyte. The 

peak is observed previous to anodic scanning and is not changed after 
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Figure 23. Thin layer C-V curve of gold oxide forination at a gold HPOTE electrode. — 
Electrolyte: 1M KN£>3, 0.2M KHP. Scan rate: 5mV/sec. 
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Figure 24. Thin layer C-V curves of the electroactive surface specie 
on a gold MPOTE electrode. — a) initial scan; b) after 
flushing, and c) after gold oxide formation. Electrolyte 
1M KN03, 0.2M KHP. Scan rate: 2mV/sec. 
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several cyclings. Flushing of the thin layer cell, however, results in 

the curve of Figure 24.b. The charging current is considerably less, 

and the oxidation peak of the species is also greatly reduced. After 

another cycling, this peak becomes slightly larger, but the C-V curve 

maintains its initial shape. If the electrode is then scanned anodically 

to form and reduce a gold oxide layer (figure 23), the original cathodic 

trace (figure 24.c) is regenerated. From these results, it appears that 

an active layer is present in which the oxidation is obscured in the 

baseline after flushing or occurs homoneously with an impurity. The 

area under the cathodic peak, however, is apparently not diminished, 

which indicates that the oxidized form is more stable, or chemically 

inert on the MPOTE surface. The reduced form can be regenerated 

by anodic scanning, with a corresponding increase in charging current 

(figure 24.c). Since gold is not active in this region, the peak is 

probably a surface contaminant which is characteristic of gold 

surfaces. Further studies, however, are needed to identify this 

species. 

Another phenomenon was discovered by this group which may be 

directly related to the above effect. Upon formation and subsequent 

reduction of the gold oxide layer, Linkous found that the hydroquinone 

reaction became reversible on the MPOTE layer (65)! Although the cause 

of this has not been determined, several characteristics have been 

observed which help to pinpoint this effect (65). After a period of 

several minutes, the hydroquinone reversibility on this surface begins 



to diminish. The rate of this inhibition can be increased by stirring 

the reactant solution, or by flushing new solution into the electro

chemical cell. The inhibition occurs regardless of the electrolyte, 

and even occurs in blank electrolyte with hydroquinone injection just 

prior to scanning. No water contaminants were detected (65). 

It appears from the above results that the catalytic effect on 

hydroquinone is due to the formation of an active gold layer, which 

corresponds to the results found for the surface active specie 

described earlier. Figure 25 presents the flushing dependence on the 

anodically formed layer in the thin layer cell. Figure 25.a shows 

the initial CV curve of hyroquinone immediately after gold oxide 

formation-reduction. Curve band c illustrate the increasing inhibition 

after subsequent flushings. As in the case of the.surface specie, it is 

uncertain as to whether flushing removes the active layer, or simply 

covers it with an impurity, such as dissolved oxygen. Evidence which 

suggests the latter is found throughout the literature. Adsorption of 

oxygen or other impurities was found to inhibit the hydroquinone 

reaction on gold surfaces (35,38,45,56). Self inhibition was also found 

at high hydroquinone concentrations (33,46). Recently, a study by 

Hubbard showed that the reversibility of hydroquinone on platinum could 

be increased by the addition of a strongly adsorbing species, such as 

iodine (46,66,67). The iodine binds up sites which are normally 

occupied by impurities, and although iodine itself is inhibiting (45), 

it blocks adsorption to more than one site while still allowing more 

facile reaction of hydroquinone (46,66,67). 
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Figure 25. Effect of gold oxide formation on the reversibility of thin 
layer C-V curves of H2Q at a gold MFOTE electrode. — 
a) Immediately after gold oxide formation; b) after one 
solution flushing: c) after two flushings. Electrolyte: 
10-3M H2Q, 1M KNO3, 0.211 KHP. Scan rate: 2mV/sec. 
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Figure 26 illustrates the effect of addition of potassium iodide 

to a solution of hydroquinone on a gold MPOTE. Curve a shows the C-V 

of hydroquinone in the absence of iodide, while curve b reveals a 

slightly more reversible shift in its presence. Whether the iodide is 

blocking adsorption of some inhibiting species to a pristine gold 

surface, or to a surface active catalytic layer, is not certain. How

ever, it does appear that an undetectable impurity is present which 

affects hydroquinone reversibility. 

The surface of a porous GaPc-Cl modified gold MPOTE was also 

electrochemically studied at high sensitivity, and the results are shown 

in Figure 27. In all of these curves, it appears that the surface active 

species is electrolyzed at slightly more anodic potentials than for the 

same process observed on gold MPOTE. On the non-porous films, however, 

this peak was not observed in either the light or the dark. 

Curve a in figure 27.A shows the initial dark scan in blank 

electrolyte. Upon full light illumination, the much larger peak in 

curve b was observed. This significant increase in peak area could 

result from photo-activation of the gold surface which is covered by the 

phthalocyanine film. These results, however, are inconsistent with the 

absence of electroactive peaks on light activated non-porous films. If 

the species were reactive only on the bare gold surface, however, 

illumination should not increase its faradaic activity. Curve a in 

figure 27.B shows a dark scan immediately following the previous light 

scan. The dark peak is now almost as large as the preceding light 

response, and appears to have undergone a permanent photoactivation 
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Figure 26. Effect of KI on the reversibility of thin layer C-V curves 
of H2Q: a) without KI; b) with- 5xlO~^M KI. — Electrolyte: 
5X10-4M H2Q, 1M KNO3, 0.2H KHP. Scan rate: 2mV/sec. 
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Figure 27. Thin layer C-V curves of the electroactive surface specie on a GaPc-Cl modified gold 

MFOTE electrode. — A) Initial scans; B) repeat scans; C) after flushing. Electrolyte: 
IN KNO3, 0.2M KHP. Scan rate: 2mV/sec. a) dark electrolysis: b) full light 
electrolysis. 
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which remains even without illumination. Since the dye layer is no 

longer active in the dark, this increase may be due to photothermal 

heating of the bare gold surface, which causes an enhancement of the 

active species. This enhancement now becomes relatively independent 

of light intensity, as seen by the subsequent illuminated response in 

curve b of figure 27.B. After flushing solution through the thin layer 

cavity, the dark scan in figure 27.C was observed. The electrochemical 

activity has now been sharply reduced, and even full light illumina

tion does not enhance the peak to its original magnitude. 

Assuming that the electroactivity discussed above is due to the 

gold surface described in figure 24, then illumination would have only a 

thermal effect, possibly causing the active specie to dissolve into 

solution. This conjecture is supported by the absence of electro-

activity on non-porous films. As a control experiment, blank 

electrolysis on bare gold MPOTE was performed under illumination. The 

resulting C-V currents were over twice as large as the corresponding 

dark curves. A dark scan which followed illumination yielded currents 

which were smaller than the thermal peaks, but still considerably 

larger than the initial dark process. These results reinforce the 

theory of a thermally activated process, although characterization of 

this specie by another analytical technique such as Auger or Raman 

spectroscopy is crucial to understanding this effect. 

Despite all of the evidence presented so far, it is not clear 

whether the reversibility of hydroquinone is due to catalytic behavior 

of phthalocyanine and activated gold surfaces, or to a lack of adsorbed 
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impurities which inhibit reversibility. For bare gold, formation of 

gold oxide and subsequent reduction could remove impurities and allow 

exposure of:! hydroquinone to a pristine gold surface. If anodic 

scanning results in an activated gold catalytic layer, hydroquinone 

would preferentially react at this surface, with possible surface 

adsorption as a preliminary step. In the case of a phthalocyanine 

modified electrode, an analogous situation exists. The phthalocyanine 

could act either as a catalytic site for hydroquinone reaction, or as a 

surface which merely prevents the adsorption of inhibiting impurities. 

In order to distinguish between these two possibilities, the 

catalytic nature of both the phthalocyanine and bare gold was explored 

by determining if adsorption of hydroquinone occurs. By estimating the 

bond distances and bond angles of the hydroquinone molecule (68), and 

assuming coplanar adsorption onto the electrode surfaces used in this 

study, it was estimated that a monolayer would contain roughly 

14 
6 x 10 H^Q molecules, and pass 180 pcoulombs by quantitative 

electrolysis. The results of soaking non-porous GaPc-Cl electrodes and 

-3 
unmodified gold MPOTE in 10 M hydroquinone showed no Faradaic activity 

in their C-V curves after rinsing briefly with water, (In a previous 

experiment, however, it was observed that a dilute solution of 

phenanthroquinone in the thin layer cell showed very sharp adsorption 

peaks on a plain gold MPOTE electrode.) 

If hydroquinone adsorbed on these films but was electroinactive, 

a series of injections of dilute hydroquinone into the thin layer 

cavity using fresh films would cause a progressive rise in charge as 
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monolayer saturation occurred (46). This experiment was tried using 

-4 
10 M hydroquinone, which for a volume of 2 tfl would yield a charge vof 

19 yl coulombs, which is only about one tenth of a monolayer. An 

adsorbed monolayer would be expected after ten flushings, with a 

corresponding rise in Faradaic charge. After the first injection of 

solution, however, the charge reached its maximum value, with no change 

after subsequent flushings. Thus, no adsorption was detected for hydro

quinone on either gold or phthalocyanine surfaces. These results should 

be viewed with some caution, however, due to the design of the thin 

layer cell. As shown in figure 5, several thin layer volumes could be 

passed through the thin layer cavity in one flushing. Care was taken 

to avoid excess flushing, but the use of a cell with more precise solu

tion injection would yield more quantitative results. 

Concentration Dependence of H^Q Oxidation 

Thin layer cyclic voltammetry was performed on hydroquinone over 

-7 -2 
a wide concentration range in half decade steps (5 x 10 M to 1 x 10 M) 

to detect changes in the C-V curve shapes which might occur due to self 

inhibition. This inhibition was seen in a previous study (33), and 

_2 
arose from hydroquinone adsorption at high concentrations (10 M ) • It 

was thought that inhibition might occur to a lesser extent at lower 

concentrations, resulting in the observed hydroquinone irreversibility 

on gold surfaces. The present experiment was employed to detect this 

effect, and also to detect catalytic adsorption processes on light 

activated phthalocyanine. (Although no adsorption was seen in the 
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experiments mentioned previously, weak adsorption- may have been 

overlooked.) 

As a control experiment, an identical concentration profile was 

taken of ferricyanide on gold MPOTE. The results in figure 28 show no 

anomalies except for the gold surface activie peak which appears at the 

lowest concentrations (figure 28.A and B). The disappearance of this 

peak coincides with the appearance of ferricyanide, although attrition 

of the surface species occurs much faster than surface coverage by 

ferricyanide would indicate, presumably due to the effect of flushing 

(see figure 23). Ferricyanide is not observed at the lowest concentra

tions because of the lack of electrochemical sensitivity and experimental 

precision in the mixing of solutions. 

Since peak current is proportional to concentration for 

reversible systems, a plot of normalized peak current with respect to 

concentration (i^/C) should yield a constant value as given by equation 

_3 
6. This value was constant to within 10% for ferricyanide (3.2 x 10 

-3 
± 0.0003), up to a concentration of 10 M. At higher concentration, 

ohmic resistance from high reactant concentrations widened the peaks and 

lowered the peak value considerably (47). Integration of the Faradaic 

charge under each peak also resulted in a constant value with respect to 

_5 
concentration (Q/C), except at concentrations less than 5 x 10 M, where 

lack of precision and interference of the surface specie gave results 

which varied considerably. 

Hydroquinone was run on gold under identical conditions, with 

similar results at concentrations greater than 5 x 10 "*M. The 



Figure 28. C-V curve dependence on the concentration of ferrocyanide 
at a gold MPOTE electrode. — Electrolyte: 1M KNO3, 
0.2M KHP. Concentration of ferrocyanide: A) 0; 
B) 5x10-6M; C) 5X10-5M; D) 5X10-4; E) 10-3M; F) 10~2M. 
Scan rate: 2mV/sec. 
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normalized charge remained constant to within 10%'of the average value 

_3 
(0.36), and normalized peak current was constant up to 10 M, although 

considerably less than the theoretical value due to the irreversibility 

of the reaction. At lower concentrations, however, cathodic Faradaic 

charge appeared to be much greater than anodic charge transferred. 

This effect was identical to that seen for the surface active species 

—6 -5 
after flushing (figure 24,b). Between 5 x 10 M and 10 M hydroquinone 

concentrations, a steady rise in the Faradaic reduction peak occurred at 

a potential slightly cathodic of the surface species peak (-20mV shift). 

—6 At 5 x 10 M, the charge under the reduction peak was a mixture of both 

surface specie and hydroquinone reduction, as calculated from the amount 

„g 
of hydroquinone present within the thin layer volume (1.9 yl). At 10 M 

-5 
and 5 x 10 M, the charge was identical to that expected solely for 

hydroquinone reduction. At all three concentrations, the corresponding 

oxidation peaks yielded charge that was considerably less. Since 

quinone reduction cannot occur until hydroquinone has been oxidized, the 

difference in charge may be concealed within the baseline of the anodic 

scan. Although this effect could also result from experimental error in 

subtracting the Faradaic peak from the large charging currents, charge 

calculations for ferricyanide at the same concentrations did not show 

this anamolous behavior. 

The results of a concentration profile of hydroquinone at 

GaPc-Cl in both the light and dark are shown in figure 29. The light 

catalyzed process is more reversible than the dark, but the peak 

currents are much lower due to ohmic resistance within the film. At low 
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0.5 05 00 v 
Figure 29. C-V curve dependence on the H2Q concentration at a porous 

GaPc-Cl modified gold MPOTE electrode. — Electrolyte: 
1M KNO3, 0.2M KHP. Concentration of H2Q: A) 0; 
B) 5xlO-6M; C) 5X10"5M: D) 5X10"%: E) 10~3M; F) 10_2M. 
Scan rate: 2mV/sec. a) full light; b) dark scan. 
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hydroquinone concentrations, the resolution in the light activated peaks 

was too poor for quantitative analysis. For the dark process, however, 

the same charge discrepancy between oxidation and reduction waves was 

observed as with plain gold. At higher concentrations, the normalized 

charge was constant, although the normalized peak currents for even the 

dark process were well below the theoretical value. 

pH Dependence of the H^Q Oxidation 

C-V curves for hydroquinone electrolysis on Au MPOTE at pH 1, 

4 and 7 are shown in figure 30. The curves shift cathodically with 

increasing pH and follow Nernstian behavior as represented by 

equation 2. From a measurement of peak-to-peak separation (AE^), hydro

quinone electrolysis at pH 4 appears to be the most irreversible of the 

three (AE^ = 385mV). The slow kinetics at this pH coincides with a 

transition between the two heterogeneous mechanisms (32) in equation 3. 

The reaction at pH 1 is the most reversible of the three (AE = 170mV), 
P 

confirming that the mechanism is strongly proton dependent. If surface 

impurities are responsible for hydroquinone irreversibility on gold 

surfaces, however, the acidic solution may protonate the impurities and 

cause them to desorb. (Evidence for the presence of surface impurities 

is illustrated in figure 26.) 

At pH 7, the cathodic and anodic peak currents have significantly 

different values, which indicates that the electron transfer coefficient 

for this process (a) is not equal to 1/2 (47). Calculation of a from 

equation 8 yields a value of 0.67 for quinone reduction at this pH. 
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-3 Figure 30. C-V curve dependence on the pH of a 10 M H2Q solution at a 

gold MPOTE electrode. — pH = A) 1: B) 4; C) 7. 
•Electrolyte: 1M KNO3, A) 0.1M HNO3: B) 0.1H KHP; 
C) O.OSM KH2PO4, 0.03M NaOH. Scan rate: 2mV/sec. 
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The corresponding oxidation is therefore inhibited, suggesting 

that the forward and reverse reactions occur by different mechanisms 

(32,34,36). Although the pathways cannot be distinguished by this data, 

it appears that the oxidation process is more proton dependent than 

reduction. 

A similar pH study was performed on hydroquinone at a porous 

GaPc-Cl modified electrode, C-V curves are shown in figure 31 for both 

full light and dark electrolysis at pH 1, 2, 4 and 7. From the peak 

current magnitudes of these curves it appears that the light activated 

reaction at pH 1 is the most reversible, in agreement with the results 

from the unmodified gold electrode. At pH 7, however, neither the 

photo-activated nor the dark process yields an a value which differs 

from 1/2. A comparison of the peak potentials from this data and the 

curves in figure 30 is shown in figure 32. The ideal Nernstian response 

(equation 2) is plotted as a reference. In the case of hydroquinone 

electrolysis on gold MFOTE, the anodic and cathodic peak potentials 

straddle the theoretical line. Similar results are also seen for the 

dark process on the porous film electrode, but the peak separation for 

this process is much greater than for the bare gold surface. Increase 

in irreversibility probably results from slower hydroquinone diffusion 

through the non-illuminated dye pores and a decrease in the active 

electrode area. Oxidative dark electrolysis shows little variation of 

peak potential within the pH range tested, suggesting that the 

phthalocyanine stifles the effect of pH changes. An identical study 

performed on a non-porous film yielded peak potentials for both the 
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Figure 31. C-V curve dependence on the pH of GaPc-Cl modified gold 
MPOTE electrode. — pH = A) 1; B) 2;, C) 4; D) 7. 
Electrolyte: 1M KNO3, A) O.IM HNO3; B) 0.01M HHO3; 
C) 0.2M KHP; D) 0.05M KH2PO4, 0.03M NaOH. Scan rate: 
2mV/sec. Light intensity: a) full light; b) dark. 
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Peak potential dependence on the pH of 10 M HoO solution 
at both gold MPOTE and GaPc-Cl modified electrodes. — 
x theoretical E° potential, • plain gold, A light reaction 
on GaPc-Cl, • dark reaction of GaPc-Cl. 
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light and dark processes which were constant from pH 1 to pH 7. (The 

average peak potential for the light-activated process was 200raV). 

This same effect was also observed for a variety of other phthalo-

cyanine films (17), although the cause of it has not been determined. 

For the light activated reaction of the porous film used in this 

study, however, the change in peak potential with pH shows neither 

Nernstian behavior nor a constant value. At pH 2 and pH 4, both the 

anodic and cathodic waves lie negative of the theoretical E°. At pH 1 

and pH 7, they lie positive of this value. A repeat of the experiment 

using another porous film yielded light activated peak potentials which 

were positive of the ideal values at every pH. This behavior is 

apparently very sensitive to the structure and thickness of the dye 

film, and suggests a complex interaction between the solution, porous 

dye layer, and gold surface. 

Conclusions 

Because hydroquinone photoelectrolysis is extremely dependent on 

the thickness and structure of the dye films, a definitive study of this 

process cannot be done without proper characterization of these films. 

Visible absorption spectroscopy yields general information about film 

thickness, but is not sensitive to differences among dye layers which 

affect their electrochemistry. A combination of several techniques may 

be necessary to detect intermolecular, and intercrystalline effects upon 

photoelectrolysis. 

Thin layer photoelectrochemistry is sensitive to many of the 

fundamental reactions between hydroquinone and GaPc-Cl dye layers. It 
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Is useful for determining a values and exchange current densities in 

irreversible reactions with much greater ease than Tafel plot data. For 

reactions with k° - 10 ̂  cm/sec, however, only qualitative kinetic data 

can be extracted. The experimentally determined peak currents are 

compared with theoretical results to determine the extent of reversi

bility. A measurement of peak potential separation is also 

qualitatively useful, although other techniques are required for deter

mining rate constants of reversible reactions. 

Efforts to extract kinetic information by chronoamperometry and 

chronocoulometry were hindered by photothermal convection currents. The 

peak currents measured in chronoamperometric experiments were 

informative, although these values are probably low due to ohmic 

resistance within the thin layer cell. Couloraetric experiments were 

more conclusive, indicating that the potential required for exhaustive 

electrolysis is dependent on the incident light intensity. In designing 

a practical photoelectrochemical cell, this dependence requires a 

judicious choice of conditions for efficient photoelectrolysis of the 

redox species. In every experiment, solution resistance limited the 

accuracy of quantitation. This problem was minimized by using 1M KNO^ 

as the supporting electrolyte, although this increased the chance of 

interference from electrolyte or impurity adsorption. 

The thin layer cell proved very practical for determining n-

values of reactant species, and yielded results which varied ± 10%. 

This experiment, however, required prior determination of the volume 

using a standard redox couple which may change the nature of the 
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electrode surface (by adsorption of contaminants)-. If electrodes could 

be reproducibly replaced, without a significant change in the thin layer 

volume, this problem could be eliminated. Using a shim with low 

tolerances and precision clamping of the electrode using a torque wrench 

would lessen the problem considerably. 

The most practical use for thin layer electrochemistry is in the 

detection of adsorption to the electrode surface. Although no surface 

adsorption was discovered, it could be due to lack of experimental 

precision. Redesigning the cell for injection of a single thin layer 

volume would greatly improve the sensitivity to adsorption. The filling 

procedure could be modified by shortening the exit channel, but a 

completely different cell which fills by capillary action would perform 

much better. 

This study touched upon many areas and raised many new questions. 

For instance, the exclusive ability of o-tolidine to undergo dark 

electrolysis at thick GaPc-Cl films could be due to either high anodic 

dark conductivity of the dye film, or to a greater attraction to the 

gold surface. Also, the surface active specie detected in blank 

electrolyte was found to be inherent to gold electrodes, although its 

identity and role in heterogenous electron transfer remains uncertain. 

The complex dependence of pH on hydroquinone electrolysis at dye films 

also needs evaluation. None of the problems stated above would best be 

solved by thin layer electrochemistry alone. A combination of UHV 

surface analysis, electron microscopy, and electrochemistry is more 

suitable in most studies, particularly if the experiments could be 

performed with exposure of the modified electrode to air. 
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