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ABSTRACT
LIGHT-ACTIVATED ELECTROCHEMICAL REACTIONS ON

CHLORO-GALLIUM PHTHALOCYANINE-MODIFIED
ELECTRODE SURFACES

By

Clovis Alan Linkous

Phthalocyanines have been considered for use as chemical
surface modifiers of electrodes, due to their chemical and
thermal stability and catalytic properties. They have also
been considered for use in optical energy conversion devices,
due to their strong absorption in the red region of the
visible spectrum. Thus phthalocyanines are ideal candidates
for use in photoelectrochemical cells.

Chloro-gallium phthalocyanine, GaPc-Cl, had distinguished
itself among other metal phthalocyanine derivatives as having
a large photocurrent response for the electrolysis of
hydroquinone. This thesis details efforts to make a more
complete voltammetric characterization of GaPc-Cl thin film
electrodes. Photocurrent was measured as a function of
voltage, light intensity and wavelength, redox species and
its concentration, film thickness, and substrate material.
Conventional visible and near-infrared spectrophotometry,
scanning electron microscopy, and X-ray photoelectron
spectroscopy were also used to qharacterize the film
electrodes.

Enroute to interpreting voltammetric results of

electrolysis with GaPc-Cl film electrodes, it was found that



[




two types of voltammetric response could be obtained on gold,
depending on pretreatment. The more reversible response to
hydroquinone was attributed to a clean gold surface while
another, less active surface could be obtained by the
adsorption or one or more uncharacterized solution species.
The passivating effect of trace electrolyte impurities on
electrode activity through time, especially on rotating disk
electrodes, was noted. On substrates such as silver and
brass, coating with nonporous films of GaPc-Cl enabled
electrolysis of redox species well past the anodic
decomposition limit of the substrates themselves.

The unique voltammetric behavior of GaPc-Cl electrodes
was attributed to a combination of enhanced photoconductivity
and nonporosity of the films. Both factors are related to
the ability to grow 0.3 um sized grains in close proximity to
each other. It is suggested that the ability to form highly
ordered crystals is related to the tendency of some Group III
metal trihalides to crystallize in a four coordinate, instead

of a six coordinate geometry.
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1. INTRODUCTION

1.1 Photoelectrochemical Cells

Ever since Becquerel (1) observed an enhanced rate of
electrolysis upon irradiation of a Hg electrode, it has been
known that electrochemical reactions could be hastened by the
absorption of light energy by the electrode. This effect
received little more than curious interest until the theory
of semiconductor electrodes was developed (2), after which
the photogeneration of electron/hole pairs became a
diagnostic tool (3).

It was observed that these irradiated semiconductor
electrodes had considerable oxidative power. The photo-
oxidation of H20 on n-TiO2 (4) and n-SnO2 (5) was reported.
In 1972, Fujishima and Honda (6) reported the electrolysis of
H,0 to 0, on n-Tio2 electrode when irradiated with
ultiaviolet-light, with the simultaneous evolution of H2 on a
Pt electrode. This opened up a new field in which
photoelectrochemical cells were studied as potential energy
conversion devices.

In Figure 1.1, schematics demonstrating the two main
types of energy conversion via photoelectrochemical cells are
shown. A direct light to electrical energy conversion takes

place in a liquid junction photovoltaic cell. 1In this
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system, two electrodes, a photoelectrode and a dark electrode,
are placed in an electrolyte containing a single redox couple
and connected through an external load. Irradiation of the
photoelectrode with light causes the conversion of one form
of the redox couple to the other. The figure shows the
conversion of the reduced form, Red, to the oxidized form,
Ox, for example. A new concentration ratio of Ox to Red at
the photoelectrode surface results, causing a photopotential
to develop. A potential difference now exists between the
photoelectrode and the dark electrode, and so a current will
flow between them. The current generated is then used to
operate an external device. The dark electrode, iﬁ order to
maintain its potential, reduces Ox back to Red at the same
rate as the reverse reaction is occurring at the
photoelectrode. Thus liquid junction photovoltaic cells are
closed electrochemical systems, where no net chemical change
occurs, but light energy input results in electrical energy
output.

The other type of photochemical energy conversion takes
Place where light energy is stored in energy-rich compounds
via the electrochemical process. While any redox product
that results in an increased free energy of reaction may be
considered, the most common application is the production of
a fuel such as H2 or CH,OH which can be stored for an
indefinite period of time and then be either burned or
electrochemically consumed for recovery of the stored light

energy. In this system the electrodes are directly connected
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so that the full free energy difference generated at the
photoelectrode is delivered to the dark electrode. By using
separate containers, electrolytes most suitable for their
respective electrode reactions may be used, and the products
may be separated conveniently and safely for later use.

A fundamental materials problem in photoelectrochemical
cells is photocorrosion of the electrodes. One of the
possible relaxation processes for a photogenerated charge
carrier is dissolution of the electrode, or in aqueous
sélution, formation of a passivating oxide. As work
progressed in the development of durable, stable
photoelectrochemical cells, two trends emerged. One trend
was to use a semiconductor of optimal bandgap, such as Si,
CasS, or GaAs, and protect it from photocorrosion with the
use of thin, conductive films (7-10), or surface bound (11)
or solvated (12-16) redox species which could effectively
compete with the surface corrosion reaction in the gain or
loss of electrons. Another approach was to use electrode
materials that possessed good intrinsic stability toward
photocorrosion. Doped transition metal oxides such as
n-TiOzand n-sno, were shown to be good candidates in this
regard (4, 5, 17). However, the bandgaps for the two
materials are greater than 3 electron volts. Thus the only
part of the solar spectrum which could contribute to the
photoelectrochemical reaction was in the ultraviolet, which

only comprises about 10% of the total solar irradiance.






Thus in order to achieve a practical power conversion
efficiency (light energy in/electrical energy out), generally
taken to be about 10% (18), these electrodes need to be
activated by, or sensitized toward, visible wavelength light.

This process of activation is called spectral sensitization.

1.2. Spectral Sensitization

Spectral sensitization is the process in which a solid
surface is made more chemically active by exposure to light
of a given wavelength. This is achieved by the incorporation
of some chromophore into the system in close proximity to the
surface. The chromophore is chosen so that it absorbs
photons corresponding to the wavelength range to which the
surface is to be sensitized. It should also have good
chemical and thermal stability, and a high quantum efficiency
(electrons injected per photon absorbed) for that surface.
For many applications, large highly conjugated organic
molecules with high molar absorptivities in the visible
region have proven useful as spectral sensitizers. Some of
these compounds are frequently employed as dyestuffs in the
clothing industry and elsewhere; hence the term dye
sensitization has become synonymous with spectral
sensitization.

Interest from the photographic and electrophotographic
industries spurred efforts to understand the mechanism of

charge transfer between semiconductor surfaces and dye






sensitizers. Dyestuffs such as rhodamine-B (19-29), rose
bengal (18, 30-32), methylene blue (28-29, 33), and various
cyanine dyes (25, 28, 34) were studied as sensitizers on
materials such as Cds, 'rioz, Snoz, and Zn02. The application
of dye sensitization to photoelectrochemical cells was later
advanced by Tributsch (35) and by Calvin (36).

Most of the early work on dye sensitization was done
with the dye in solution. Due to the short lived electronic
excited state lifetimes with respect to diffusion rates of
molecular species in solution, only photon absorption within
the first 10 X of the electrode surface could be expected to
contribute to the observed sensitized photocurrent. The use
of adsorbed (34, 27-39) or covalently attached (26, 38, 40)
dye molecules was an improvement over the dye solutions since
a higher surface concentration of dye was in principle
obtainable, and it was a much more economical use of the dye
material.

In order to be an effectve sensitizer, it is desirable
for the dye layer to absorb as much of the incident light as
possible. The more sensitizer that is placed on a surface,
the more photons can be absorbed per second. But most
sensitizers are organic compounds, which, taken as a group,
are considered to be electrical insulators. Increased film
thickness causes increased film résistance, which can slow or
eliminate an electrochemiéal reaction. Even though a greater
portion of the incident photons are absorbed, an accompanying

increased film resistance may drastically affect the quantum






efficiency for change transfer, which in turn affects the
overall conversion efficiency. Therefore, film thickness
should not be increased without regard to its effect on
quantum efficiency. The trade-off between quantum efficiency
and absorbance implies that for any given dye material there
may be an optimum thickness above monolayer levels which
maximizes the power conversion efficiency of a

photoelectrochemical cell.

1.3. Chloro-Gallium Phthalocyanine as Dye Sensitizer

Chloro-gallium phthalocyanine, GaPc-Cl, possesses many
of the attributes expected of successful dye sensitizers.
GaPc-Cl absorbs strongly in the red region of the visible
spectrum, so that it would be a good photoreceptor for solar
radiation. The solid film absorbance of GaPc-Cl is broadened
and red shifted with respect to its solution spectrum, so
that as a film it can also collect some of the appreciable
near infrared solar output.

The phthalocyanine family of compounds as a whole
exhibits good chemical and thermal stability, making GaPc-Cl
a potential candidate as a dye sensitizer in harsh
environments or for long-term use. Our preliminary results
(41) showed that GaPc-Cl was quite active on SnO2 electrodes
in the photoelectrolysis of H,Q.

In this dissertation, the author will examine the

ability of GaPc-Cl to serve as a dye sensitizer. To achieve






this goal, a kinetic analysis of H,Q photoelectrolysis on
GaPc-Cl was made. The dependence of photocurrent on factors
such as dye film thickness, substrate, electrolyte
concentration, and light intensity was obtained. Cyclic
voltammetry and Tafel data gave additional mechanistic
information. By comparison to other phthalocyanines,
information regarding the specific catalytic action of
GaPc-Cl was revealed. X-ray photoelectron experiments
examined the porosity of GaPc-Cl films and the lability of
the chloride counterion. 1In addition, thermodynamic
information on GaPc-Cl was obtained in experiments involving
the electrolysis of various quinones, photoaction spectra,
and capacitance measurements. On the basis of these
experiments and others mentioned above, conclusions on the
means and ability of GaPc-Cl to act as a dye sensitizer will
be made.

The author found that in order to understand the
kinetics of photoelectrolysis on GaPc-Cl, the behavior of
the supporting substrate must also be understood. In the
case of gold, two distinct types of behavior toward H2Q were
observed. A number of experiments were performed in order to
explain this observation, the results of which will be

reported in this thesis.



2. BACKGROUND AND THEORY

2.1. Phthalocyanines

The first phthalocyanine identified as such was iron
phthalocyanine (FePc) in 1928. Workers at the Grangemouth
works of Scottish Dyes, Ltd., noticed a deep blue residue
along a crack in a glass-lined iron kettle that had been used
to prepare phthalimide. Supported by Imperial Chemical‘
Industries, Professor R. P. Linstead of Oxford University
began to investigate this apparently new compound. The first
of over 30 articles by Linstead and coworkers on the
phthalocyanines and related macrocycles appeared in the
Journal of the Chemical Society in 1934 (42).

The compound was named phthalocyanine by Linstead,
because of its color and its main structural component. The
word cyanine comes from the Greek word "kyanos", which means
"blue". Phthalo- comes from the Greek work for naptha, which
contains napthalene. Oxidation by acid produces o-phthalic
acid, from which phthalonitrile can be obtained. The
phthalocyanine macrocycle can be split up into four
phthalonitrile molecules plus two electrons.

The structure of a divalent metal phthalocyanine is
shown in Figure 2.1 along with that of a similar

metalloporphyrin. The phthalocyanines are structurally quite
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Metal Phthalocyanine

Metalloporphyrin

Figqure 2.1: Structure of Divalent Metal Phthalbcyanine and
Metalloporphyrin
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similar to the biologically important porphyrins, differing
only in that the bridging moeity is nitrogen (-N=) rather
than a methine (-CH=), and a benzene ring is fused to the
base of each pyrrole ring. For this reason phthalocyanines
have sometimes been referred to as tetrazabenzporphins in the
literature.

The physical and chemical properties of porphyrins and
phthalocyanines are similar as well. The optical absorption
spectra are similar, although electronic transitions in
phthalocyanines tend to be more intense and red shifted, due
to its more extended n electron system (43).

Phthalocyanines have been used to simulate certain
functions performed by porphyrins in nature. For example,
iron porphyrin, or heme, is the prime consistuent of
hemoglobin, the 0, carrier in our blood stream; iron
phthalocyanine (FePc) also has exceptional 0, binding
capability, and so has been used in artificial blood systems
(44). Magnesium porphyrin is a main constituent of
chlorophyll, and so magnesium phthalocyanine (MgPc) has been
used to simulate the reaction center in photos&nthesis (45).

In general, the phthalocyanines are characterized by
high chemical and thermal stability, and high molecular
absorptivity, especially in the red region of the visible
spectrum. They are insoluble in water and most organic
solvents, but do show slight solubility in concentrated
sulfuric acid, chloronapthalene, and nitrogenous aromatics,

such as pyridine, quinoline, and nitrobenzene. The planar
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nature of the phthalocyanine macrocycle coupled with the
coordination shell of most of the possible metal centers
leaves both axial sites, above and below the macrocylic plane,
available for coordination. As for molecular solids in
general, phthalocyanines are considered insulators, but under
various conditions of doping and preparation have
demonstrated metallic behavior with near metallic conductivity
(46-56). Thus, while phthalocyanines were first investigated
for use in the dyestuff industry, they have also generated
interest in numerous other unrelated industries as high
temperature lubricants (57-59), adsorbants (60), organic
synthetic catalysts (61-63), dielectrics (64), opto-
electronic sensors (65-66), and photoconductors (67-68).
Phthalocyanines were the first organic materials used as
passive Q-switching elements in lasers (69). For those who
have worked with phthalocyanines, their use in fire
extinguishers (70) and hair dyes (71) may seem unsavory but
have nevertheless been tried.

The phthalocyanines form a variety of crystalline phases
(72=73). There is some disagreement as to the number and
means of formation, but it seems certain there are at least
three. The most common phases are designated a« and B. The
a phase is a metastable form, made by precipitation from
solution, or sublimation onto a cool substrate. The B phase
is the stablest form, made by heat treatment or sublimation
onto a hot (200°C) substrate.
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The third phase, called the x-phase, was developed by
the Xerox Corporation (74). It consists of stacks of
dimerized molecules, and thus shows a distinctive x-ray
spectrum (hence the name "x"-phase) as well as optical
absorption. The x-phase of demetallated phthalocyanine
(H2Pc) shows exceptional photoconductivity and has been used
as a potential photoconductor in electrophotographic
processes (75). The x-phase of copper phthalocyanine (CuPc)
has also been formed (76), suggesting that other x-phase
MPc's are possible.

Still another use for phthalocyanines was as a catalyst
for certain electrodic reactions. Jasinski demonstrated that
cobalt phthalocyanine served as a catalyst for oxygen
reduction (77). As might be expected in light of its 0,
binding ability, FePc has also been extensively studied as an

0, reduction catalyst (78-84).

2

Soon after the advent of dye sensitized semiconductor
electrodes in photoelectrochemical solar cells,
phthalocyanines were being employed to sensitize cell
reactions. Of greatest interest were copper phthalocyanine,
CuPc (40-41, 85-90), and the parent compound, demetallated
phthalocyanine, HZPc (87, 91-95). Other phthalocyanines of
interest in this regard were the cobalt (40, 86, 95), iron
(87, 95), nickel (86, 92), magnesium (95), titanyl (95),
vanadyl (95-96), and zinc (87, 92, 95) derivatives.

Armstrong (41) proposed to sensitize electrodes with

multimolecular layers of phthalocyanines which had a tendency
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toward aggregation or polymerization in the solid state.
These included aluminum, gallium, and indium derivatives with
fluoride, F~, as a counterion (53-55). Also, stable dimers
and trimers of silicon phthalocyanine, SiPc, as well as for
germanium, were available for use (97-98). It was in testing
these and other halide forms of the group III phthalocyanines
that the photocatalytic abilities of GaPc-Cl became known.

2.2. Electrolysis of Quinones

The quinone family of compounds is perhaps the most
thoroughly studied organic redox couple. A number of reviews
on quinones and tabulations of redox potentials for various
series of quinones have been made (99-104). One reason would
be due to its biological importance (105, 106). In several
cases, quinones function as intermediates in the biosynthesis
of other secondary metabolites, such as the tetracyclines and
aflatoxins. They are also important redox reagents in
biological systems. The Q/HzQ redox couple is one of the
elements in the electron transport chain in photosynthesis
and respiration. Ubiquinones are found in the respiratory
apparatus of eucaryotic organisms, while menaquinones
(vitamin K) are found in procaryotic organisms.
Plastoquinones, major constituents in chloroplasts, the
photosynthetic organelles found in green plants, may have a
multiple role as electron carrier, proton translocator, and
mediator of directional flow of hydrogen (107). Other uses

of quinones are in pigments and drugs.
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Most quinone electrochemistry has been done in organic,
aprotic media. One reason is solubility, but another is that
quinones have long been thought to interact very weakly with
the electrode and its products in such media, yielding
uncomplicated results for kinetic analysis (108). In most
aprotic solvents, quinones are reduced in two one-electron
reversible steps.

Some electrochemical studies on the simpler quinones
have been done in aqueous solution. Most have been done on
the simplest quinone, benzoquinone. The most important
reaction is the two proton, two electron reduction of

benzoquinone to its corresponding hydroquinone:

OH

+ 2m' 2e” < @
P

OH

A diagram showing the possible sequences of chemical and
electron transfer steps in quinone reduction is shown in
Figure 2.2. All the available permutations have been
recommended at one time or another. The first study of
quinone electrolysis in aqueous electrolyte occurred just
after the turn of the century (109). Much later, Vetter
(110) studied the pH dependence of the reaction on a Pt
electrode. He found evidence for two different, simultaneous
reactions occurring between pH 0.2 to 7.2. One mechanism
would predominate over the other, depending on pH, with the

transition occurring around pH 5 to 6.
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Figure 2.2: Possible Mechanisms of Quinone Electrolysis
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Below pH 5, the reaction sequence

+

+ - + -
o B> 2> o —E>5> g S>3 om

would predominate, while above pH 6,

o —= > o —E 5 on 5 - _E 5 on
would predominate. The two mechanisms could be presented as
CECE and ECEC types, respectively, where each C stands for a
chemical step (protonation) and each E stands for an electron
transfer step. Vetter later found the same transition for
duroquinone (2,3,4,6~-tetramethylbenzoquinone) in methanol/
water solution between pH 3.1 to 6.6 (111).

Parsons (112) studied the oxidation of various quinones
on a dropping mercury electrode. He used the method
described by Koutecky for obtaining kinetic parametics from
current-voltage data, and in turn used then to calculate the
free energy profiles for various possible reaction mechanisms.
On that basis, he concluded that Vetter's proposed mechanism
of higher pH was correct. However, at low pH consecutive two
one-electron transfer steps after protonation (CEEC) would be
the most probable mechanism, since that pathway has the lowest
free energy of activation. There was, however, a significant
disagreement between theoretical transfer coefficients based
on this mechanism and those found experimentally. One reason
given for disagreement in mechanism at low pH was that
Vetter's work was done on Pt, which has a greater tendency to

adsorb organic species than Hg. Thus the semiquinone
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intermediate may be stabilized on Pt, allowing a CECE
mechanism at low pH.

Bagotzkii and coworkers (113) studied the quinone
reaction on a Pt electrode. They favored a CCEE mechanism in
aqueous acid solution, and an EECC mechanism in aqueous basic
solution, stressing the importance of adsorption of reactive
intermediates.

Very recently Hubbard and Soriaga (114) completed a
linear potential scan and potential step coulometric study of
adsorption of organic species on Pt using thin layer
electrodes. They found that hydroquinone spontaneously
converts from a solvated reactive state to an unreactive
adsorbed state. Once an adsorbed layer was present, however,
electrolysis of any remaining solvated hydroquinone proceeded
reversibly. The adsorbed species could be oxidized, but only
irreversibly at high overpotential to unknown products.

Hubbard (115) had observed similar behavior before, when
he studied the adsorption of alkenxl biphenols such as
2-allylhydroquinone on polycrystalline Pt. 1In that case,
however, the inactivating adsorption was due to strong
adsorption of the vinyl moiety, which left the hydroxyl
groups outside of the double layer.

There are other possible mechanistic steps for quinone
reduction not considered in Figure 3. The semiquinone
radical QH', formed by the acquisition of one proton and one
electron, may disproportionate to form Q and HZQ (116).

Quinhydrone, a 1:1 molecular complex of benzoquinone and
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hydroquinone, has been well characterized in the solid state
(117, 118), but separates in solution. Some portion of the

solvated quinhydrone remains undissociated, however (119).

2.3. Theory of Semiconductor Photoelectrochemistry
2.3.1. Band Theory Applied to Semiconductors

A single molecule possesses a set of discrete energy
levels. If a large assembly of identical molecules are
brought in proximity to one another, as in a crystalline
lattice, so that outer orbitals overlap, a splitting of
levels occurs. As the number of participating orbitals
increases, the energy separation between the highest and
lowest levels increases at an even slower rate. Thus, as the
number of atoms increases, the energy separation between
adjacent levels de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>