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Abstract

Steady-state current-voltage measurements on two types of semiconductor/liquid
junction solar cells are presented. Results of these and other experiments on single-crystal
electrodes are discussed in terms of present kinetic theory on charge transfer at these
junctions.

Nanoporous titanium dioxide electrodes have been sensitized with a series of dyes
with varying ground state reduction potentials. The spectral response and current-voltage
properties of these electrodes have been measured. The trends can be explained by the
differences in absorption spectra and ground state potentials. The effect of pH on the
conduction band edge position of nanoporous titanium dioxide has been examined through
current-voltage measurements and luminescence studies on dye-sensitized electrodes. The
results are discussed in the framework of current theories on increasing efficiency of these
electrodes. Studies involving charge separation at the back electrode contact were also
performed.

Predictions of the Marcus/Gerischer theory for photoelectrode stability have been
investigated experimentally for n-Si/CH3;OH photoelectrochemical cells. Specifically, a
semiconductor electrode is predicted to be more stable if the reorganization energy of the
stabilizing agent is decreased (in the normal region of the Marcus behavior), thereby
increasing the rate of minority carrier capture by the stabilizer. This prediction was
quantified experimentally by monitoring the branching ratio between two competing
reactions at a semiconductor/liquid interface. The experimental observations can be
consistently explained through this predicted influence of the minority carrier acceptor
reorganization energy on the interfacial charge transfer rate constant.

Interfacial charge transfer rate constants at indium phosphide/liquid junctions were
investigated using current density-potential and differential capacitance-potential methods.

The measured electron transfer rate constants, ke, for these systems were ~10-16 cm# s-1,



Vi

in excellent agreement with previous theoretical predictions. Contacts which did not
display bimolecular kinetic behavior still yielded upper bounds on the charge transfer rate
constants, which were also consistent with limits predicted by theory. The current density-
potential behavior of n-InP and p-InP/Fe(CN)g3-/4-(aq) junctions was also examined in

order to assess the validity of prior kinetic measurements on these interfaces.
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Summary

Since Fujishima and Honda published their work on titanium dioxide as a
photoanode in water in 1975, much interest has been generated in the field of
semiconductor/liquid junctions as a useful source of energy. Semiconductor/liquid junction
technology is also important in the electronics industry in terms of etching and other
chemical processing steps. These junctions have also shown promise in photocatalytic
applications such as toxic waste remediation and in sensor applications. A fundamental
understanding of the chemistry at these junctions is thus vital for a number of technological
areas. This thesis examines steady-state charge transfer at semiconductor/liquid junctions
and uses experimental data to evaluate existing theory on charge transfer rate constants.
Chapter 1 will present a general overview of semiconductor/liquid junction technology and
some background on electron transfer theory at these junctions.

The basic organization of this thesis was developed to move from more qualitative
studies to quantitative measurements of charge transfer rate constants. One fairly new
approach to solar energy conversion is the use of highly porous, dye-sensitized electrodes.
Gritzel and others have reported efficiencies of up to 10% with titanium dioxide electrodes
of this type. However, this field is still in comparatively early stages and many gaps
remain in understanding the behavior of these cells. Due to the complexity of this system,
many of its properties cannot be directly correlated to those of the more typical single-
crystal semiconductor/liquid junctions and must be looked at separately. Some of these
characteristics will be examined in Chapter 2. Systematic studies are described regarding
changing the ground state reduction potential and central metal of the dye molecule, as well
as examining the pH dependence of the current-voltage behavior of the cells. The spectral
response and current-voltage properties of electrodes modified with a series of dyes are
compared. The trends can be explained by the differences in absorption spectra and ground

state potentials. The effect of pH on the conduction band edge position of nanoporous



titanium dioxide has been examined through current-voltage measurements and
luminescence studies on dye-sensitized electrodes. The results are discussed in the
framework of current theories on increasing efficiency of these electrodes. Studies
involving charge separation at the back electrode contact were also performed.

Chapters 3-5 involve single crystal electrodes in contact with non-aqueous
solutions. Theoretical analyses of charge transfer rates have been published on these
systems, but until recently little experimental data was available to evaluate the theory. In
Chapter 3, the dependence of the hole transfer rate constant from the semiconductor to the
liquid is examined as a function of the reorganization energy of the electron donor in
solution. An n-type semiconductor electrode is predicted to be more stable to passivation
or corrosion reactions if the reorganization energy of the electron donor is decreased (in the
normal region of the Marcus behavior) because the rate constant for hole transfer to the
desired electron donor is increased. This prediction was quantified experimentally by
monitoring the branching ratio between two competing reactions at a semiconductor/liquid
interface: hole transfer from a Si photoanode to the electron donor in solution vs.
passivation of the Si photoanode through hole transfer to water. Dimethylferrocene
(Me,Fc), ruthenium(Il) pentaammine 4,4'-bipyridine (Ru(NH3)5(4,4'—bipy)2+), and
cobalt(Il) tris(2,2'-bipyridine) (Co(2,2‘-bipy)32+) were used as electron donors because of
their very similar standard electrochemical potentials but varying solvent reorganization
energies. Also, charge transfer with these species is known to proceed by an outer-sphere
mechanism and none of these donors adsorb to the electrode surface. At constant electron
donor concentration, constant driving force for reaction, constant photocurrent density, and
constant water concentration in CH3OH, the stability of n-Si photoelectrodes decreased in
the order Me,FcY>Ru(NHz)s(4.,4'-bipy)>*/2*>Co(2,2"-bipy);>*>*. This observation
can be consistently explained through the theoretically predicted influence of the minority

carrier acceptor reorganization energy on the interfacial charge transfer rate constant.



In Chapters 4 and 5, electron transfer rate constants are compared with the
maximum possible rate constant predicted by theory. Chapter 4 contains some
modifications of the original theory and upper limits on the electron transfer rate constant
measured experimentally. Theoretical expressions for the charge transfer rate constant at a
semiconductor/liquid junction have been modified to include the effects of adiabaticity and
the existence of a Helmholtz layer at the solid/liquid interface. These expressions have
yielded an estimate of the maximum interfacial charge transfer rate constant, at optimal
exoergicity, for a semiconductor in contact with a random distribution of non-adsorbing,
outer-sphere redox species. An experimental upper bound on this interfacial charge
transfer rate constant has been obtained through the determination of key energetic and
kinetic measurements for stable semiconductor electrodes in contact with outer-sphere
redox species. The upper limits for the interfacial charge transfer rate constant at several
semiconductor/liquid contacts were found to be consistent with the upper limits predicted
by theory. The current density-potential behavior of n-InP and p-InP/Fe(CN)g3-/4-(aq)
junctions was also examined and compared to the behavior of stable, non-aqueous InP
photocells in order to assess the validity of prior kinetic measurements on these interfaces.

Chapter 5 describes quantitative measurements of electron transfer rate constants at
n-type indium phosphide/methanol junctions and relates these results to the theory.
Steady-state methods are used to measure interfacial electron transfer rate constants at n-
type indium phosphide/liquid junctions which displayed bimolecular kinetic behavior in
which the observed current density was first order in the concentration of electrons at the
semiconductor surface and in the concentration of acceptors in the solution. Differential
capacitance-potential measurements were used to determine the energetics for the charge
transfer process as well as to determine the concentration of electrons at the semiconductor
surface as a function of applied potential. These measurements also indicated that the

voltage dropped across the semiconductor space charge region varied ideally with the



change in cell potential. The measured charge transfer rate constants, ke, for these systems

were =10-16 cm# 51, in excellent agreement with previous theoretical predictions.



Chapter 1:

Basics of Semiconductor/Liquid Junctions



I. Introduction

Charge transfer processes at semiconductor/liquid interfaces are the fundamental
steps in developing efficient photoelectrochemical energy storage systems,!-3 chemical
sensors,®’ selective photoelectrochemical etching systems,®? and photocatalytic
degradation processes for toxic waste remediation.!%13  Although electron transfer

16-19 and at metal electrodes29-24 has been

between fixed donor-acceptor species in solution
well-characterized, relatively little comparison between theory and experiment is available
for charge transfer processes involving semiconductor electrode surfaces.?>-32 This lack of
information can largely be ascribed to difficulties involved in rigorously controlling the
chemical composition of semiconductor electrode surfaces, difficulties in developing
measurement methods that are sensitive to the desired interfacial charge transfer kinetic
processes, and difficulties in identifying electrode/electrolyte combinations that would

allow an unambiguous comparison between experimental measurements and theoretical
predictions.!*#23-44 Despite these problems, this area has attracted considerable attention
by both theoretical and experimental chemists?6-2%-30:3243-50 pecause of the importance of
understanding these processes, and because understanding how different variables affect
the charge transfer rate constant could also provide insight into solid-state semiconductor
contacts.

This chapter will provide a background in current theory on semiconductor-liquid
interfaces in the context of solar energy conversion. Since Chapters 3-5 deal with
predictions involving charge transfer rate constants, a general discussion of theoretical
treatments of the rate constant will also be included here. Specific aspects of such theories
will be left to the chapters pertaining to them. An alternate approach to solar energy
conversion which will be introduced here will be more thoroughly examined in Chapter 2.

The basic problem in semiconductor/liquid junction solar cell technology is the
trade-off between stability and conversion efficiency. Semiconductors such as silicon,

indium phosphide, and gallium arsenide have small bandgaps which overlap well with the



terrestrial solar spectrum but are unstable in water. Wide bandgap semiconductors such as
titanium dioxide are stable in aqueous solutions but do not absorb visible light, resulting in
very low terrestrial conversion efficiencies. There are two approaches to overcoming these
problems: extending the absorption spectrum of semiconductors such as titanium dioxide to
better match the terrestrial solar spectrum, or finding a way to stabilize semiconductors
such as silicon in solution. This thesis examines aspects of both approaches to
semiconductor/liquid junction energy conversion.

One approach to solar energy conversion is to sensitize wide bandgap
semiconductors with dyes which absorb visible light. Early attempts to do this with single-
crystal electrodes were not very successful because one monolayer of dye proved
insufficient to absorb much of the incident light,!>? while multiple layers of dye resulted
in self-quenching of the dye and inefficient injection.’> To overcome these problems,
high-surface area electrodes were used instead of single-crystals. In this way, one
monolayer of dye can absorb most of the incident light while still achieving efficient
electron injection. Gritzel and others have had a great deal of success in this area using
high-surface area titanium dioxide electrodes.>* Using nanoporous TiO; electrodes in
conjunction with ruthenium-based dyes, efficiencies of up to 10% have been reported.>>
Although many papers have been published investigating such systems, answers to some
fundamental questions remain unclear. Chapter 2 will address some of these issues.

One solution to the problem of stabilizing solar cells fabricated with small-bandgap
semiconductors is to use non-aqueous electrolyte solutions. Although initial papers

reported high resistive losses and low efficiencies,’¢-3%

optimizing solvent-electrolyte
combinations and electrode configurations resulted in stable, efficient cells. Efficiencies of
up to 14% have been reported for silicon electrodes in contact with methanolic solutions.>
This approach is still not commercially viable due to the toxicity and cost of the solvents

and electrolyte combinations used; however, these systems are ideal for study due to their

simplicity. Single crystal electrodes can be manufactured with very low surface defect



densities and nearly perfect junctions with liquids are easily obtained, in contrast with
solid-state junctions which are very difficult to make atomically perfect. Chapters 3, 4 and
5 discuss various aspects of charge transfer across these types of semiconductor/liquid
junctions.
II. Theory

Many review articles®26-60-62 have been written on charge separation and
recombination mechanisms at single-crystal semiconductor/liquid junctions; therefore this
topic will be only briefly described here to clarify other areas of the theory. The traditional
method by which semiconductor/liquid junctions create electrical power from light is
illustrated in Scheme 1.1. Although this scheme and the following discussion describe the
case of an n-type semiconductor, an analogous model is readily derived for p-type
semiconductors. The electrochemical potential of the semiconductor before immersion is
known as its Fermi level, Ef, and is a function of the dopant density Ng. When the
semiconductor is placed in contact with a liquid containing a redox-active species of
Nernstian potential E(A/A~), the electrochemical potentials of the two phases must
equilibrate. The potential drop required to attain this equilibrium develops primarily across
the semiconductor, in which dopant atoms are ionized. The resulting electric field separates
photogenerated carriers, directing charges of opposite sign in opposite directions.

Although photogenerated electrons are driven away from the surface by the electric
field described above, there are always a finite concentration of electrons at the surface of
the semiconductor, given by a Boltzmann exponential term. These electrons have sufficient
driving force to cross the interface into the solution despite the electric field present; thus,
the rate constant for this process is very important to the overall efficiency of the junction.
Very rapid majority carrier charge transfer is undesirable for photoelectrochemical devices,
since rapid collection of majority carriers (electrons in the case of n-type semiconductors)
by species in solution would result in significant recombination of charge carriers and

would thus limit the efficiency of a photoelectrochemical energy conversion device.



However, very slow capture of minority carriers (holes) is also undesirable, because any
appreciable current would require a large overpotential and would result in wasteful voltage
losses in the cell. For these reasons, an understanding of both majority and minority
charge transfer rate constants at these interfaces is essential. An understanding of the
factors affecting interfacial charge transport processes should also allow design of systems
that kinetically direct charge carriers in the solid to react with the desired redox molecules in
the solution, thereby improving electrode stability and decreasing deleterious electrode
passivation or corrosion reactions.

For charge transfer processes between molecular donor and molecular acceptor
reagents in homogeneous solution, the theoretical behavior predicted by Marcus has been
widely verified by experiment.!6-1° In addition, data on metal electrodes have yielded
insight into heterogeneous charge transfer processes.?024 In contrast, relatively little
linkage between theory and experiment has been attained for delocalized carriers in a
semiconducting solid transferring into localized, molecular acceptors in a liquid
electrolyte.23-32

Recent theoretical treatments of charge transfer processes at semiconductor/liquid
interfaces have yielded expressions for the electron transfer rate constant, ke, between a
charge carrier in the semiconductor and an outer-sphere redox species in the
electrolyte.?>*¢ Starting with Marcus' treatment of liquid-liquid interfaces,®* and
modifying the result to describe the situation in which one species is a delocalized electron
in the semiconducting solid and the other is an electron acceptor dissolved in homogeneous

solution, yields:?*

Ket = vn Kel Kn (1.1)

with

2(rp + 1¢) 6 }
Ke] = M| —=5—= + — (1.2)
1 { BB
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and

_ oA AG® )2 /(4KTAp)

Kp (1.3)

In this transition state theory description of the interfacial rate constant the attempt
frequency, Vp, is the relevant nuclear vibrational frequency, taken to be approximately 1013
s1. kel and K, are the electronic and nuclear factors, respectively. In the expression for
Kel, TA and re are the effective radii of the acceptor in solution and of the electron in the
solid, respectively, and B is the electronic coupling decay constant. In the nuclear term, Az
is the total reorganization energy of the acceptor molecule, AGO' is the free energy of
reaction for the electron transfer, k is the Boltzmann constant, and T is the temperature.
Similar expressions can be derived for hole transfer rate constants.

Some authors have criticized this approach and the upper limit on the charge
transfer rate constant predicted by this theory.%* A theoretical treatment which accurately
predicts the rate constant is important due to interest in "hot" charge carrier transfer
processes. Normally, even when an n-type semiconducting crystal is irradiated with light
above the bandgap energy, the excited electrons thermalize to the energy of the conduction
band edge before charge transfer can occur, resulting in a constant driving force for charge
transfer with respect to the incident wavelength. "Hot" electrons would be able to transfer
into solution before complete thermalization, potentially resulting in higher energy
efficiencies.

Experiments are needed to test the predictive power of the Marcus theory approach
as well as to validate or disprove any other theoretical treatments. Due to the difficulty in
measuring these rate constants directly, many of the conclusions reached from earlier data
in the literature are strongly dependent on interpretation. In the work described in this
thesis, experiments were carefully designed to avoid the possibility of misinterpretation of

the data. For the rate constant studies described in Chapters 3-5, single crystal electrodes
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with very few surface defects were used in cells which were known to be stable over long
time periods.

An alternate approach to solar energy conversion, developed by Griitzel 3 is
illustrated in Scheme 1.2. Unlike the systems described above, in which the photon
absorption and charge separation all occur within the semiconductor, Gritzel's approach to
the conversion of photons into electrical energy involves two distinct materials. An
adsorbed dye absorbs photons to create electron-hole pairs, while titanium dioxide
nanoparticles accept the excited state electron and separate them from the holes. Normally
the counter electrode would be unable to efficiently regenerate the dye due to diffusion
problems, so a redox couple is added to the solution to accept electrons from the counter
electrode and reduce the dye to complete the circuit. Many aspects of the cell must be
considered in order to optimize its performance. The dye's excited state must be
sufficiently energetic to efficiently inject an electron into the TiO; conduction band, while
the reduction potential of the solution species must be energetic enough to efficiently reduce
the dye. Simultaneously, the dye must overlap closely with the solar spectrum, and the
potential difference between the solution redox potential and the conduction band edge
should be maximized for greater photovoltages.

A complicating aspect in studying these films is that due to the nanocrystalline
character of the semiconducting electrodes, many of the equations used to describe single-
crystal electrode systems are not easily applied to dye-sensitized TiO; systems. In a single-
crystal system, the interface is clearly defined and is only two-dimensional. In contrast, the
titanium dioxide/liquid junction is a randomly twisting, three-dimensional interface. The
presence of two redox-active species, the dye and the redox couple in solution, also
complicate kinetic analyses of these systems. Finally, the nanocrystals which make up the
TiO; electrode are probably not large enough to support an electric field, so it is likely that
transport of electrons through the film is driven by a concentration gradient. Due to the

complex nature of these films, a detailed rate constant analysis will not be presented here,
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but rather a more basic approach will be used to qualitatively describe charge transfer
processes at the electrode surface.

Although the body of literature on dye-sensitized, nanocrystalline titanium dioxide
is immense, many fundamental questions remain unanswered. The characteristics of the
semiconductor/liquid junction can vary with the preparation of the TiO; colloids, the dye
used, the pH of the electrolyte solution, humidity, and countless other details. Systematic
changes in the dye and solution pH will be examined, while other variables such as water

content and colloid preparation will be held as constant as possible.
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Scheme 1.1: Charge separation at a semiconductor/liquid junction.
Integrating the charge distribution caused by the ionization of dopant atoms
with respect to position yields the electric field strength. A second

integration yields the electric potential difference.
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Scheme 1.2: The Gritzel cell. All of the energy levels (Dye, Dye*,
E(A/A")) must be carefully chosen in order for energy to be obtained from
the cell. The Pt counter electrode is not efficient at directly regenerating the
dye, most likely due to diffusional problems in getting an electron from the
counter electrode across the solution to the dye, so a redox active molecule
is needed in solution to act as an electron shuttle, accepting the electron from

the counter electrode and regenerating the dye.
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Chapter 2: Steady-State Current-Voltage Characteristics of
Dye-Sensitized Titanium Dioxide Electrodes: pH Dependence

and Spectral Response
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I. Introduction

One approach to the useful conversion of light into electrical energy is the use of
wide bandgap semiconductors. These compounds tend to be more stable to air and water
oxidation than small bandgap semiconductors such as Si, InP, and GaAs.! However, to
overcome the poor overlap of wide bandgap semiconductors with the solar spectrum,
electrodes made with these materials must be coated with dyes which absorb light in the
visible region. Gritzel and others have had a great deal of success in this area using high-
surface area titanium dioxide electrodes.2 These systems consist of nanocrystalline
titanium dioxide coated onto a conducting glass substrate, the adsorbed dye, a sacrificial
electron donor to regenerate the dye, and a platinum counter electrode to reduce the electron
donor (Scheme 2.1). When these nanoporous electrodes are sensitized with ruthenium-
based dyes, efficiencies of up to 10% have been reported.® Although many papers have
been published on various aspects of these systems,>’" answers to some fundamental
questions remain unclear.

One possible complication arising from using particulate systems as electrodes is
that the individual particles are too small to support an electric field.> Since this electric
field provides the mechanism for charge separation in traditional solar cells, the high
photocurrents and photovoltages observed in the dye-sensitized TiO; electrodes were
initially surprising. As described in this work, studies were undertaken to determine why
the electrons injected from the dye travel towards the conducting glass substrate to be
collected. The current-voltage properties of the conducting glass substrate as well as of
unsensitized TiO electrodes were characterized in both Lil/I; and Me;Fct/0 in an effort to
explain the mechanism for charge separation in these systems.

Next, the synthesis of a series of dyes with varying ground state reduction
potentials is reported. The choice of this particular series of dyes serves two purposes.
First, by varying the ground state potential, a threshold value for the driving force

necessary for the electron donor to regenerate the dye can be obtained. Also, by
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synthesizing both the ruthenium and osmium analogs of each dye the effect of changing the
metal can be examined. Since the singlet-triplet transition is not as forbidden in osmium
complexes as in ruthenium, the osmium dyes have additional absorption bands at higher
wavelengths.!0 If the excited electrons produced from these absorbed photons are still
sufficiently energetic to inject into the TiO», higher photocurrents will be observed. This
prediction will be explored through photocurrent-voltage measurements and spectral
response data.

A third issue which will be addressed in this work is the effect of various additives
on the current-voltage properties of these cells. Additives such as 4-methylmorpholine N-
oxide (NMO) and t-butyl pyridine have been found to increase the open-circuit voltages and
efficiencies of these electrodes.® One hypothesis put forward is that these compounds
passivate surface states on the electrode, so that the dark current is decreased and electrode
performance is enhanced.®!! Another explanation is that since both NMO and t-butyl
pyridine can act as bases, these compounds change the effective pH of the solution,
moving the band edges of the TiO, and changing the energetics of the junction. The
present work attempts to differentiate between these two explanations by creating the same
improvement using a non-coordinating base. Using Proton Sponge, a non-nucleophilic
base, to control the solution pH, any change in the open circuit voltage should be solely the
result of the change in pH, since it is unlikely that the Proton Sponge could passivate any

surface states.
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Scheme 2.1: The Gritzel cell. All of the energy levels (Dye, Dye*,
E(A/A~)) must be carefully chosen in relation to Ep, so that energy can be
obtained from the cell. It has been shown that the Pt counter electrode is not
efficient at directly regenerating the dye, most likely due to diffusional
problems in getting an electron from the counter electrode across the
solution to the dye, so a redox active molecule is needed in solution to act as
an electron shuttle, accepting the electron from the counter electrode and

regenerating the dye.
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II. Experimental Section
A. Materials

The performance of the nanoporous dye-sensitized electrodes has been found to be
highly dependent on the method of preparation of the titanium dioxide as well as on the
methods of synthesis and purification of the dyes. Therefore, although the electrode
preparation used here is similar to that described elsewhere,®8 the procedure will be
described in detail.
1. Dye Characterization

The synthesis and purification of the 8 dyes listed in Table 2.1 is described
elsewhere.!? These organometallic complexes were found to be pure by NMR analysis
and elemental analyses for C, H, and N were within 0.4% for all dyes except Ru(4,4'-
(dicarboxy)-2,2'-bipyridine)>(CN); for which the elemental analysis deviated from the
calculated values by 0.6%. Absorption spectra of the dyes were obtained on a Hewlett-
Packard Model 8452A Diode Array Spectrophotometer and are shown in Figure 2.1. The
spectra for all dyes except the ris-[4,4'-(dicarboxy)-2,2'-bipyridine] (L") complexes were
taken in ethanolic solutions containing 0.001 M/0.001 M pyridine/pyridinium triflate
(py/pyH*). Due to solubility constraints, the spectra for the OsL'3 and RuL'3 were
obtained in ethanolic solutions of 0.010 M py*.
2. Electrodes

The nanoporous electrodes consist of three distinct layers, where most of the
thickness of the film resides in the middle layer, consisting of the TiO; colloid. For the
other two layers, stock solutions were prepared by adding 0.100 M TiCly to isopropanol or
2.00 M TiCly to water with vigorous stirring. Once the initial fuming had stopped, these
preparations resulted in clear solutions. The isopropanol solution was used as prepared,
but immediately before use, an aliquot of the aqueous solution was diluted to 0.20 M.

The preparation of titanium dioxide colloidal solutions was based on the procedure

of Smetana. First, 2.6 mL of concentrated nitric acid was added to 375 mL deionized
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water. With vigorous stirring, 62.5 mL Ti(OCH(CH3)2)4 was added slowly (~30
mL/min.), and a white precipitate formed. This solution was then stirred for 2 hours at
room temperature and 8 hours at 80 “C to evaporate the propanol. The resulting sol was
suction filtered through fine filter paper and then autoclaved at 200 °C for 12 hours in a
sealed pressure vessel. The final solution was evaporated to a concentration of 160 g L-! in
TiO,. To maintain porosity in the final film, Carbowax 20000 was added to a
concentration of 40% weight equivalent of TiO; and the sol was stirred overnight. This
colloid solution was stored and used as a stock solution for up to 2 months without
significant change in electrode properties.

Electrodes were prepared by first depositing a layer of the isopropanol solution onto
3-mm thick glass coated with a conducting layer of F-doped SnO; (8-10 €/square,
L.O.F.). The layer was evenly spread by pulling a glass slide across the surface of the
electrode, where Scotch tape on either side of the electrode region acted as a spacer for the
slide. After the isopropanol had evaporated, the colloid solution was spread onto the
conducting glass in a similar fashion. Once this layer had dried, the electrodes were fired
in a tube furnace under flowing air at 450 °C for 30 minutes. Once the electrodes had
cooled, 100 mL of the freshly made aqueous solution was deposited on each electrode.
After the electrodes were covered and allowed to sit overnight, the electrodes were rinsed
with isopropanol. Sample electrode thicknesses were approximately 5 im as measured by
profilometry.

Immediately before dye adsorption, each electrode was fired a second time at 450
°C for 30 minutes. The electrodes were cooled to 100 °C and then were immersed in an
ethanolic solution containing 0.0001-0.0005 M of the desired dye. The dye solution was
buffered with 0.001 mM pyridine/pyridinium triflate (py/pyH™). The electrodes were
immersed in the dye for at least 4 hours before use in electrolyte solution. An absorption

spectrum of each electrode was taken prior to use to quantify the amount of dye adsorbed.
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3. Redox Couples and Electrolytes

Lithium iodide, iodine, Proton Sponge and pyridinium triflate were purchased from
Aldrich. Pyridinium triflate was also synthesized from pyridine by acidification of a
solution of pyridine in diethyl ether with triflic acid, and was dried under vacuum before
use. Proton Sponge was stored in a nitrogen-purged drybox and was used as received.
Lil was dried at 200 °C before use. Iodine and dimethylferrocene were sublimed under
vacuum before use. Dimethylferrocenium was synthesized using the method of
Hendrickson et al. and was dried under vacuum before use. Absolute ethanol was
purchased from EM Science and used as received. Pyridine and acetonitrile were
purchased from EM Science and distilled before use. The CH3CN was distilled first over
CaHj and then over P20s. Stock solutions containing 0.500 M Lil/0.040 M 1,/0.001 M
py/pyH* in CH3CN were prepared for use with the TiO, electrodes. For pH studies,
aliquots of this solution were added to solid Proton Sponge to yield the desired
concentrations.

Initial experiments with TiO; electrodes showed poor reproducibility. It was
hypothesized that variables such as water concentration and solution pH were affecting the
current-voltage behavior of these electrodes, so care was taken to control these variables.
All reagents and solutions listed above were stored in a nitrogen-purged box after
purification. The pyridinium triflate and pyridinium were added to both the dye and
electrolyte solutions in 0.001 M concentrations to maintain a constant initial pH. In pH
studies, these buffered solutions were made more basic by adding Proton Sponge. Enough
Proton Sponge was added so that the pyridine/pyridinium could no longer act as a buffer.
All cells were constructed inside the nitrogen-purged box and sealed to avoid water
contamination before being brought out of the box. These precautions led to greatly

improved reproducibility.
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Table 2.1: Ground state reduction potentials for the dyes used in this

work. All values are referenced to a methanol SCE. Abbreviations for the

dyes are as follows:
RulL'3=tris(4,4'-(dicarboxy)-2,2'-bipyridyl)ruthenium(II)
(hexafluorophosphate salt)
OsL'3=tris(4,4'-(dicarboxy)-2,2'-bipyridyl)osmium(II)
(hexafluorophosphate salt)
RuL,L'=bis(2,2'-bipyridyl)(4,4'-(dicarboxy)-2,2'-
bipyridyl)ruthenium(II)
OsL,L'=bis(2,2'-bipyridyl)(4,4'-(dicarboxy)-2,2'-
bipyridyl)osmium(II)
RuL'2(CN)2=cis-dicyanobis(4,4'-(dicarboxy)-2,2'-
bipyridyl)ruthenium(II)
OsL'2(CN)a=cis-dicyanobis(4,4'-(dicarboxy)-2,2'-
bipyridyl)osmium(II)
RuL'2(NCS)a=cis-di(isothiocyanato)bis(4,4'-(dicarboxy)-2,2'-
bipyridyl)ruthenium(II)
OsL'2(NCS)2=cis-di(isothiocyanato)bis(4,4'-(dicarboxy)-2,2'-
bipyridyl)osmium(II)

a: from ref. 13

b: from ref. 10
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Dye Reduction Potential
(V vs. SCE)
RuL'3 1,324
OsL'3 1.01
RuL,L 1.24
OsL,L! 0.84
RuL'2(CN)2 1.04b
OsL'2(CN), 0.78
RuL'»(NCS), 0.80
OsL'»(NCS)2 0.42

Table 2.1
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Figure 2.1a-h: Absorption spectra of the 8 dyes used in this work, in

ethanolic solution.
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B. Electrochemical Methods

The ground state reduction potentials of the 8 dyes, shown in Table 2.1, were
obtained by cyclic voltametry. All measurements performed in this laboratory were done
using an EG&G Princeton Applied Research (PAR) Model 172 Potentiostat in conjunction
with a Houston Instruments Omnigraphic 2000 recorder. The cyclic voltametric
experiments were done in methanol solutions containing 0.0005-0.001 M in the dye of
interest except for the two dyes listed below. The ground state reduction potential of the
RuL'L; dye was measured in acetonitrile. The reduction potential of the fully protonated
RuL'3 was measured by Spitler in aqueous solution.!? All reduction potentials were
referenced to a saturated calomel electrode (SCE).

Current density vs. potential experiments were performed using an EG&G
Princeton Applied Research (PAR) Model 362 Potential Controller in conjunction with a
Houston Instrument Omnigraphic 2000 recorder. Light intensities were controlled by the
use of an ELH W-halogen bulb and were determined by use of a calibrated silicon
photodiode (Solarex). A UV cutoff filter was used to avoid direct excitation of electrons in
the titanium dioxide. All measurements were performed in a three-electrode potentiostatic
set-up, with a Pt wire reference and Pt gauze counter electrode. The distance between the
working and counter electrodes was approximately 2 mm and no stirring was performed.

Some dye-electrolyte combinations were found to require some equilibration time to
reach a stable open-circuit voltage; therefore, all cells were allowed to equilibrate for at least
30 minutes after exposure to a new solution before data reported here were recorded. After
exposure to Proton Sponge, electrodes were allowed to reequilibrate with the buffered I-/I,
solution for at least 2 hours. Although the current-voltage properties of these junctions
remained stable while the cell was assembled, once the electrodes were removed from the
iodine solution they tended to degrade. For this reason, fresh electrodes were used in all

experiments.
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Spectral response data was obtained by biasing the cell to short circuit and
measuring the voltage output from the current monitor on the potentiostat. Monochromatic
light was obtained from a Spex 1682A tungsten lamp in conjunction with a Spex 1681B
monochromator with 1.25 mm slits. For the TiO; electrodes, the dark current tended to
drift slightly over time, so the dark current was measured at each wavelength and
subtracted from the photocurrent at that wavelength. The light intensity from a beam-split
portion of the monochromator output was measured by monitoring the photocurrent at a Si
photodiode from United Detector Technology. This diode thus served as a calibration of the
lamp intensity. Quantum yields were obtained by placing a calibrated Si photodiode in the
same position as the TiO; working electrode and measuring the photocurrent at short
circuit, then correcting the data from the TiO;. Current-voltage data at AM 1.0 illumination
was obtained before and after each run. Electrodes which showed significant decreases in
photocurrent (= 5%) were viewed to be defective and were not included in the final
analysis.

C. Luminescence Studies

Luminescence data was obtained from dye-sensitized electrodes immersed in a
solution of CH3CN containing 0.0010 M py/pyH™* and 0 or 0.010 M Proton Sponge.
Spectra were collected using a spectrofluorimeter consisting of a 150-watt xenon
continuous-arc excitation source, two Spex 1618B Minimate monochromators, a
Hamamatsu R955 photomultiplier detector and appropriate collecting and focusing optics.
The excitation beam was pulsed at 1.0 kHz using a mechanical chopper, which allowed
phase-sensitive detection of the PMT response. A National Instruments PC-LPM-16
interface card was used to provide A/D conversion and monochromator control via an Intel
80386-based computer. The slit widths of the excitation and emission monochromators
were set to 2.5 and 1.5 mm, respectively.

Electrodes were positioned in the cell containing the solution, and the cell was

rotated approximately 45° relative to both monochromators. The cell was then rotated
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slightly away from 45° to avoid deflecting light from the excitation source directly into the
PMT. Emission spectra were obtained first in solutions containing no Proton Sponge.
First, one scan was taken and the peak intensity was noted. Ten scans were then signal
averaged to reduce noise in the spectrum. A final scan was taken and the peak intensity
was compared to the initial value to make sure there was no change over the course of the
experiment. Then the solution was removed by pipette, taking care not to change the
electrode position, and solution containing 0.010 M Proton Sponge was added. The
electrode was allowed to equilibrate for 30 minutes and the above procedure was repeated.
Finally, the Proton Sponge solution was removed and a new aliquot of the initial solution
was added. The electrode was allowed to equilibrate for 2 hours and a third set of emission
spectra was taken.
III. Results
A. Characterization of Unsensitized Electrodes

Current-voltage behavior in the dark for a nanoporous titanium dioxide electrode
was first compared to the current-voltage behavior for a conducting glass electrode in a
solution of Lil/Ip. As seen in Figure 2.2, both reduction and oxidation of the I5/I- couple
require high overpotentials at the conducting glass electrode and very low currents are
observed in either potential direction. In contrast, the TiO; electrode shows rectifying
behavior and yields much higher dark currents in forward bias than the conducting glass
alone. This behavior indicates that the success of this system may be due to the slow
kinetics of electron transfer for iodine at the conducting glass surface. Because reduction
and oxidation of iodine/iodide is sluggish at the back contact, negligible recombination
losses are suffered. Then, since the titanium dioxide is rectifying at the Io/I- junction, a
large photovoltage is attainable.

To further support this explanation for the success of these electrodes, a similar
experiment was performed with MepFct/0 as the redox couple in solution. This redox

couple was chosen because the reduction potential of this couple is reasonably close to that
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of the Ip/I-. In this case, very high currents were observed in both potential directions at
the conducting glass electrode, as seen in Figure 2.3. At the titanium dioxide electrode,
similar behavior was observed. Although data is not shown here, dye-sensitized electrodes
immersed in solutions of MeyFct/0 developed only low photovoltages and showed little
photocurrent at short circuit. This behavior results because in this case, high recombination
losses are present at the back contact. Therefore, the ideal redox couple in these cells must
not only have the correct reduction potential for efficient regeneration of the dye, but also

have slow kinetics at the conducting glass substrate.
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Figure 2.2: Current-potential behavior for unsensitized electrodes in
CH3CN/0.040 M 1,/0.500 M Lil in the dark. Filled circles represent the
data for the conducting glass used as a substrate for the TiO;. Open circles

show the data for a nanoporous TiO; electrode with no dye sensitizer.
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Figure 2.3: Current-potential behavior for unsensitized electrodes in
CH3CN/(0.100 M/0.100 M) Me,Fc+/0/1.00 M LiClOy in the dark. Filled
circles represent the data for the conducting glass used as a substrate for the
TiO;. Open circles show the data for a nanoporous TiO; electrode with no
dye sensitizer.
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B. Spectral Response

Spectral response data for electrodes sensitized with the eight dyes characterized
above are shown in Figure 2.4. These results can be explained fully by three coinciding
factors. First, as expected, the spectral response roughly correlates with the absorption
spectrum of each dye. Dyes which adsorb in lower concentrations such as the RuL'3 and
OsL'3 showed lower current responses. The wavelength at which the maximum
photocurrent was observed corresponded to the absorption maximum for each dye. To
correct for differences in dye absorption, the spectral response data was divided by the
absorption spectrum of the electrode used. The results are shown in Figure 2.5. In most
cases, this procedure makes the response much more similar from dye to dye.

Second, within a given set of ligands, the osmium dyes showed much more
photocurrent at higher wavelengths. This phenomenon is due to the weak band present in
the absorption spectra of the osmium dyes which is not present in the ruthenium dyes and
which likely arises due to the direct excitation of photons to triplet states in the osmium
dyes. These transitions are more forbidden in the ruthenium analogs and thus low
photocurrent is seen at these wavelengths.

The only response which cannot be explained by a combination of these two effects
is that of electrodes sensitized with the OsL'2(NCS); dye. Electrodes sensitized with this
dye show very high light absorption, yet these electrodes show very poor energy
conversion. However, this effect can be explained by examining the ground state reduction
potentials of the dyes. Of the dyes examined in this work, the OsL'»(NCS); has the least
positive reduction potential and in fact is only 0.18 V positive of the I/I" redox couple. It
is likely, therefore, that the smaller driving force for regeneration of the dye limits the

efficiency of this dye.
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Figure 2.4a-h: Average spectral response for TiO; electrodes sensitized
with one of the 8 dyes characterized above in CH3CN/0.040 M 1,/0.500 M
Lil/(0.001 M/0.001 M) py/pyH*. IPCE represents the incident photon-to-
electron conversion efficiency and is equivalent to the external quantum
yield of the cell.
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Figure 2.5a-h: Spectral response data normalized for dye absorption.
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C. Current-Voltage Curves

Current-voltage behavior for sample electrodes are shown in Figure 2.6. The range
of open circuit voltages and short circuit current densities for a series of electrodes are listed
in Table 2.2. In each case, the light intensity corresponded to the photon flux present at
AM 1.0 illumination as monitored by the calibrated photodiode. As depicted in Figure 2.6,
these electrodes showed little degradation in current after being held at short circuit under
low light intensity for approximately 30 minutes (the duration of the spectral response
measurements). As predicted by Griitzel et al.,’ electrodes sensitized with the
RuL'»(NCS), complex exhibited the highest efficiencies. Table 2.3 shows the relative
short circuit current densities predicted by the spectral response for a cell illuminated with
100 mW cm-2 of light. In most cases, the trend in the short-circuit current densities
corresponded to the trend in photon-to-current efficiencies. However, some electrodes
deviated significantly from the expected behavior. The electrodes sensitized with the OsL'3
dye exhibited much higher short circuit current densities than would be predicted from the
spectral response data. With this dye the spectral response was particularly slow to
stabilize; however, the cause of the discrepancy is still unknown.

One question which arises from the data is whether the differences in the open
circuit voltages at AM 1.0 illumination between electrodes sensitized with different dyes is
due to a difference in the junction energetics or is merely a reflection of the difference in
injection efficiency. Since the maximum free energy obtainable from the cell should only
be dependent on the difference between the TiO; conduction band edge and the redox
couple in solution (Scheme 2.1), the open-circuit voltage should not be a function of the
dye at a given current density. Assuming the principle of superposition holds, the current-
voltage behavior of these cells in the dark should yield information regarding this issue.
Figure 2.7 shows the dark current-voltage behavior of the electrodes depicted in Figure
2.6. The curves do not appear to deviate from each other by more than 100 mV,

supporting the hypothesis that the differences in the cells in the light are only due to
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differences in the number of electrons injected into the TiO;. Table 2.4 shows the potential
required to pass 2.0 mA cm2 of reductive current in the dark and further illustrates the
similarities in the electrode behavior. Only the electrodes sensitized with RuL',(NCS), and
RuL'»(CN); require significantly higher voltages than other electrodes. In fact, electrodes
sensitized with RuL'2(CN); show the highest voltages, so at a given photocurrent,

electrodes sensitized with this dye should exhibit the highest photovoltages.
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Figure 2.6a-h: Current-potential curves for a representative TiOj
electrode for each of the 8 dyes characterized above at a light intensity of
AM 1.0 in CH3CN/0.040 M 1,/0.500 M Lil/(0.001 M/0.001 M) py/pyH*.
Filled circles represent data collected before measuring the spectral response
of the electrode while open circles represent data taken after the spectral

response measurements.
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Table 2.2: Open Circuit Voltages (Voc) and Short-Circuit Current
Densities (J¢) as a Function of Sensitizer at AM 1.0 illumination. V.

values are listed vs. the cell potential.
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Dye Voe Jsc Ve Jse
(average, mV) | (average, mA cm2) | (range, mV) | (range, mA cm2)

Rul'3 370 2.0 365-380 1.3-2.6
OsL'3 360 4.6 345-375 2.4-5.8
Rul,L' 390 3.2 385-405 2.7-3.7
OsL,L! 390 5.4 350-450 4.7-6.2
RuL'2(CN)» 490 8.4 470-500 8.3-8.5
OsL'2(CN)2 410 8.2 410 7.5-9.0
RuL'2(NCS)» 520 17 495-570 15-20
OsL'»2(NCS)2 330 2.1 310-375 2.0-2.2

Table 2.2
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Table 2.3: Predicted short circuit current densities at 100 mW cm-2
incident illumination based on integrated spectral response data.
a: Calculated using solar spectrum.

b: Calculated using spectrum of Sylvania ELH bulbs used in this work.
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Dye Current Density (mA cm-2)2 | Current Density (mA cm-2)b
RulL'3 .96 1.1
OsL'3 .62 .78
Rul,L 1.6 1.7
OsL,L 2.8 3.5
RuL'7(CN), 5.6 7.0
OsL'2(CN)y 7.6 9.7
RuL'»(NCS), 11 16
OsL'2(NCS), 2.0 2.4

Table 2.3
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Figure 2.7a-h: Current-potential data taken in the dark for the electrodes

represented in Figure 2.6.
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Table 2.4: Applied potential required to sustain 2.0 mA cm-2 of reductive
current in the dark for TiO» electrodes sensitized with each dye.
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Dye Potential vs. Cell (V)
RuL'3 -0.43
OsL'3 -0.40
RuL,L' -0.41
OsL,L! -0.38
RuL'»(CN); -0.50
OsL'»(CN), -0.41
RuL'2(NCS), -0.47
OsL'2(NCS), -0.39

Table 2.4
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D. Effect of pH on I-V Curves--TiO2/RuL'2(NCS)2 Electrodes

TiO2/RuL'2(NCS); electrodes were characterized as a function of Proton Sponge
concentration to determine whether improvements seen in cells with special additives were
due to surface state passivation or some other mechanism or if the effect could be explained
solely on the basis of pH change. In initial sets of experiments, each electrode was first
characterized in a solution containing only buffered Lil/I;. As depicted in Figure 2.8a,
when Proton Sponge was added, the open circuit voltages increased dramatically and the
short circuit currents dropped. This effect is believed to be due to a shifting in the band
edge position of the TiO, with pH. As the difference between the conduction band edge
position of the TiO; and the reduction potential of the Lil/I; is increased, the open circuit
voltage gets larger. If the conduction band edge becomes so negative that the excited dye
cannot inject electrons efficiently, the short-circuit current density decreases. However, as
shown in Figure 2.8b, when the electrode was reintroduced to the buffered solution, the
open-circuit voltages decreased as expected, but the short-circuit current densities did not
recover.

As mentioned earlier, once the electrodes were exposed to iodine solution, the
removal of the iodine contact caused some irreversible degradation of the electrode which
could account for the change between the first and last potential scan. To determine
whether the decrease in current upon exposure to Proton Sponge was completely due to
emptying the cell and refilling it, current-voltage curves of fresh TiO2/RuL'»(NCS);
electrodes in solutions containing various concentrations of Proton Sponge were examined
(Figure 2.9). As seen in the figure, the results for the 10 mM Proton Sponge solution were
almost identical to those of electrodes first exposed to buffered solution. Since the dyes are
known to desorb in aqueous base, the more basic solutions could cause some loss of dye
even in non-aqueous solutions, resulting in lower currents when the electrodes are
reimmersed in buffered solution. Although this effect may also account for part of the

current decrease, the voltage increases in basic solution cannot be explained by a loss of
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dye, thus a band edge shift seems likely. The dark curves for this dye-electrode system
show a similar shift in the voltage, further supporting the presence of a band edge shift.
Table 2.5 summarizes the open circuit voltages and short circuit current densities as a

function of Proton Sponge concentration.
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Figure 2.8: Current-potential curves for a RuL'y(NCS);-sensitized TiO;
electrode at a light intensity of AM 1.0. (a) Filled circles represent data for
the electrode immersed in a CH3CN solution containing 0.040 M 15/0.500
M Lil/(0.001 M/0.001 M) py/pyH*. Open circles represent data for the
same electrode in a solution similar to the initial solution but containing
0.010 M Proton Sponge. (b) Filled squares represent data for a second
TiO; electrode immersed in the 0.010 Proton Sponge solution. Open
triangles represent data for this electrode in CH3CN/0.040 M 1,/0.500 M
Lil/(0.001 M/0.001 M) py/pyH* after exposure to the Proton Sponge
solution.
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Figure 2.9: (a) Photocurrent-potential curves for solutions containing
various Proton Sponge concentrations. All light intensities were AM 1.0.
Filled squares represent data taken in a solution containing 0.001 M Proton
Sponge, open circles represent data taken in a solution containing 0.003 M
Proton Sponge, and filled triangles represent data taken in a solution
containing 0.010 M Proton Sponge. (b) Dark current-potential curves for
an electrode before (filled squares) and after (open squares) exposure to
Proton Sponge. Squares represent data taken in the buffered CH3CN
solution while triangles represent data in a solution containing 0.010 M

Proton Sponge.
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Table 2.5: Open circuit voltages and short-circuit current densities for
RuL'»(NCS)»-TiO; electrodes as a function of Proton Sponge concentration
at AM 1.0 illumination.
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Proton Sponge Concentration V¢ (average, mV) Jsc (average, mA cm2)
0mM 5204 20 172
I mM 550+ 20 18+2
3mM 590 + 20 5% 1
10 mM 700 £+ 20 72t 1

Table 2.5
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E. Effect of pH on luminescence of the adsorbed dye--TiO2/Rul'3
electrodes

The effect of pH on the TiO; band edge positions was further examined through
luminescence studies of the adsorbed dye. The quantum yield for luminescence (®) of the
dye is given by eq. 2.1, where k;,q is the rate constant for radiative decay, Kpraq is the rate

constant for non-radiative decay, and Kipj is the injection rate constant:

® = Krad 2.1)
l(rad + knrad + kinj

If a shift in the band edge position causes a decrease in the injection rate constant, resulting
in a decrease in photocurrent increase, the quantum yield for luminescence should increase,
and thus luminescence intensity should increase as the pH is increased. If the decrease in
current observed above was solely due to a loss of dye, the luminescence intensity should
decrease due to the smaller amount of dye on the surface of the electrode.

Luminescence studies were first attempted on TiO2/RuL',(NCS); electrodes, but
the luminescence intensity was very low and the peak was at a wavelength too high to
detect with the system available. TiO/Rul'3 electrodes were chosen as an alternate
because of the strong luminescence of the L'3 dyes. The luminescence results are shown in
Figure 2.10a. When Proton Sponge is present, the luminescence intensity increases as
expected. After 2 hours of immersion in the buffered solution after exposure to the Proton
Sponge solution, the luminescence drops back down near the initial value. To minimize the
effects of changing solutions, the luminescence experiment was repeated with a new
electrode in a CH3CN solution containing 0.001 M/0.001 M py/pyH*. In this case, a few
drops of glacial acetic acid were then added to the solution to neutralize the Proton Sponge.
As shown in Figure 2.10b, an immediate decrease in the luminescence intensity was
observed, consistent with an increased dye injection efficiency and a positive conduction
band edge shift due to the decreased pH.

To make sure the effect of pH on the current-voltage characteristics was not limited

to the RuL',(NCS), system, J-E curves of the TiO»/RuL'3 electrodes were examined as a
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function of pH. The results are shown in Figure 2.11. The photocurrents drop
significantly when the Proton Sponge concentration is changed from O to 0.010 M. The
large amount of hysteresis present makes it difficult to quantify the open-circuit voltage
change although it appears to increase slightly. As in the previous case, the photocurrents
decrease from their initial value on reimmersion and equilibration with the buffered
solution. The dark curves show a large negative shift in the voltage when the electrode is
exposed to Proton Sponge, similar to the behavior observed with the TiO2/RuL'»(NCS),
electrodes. The dark curves return to their previous position when the electrode is

reimmersed in the buffered solution.
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Figure 2.10: Luminescence data for a RuL'3-sensitized TiO; electrode
immersed in a CH3CN solution buffered with 0.001 M/0.001 M py/pyH+.
Spectra are corrected for instrument response. (a) Open symbols represent
data taken in the buffered solution, while the filled squares represent data
taken in a solution with 0.010 M Proton Sponge added. Diamonds
represent data taken before exposure to Proton Sponge; circles represent
data taken after exposure to Proton Sponge. (b) Open squares represent
data taken in a solution with 0.010 M Proton Sponge added; filled circles
represent data taken in the same solution with a few drops of glacial acetic
acid added.
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Figure 2.11: Current-potential data for a RuL'3-sensitized TiO; electrode
in CH3CN/0.040 M 1,/0.500 M Lil/(0.001 M/0.001 M) py/pyH*.
Triangles represent data taken in solutions containing only the buffer, while
circles represent data taken in a solution with 0.010 M Proton Sponge
added. Filled triangles represent data taken before exposure to Proton
Sponge; open triangles represent data taken after exposure to Proton
Sponge. (a) Photocurrent-potential data. (b) Dark current-potential data.
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IV. Discussion

The data presented here provide a rational approach for design of more efficient
nanoporous electrodes. As discussed above, the first requirement for this type of system is
slow charge transfer kinetics between the back contact of the electrode and the sacrificial
electron donor/acceptor in solution. This condition allows the separation of charge by a
diffusion gradient rather than drift. A similar approach has been used in single crystal
systems such as Si, in which ohmic selective back contacts were used in conjunction with
Si electrodes with very high carrier lifetimes to produce efficient solar cells.'*

The exploration of alternate dyes also seems promising. As expected, moving
down the periodic table from ruthenium to osmium results in a second band in the
absorption spectrum. Spectral resp<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>