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ABSTRACT OF DISSERTATION

DYE SENSITIZATION OF LOW-INDEX ATOMICALLY FLAT TIO,
SURFACES

Dye-sensitization of large band-gap semiconductors has been known for over a
century since this is the process used in silver halide photography. There has been a
renewed interest in this topic following Gritzel’s invention of an efficient dye sensitized
solar cell. A solar-to-electric energy conversion efficiency of over 10% has been
obtained for this system. However, due to the large surface area and irregular structure of
the nanocrystalline titanium dioxide (TiO,), there is still little fundamental information
about the interface between the semiconductor and the adsorbed dye layer. We use
atomically flat single crystal surfaces to help understand the binding of dye molecules to
various TiO; surfaces.

Atomically flat surfaces of anatase (101), (001) and rutile (100), (001) single
crystals were successfully prepared and their surface flatness verified with atomic force
microscopy (AFM).

Dye sensitization with the ruthenium complex dye N3 (cis-di(thiocyanato)-
bis(2,2’-bipyridyl -4,4’- dicarboxylate) ruthenium(Il)) was studied on these surfaces. The
adsorption isotherms were measured on all four surfaces. Rutile (100) and anatase (101)
gave higher incident photon to current conversion efficiency (IPCE) values than the other
two surfaces. Study of adsorption kinetics revealed a two-step adsorption process and
the slow adsorption step was fit with a Langmuir kinetic model. The adsorption and
desorption rate constants for each surface were derived by fitting the adsorption data.
Differences in IPCE were explained based on the structure of N3 and the geometry and
reactivity of the binding sites on the four surfaces.

A structurally similar series of carboxylated thiacyanine dyes were also employed
in exploring the fundamentals of dye sensitized solar cells as an attempt to understand the
interaction of organic dye molecules and TiO, surfaces. A simple method for measuring
the surface coverage of these adsorbed dyes onto TiO; surfaces was developed. Quantum
yields for sensitized photocurrent generation were studied and dimer and extended H-
aggregates formation of some dye molecules were resolved. We attempt to understand
these experimental results with structural models of the TiO; surfaces.

Yunfeng Lu

Department of Chemistry
Colorado State University
Fort Collins, CO 80523
Spring 2007
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Preface

Development of the modern world relies on energy. Between 1850 and 1970, the
population on Earth more than tripled—yet the energy consumed was 12 times higher.
By 2002, human numbers had grown another 68 percent and fossil fuel consumption,
which accounts for 85% of the total energy use today, was up another 73 percent. We
humans today collectively consume an average of 13 terawatts (TW) of power. Thanks
to global population growth and economic development and the tendency of energy
consumption to grow with development, most energy experts predict by year 2050 we
will need about an additional 30 TW of power. Unfortunately, oil production, a major
component of fossil fuel, has almost peaked and the world will begin to run out of fossil
fuels within 50 years. [1]

To meet the need of energy consumption and reduce the greenhouse effect, we
have to turn to other energy alternatives, especially renewable energy. Energy can be
produced from nuclear power plants, wind, biomass, geothermal and ocean waves. These
energy alternatives have both potential and drawbacks. Even if we could build enough
nuclear plants to meet the rising need, there are concerns of waste disposal, safety,
nuclear proliferation, and terrorism. Wind energy has already demonstrated cost-
effectness but it is predicted that the maximum power we can produce from wind is only
2 to 6 TW. Biomass’s potential is limited by the need to use arable land to grow food;
geothermal energy’s potential is limited by high drilling costs and limited geographic
availability; and ocean power has been stalled in part by high construction costs and

again limited availability.
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Solar energy is the only large scale alternative. Every moment there is 170,000
TW of solar energy striking Earth, a number well beyond the projected human need.
Solar cells have been designed to convert solar energy into electricity. Solid state
semiconductor junction cells were first developed in 1950s and they are widely used to
power satellites, spacecraft, and villages in third-world countries to produce power for
buildings. These photovoltaic solar cells are still costly compared to traditional sources
of electricity.

One interesting new method of converting solar energy is the dye-sensitized solar
cell, where a dye is used to sensitize a large band-gap semiconductor. The advantage of
this type solar cell, over traditional junction solar cells, is the separation of the light
absorption and charge collection events. However, only a very small portion of the
visible light can be absorbed due to the small number of adsorbed molecules and
therefore the total energy conversion efficiency is very low.

The breakthrough for dye-sensitized solar cells came in 1991 when a
nanocrystalline thin film of TiO, on a condﬁctive glass as the supporting substrate was
used for the adsorption of the dye sensitizers. [2] The 1000-fold enhanced surface area
greatly improved the cell efficiency. The use of inexpensive, low-purity material reduces
the manufacturing costs when compared to other solar cells. Together with the long term
stability of TiO,, this type of dye-sensitized solar cell has become a promising candidate
for future solar cells. An energy conversion efficiency of over 10% has already been
achieved on laboratory scale cells and further efficiency increases are possible by
improvements in sensitizing dyes, regenerating agents, electrolytes and cell

morphologies.[3]
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Despite the development of dye-sensitized solar cells in both their energy
conversion efficiency and stability, many aspects of the metal oxide/dye interfaces are
largely unknown because the large surface area and defect structure of nanocrystalline
TiO; thin film make the interface difficult to study. In this thesis, I use atomically flat
surfaces of various polymorphs of single crystal TiO, to understand the adsorption,
desorption and sensitization behavior of the widely studied N3 dye and a variety of other
organic dye molecules. We are hoping that this study will elucidate the interfacial
structure of the dye-sensitized solar cell and provide some guidance on building more

efficient solar cells in the future.
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Chapter 1:
Background and Development of Dye-Sensitized Solar

Cells

1.1 Photovoltaic Effects

The photovoltaic effect was first discovered in 1839 by a French scientist Edmond
Becquerel when he observed a current and voltage while illuminating a silver electrode
immersed in a chloride electrolyte.[1] Thirty-four years after the discovery of the
photovoltaic effect, Willoughby Smith reported the photoconductivity of selenium and
this inspired W. G. Adams and R. E. Day to make the first selenium cell in 1877.[1]
Subsequent work on selenium and copper oxide led to the development of the selenium
solar cell and its wide use in photographic exposure meters. Modern solar cells were first
developed in 1954 at Bell Labs by D. M. Chapman and C. S. Fuller using a solid-state
semiconductor junction. These early silicon cells were similar to those of today in the

working mechanism but the efficiency was much less. Today’s PV solar cells are widely
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used to power satellites, spacecraft and in remote villages in the third-world countries and

hold the promise of carbon-free power for future energy demands.[2]

1.2 Silicon Solar Cells

At the present time, photovoltaic technology is based on the elemental
semiconductor silicon, either single crystalline or multicrystalline. There is an abundance
of silicon in the Earth’s crust, therefore the silicon supply is practically endless. Both the
energy input (about 50 kWh/kg) and cost (about $2/kg) are relatively low for the
production of low purity silicon (98-99%), but the purification process is much more
costly to produce solar-grade feedstock. = When used for solar cells, silicon is able to
absorb photons with a wavelength smaller than 1128 nm, which corresponds to about
75% of solar spectrum while the other 25% of long wavelength photons are unused.
However, many of the high-energy photons are absorbed near the crystal surface and
there is a high percentage lost by recombination of photogenerated charge carriers in the
surface region. This electron-hole pair recombination brings the efficiency down by
about another 40%. There is also 10-20% reflection of the incident light at the surface
even with an antireflection coating. Together with the limitations of the photovoltaic
action itself, an upper limit of about 24-26% can be obtained at room temperature when a
single crystal of Si is used for a photovoltaic solar cell. Commercial modules usually
produce an efficiency in the range of 10-15%.

Figure 1.1 shows the solar spectrum, indicating that most of solar energy is
located in the visible range. Therefore an efficient solar cell should be able to absorb

visible light and convert it into electricity. Crystalline silicon has a band-gap energy of
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1.1 eV and is able to absorb photons with a wavelength of smaller than 1128 nm.
Although Si’s band-gap meets the criteria for an efficient solar cell, there are other
drawbacks. The semiconductor performs two processes simultaneously: absorption of
light and the separation of the charges. To avoid the premature recombination of

electrons and holes, the semiconductors employed must be highly pure and defect-free.

1.3 Dye-Sensitization of Large Band-Gap Semiconductors

Solid-state junction devices have been dominating the commercial production of
photovoltaic devices. Recently, however, they have been challenged by a new generation
of photovoltaic devices including dye sensitized solar cells, which may someday overtake
Si in both production cost and efficiency.

Fujishima and Honda reported in 1972 the photoelectrolysis of water at a
titanium dioxide (TiO,) electrode surface[3] and the photocurrent generation with TiO,
encouraged people to explore its use in solar cell devices. However, due to its large
band-gap of 3.2 eV, only a small portion of light can be absorbed and converted into
electricity and therefore the total energy conversion efficiency is very low.

In the late 19" century certain organic dyes were found to be able to extend the
response of silver-halide-based photographic film to visible wavelengths.[2] This is
caused by electron transfer from the organic dye molecules to the semiconducting silver-
halide grain. This sensitization effect is the basis of film photography. In a similar
mechanism, sensitizing dyes have been attached to wide band-gap metal oxides such as
TiOz, SnO; ,ZnO and SrTiOs.[4-9] Upon irradiation, photocurrent can be produced

through electron transfer from the excited dye into the conduction band of the
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semiconductor and subsequent reduction of the photooxidized dye by a redox couple
present in the solution. At the surface of a counter electrode, the oxidized regenerator is
reduced, resulting in no net change in the electrolyte. In this way, light absorption leads
to a photovoltage and the absorption edge can be adjusted by choosing different dyes.
These are the prototype of dye-sensitized solar cells. Figure 1.2 shows operating

principles and energy levels of the dye-sensitized solar cell.

1.4 Dye-Sensitized nanocrystalline TiO; solar cell

Despite the efforts to develop a dye-sensitized solar cell, the efficiency of the
original prototypes was very low. The biggest problem was poor light harvesting
efficiency. On a smooth surface, less than 1% of the incident light can be absorbed by a
monolayer of dye sensitizer. Attempts to put multilayers of dye molecules on a
semiconductor surface were unsuccessful due to recombination within the thick dye
layers where carrier (exciton) mobilities are low.[10] A major breakthrough came in
1991 when O’Regan and Grétzel reported that a thin layer of nanocrystalline TiO,
particles sensitized by cis-di(thiocyanato)- bis(2,2’-bipyridyl -4,4’- dicarboxylate)
ruthenium(Il) (referred to as N3) could achieve respectable power conversion
efficiencies.[11]

The main reason for success of the new architecture was the 2000-fold increase in
the surface area of the nanocrystalline thin film which resulted in a greatly improved
amount of adsorbed dye. With this configuration, 46% of the solar energy flux was
harvested and an overall light to electric conversion efficiency of 7.1-7.9% was obtained

in simulated solar light and 12% was obtained in diffuse light. The cost of electricity
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Figure 1.2 Operating principles and energy level diagram of dye-sensitized solar cell.
A photon is absorbed by a dye molecule which excites the dye from its ground state into
the excited state, followed by electron injection into the conduction band of the
semiconductor. On the surface of a counter electrode, a redox couple is reduced, which

in turn reduces the oxidized dye molecule, resulting in no net change in the electrolyte.
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generation could be greatly reduced since low-to-medium purity materials were used to
produce TiO, nanoparticles and the cell diéplayed excellent long-term stability operating
for five million turnovers of the dye without decomposition. The exciting potential for
low cost and high efficiency solar energy conversion sparked a renewed interest to

electrochemists for many researchers who now study dye-sensitized solar cells.

1.5 Efficient Sensitizer

The original sensitizing dye used in the Gritzel cell was the ruthenium complex
called N3, named by the synthetic chemist M. K. Nazeeruddin. N3 has four carboxylate
groups that can bind to the TiO, surface. The absorption coefficients of the absorption
maxima for a N3/ethanol solution are reported to be 1.42 x 10* M ecm™ at 534 nm, 1.40
x 10* M cm™ at 396 nm, and 3.12 x 10* M cm™ at 313 nm.[12] The molecular
structure of N3 is shown in Figure 1.3.

N3 dye binds to a flat surface with one or two of its carboxylate groups.[13,14]
There are three ways a carboxylate group can coordinate to the TiO, surface: as a
unidentate mode, as a chelating mode, and as a bridging bidentate mode (Figure 1.4).
Adsorption of N3 dye on a flat anatase (101) surface was systematically studied by
Fillinger et al.[15] ATR-FTIR spectroscopy was also applied to study the interaction of
the sensitizers with nanocrystalline TiO, film and data show that the complexes are
anchored onto the TiO; surface in bridging coordination mode using two out of their four
carboxylic acid groups.[13] Density functional theory (DFT) has been applied to
investigate the interfactial structure and significant structural adjustments of both the dye

and the nanocrystal are predicted to be induced by the strain imposed by the simultaneous

10
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formation of multiple dye-surface bonds.[16] Experimental details of the dye structure
on the TiO, surfaces are lacking and one goal of this thesis research is an understanding

of this dye semiconductor interface.

1.6 Semiconductor/Electrolyte Interface

One significant difference of bulk single crystals from nanocrystalline films is the
existence of a space charge layer. Nanocrystalline thin films are made up of particles that
are too small to support a depletion layer. Therefore the Gritzel cell operates under
different principles than convertional solar cells or when sensitizating a single crystal.

When a semiconductor is placed in contact with an electrolyte, electric current
initially flows across the junction until electronic equilibrium is reached, where the Fermi
energy of the electrons in the solid (Ef) equilibrates to the redox potential of the
electrolyte (Eredox). The transfer of electric charge produces a region on each side of the
junction where the charge distribution differs from the bulk material, and this is known as
the space-charge layer. On the electrolyte side, this corresponds to the familiar
electrolytic double layer, that is, the compact (Helmholtz) layer followed by the diffuse
(Gouy—Chapman) layer. On the semiconductor side of the junction the nature of the band
bending depends on the position of the Fermi level in the solid. If the Fermi level of the
electrode is equal to the flat band potential, there is no excess charge on either side of the
junction and the bands are flat. If electrons accumulate at the semiconductor side one
obtains an accumulation layer. If, however, they move from the solid into the solution, a

depletion layer is formed, leaving behind a positive excess charge formed by immobile

13
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ionized donor states when an n-type semiconductor is used. An energy level diagram is
shown in Figure 1.5.

The flat band potential is a very useful quantity in photoelectrochemistry as it
reveals the location of the energetic position of the valence and conduction band edge of
a given semiconductor material relative to the redox levels in solution. It is obtained by
measuring the capacity of the semiconductor—electrolyte junction. The semiconductor is
subjected to reverse bias — that is, a voltage is applied to increase the potential drop
across the junction — and the differential capacity is determined as a function of the
applied potential, V. The space charge capacity of the semiconductor (Cy) is in series
with that of the Helmholtz layer (Cy) present at the electrolyte side of the interface. In
the depletion regime the condition Cy > Cy applies, so the measured capacity is that of
the space-charge layer.[17] This depends on the applied bias voltage according to the

Mott—Schottky equation:

Cse  &,60eN, e

where C,, is the space charge capacitance, g, is the dielectric constant of the
semiconductor, g is permittivity of vacuum, Ny is the dopant concentration, k is the
Boltzmann constant and T is temperature in Kelvin. From the Mott-Schottky plots, the
flat band potential and doping density of the semiconductor can be derived. These are
important parameters in dye sensitization since it allows the calculation of the electric
field gradient at the surface and predicts what dyes can inject electrons into the

conduction band from their excited states.

14
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Figure 1.5 Schematic showing the electronic energy levels at the interface between an
n-type semiconductor and an electrolyte containing a redox couple. The four cases
indicated are: a, flat band potential, where no space-charge layer exists in the
semiconductor; b, accumulation layer, where excess electrons have been injected into the
solid producing a downward bending of the conduction and valence band towards the
interface; ¢, depletion layer, where electrons have moved from the semiconductor to the
electrolyte, producing an upward bending of the bands; and d, inversion layer where the
electrons have been depleted below their intrinsic level, enhancing the upward band

bending and rendering the semiconductor p-type at the surface.[17]
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1.7 Electron Injection and Charge Transport

The electron transfer mechanism and rates for photoinjection into the conduction
band of TiO, by photoexcited N3 is of interest since N3 is one of the most promising
sensitizers for dye-sensitized solar cells. The electron transfer from the excited-state of
N3 dye adsorbed onto a TiO; nanoparticle to the conduction band of TiO; is one of the
fastest process in chemistry.[20, 21] The measurement of charge carrier dynamics in
photoelectrochemical cells has been improved over the years to measure rise times in the
picosecond time domain[22] down to femtoseconds[23-24]. The carboxylated complexes
exhibit twot — 7 intraligand transitions in the UV and two t, — 1’ MLCT bands in the
visible and near UV.[12] N3 adsorbed on nanocrystalline TiO, exhibits a slightly blue-
shifted absorbance maximum and resonance raman spectroscopy indicated that the
excited-state dynamics of N3 molecules were independent of the number of N3
molecules adsorbed per TiO, nanoparticle.[25] Upon absorbing a photon of proper
energy, a metal 3d electron is excited into the '"MLCT and transferred into the ligand 7"
state (Figure 1.6), and the excited electron is essentially localized on one of the ligand
bipyridine groups. This rate is significantly faster than those of the homogeneous
intramolecular electron-transfer rates with comparable donor-acceptor separation
distances, indicating that the TiO, nanoparticle has a strong effect on the dynamics of
electron transfer. Experimental evidence of charge transfer time of less than 3 fs was
observed with resonant photoemission spectroscopy.[26] Density functional theory (DFT)
calculations predict that injection times are on the order of 10 fs for MLCT excitations to

the ligand 7" levels that interact most strongly with the TiO, conduction band, and

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



el
Bkl
.

=
S

";4‘
R ie)
e
o
5

5

S

KE X
X SR G I,
594 A it a,

s
5
R,

e

%3:

Figure 1.6 N3 dye adsorbed onto a nanocrystalline TiO; particle and electron transfer

from the dye to TiO,.
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predicts an order of magnitude increase in the injection times for excitations to dye levels
with poor spatial or energetic overlaps with the substrate conduction band,[16, 27] which
is in agreement with the experimental results. However, Haque et al. concluded that such
ultrafast dynamics are not required or desirable for efficient photovoltaic energy
conversion; electron injection kinetics with a half time of 150 ps can allow a high
injection yield while minimizing interfacial charge recombination losses.[28] Therefore
electron transfer dynamics need to be understood and optimized for efficient energy
conversion devices.[29]

Different rates of charge injection have been observed for the kinetics of electron
transfer from N3 to TiO,. Benkd et al. reported that the charge injection process took
place with a biphasic kinetics.[30] The first ultrafast component was estimated to have a
rise time of 28 fs and the second multiexponential part to occur within the 1 — 50 ps time
range. This behavior was rationalized in terms of a two—state mechanism, the fast and
slow components being attributed to the injection from the singlet and triplet excited
states of the ruthenium complex, respectively. However, based on their transient
absorbance measurements at 860 nm upon ultrashort laser pulse excitation, Wenger et al.
concluded that the slow component of electron injection arises from sensitizer molecules
that are loosely attached onto the surface or are present in an aggregated form.[31]

The efficiency of the nanocrystalline device also critically depends on the charge
recombination rate, and for the N3/TiO, system, this occurs in the microsecond to
millisecond time scale.[25] Surface photovoltage transients study indicated that at low
temperatures (100 — 250 K), the dynamics are governed exclusively by spatially

dependent tunneling recombination. For higher temperatures (250 — 540K), the thickness
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dependence of the decays indicates that the dynamics of surface recombination are

retarded by the diffusion of electrons toward the interior of the film (see Figure 1.7).[32]

1.8 Efforts on Increasing Cell Efficiency

Over the years since the emergence of the Gritzel cell, there have been constant
efforts in trying to optimize its performance and increase the overall efficiency. Many
other sensitizing dyes have been synthesized and some of them offer comparable or better
yields. The ruthenium complexes (BusN):[Ru(dcbpyH),(NCS),] (N719) and
(BugN)4[Ru(dcbpy),(NCS),] (N712) are of the same family as N3 with two
carboxylic/two carboxylate groups and zero carboxylic/four carboxylate groups,
respectively and give a slightly higher efficiency than the N3 dye.[13] Efficient
panchromatic sensitizers (black dyes) were reported in 2001 that produced an overall
conversion efficiency of 10.4%, which is the best sensitizer so far.[33] A series of zinc
metalloporphyrins, which are attractive from the standpoint of cost, were also able to
function as sensitizing dyes with an efficiency of 5.6%, making them the most efficient
porphyrin-based sensitized solar cells.[34] Although Ru complex sensitizers are
efficient for solar energy conversion, there are concerns that the scare metal is expensive
and can cause environmental problems. Efforts have been made to synthesize efficient
metal-free sensitizing dyes to replace the metal complex. Spitler et al. [35] and Horiuchi
et al.[36] reported the synthesis and characterization of organic dyes for use in a dye-
sensitized solar cell. After synthesizing and investigating a number of organic dyes, a
novel indoline dye exhibiting very good performance was found to give a solar-to-electric

conversion efficiency of 6.1%, compared to 6.3% for N3 dye under the same
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of a thin TiO, layer sensitized with dye molecules at the surface. The photovoltage is
given by the amount of separated charge and by the effective charge separation length. (A)

Laser excitation. (B) Initial charge separation. (C) Diffusion. (D) Recombination.[32]
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experimental conditions. These dyes are easily prepared, exhibit high efficiencies and are
relatively cheap due to the simple preparation procedures. Another indoline dye
sensitizer was also synthesized with an efficiency as high as 8% in 2004.[37] Two years
later, Thomas et al. successfully synthesized organic dyes containing thienylfluorene
conjugation for solar cells that gave a 5.5% efficiency.[38] Oligothiophene-containing
coumarin dyes were also able to sensitize nanocrystalline TiO, yielding a 7.4%
efficiency.[39] The molecular structures of the three organic dyes that offer higher
energy conversion efficiencies are shown in Figure 1.8. In addition to high efficiencies,
these dyes were also found to be highly stable. The appearance of these dyes will make
practical application of dye-sensitized solar cells more feasible by further reducing their
electricity generation costs.

In addition to synthesis of various sensitizers, many other refinements have been
developed, a few of which will be summarized. By illuminating the assembled dye-
sensitized solar cell with ultraviolet (UV) light from a xemon arc lamp, photocurrents
were dramatically increased, especially for cells with very poor initial quantum yiels.[40]
This was explained as to cause a positive shift in the conduction band edge of the
nanocrystalline TiO,. The increase in the overall conversion efficiency of up to 45 times
for some dyes was observed. To increase light absorption by the nanocrystalline thin
film, additional light scattering layers were introduced in the fabrication of the TiO,
film.[41] Upon protonation of the TiO; films through HCI pretreatment, the efficiency of
the black dye-sensitized solar cell was increased.[42] A network structure of single-
crystal-like anatase TiO, nanowires was developed to be used in dye-sensitized solar cells

and high conversion yield of 9.3% was obtained.[43] Likewise, a dye-sensitized solar
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cell based on single-crystalline TiO, nanorods has been successfully fabricated and has
achieved a high efficiency of 7.29%.[44]

Coadsorbants have been introduced to dye-sensitized nanocrystalline TiO, solar
cell in an attempt to increase the conversion efficiency. Zhipan Zhang et al. reported the
use of 4-guanidinobutyric acid (GBA) as a coadsorbant together with the K-19 dye
resulting in an increase of 50 mV in open circuit voltage without a loss of current.[45]
While Neale et al. reported that with the coadsorbant chenodeoxycholate, dye loading
was reduced by as much as 60% while having a relatively small effect on the short-circuit
photocurrent.[46] This was explained by displacement of the weakly adsorbed dyes by
the coadsorbant. A nitrogen-doped nanocrystalline TiO, electrode was prepared and
higher efficiencies in the range of 380 — 520 nm and 550 — 750 nm were observed.[47]
Interestingly, spherical voids of diameter 400 nm can be introduced into the
nanocrystalline TiO, film and increase the device performance by 25%.[48] The films
have further potential of being used in high-viscosity electrolytes, which are interesting
from the standpoint of using a nonvolatile electrolyte to reduce leakage from constructed

solar cell modules.

1.9 Open Questions for Dye-Sensitized Solar Cells

Dye-sensitized nanocrystalline TiO, solar cells have made great progress in both
efficiency and stability, but there is still little known about the structure of the organic
dye/metal oxide interface due to the large surface area, the heterogeneous surface
structure and the nanoporous nature of the nanocrystalline films. The atomic structure of

the interface is highly important, since it can directly influence the electron transfer. The
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possibly important structural aspects are: (1) ordering if any of the sensitizer molecules
on the semiconductor surface, (2) the surface packing density of the sensitizers, and (3)
the number of bonds between the sensitizer molecule and semiconductor surface.[14]

By preparing well-terraced, atomically flat single crystal surfaces and dye-
sensitizing these surfaces, we can explore the dye/semiconductor interfacial structures
and understand the binding of organic dye molecules to these metal oxide surfaces at the
molecular level. A complete understanding of the dye/semiconductor interface will guide
the construction of more efficient DSSCs with organic dyes since the light absorption and

electron injection efficiencies can be optimized.
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Preface to Chapter 2

This Chapter consists of a paper published in Langmuir, 2006, 22, 4472-4475. All data
was obtained by me except the LEED patterns of the different TiO, polymorphs were
measured by Dr. Bengt Jaeckel. The ability to obtain clean, atomically flat and

reproducible surfaces is the key for the studies presented later in this dissertation.
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Chapter 2: Preparation and Characterization of
Terraced Surfaces of Low Index Faces of Anatase,

Rutile and Brookite
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2.1 Abstract

Simple polishing and low temperature annealing procedures for preparing
atomically flat terraced surfaces of various single-crystal TiO, polymorphs are described.
Anatase (101), anatase (001), rutile (100), rutile (110) and brookite (111) surfaces could
all be prepared to show a terraced surface structure in AFM images. The rutile (100),
(110) and anatase (101) surfaces were also shown to produce acceptable LEED patterns

immediately upon insertion into a UHV system even without sputter and anneal cycles.
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2.2 Introduction

Metal oxides have many applications in catalysis, energy conversion, consumer
products and ceramics. Titanium dioxide (TiO;) is prototypical among the metal oxides
since TiO, can be a photocatalyst[1, 2] component of a solar cell[3, 4] as well as a
component of sunscreen, toothpaste and many other consumer products. Single crystal
TiO; surfaces have also been studied as a model for dye sensitized solar cells and catalyst
supports[5, 6]. Although rutile is the high temperature polymorph of TiO,, it is kinetically
stable under ambient conditions. The anatase to rutile transformation occurs in the
temperature range of 700 — 1000°C, depending on the crystallite size and impurity
content[S]. Brookite, another polymorph of TiO,, usually contains small amounts of Fe
substituted for Ti and is converted into rutile by heating to temperatures above 700°C[7].

There has been a lot of research on the surface structure and reactivity of TiO,[8-
10] in ultrahigh vacuum (UHV)[11, 12]. The achievement of clean atomically flat
surfaces usually takes many cycles of sputtering and annealing, which can be time
consuming and costly[13, 14]. The surfaces prepared with this method were found to be
unstable after exposure to aqueous solutions[15]. Recently, Nakato et al.[16, 17] reported
a chemical etching method to prepare atomically flat rutile surfaces by immersing the
rutile single crystals in 20% HF for 10 minutes, followed by washing, drying in nitrogen
and annealing at 600°C in air. Chemical etching is a good way to prepare atomically flat
surfaces for stable crystal surface planes. However, for surfaces with a higher surface
energy, they can be selectively etched, forming channels or pits along certain
crystallographic directions[18, 19]. Herein we report simple procedures for obtaining

atomically flat surfaces for various surface orientations of all three common polymorphs
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of TiO, (anatase, rutile and brookite) by polishing, ultrasonic cleaning and annealing in
air. The surfaces are characterized by atomic force microscopy (AFM) operated in air’
and low energy electron diffraction (LEED)" in ultrahigh vacuum (UHV).
2.3 Experimental, Results and Discussion

A mechanically polished single crystal of rutile (100) was obtained from
Commercial Crystal Laboratories, LTD. The as-received polished rutile (100) revealed
no terraces in AFM images and a surface roughness was measured to be about 0.32 nm.
The crystal was then manually polished™ with a soft polishing cloth (CHEMOMET)
using 0.02 um colloidal silica for about 3 minutes. After rinsing with H,O, the sample
was ultrasonically cleaned for 8§ minutes in 18 M-Q Millipore H,O to remove the
polishing particles. In order to heal the polishing damage and form smooth terraces, the
sample was then heated to 700°C for 7.5 hours in air in a Lindberg furnace, and slowly
cooled (~ 2°C/minute) to room temperature by turning off the power. After surface
treatments the rutile (100) surface was imaged with AFM. The images show very
uniform terraces with an average width of about 50 nm corresponding to a miscut angle
of 0.4° (Figure 2.1A). From the section analysis, the average height of a single step is
shown to be 0.50 nm (Figure 2.1B), within experimental error of the calculated terrace
height of 0.459 nm. It is noteworthy that the annealing is usually required only once to

obtain the terraced surface. For further cleaning, polishing and sonication are enough.

' Topographic images were recorded from a Nanoscope I1la Multimode SPM (from Digital Instruments)
operating in tapping mode. Rectangular silicon cantilevers with a spring constant of 40 N/m and resonant
frequencies of about 170 KHz, purchased from Mikromasch, were used.

" LEED patterns were obtained with a commercial Omicron Spectraleed optic with various electron
energies. The atomic distance calibration was done by using graphite and MoTe; single crystals.

" The polishing cloth, fine alumina particles and colloidal silica were obtained from Buehler Inc.

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



N

2.50

-2.50

0 100 200 300 400
nM

Figure 2.1. (A) Topographic AFM image and (B) section average of the rutile (100)
surface. The average step height is 0.50 nm. (C) Observed LEED pattern (46 eV) of the
as-prepared surface showing a 1 X 3 reconstruction. A calculated LEED pattern is given

in (D).
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A LEED pattern of the rutile (100) surface was obtained after insertion into the UHV
system without any additional surface treatments. Figure 2.1C shows a LEED pattern
obtained with an electron beam energy of 46 eV. The pattern matches the rutile (100)
symmetry and lattice parameters of: a = 0.459 nm, b = 0.295 nm and a = 90°.
Evaluation of the spot distances leads to the conclusion that the prepared TiO, (100)
surface has a 1 X 3 reconstruction. A schematic representation of the LEED pattern is
shown in Figure 1D by using the lattice parameters of rutile (100) with a software called
LEEDpat™. This type of reconstruction is usually found under UHV conditions by
sputter-annealing cycles in a more reductive atmosphere. As shown by Muryn et al.[20],
this surface can be oxidized in a high oxygen partial pressure into a 1 X 1 stoichiometry.
The physical and chemical reason why the polishing and sonication procedures lead to a
1 x 3 reconstruction is still unclear. Further XPS/UPS/STM studies to investigate the
surface properties in detail are in progress.

The rutile (110) crystal was also commercially grown and was polished in an
identical fashion to the (100) surface. The topographic AFM image of this surface is
shown in Figure 2.2A and revealed an average terrace height of 0.33 nm (shown in
Figure 2.2B), matching the calculated single TiO, layer step height of 0.325 nm. The
LEED pattern obtained at 55 eV indicated an unreconstructed 1 X 1 surface (Figure 2.2C)
identical to the simulated pattern shown in Figure 2.2D.

The anatase samples were naturally occurring mineral crystals that were mined in
Hargvidda, Tyssedal in Norway. These bi-pyramidal crystals exhibited low-energy
growth surfaces with large wedge shaped (101) faces and (001) end caps. The (101)

crystal faces were dark grey metallic and shiny. They were cut along the (101) plane

™ http://w3.rz-berlin.mpg.de/~hermann/LEEDpat/
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Figure 2.2. (A) Topographic AFM image and (B) section average of the rutile (110)
surface. The average step height is 0.33 nm. (C) Observed LEED pattern (55 eV) of the

as-prepared surface. A calculated LEED pattern is given in (D).
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using a slow speed diamond saw or the entire crystals were used. The natural anatase
(101) surfaces were initially quite rough. To prepare them the crystal face was first
ground flat with fine (600 grit) sand paper for 30 seconds, followed by successive
polishing steps with 0.3um and 0.05pm alumina each for 3 minutes. The next step was
polishing with 0.02 um colloidal silica for 2 to 5 minutes followed by ultrasonic agitation
for 8 minutes. The surface was then characterized with tapping mode AFM. After about
4 cycles of polishing and ultrasonic agitation (total polishing time about 11 minutes), the
AFM images indicated that the surfaces were very flat (rms roughness of 0.17 nm) but no
distinct terrace structures were evident. The anatase (101) was then gently annealed in
the furnace at 350°C for 2 hours. Finally the surfaces were polished for about 5 minutes
with 0.02 pm colloidal silica, followed again by ultrasonic agitation. Figure 2.3A and
2.3B show the surface topography and section analysis of the anatase (101) surface,
respectively. Unlike the commercial rutile single crystal, the AFM images of the natural
anatase single crystal show terraces with irregular widths and edges over the entire
surface. Section analysis of the image gives an average step height of 0.36 nm matching
one monolayer step height (0.35 nm). The LEED pattern of this sample was obtained at
100 eV (Figure 2.3C) and showed both first and second order spots. The measured
reflection distances and angles are in agreement with parameters of anatase (101) surface
(centered rectangular: a = 1.02 nm, b = 0.378 nm and a = 90°). A simulated LEED
pattern for this surface is shown in Figure 2.3D.

The anatase (001) surface was polished in an identical fashion to the anatase (101)
surface. After the series of surface treatments and annealing at 275°C for 10 hours, AFM

images revealed terraces with an average step height of about 0.28 nm, corresponding to
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Figure 2.3. (A) Topographic AFM image and (B) section average of the anatase (101)
surface. The average step height is 0.36 nm. (C) Observed LEED pattern (100 eV) of the

as-prepared surface. A calculated LEED pattern is given in (D).
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Figure 2.4. (A) Topographic AFM image and (B) section average of the anatase (001)

surface. The average step height is 0.28nm.
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Y of a unit cell height along [001] direction. Figure 2.4A and 2.4B show the topographic
image and section analysis for this surface, respectively.

The brookite (111) crystal is also a natural mineral crystal from Arkansas. The
natural brookite (111) surface was the roughest of the crystals we studied and so
extensive polishing was necessary. The polishing revealed some inclusions in the crystal
and so that the entire surface could not be polished as smooth as the surfaces of the other
polymorphs. The polishing procedures used for anatase, from sand paper to 0.02 um
colloidal silica, were also applied to the brookite crystal. After a total polishing time of
about 15 minutes the crystal was gently annealed in the furnace at 250°C for 16 hours. It
was then given a final polish for 5 minutes with 0.02 um colloidal silica followed by
ultrasonic cleaning as described above. Figure 2.5A shows the topographic image of a
typical area of the brookite (111) surface and the corresponding section analysis is shown
in Figure 2.5B. Again irregular terraces are observed. The average terrace height is
calculated to be 0.31 nm, matching the single unit cell step height along the [111]
direction (0.35 nm). Due to small size of the anatase (001) and brookite (111) crystal
sections we were unable to mount them onto a UHV sample holder so no LEED patterns
were obtained.

2.4 Summary

In summary we have shown that simple physical polishing and low temperature
annealing in air can produce surfaces with atomically flat terraces for five low index
surfaces of three TiO, polymorphs. The LEED patterns demonstrate that the surfaces
have long-range order and the observed flat terraces with defined steps are not unusually

ordered areas. We have used these procedures, coupled with a final ultraviolet
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Figure 2.5. (A) Topographic AFM image and (B) section average of brookite (111)

surface. The average step height is 0.31nm.
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photooxidation step to remove any organic contaminants, to prepare reproducible
surfaces for studying dye sensitization of these oxide semiconductors{21]. In one case
greatly improved dye coverages were obtained when compared to previous work where
the surface pretreatments were not done[6]. We anticipate that performing these
procedures prior to inserting the oxide crystal into the UHV system will substantially
reduce the sputter and annealing time and cycles usually necessary to produce such well-
terraced surfaces since, on the three surfaces where LEED was done, acceptable LEED
patterns were obtained simply by inserting them into the UHV system.
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Preface to Chapter 3

This chapter consists of a paper published in the Journal of the Electrochemical Society
2006, 153(8), E131-E137. In this Chapter, Dae-Jin Choi helped collect the N3 isotherms
with the four different TiO, surfaces and contributed to the adsorption kinetics study.
Jimmy Nelson and O-Bong Yang contributed to the data analysis, discussion and editing

of the manuscript.
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Chapter 3: Adsorption, Desorption and Sensitization of
Low Index Anatase and Rutile Surfaces by the
Ruthenium Complex Dye N3
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3.1 Abstract

Single crystal anatase (101), (001) and rutile (100), (001) surfaces with
atomically flat terraces were prepared and their structure verified with atomic force
microscopy (AFM). A ruthenium complex dye, cis-di(thiocyanato)- bis(2,2’-bipyridyl -
4,4’- dicarboxylate) ruthenium(Il) (usuaily known as N3), was used to sensitize these
surfaces. The N3 coverage dependence of the incident photon to current efficiencies
(IPCE) was measured for all four surfaces. [PCE values were much higher on anatase
(101) and rutile (100) than on the other two surfaces. The kinetics of N3 adsorption and
was also studied on the four surfaces. The adsorption kinetics for a slow adsorption step
could be fit with a Langmuir kinetic model. The differences in the adsorption of N3 and
the IPCE values are discussed based on the structure of the N3 and the geometry and

reactivity of the binding sites on the four surfaces.
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3.2 Introduction

Titanium dioxide (TiO,) is one of the most intensively studied wide band gap
metal oxide semiconductors. Nanocrystalline TiO, has been used in the dye-sensitized
solar cell discovered by Gritzel[1]. The nanocrystalline dye sensitized cell is promising
due to its respectable solar conversion efficiency (>10% in laboratory cells), ease of
manufacture and relatively low costs[2]. The most highly studied sensitizing dye in the
nanocrystalline system is the ruthenium complex, cis-di(thiocyanato)-bis(2,2’-bipyridyl-
4,4’-dicarboxylate) ruthenium(II), usually referred to as N3. N3 has several advantages
when used as a sensitizing dye including a broad range of visible light absorption and
demonstrated stability over many hours of cell operations[2]. Despite its widespread use
in prototype solar cells, there has been relatively little work on the fundamental aspects of
the adsorption of this dye on metal oxide surfaces. Grétzel et al have reported the
adsorption on synthetic anatase crystals|[3] and have also published some speculative
surface structures on the anatase (101) surface[4]. We have previously reported the
adsorption of N3 on natural anatase crystals and measured isotherms for N3 on
nanocrystalline TiO;[5, 6].

Studying dye adsorption on well-ordered single crystals can provide fundamental
information concerning adsorption sites, surface structure and the degree of aggregation
that are important for optimizing the nanocrystalline cells. However despite the long
history of studies on single crystal rutile[7-13], most of the early work concerned dyes

that were not covalently linked to the surface as is the case in the Gritzel cell, and used
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surfaces that were not well characterized.

There have been extensive studies on the photoelectrochemical properties of single
crystal rutile (001) surface[8-11] and the dye sensitization effect on vacuum deposited
thin film of organic dyes was reported[9, 11]. Natural anatase crystals were used to study
the sensitization by N3 and a series of thiacyanine dyes[6, 14] but only the (101)
orientation was studied. Atomically flat single crystal rutile (100) and (110) surfaces
were prepared and their surface band edges and hole reactivity were revealed[15]. ZnO
was also studied on dye-sensitized solar cells as a comparison to TiO,[16, 17].

Charge transfer processes at the TiO/electrolyte interface should be sensitive to the
crystal orientation[3], therefore it is useful to study dye sensitization on different
polymorphs and different crystal orientations of TiO,. In this study, natural anatase
crystals with (101) and (001) orientations and single crystal rutile (100) and (001)
surfaces were sensitized with N3 to both better understand the mechanism of interfacial
electron transfer and to correlate the sensitization behavior of TiO, with its surface

structure.

3.3 Experimental Section

A mechanically polished single crystal of rutile (100) was supplied by Commercial
Crystal Laboratories, LTD. The rutile (001) sample was grown at DuPont Central
Research. The anatase samples were natural anatase crystals that were mined in

Hargvidda, Tyssedal in Norway. These bi-pyramidal crystals exhibited low-energy
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growth surfaces with the large wedge shaped (101) faces and the (001) end caps. The
(101) crystal faces were dark blue metallic and shiny and were sometimes cut along the
(101) plane using a diamond saw, and in other cases entire crystals were used. The
crystals were polished and annealed to obtain atomically flat surfaces as was described
earlier[14]. Atomic Fvorce Microscopy (AFM) (Digital Instruments Nanoscope IIIA
controller and a multimode SPM) was used to characterize the polished surface. Silicon
tips from MikroMasch with a 40 N/m force constant and resonant frequency around 170
KHz were used.

The crystal was mounted to the electrode using epoxy (Dexter Epoxy Patch) with
Ga/ln eutectic applied to the back of the electrode for an ohmic contact. After the epoxy
set, the electrode was sealed with silicone rubber (RTV) and allowed to dry for a few
hours. Before photoelectrochemical experiments the crystal was polished with a soft
polishing cloth using 20 nm colloidal silica (Buehler, inc) and cleaned with 0.2 M NaOH,
followed by a MilliQ (18 MQ) water rinse. The electrodes were then illuminated at 0.6 V
vs Ag/AgCl in 1 M HCI (for anatase) or 10 mM NaClOy (for rutile) for 5 minutes using
an Oriel 150 W Xe lamp followed by an ethanol (Pharmaco, ACS grade) rinse. To allow
the UV illumination to reach the sample surface a quartz cell was used. After UV
treatment the electrodes were immediately sensitized by immersing in solutions of
various concentrations of cis-di(thiocyanato) -bis(2,2’-bipyridyl- 4,4’-dicarboxylate)
ruthenium(Il) (N3: obtained from Dr. C. Michael Elliot) dissolved in ethanol. High and

quite reproducible dye coverages were obtained with this method. Subsequent to dye
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adsorption the electrode was rinsed with ethanol and then used in photoelectrochemical
measurements. For isotherm measurements the electrodes were dipped in solutions of the
lowest N3 concentrations then moving to the highest concentrations. The single crystal
electrodes were cleaned and UV treated between each concentration.

Electrochemical measurements were made in a three-electrode configuration with
platinum (Pt) counter and Pt pseudo-reference electrode. Acetonitrile (Fisher, optima
grade) electrolyte containing 10 mM tetrabutylammonium perchlorate (Fluka,
electrochemical grade) was used as a supporting electrolyte with 4.5 mM hydroquinone
added as supersensitizer or regenerator. The electrolyte was deoxygenated with nitrogen
gas. Photocurrent/voltage measurements were carried out using a potentiostat (EG&G,
174A) and a lock-in amplifier (Stanford Research, SR830) under PC control.
Photocurrent spectroscopy was done using an apparatus that has been described
previously[6].

Mott-Schottky analysis used a EG&G PAR173 polarographic analyzer, a Stanford
Research SR830 Lock-in amplifier and a Standford Research DS345 function generator
under PC control. The same electrolyte as described above was used. An Ag/AgCl
reference electrode in acetonitrile solution saturated with tetramethylammonium chloride
(TMAC) was used as a reference electrode. The frequency used was 500 Hz for both with
and without N3 dye. For the Mott-Schottky plots with adsorbed N3 dye, the electrodes
were dipped in 62 pM solution of N3 for 10 minutes after UV treatment.

Photocurrent/voltage curves were measured with a 2.25 mW, 532 nm diode laser after
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exposing the crystal to a dye concentration of 62 pM, a concentration on the plateau

region of the isotherm.

3.4 Results and Discussion

Polishing and annealing were done for all crystals and orientations until AFM
imaging showed atomically flat terraces[14]. Figure 3.1 shows AFM images of polished
and annealed rutile (100), anatase (101), anatase (001) and rutile (001) surfaces. AFM
images of anatase crystals showed terraces on most parts of the surface but the terrace
widths varied from place to place as may be expected with natural crystals. The terraces
of the rutile (100) crystal were quite uniform across the surface showing an average width
of 50 nm. The rutile (001) surface showed smaller less uniform terraces. As in our
previous work[14] we verified with AFM that the UV treatment, used to clean the
electrodes before and between all experiments, did not etch or pit the surfaces. However,
after extended use the crystals were renewed by demounting them from the electrodes,
repolishing and reanealing them to produce clean terraced surfaces.

Mott-Schottky analysis was performed by measuring the capacitance of the various
TiO; crystal surfaces in electrolytes with and without adsorbed N3. Mott- Schottky plots
provide the band positions of the various TiO» polytypes and reveal any band shifts that
might be induced by the adsorption of N3. We carried out the measurements at three
different frequencies: 200 Hz, 500 Hz and 1000 Hz. Very little frequency dispersion was

observed so only the measurements done at 500 Hz are shown in Figure 3.2. After the
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Figure 3.1. AFM images of (a) rutile (100), (b) anatase (101), (c) anatase (001), and (d)
rutile (001) surfaces used in this study. Z scale full range for the images: (a) 3 nm; (b) 6

nm; (¢) 10 nm (d) 5 nm. For surface preparation procedures see the experimental section.
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Figure 3.2. Mott-Schottky plots for (a): two anatase electrodes. Left axis for anatase

(001) and right axis for anatase (101). (b): two rutile electrodes. Left axis for rutile (001)

and right axis for rutile (100). Solid lines are linear least squares fitting results. Potentials

are relative to Ag/AgCl electrode in acetonitrile solution saturated with TMAC.
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N3 dye was adsorbed the flat band potentials for the two anatase surfaces shifted to
slightly more negative potentials, indicating that some of the adsorbed dyes carried
negative charges since a much larger shift (~3V) would be observed if each N3 adsorbed
as a singly charged anion. There was almost no shift in the flat band potential with N3
adsorption for the two rutile surfaces. The anatase (101) electrode showed a plateau in
the capacitance characteristic of the presence of surface states at around 0.4 V. The
charge associated with these states was calculated to be about 3.7x 107 Clem?® (2.3x10"
charges/cm®), corresponding to 4.5% of the surface Ti atoms or 2.2% of the surface

oxygen atoms, assuming one charge per atom.

Table 3.1. Doping densities, flatband potentials with and without adsorbed N3 and
photocurrent onset potentials for the four TiO, surfaces studied.

Surface Dobine Densit Flat Band Flat Band Photocurrent
ping Y Potential Potential N3 Onset
Anatase (101) 5.8x10" cm™ -040V -047V -02V
Anatase (001) 1.5x10"° cm™ 0.0V -0.19V -0.1V
Rutile (100) 5.4x10"° cm” -0.15V -0.17V 0.1V
Rutile (001) 2.0x10% em” -0.18V -0.15V 0.0V

Table 3.1 also shows the potential for the onset of bandgap photocurrent for the
four surfaces. All but the anatase (001) surface show a photocurrent onset 0.18 to 0.25

volts positive of the flatband potential, indicating that there is substantial carrier
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Figure 3.3. (a): Background photocurrent spectra for electrodes made from four different
orientations and polymorphs of TiO,. (b) Photocurrent spectra of the same four crystals in
(a) but treated with a 0.21 mM N3 solution. Inset: UV-Vis spectrum of N3 in ethanol

solution.
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recombination near the flatband potential on these three surfaces. To establish the level
of background currents in the wavelength region where the metal oxide will be dye
sensitized, the wavelength dependence of the sub-bandgap photocurrent was investigated.
Anatase (101) and rutile (100) displayed higher sub-bandgap photocurrents than anatase
(001) and rutile (001) as shown in Figure 3.3(a). The anatase (001) electrode displayed
the smallest sub-bandgap photocurrent over the entire wavelength range (436-796 nm)
whereas the anatase (101) had a high sub-bandgap response that may be associated with
the surface states detected in the Mott-Schottky plots. The photocurrent for the rutile
(001) increases quickly for wavelengths shorter than 500 nm and is the highest among all
four electrodes at a wavelength of 455 nm. The wavelengths corresponding to the band
gap energies are 370 nm (3.0 ev) and 355 nm (3.2 eV) for rutile and anatase respectively
and so a lower energy sub-bandgap increase for rutile is expected since it is approaching
the band gap.

The photocurrent spectra for high surface coverages of N3 on anatase (101), anatase
(001), rutile (100) and rutile (001) surfaces are shown in Figure 3.3(b). The sensitized
photocurrents are much larger than the background currents measured in Figure 3.3(a).
The inset shows the UV-Vis absorbance spectrum of an ethanol solution of N3 showing a
peak at 538 nm. The photocurrent spectra have the same shape as the N3 solution
absorption spectrum but the sensitization peak is shifted to the red by 10 nm to 548 nm.
Previous work on single crystals of anatase (101) found the sensitization maximum to be

at 525 nm[6]. The previous work was with much lower IPCE values, and presumably
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Figure 3.4. Isotherms for N3 adsorption onto the four crystal surfaces used in this study.
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much lower coverages, since the UV cleaning procedure was not used.

The adsorption isotherms measured for N3 adsorbed on the four oxide surfaces are
shown in Figure 3.4. The measured IPCE values on some crystals varied with the
position of the light spot on the crystal surface, but the variation is within a factor of
two. This variation may be due to regions of different surface roughness or to doping
level variations across the surface and is especially noticeable on the natural anatase
crystals where these parameters are not well controlled. The isotherms on each
individual crystal were measured on areas that consistently gave higher IPCEs. The N3
concentration range from 1.5 UM up to 0.62 mM was investigated. The adsorption time
was varied in order to establish that equilibrium was obtained between the ethanol
solution of N3 and the adsorbed N3 during the dye adsorption step. It was found that at
lower concentrations (less than 0.12 mM) the IPCE reaches a plateau at immersion times
of 60 minutes or longer. At higher concentrations, the adsorption is faster and steady
state is reached after immersion for 30 minutes. Therefore isotherms were measured
using a 60 minute dipping time at the lower concentrations and 30 minutes for the higher
concentrations. All four isotherms showed a steep increase in coverage at small
concentrations (<62 M) and reached a plateau at higher concentrations (>62 yM). Since
the measurement is IPCE and not directly surface concentration we assume that the IPCE
is proportional to the amount of adsorbed dye, an assumption that is probably valid in this
case since, as discussed below, we have close to the theoretical IPCE value for a

monolayer on some surfaces. Also, since there was no dye in the electrolyte solution, a
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true equilibrium was not established during the measurement of the photocurrent spectra.
However, only a small amount of dye desorbs from the surface during the time needed to
acquire a photocurrent spectrum[18].

The isotherms were fit using a simple Langmuir adsorption isotherm (eq. 1):

9 =KC/(1 +KC) (1)

where 0 is the fractional coverage, K is the adsorption coefficient (M), and C is the
molar concentration of N3 in solution. The fit of the isotherm to the adsorption data is
perhaps a bit surprising since the basic assumptions of the Langmuir isotherm are not met
in this system. However there are many examples of good Langmuir fits to adsorption
data that do not satisfy the assumptions of the Langmuir model. We are not interpreting
this fit beyond the use of the Langmuir constants to compare the strength of the
interaction of N3 molecules with the various TiO, surfaces.

The fits of the isotherms were also used to determine the maximum achievable
coverage, and thus maximum IPCE, for the various surfaces. The maximum IPCE of
rutile (100) and anatase (101) were determined to be (0.65+0.14)% and (0.42+0.09)%
respectively. Assuming that the quantum yield for charge injection from the excited
sensitizer in to the TiO; and the electron collection efficiency are both unity, the IPCE for
one monolayer of close packed N3 dye was predicted to be 0.27%][3] based on an area

per N3 molecule of 180 A2 Our higher experimental values are probably due to some
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surface roughness resulting in more dye in the beam. Additionally, an ordered
chromophore may have a higher absorption than an isotropic dye due to the directionality
of the transition dipole. Also the molecular size of N3 taken from the theoretical
calculation[3] might not be correct, since according to a recent study, N3 molecules
undergo signiﬁéant structural adjustments upon binding to the TiO, surface[19]. In any
case there is not much improvement possible in the light harvesting ability of N3 on these
surfaces.

Anatase (001) and rutile (001) gave much smaller maximum IPCEs of (0.16+0.04)%
and (0.04+0.009)%, respectively. There are several possible explanations for the low
IPCE values on these two surfaces. One is that the dye coverage is low. The rutile (001)
surface is terminated by four-fold Ti atoms that are demonstrated to be highly
reactive[20]. The small IPCE may be because many ’binding sites are already reacted and
blocked before exposure to the dye solution. These adsorbates, that are not as reactive
towards the five fold Ti sites on the other surfaces, may be contaminants in laboratory air
or the ethanol solvent. We performed an experiment to demonstrate this possibility. To
minimize the exposure of the UV cleaned surface to other potential adsorbates, we added
N3 to the electrolyte used for the UV cleaning treatment. The result was a doubling of
the IPCE when compared to the usual subsequent dye treatment procedure. We must then
conclude that the measured “isotherm” for the rutile (001) surface is not valid since, due
to competitive adsorbtion, the dye was not in equilibrium with the surface. We are

currently experimenting with a rutile crystal configured in an ATR configuration and that
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Figure 3.5. Kinetics for the adsorption of N3 to anatase (001), anatase (101), rutile (100)
and rutile (001) electrodes. The curves were obtained continuously by recording the
photocurrent at 548 nm after 0.1 mL of a 1.2 X 10™* M solution of N3 was injected into 35
mL of acetonitrile electrolyte (resulting concentration 0.34 pM). The solid curves are fits

using the expressions described in the text.
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will allow us to measure dye coverages (via absorption spectra) and IPCE independently
and be able to directly calculate absorbed photon current efficiencies (APCE) for the two
rutile surfaces.

The kinetics of N3 adsorption onto the four crystal surfaces from the acetonitrile
electrolyte solution was also studied. Although the isotherms were measured by
adsorbing the N3 from ethanol solutions, the adsorption kinetics were measured by
injecting N3 directly into the acetonitrile electrolyte that also contains the hydroquinone
regenerator. The electrodes were UV treated and immersed in the electrolyte and the
photocurrent at the dye sensitization maximum (548 nm) was continuously measured for
75 minutes after the injection as shown in Figure 3.5. In all cases there is a very fast
initial adsorption occurring during the mixing time in the first few seconds after the dye
is injected. Subsequent to this initial step the IPCE steadily increased in what we will
call the second stage of adsorption. The adsorption kinetic parameters were obtained by

fitting this second stage of the adsorption curves to a simple Langmuir kinetic model

where:
Rags = kao(1-0)C )
Ryes = k10 3)

So the net rate is:
R = Rags - Rges = ko(1-0)C - k10 = d(Ny0)/dt 4)

After integration, the following equation was obtained:
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Where k; is the rate constant for adsorption, k; is the rate constant for desorption, 6 is the
fractional coverage, C is the concentration of N3 in solution (M), Ny is N3 full coverage
concentration on surface (9.2x10™"" mol/cm™), t is time and B is a time offset constant
extrapolated to zero IPCE. The adsorption kinetics curves were fit to this equation, using
the full coverage IPCE values, derived from the fits of the adsorption isotherms, to obtain

the k, and k; values for all the surfaces (Table 3.2).

Table 3.2. Adsorption and desorption rate constants (k, and kj, respectively) derived from

the adsorption kinetics.

surface ki(mol-cm?s™) ka(mol-em™?s'-M™1) ko/ ki(M™)
Anatase(101) (3.91.0)x10°14 (3.6£1.1)x10™ 9.2x10*
Anatase(001) (3.4+1.3)x10713 (9.0+2.0)x 1078 2.6x10°
Rutile(100) (1.5+0.6)x 10713 (6.5£2.1)x10-8 4.3x10°
Rutile(001) (4.1+0.7)x10"14 (4.4+0.6)x 1078 1.1x10°

From these data, one can see that ky/k; ratio was not proportional to the full coverage

IPCE values of each electrode. The rutile (001) surface gave the smallest IPCE among
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all four electrodes, but the ko/k; was the highest, indicating that the strength of binding
between the dye and the rutile (001) surface was probably the strongest however as was
discussed above much of the surface may be blocked by chemisorbed solvent or
impurities. For the other electrodes, where the binding strength was lower, the dye
molecules might also be able to better rearrange on the surface so that additional
incoming dye molecules can find binding sites, yielding a higher IPCE. We have to point
out that to collect the isotherms, the electrodes were dipped in solutions containing only
dye, whereas for this kinetic study the electrodes were in a solution containing electrolyte
and hydroquinone, species that could possibly compete with the dye for adsorption
sites[7].

The fact that the adsorption kinetics can be fit with a Langmuir model, even though
the N3 molecules can bind through multiple carboxylate linkages, is perhaps a bit
surprising. The very fast initial adsorption, where the IPCE is already at 50% to 70% of
its maximum value, is not fit by the function derived for the slower final step however
one cannot lose site of the assumption that IPCE is proportional to the dye coverage. One
explanation is that all of the dye is quickly adsorbed but there is a population of dye
molecules on the surface that is not injecting electrons effectively perhaps because only
one carboxylate linkage has been made. The slow step then represents the reorganization
of the dye on the surface into a more efficiently injecting form perhaps with more
carboxylate linkages. Hara et al have previously postulated that the injection efficiency

of a dye is related to the number of carboxylate linkages however the redox potential of
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their dye series was also changing with the number of carboxylates[21]. Conversely the
fast step could indicate that the first adsorption step, where only one carboxylate is bound,
is very fast and that the dye linked with a single carboxylate is effective at electron
injection. The following slow step would then be related to a reorganization of the dyes
on the surface to accommodate more dye molecules perhaps in a more ordered structure
as was proposed earlier[4]. The ATR experiment described above will also be able to
discriminate between these two models.

The rate of electron transfer from the excited dye molecules to the TiO, has been
measured to be extremely fast on the nanocrystalline anatase electrodes and since the
overall quantum efficiencies are very high in these systems the recombination must be
relatively low[22-24]. Information about carrier recombination on our crystal surfaces
can be obtained from the bias dependence of the sensitized photocurrent. Therefore we
measured the N3 sensitized photocurrent dependence on applied voltage for all the TiO,
surfaces. Figure 3.6 shows normalized photocurrent/voltage curves measured with an N3
coverage obtained by adsorption from a dye concentration of 130 uM that will produce
saturation or near saturation coverage. The difference between the flat band potential
(with adsorbed N3) and photocurrent onset for anatase (101) is about 0.3 V while for the
other three electrodes it is about 0.1 V. The anatase (101) electrode displayed the most
negative photocurrent onset potential and the most positive saturation potential. The
slopes of photocurrent voltage curves for the two rutile surfaces are quite similar and are

steeper than the anatase (101), indicating that there were more significant recombination
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Figure 3.6. Normalized N3 dye sensitized photocurrent/voltage curves. A diode laser at
532 nm with a power of 2.25 mW was the light source. Potentials are relative to Ag/AgCl
electrode in acetonitrile solution saturated with TMAC. The arrows indicate the flat band

potentials of anatase (101), rutile (001), rutile (100) and anatase (001) from left to right.
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of the injected electrons. The photocurrent of the other three electrodes all reached a
plateau region indicating that the collection of the injected electrons was in equilibrium
with any recombination in this potential region whereas that for anatase (101) the
photocurrent is still slightly increasing with increasing potential. The fact that there was
still recombination on the anatase (101) surface even at the plateau region is in agreement
with the Mott-Schottky analysis that verified anatase (101) has more surface states
however it contrasts with the high IPCE for this surface. The presence of traps due to
impurities in the natural crystal, that are not present in the nanocrystalline thin films, may
account for the non-ideality of the anatase (101) crystal.

N3 molecules covalently bind to the unsaturated Ti atoms via the peripheral
carboxylate groups. N3 has four pendant carboxylate groups that are capable of binding
to the TiO, surface, two on each of the bipyridine ligands. It is most likely that N3 binds
to the surface with at least two of these carboxylate groups. There are three possible
binding configurations for bidentate binding of N3 where the carboxyl groups are spaced
62 A, 9.8 A, or 10.0 A apart, as shown in Figure 3.7(b). The Ti binding sites
corresponding to the unsaturated Ti atoms on the different surfaces are schematically
shown in Figure 3.7(a). Shklover et al[4] has reported the bind of N3 dye with anatase
(101) surface based on a simple one-dimensional tight-binding model and we will discuss
the N3 binding on the same basis. The five coordinate Ti-Ti distances on a rutile (100)
surface are 5.9 A, 9.7 A and 10.0 A, distances that match perfectly with the spacings of

N3 carboxylates on the same bipyridine ligand. For anatase (101), the N3 dye would
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Figure 3.7. Structural models of the four low index TiO; surfaces and possible bidentate
binding combinations for carboxylate groups from N3. (a) The distances between Ti
binding sites. (b) Possible carboxyl group combinations for bidentate chelating binding of

N3 to the surfaces[4].
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appear most likely to bind across the 10.2 A and 10.7 A Ti-Ti distances, corresponding to
two carboxylates on different bipyridine ligands[4, 6]. The anatase (001) surface appears
to have fewer possible binding possibilities with only one Ti-Ti distance of 10.7 A. The
chelating bidentate binding of N3 appears to be necessary to stabilize the dye bonding to
the surface via the chelate effect and so variations in IPCE could be related to the ability
of the dye to bind with two carboxylate groups. The K value derived from the Langmuir
fitting of the isotherms for rutile (100) (~1.3 X 10° M) is much higher than for anatase
(101) and anatase (001) (~8 X 10* M"), whereas rutile (001) is the smallest (~5 X 10’
M. The binding strength of rutile (100) and the two anatase surfaces agree with results
of our adsorption kinetic study. The value for rutile (001) is anomalous, probably
because of the high reactivity of rutile (001) surface where a slow rate of displacing
impurities on the surface greatly reduces K. At the higher concentrations the dyes start to
compete for binding sites making it difficult for N3 molecules to attach with multiple
binding sites. Isotherms for both anatase electrode surfaces reached a plateau at the
studied concentration ranges whereas the IPCEs of the two rutile surfaces were still
increasing even at the solubility limit of N3 in ethanol.

Dye-sensitized solar cells need to be both efficient and stable for many years.
The efficiency is influenced by the obtainable dye coverage since the nanocrystalline
layer can be thinner if more dye is available for light absorption. We find higher yields
for N3 sensitization are obtained on anatase (101) and rutile (100) surfaces. The

predominant face of the nanocrystalline anatase films has been shown to be (101)[4, 25]
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whereas the efficient nanocrystalline rutile cell was shown to have a predominantly (110)
orientation[26]. Our results suggest that anatase (001) and rutile (001) would not be
favorable orientations in a cell due to lower yields obtained on these surfaces. Whether
the low yields are due to low dye coverages or to recombination has not yet been

definitively determined.

3.5 Conclusion

We have studied the dye sensitization of N3, the most extensively used
nanocrystalline TiO, sensitizer, on 4 different atomically flat TiO, single crystal surfaces.
The surfaces were prepared by polishing, annealing and a UV photooxidation treatment
to ensure their atomic flatness and cleanliness and that reproducible dye adsorption could
be achieved. IPCE values for N3 sensitization vary significantly between the different
polymorphs and crystal orientations, 0.65% for rutile (100), 0.04% for the rutile (001),
0.42% for anatase (101) and 0.17% for anatase (001) surfaces. The high values for
anatase (101) and rutile (100) correspond to about 100% APCE, indicating that these
surfaces are not amenable to further improvements in their light harvesting ability using
N3 dye. The adsorption kinetics was also studied. The adsorption rate constants for N3
onto the various surfaces were determined by fitting the kinetic data to a Langmuir
kinetic model. Possible binding geometries for N3 to these various low index TiO,
surfaces were proposed.
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Chapter 4: Photochronocoulometric Measurement of
the Coverage of Surface Bound Dyes on Titanium

Dioxide Crystal Surfaces
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4.1 Abstract

Atomically flat terraced single-crystal anatase and rutile surfaces can be prepared
allowing for the reproducible adsorption of covalently attached sensitizing dyes. Once
reproducible surfaces and dye coverages are achieved, a photochronocoulometric
technique is developed to measure the surface coverage of the dyes, an important
parameter in determining the efficiency of sensitization. The surface-bound dyes are
irreversibly oxidized by exposure to a light pulse with the n-type oxide semiconductor
electrode held in depletion. A double-exponential decay of the subsequent photocurrent is
then measured, where the integration of the faster decay is associated with the adsorbed
dye coverage and the second much slower decay is attributed to trace regenerators,
including water, in the nonaqueous electrolyte. The ruthenium-based N3 dye shows the
expected linear dependence of the rate constant on light intensity whereas a
dicarboxylated thiacyanine dye shows a square root dependence of its photooxidation rate
on light intensity. The sublinear response of the thiacyanine dye is discussed in terms of

the more complex surface chemistry that is known for this family of sensitizing dyes.
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4.2 Introduction

Chronocoulometry and double potential step chronocoulometry[1,2] were
developed to measure the surface concentration of adsorbed electroactive species in the
presence of additional diffusing electroactive species. The technique was used to
measure the coverage of many adsorbed metal complexes on Hg electrodes.[1,3]
Mercury electrodes were favored because they provide a reproducible and renewable
electrode surface necessary for the discrimination of background charge (charging
currents) from charge due to adsorbed electroactive species. The technique was extended
to semiconductor surfaces where the adsorption of I5” as a function of concentration onto
WSe, surfaces was measured using light, rather than a potential step, to initiate the
photooxidation of adsorbed I3. WSe, was a useable substrate due to its atomically flat
surface and the ability to renew the surface via cleavage of the 2D crystal resulting in
reproducible surfaces and low capacitance backgrounds.[4]

We have been studying dye sensitization of oxide surface of low index faces of the
anatase and rutile forms of TiO, by covalently attaching dyes to the surface.[5-7] To
enable these studies methods to reproducibly prepare these oxide surfaces with clean and
atomically flat surfaces were developed.[8] The structure and the dynamics of the
photoinjected electron transfer processes of these dye covered surfaces are important for
understanding and improving the operation of dye sensitized solar cells. Incident photon-
to-current conversion efficiency (IPCE) values are measured as a function of dye
concentration in the solution from which the covalent attachment is made. Adsorption
isotherms for a particular dye/surface combination are then inferred using the assumption

that the IPCE is proportional to the dye coverage.[5-7] Since the surface often contains
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multiple forms of the dye (monomers, dimers and higher aggregates), it is difficult to
determine if these species have different efficiencies for photocurrent generation. High
absorbed photon-to-current conversion efficiencies (APCE) are the more important
parameter for constructing efficient dye sensitized solar cells. To determine APCE
values the amount of adsorbed dye and the extinction coefficient of the adsorbed dye are
required.!  The surface coverage of the adsorbed dye molecules onto the TiO,
nanocrystalline thin films can be determined by desorbing the dye and measuring the
optical absorbance of the solution due to the large amount of adsorbed dye.[6] Gratzel et
al have measured the dye coverage on nanocrystalline anatase films by electrochemical
oxidation of the dye and assumptions about the surface area of the nanocrystalline
film.[9] Spitler and Calvin used the absorbance of the dye desorbed from multiple single
crystal surfaces, however even using many expensive crystal plates resulted in a rather
small absorbance in the solution.[10] Another method is to construct a single crystal
ATR prism from the semiconductor of interest, where the absorbance of the adsorbed dye
is multiplied by the number of internal reflections. The ATR approach is complicated by
the optical absorption introduced by the dopants that are necessary for electrical
conduction.[11] In the absence of a direct measurement of the absorbance of the dye on
the surface, the surface coverage was inferred from the assumption that the plateau of the
isotherm, determined with the previously mentioned assumption that IPCE is
proportional to coverage, represented a complete monolayer. A geometric model of the
dye packing on the surface is then used to calculate the dye coverage.[12] The

absorbance of the monolayer was then calculated using the bulk extinction coefficients.

! In nanocrystalline solar cells the light harvesting efficiency is nearly 100% and so the
absorbance value is not needed.
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This method is not always accurate due to the possible preferential orientation of the dye
on the surface and the anisotropy of light absorption by many polar dyes.[10]

A simple direct measurement of the dye coverage would be a great benefit for the
development of dye-sensitized solar cells since it would allow accurate measurements of
APCE values on dye monolayers. Herein we present a simple photoelectrochemical
method for measuring the coverage of dyes covalently attached to low-index anatase and
rutile surfaces. In our method, we expose a dye covered single crystal oxide
semiconductor surface, held at a potential in the depletion region, to a light pulse that
photoexcites the dye with subsequent election injection into the conduction band of the
semiconductor. In the absence of a reducing agent (regenerator) in solution, the total
photoinjected charge should be equal to the number of adsorbed dye molecules. Unlike
conventional chronocoulometry there is no current due to diffusing molecules and the
capacitance change, associated with the light pulse that is not absorbed by the
semiconductor, is negligible and so no background double layer charging currents are

produced.

4.3 Experimental Section

The rutile (100) single crystal was purchased from Commercial Crystal
Laboratories, LTD. The anatase samples were natural anatase crystals that were mined in
Hargvidda, Tyssedal in Norway. These bi-pyramidal crystals exhibited low-energy
growth surfaces with the large wedge shaped (101) faces and (001) end caps. The (101)
crystal faces were dark blue and the entire crystal was used. Atomically flat terraced

surfaces for all polytypes and faces were prepared as described earlier.[8] Atomic Force
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Micrdscopy (AFM) (Digital Instruments Nanoscope LLIA controller and a multimode
SPM) was used to characterize the polished surfaces. Silicon tips from MikroMasch with
a 40 N/m force constant and resonant frequency around 170 KHz were used.

The crystal was mounted to the electrode using epoxy (Dexter Epoxy Patch) with
Ga/lIn eutectic applied to the back of the electrode for an ohmic contact. After the epoxy
set, the electrode was sealed with silicone rubber (RTV) and allowed to dry for a few
hours. Before photoelectrochemical experiments the crystal was polished with a soft
polishing cloth using 20 nm colloidal silica (Buehler, inc) and cleaned with 0.2 M NaOH,
followed by a MilliQ (18 MQ) water rinse. The electrodes were then cleaned by
illuminating at 0.6 V vs Ag/AgCl in 1 M HCI (for anatase) or 10 mM NaClOy (for rutile)
for 5 minutes using an Oriel 150 W Xe lamp followed by an ethanol (Pharmaco, ACS
grade) rinse. To allow the UV illumination to reach the sample surface a quartz
electrochemical cell was used.

Cis-di(thiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(ll) (usually
referred to as N3) and Cis-di(chloro)-bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II)
were obtained from Professor C. Michael Elliott. A 0.22 mM N3 dye solution and a 0.18
mM G7 dye solution (both dissolved in ethanol) were used to adsorb the dyes onto the
cleaned crystal surfaces. These concentrations correspond to the plateau region of the
respective isotherms and so represent the maximum obtainable dye coverage.[5,7] Chart
4 software (ADInstruments) was used to record the photocurrent signal from a RDE4
potentiostat (Pine Instrument Company) using a 532 nm diode laser as the light source

with the beam expanded to illuminate the entire crystal surface. The cell was degassed
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with N, gas before all measurements. The surface areas of the rutile (100) and anatase
(101) electrodes were 0.20 cm* and 0.32 cm?, respectively.

The transient photocurrent measurements were made in a three-electrode
configuration with a platinum counter electrode and a Ag/AgCl reference electrode.
Acetonitrile (Fisher, optima grade) electrolyte was used containing 10 mM
tetrabutylammonium perchlorate (Fluka, electrochemical grade) as a supporting

electrolyte.

4.4 Results and Discussion
A photoexcited dye adsorbed onto the surface of an n-type semiconductor under
depletion will inject the photoexcited electron into the conduction band of the

semiconductor resulting in a photocurrent. This process is described by the following

equations:
M—2sM
(1
M —5 sM*+e
(semiconductor) (2)

Many measurements of the timescale of dye sensitized electron injection into
semiconducting nanocrystalline TiO, show that this process occurs on a subpicosecond
timescale.[13-16] We expect that the injection should be fast on a single crystal TiO,
surface as well. Therefore any measured transient photocurrent will be limited by the

excitation rate of the adsorbed dye that is determined by the light intensity. If this photo
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excitation process is a first order reaction, the following equations can be derived upon

integration and differentiation:

—&L pCDt 3)

[M]=[M],e

I(t) = —i[c-?ti]—AF = el @AF[M |, @

where ¢ is the absorption cross section of the dye in cm? mol™, L, is the photon flux in
mol cm™? ™!, @ is the photochemical yield for electron transfer, A is the surface area of

the TiO, electrode in cm?, F is the Faraday constant, and [M]o is the original surface
concentration of the dye molecules in mol cm™.

N3 is a ruthenium-based dye that has been extensively studied as a sensitizer for
nanocrystalline solar cells. We have previously studied the adsorption of N3 onto low
index anatase and rutile crystal surfaces,[5,6] however we had no direct measurement of
the surface coverage of the N3 dye. Therefore we decided to first apply
photochronocoulometry to determine the coverage of adsorbed N3 on single crystal oxide
surfaces. The structure, absorption and action spectrum (adsorbed onto single crystal
rutile (100) surface) for N3 are shown in Figure 4.1. The photocurrent action spectrum
showed a 10 nm red shift relative to its solution absorption spectrum. The
electrochemistry of N3 in non-aqueous solutions has been studied by Bond et al.[17] At

slow scan rates irreversible oxidations were observed at 0.45 and 0.83 volts vs the
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Figure 4.1. The molecular structure, solution absorption (solid line) and action spectrum

adsorbed on rutile (100) surface (dashed line) for the N3 dye.
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ferrocene/ferricenium couple in acetonitrile. The first oxidation was assigned to solution
phase N3 while the second oxidation was assigned to the surface bound dye. Wang et al.
studied the oxidation of N3 surface bound on mesoscopic TiO, and Al,O; and found one
oxidation at 0.38 volts vs ferrocene/ferricenium.[9] Therefore in the absence of N3 in
solution we can expect an irreversible one-electron oxidation of surface bound N3.

A typical photochronoamperometric experiment was performed as follows: after
UV cleaning of the TiO; crystal electrode, dye adsorption was accomplished by
immersing into the dye solution. The electrode was then immediately transferred to the
electrochemical cell and allowed to equilibrate in the dark under potential control at 0.6
V for 30 seconds. With the semiconductor in depletion in the dark there is almost no
current flow across the blocking junction. The electrode was then exposed to 532 nm
light from a diode laser that is very near the maximum sensitization wavelength.
Immediately after illumination a transient photocurrent is measured due to electron
injection from the adsorbed dye into the conduction band of the TiO,. The measured
photocurrent transients for N3 adsorbed onto rutile (001) and anatase(101) are shown in
Figure 4.2a and 4.2b. The photocurrent transient can be fit by a double exponential decay
(Figure 4.2¢) that decays about 60 seconds to a constant value that persists for much
longer times (this residual current will be discussed later). For the rutile (100) surface,
the rate constant derived from the faster exponential decay shows a linear dependence
with the light intensity, shown in Figure 3a, as is expected from equation 3. At higher
laser intensities (>12 mW) the measured rate constant begins to be sublinear probably

due to the very fast photocurrent transient and the limited frequency response and data
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Figure 4.2. Transient photocurrent of N3 dye adsorbed onto (a), rutile (100) surface and
(b), anatase (101) surface. The insets are zoom-ins. (c) shows the typical transient

photocurrent (dots) and fit (solid line) and the residue after fit.
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collection rate of the electronics used. The integrated current transient, or total charge
from the fast decay (photochronocoulometric response), remains constant (2.0 = 0.04 uC)
at all laser powers as would be expected if the current is associated with the oxidation of
a monolayer of adsorbed dye. Therefore, we use the integration of the fast current decay
to determine the surface coverage of the adsorbed photoactive dye.

The transient photocurrent was also measured at different applied biases but at a
constant light intensity. As long as the applied bias is above a threshold value, just
positive of the flat band potential of the TiO, single crystal, the derived rate constant and
the collected charge remained constant at 2.2 + 0.2 s and 11 + 1.0 pC/em?, respectively.

The surface coverage calculated from the integrated charge of the fast decay
component is 1.0 x 10"° mol cm™ or 0.6 molecule nm™ for the rutile (100) surface. The
anatase (101) surface behaves similarly to the rutile (100) surface, as shown in Figure
4.3b, where the surface coverage was calculated to be 8.1 x 10" mol cm™? or 0.5
molecule nm?. These numbers closely match the monolayer surface coverage of a closed
packed N3 dye with the single crystal TiO, surface[18] based on an area per N3 molecule
of 1.8 nm®.

The second slow current decay transient is problematic. In some cases the charge
associated with the slow decay is up to 8 times the charge in the fast component. Blank
experiments with no adsorbed dye produced no detectable sub-bandgap photocurrents on
either anatase or rutile samples at the current scales used for the experiments with dye
present. It is possible that SCN ions are released from oxidized N3 and act as
regenerators of other adsorbed N3 molecules. However the additional charge from this

process would only double that measured in the fast current decay. Nonetheless we
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Figure 4.3. (a) The derived rate constant of the N3 dye photo-excitation at different laser
intensities with (a), rutile (100) surface and (b), anatase (101) surface. Solid lines are

from fitting.
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tested whether this process contributes to the charge in the second decay by measuring
the photocurrent transient for the identical complex except with cl ligands replacing the
SCN in N3. The total integrated charge from the slow decay component was the same
within experimental error for both ruthenium complexes. Another possibility for the
slow decay would be the presence of small amounts of a reducing agent (regenerator) in
the solution. Traces of hydroquinone, a regenerator used in previous sensitization
experiments, adsorbed to the walls and frits of the electrochemical cell could contribute
to this long decay. Therefore we cleaned the electrochemical cell in piranha solution
prior to repeating the experiment. This resulted in a reduction of the charge in the second
component by about 70%, presumably due to traces of hydroquinone still leaching from
the walls and glass frits of the cell from previous sensitization measurements where
hydroquinone was present in high concentrations (4.5 mM) as a regenerator. However
even after consideration of both these mechanisms there is still an unaccounted-for
charge that is up to 2.6 times larger than the charge in the fast component. The oxidized
N3 dye adsorbed on nanocrystalline TiO, was reported to be stable for 75 min[18] and so
any trace of reducing agent would be able to regenerate dye for at least this long. We
attribute the persistent residual sensitization current to a regeneration by the small amount
of water always present in acetonitrile that has been exposed to the atmosphere. The
oxidized N3, or ruthenium containing decomposition products, have sufficient oxidation
potential to oxidize water and even if there were only a few water oxidation sites the
lateral charge transport observed for monolayers of N3 and related molecules on
nanocrystalline TiO,[9] would still allow for a small persistent regeneration of the

photoactive dye.
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Figure 4.5. Transient photocurrent of the G7 dye adsorbed on rutile(100) surface. The

inset shows a zoom-in of the graph.
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Figure 4.6. The derived rate constant of the photo-excitation of the G7 dye adsorbed on

rutile (100) electrode at different laser intensities.
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We also studied the photochronocoulometry of the single crystal rutile (100) surface
with a dicaboxylated thiacyanine dye we call G7. The structure, absorption and action
spectrum of G7 are shown in Figure 4.4. The sensitization of anatase (101)
single crystal surfaces by this dye has already been reported.[7] The absorption spectrum
peaks at 548 nm where only the monomer peak is present, whereas the photocurrent
action spectrum is red-shifted by about 26 nm and also shows a sensitization peak
associated with dimers. The structure of G7, with the ethyl group on the polyene bridge,
prevents aggregaﬁon beyond the dimer.

Figure 4.5 shows the transient photocurrent generated from 532 nm laser
illumination of G7 adsorbed onto a rutile (100) surface at an applied bias of 0.6 V. The
photocurrent transient is similar to that measured for N3 and can also be fit with a double
exponential decay however there are some distinct differences that will be discussed
below. The monolayer coverage derived by integrating the fast decay component was 4.1
x 10"° mol cm™. The integrated charge from the slow component was about twice that of
the fast decay component (75-90 pC/cm?). If the further oxidation occurs this accounts
for about half of the charge from the slow decay component. The other half of the charge
should be due to trace regenerator and water present in the solution as the case with the
N3 study experiments discussed above.

The dependence of the transient current with laser intensity of G7 is shown in
Figure 4.6. Interestingly the rate constant was proportional to the square root of the laser
power rather than the expected linear dependence. The mechanistic explanation for the

square root dependence on laser power is still unclear and needs further study. However
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despite the lower than expected rate constant the charge associated with the fast decay
component remained constant at 40 + 3.0 pC/cm? at all laser intensities.

According to eq 3, the time constant for the decay of photocurrent should be
proportional to the term eL,®[M], For comparable initial surface coverages ([M],), the
decay of G7 should be faster than N3 since the € for G7 is 5 times larger than N3 at the
illumination wavelength (532 nm). Indeed, this faster decay is observed, as is evident in
Figure 4.6 for the low intensity photolysis experiments. The surface area per molecule
derived from the coulometry is 2.4 molecules nm™ that is, like N3, nearly a close packed
monolayer for this dye.

However, G7 has a much more complicated photochemistry than N3. Parton and
Lenhard have reported that the oxidized dye radicals for these types of cyanine dyes can
dimerize in solution after electrooxidation.[20] Thus the surface complement of oxidized
G7 on TiO; should also be expected to dimerize. In addition, the electrochemical and
absorption data for the dimer reveal that the dimer itself could sensitize photocurrent to
the extent allowed by its internal photophysics.[20] The complexity of the G7
photochemistry is evident in the biphasic nature of the photochronocoulometric curve of
Figure 4.6. The decline in photocurrent is preceded by a short 50-150 ms rise to the
maximum, a feature that is not present in the N3 decay curves of Figure 4.5 where the
maximum photocurrent is reached within the first several sampling intervals (10-20 ms).
An analysis of the photocurrent decay in a photochronoamperometry experiments must
therefore consider these following reactions:

2M"  — DH; )

DH, — D+2H" (6)
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D+hv - D* @)
D* —  D+e 3
In reaction 5, the oxidized monomer dye dimerizes to produce the protonated dimer
DH,, which then subsequently releases two protons in reaction 6 to yield the dimer form
D. Excitation of the dimer D may yield more photocurrent through reaction 8 and
produce a singly oxidized dimer.
In the situation where D sensitizes photocurrent through reaction 8, a steady state
approximation for M in reactions 2 and 5 allows one to derive the following expression
for the photocurrent:

1) = AF[e(M)Lp@[Moe” ™'+ 1/2[e( M) /(2(D) - (M))] ((D)Lp® [M]o){e” "
_e s(D)Lpd)t}] (9)

where @ is the quantum yield for electron transfer for the excited sensitizers, assumed to
be equal for M and D.

The first term in eq 9 is the same as eq 3 and represents the decay of the monomer
form of the dye. The second term represents the contribution to the current from the
dimer form of the dye as a sensitizer. It can be seen right away that the intensity
dependence of the photocurrent of eq 9 will differ from that found for N3 in eq 3.
However, the intensity dependence of the decay constant in eq 9 does not predict the
observed behavior shown in Figure 4.6 where at higher light intensities, the slope of the
photocurrent becomes sublinear. This behavior would be consistent with the action of a
quenching agent produced through the photochemistry of eqs 5---8, a species that is
produced in higher concentrations at higher light intensities. This species may be an

energy transfer or electron transfer quencher, but the former is implied by the observation
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that the integrated charge passed in the first fast decay is independent of light intensity:
the first term in eq 9 is a function of light intensity.

A plausible species would be D", the radical dication form of the dimer since the
dark oxidation of D is a two-electron process and the sensitization reaction 8 uses only
one of the available electrons. It may also be that reaction 8 is negligible and the dimer
itself then can serve as the quencher. With the available data, a definitive conclusion
cannot be made for G7. A complete and thorough analysis of the complex
photochemistry will require study of the dimer as a sensitizer as well as variations upon

the structure of G7 that do not dimerize. These studies are currently underway.

4.5 Conclusion

Surface coverages of both the N3 dye and the thiacyanine dye G7 adsorbed onto
atomically flat single crystal TiO, substrates was directly measured with the newly
introduced photochronocoulometric method. This technique provides a simple method
for the measurement of the amount of adsorbed dyes on semiconductor surfaces. The
transient photocurrent can be fit with a double exponential decay function where the fast
component is attributed to be the one electron oxidation of the dye. By varying the
applied bias and laser intensity, the charge generated by the 1-electron oxidation process,
and associated with the first decay, stayed constant whereas the rate constant displayed a
linear relationship on laser power (for N3 dye) and square root of laser power (for G7
dye). Monolayer coverages of 1.0 x 10"'° mol cm™ and 8.1 x 10" mol cm™ for the N3
dye were measured for rutile (100) and anatase (101), respectively. For the smaller

molecule G7, the surface coverage is 4.1 x 10"'° mol cm™ on the rutile (100) surface.

98

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Residual photocurrents were attributed to trace amounts of reducing agents, including
water, that can regenerate the reduced dye at a slow rate. The example of G7 shows that
complex photochemistry can be encountered on sensitized solids, however the
coulometric approach offers another tool with which to study that photochemistry.
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Preface to Chapter 5

This chapter has been submitted for publication in Langmuir. Mark T. Spitler helped
with the derivation of the equations and discussion of the results. All experimental data

was obtained by me.
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Chapter 5: Regenerator Dependent Photo-Induced
Desorption of a Dicarboxylated Cyanine Dye from the

Surface of Single Crystal Rutile
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5.1 Abstract

The desorption starting at various surface coverages of a dicarboxylated thiacyanine dye
from the surface of a single crystal rutile was studied. It was found that if hydroquinone
was used as a regenerator the dye was desorbed when illuminated whereas no desorption
was found under the same conditions when KI was used as the regenerator. Intermitant
illumination experiments suggest that the oxidized regenerator (quinone) competes for
dye adsorption sites. By comparing the photocurrent decay at both dye monomer
sensitization maximum and the dimer sensitization maximum, a rearrangement of
monomer into dimer was observed. A kinetic model for the photocurrent decay as a
function of desorption time was derived and the desorption rate constants were obtained
by fitting the experimental data to the model. The importance of stable surface bonding
and appropriate choice of regenerator when constructing dye-sensitized solar cells is

discussed.
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5.2 Introduction

Dye-sensitized solar cells (DSSC) have attracted increasing interest due to the
urgency of developing inexpensive solar energy converters.[l1] The most efficient
sensitizing dyes so far are a series of very stable Ru based complexes.[2, 3] There have
been extensive efforts to discover inexpensive stable organic dye sensitizers to substitute
for the ruthenium complexes due to the scarcity of the metal and the higher extinction
coefficients of the organic dyes.[4-7] An efficient sensitizer should have strong
electronic coupling to the semiconductor and be strongly bound to the semiconductor
surface.

Dyes with the possibility of binding to the oxide surface with multiple covalent
linkages are the most useful for dye sensitized solar cells. This is a result of the “chelate
effect” where the dissociation of a single binding site will not result in desorption of the
dye molecule and the possibility that two site binding can be reestablished either at the
original or an adjacent binding site. Desorption of a chelated dye will only occur in the
relatively unlikely event of dissociation of the second binding group before reattachment
of the first group.

At low coverages there is little competition for binding sites on the surfaces and
most dye molecules will be able to attach by more than one carboxylate group. However
at high dye coverages it is likely that many dyes will be attached by only one group, due
to the lack of nearby binding sites. These “one legged dyes” should be more susceptible
to desorption. The binding of the ruthenium complex dye N3 upon adsorption onto TiO,
surfaces is complicated due to the number of carboxylate groups of the molecule[8-10]

and the possible existence of dye aggregates[11]. We have reported studies of dye/TiO,
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interfacial structures by using atomically flat TiO, single crystal surfaces sensitized by
structurally more simple organic dye molecules,[12] since we believe the use of
atomically flat single crystals will make the binding mechanism more easily understood.
However, the desorption kinetics of the covalently bound dyes from the TiO; surface and
whether the aggregates and monomers are interconverting on the surface has not been
studied .

Since high dye coverages are needed to optimize the performance of dye sensitized
solar cells, desorption of the sensitizing dyes after adsorption onto TiO; surfaces needs to
be minimized. Herein we report studies of the desorption and rearrangement of a
dicarboxylated cyanine dye covalently bound to an atomically flat single crystal rutile

surface and the effect of the identity of the regenerator on the desorption process.

5.3 Experimental

Rutile crystals with a (100) orientation were purchased from Commercial Crystal
Laboratories, LTD. Atomically flat terraces were obtained as described earlier.[13]
Atomic Force Microscopy (AFM) (Digital Instruments Nanoscope I1IA controller and a
multimode SPM) was used to verify that the polished surfaces were flat and showed
characteristic terraces. Silicon AFM tips from MikroMasch with a 40 N/m force constant
and resonant frequency around 170 KHz were used.

The rutile (100) crystal was mounted as an electrode using epoxy (Dexter Epoxy
Patch) with Ga/In eutectic applied to the back of the crystal for an ohmic contact. After
the epoxy set, the back and edges of the electrode were sealed with silicone rubber (RTV)

and allowed to dry for a few hours. Prior to photoelectrochemical experiments the crystal
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was polished with a soft polishing cloth using 20 nm colloidal silica (Buehler, inc) and
cleaned with 0.2 M NaOH, followed by a MilliQ (18 MQ) water rinse. The electrodes
were then cleaned with photooxidation by illuminating at 0.6 V vs Ag/AgCl in 10 mM
NaClO4 for 5 minutes using an Oriel 150 W Xe lamp followed by an ethanol (Pharmaco,
ACS grade) rinse. To allow more UV illumination to reach the sample surface a quartz
electrochemical cell was used.

A dicarboxylated thiacyanine dye (G1S5, structure shown in Figure 1) was dissolved
in ethanol to make a series of different solutions with varying concentrations that were
used to adsorb the dyes to the cleaned crystal surface. The apparatus for photocurrent
spectra measurements was the same as reported previously.[10] The photocurrent as a
function of time was collected at several fixed wavelengths (574 nm or 530 nm) using the
same apparatus. A three-electrode configuration with a platinum counter electrode and a
Ag/AgCl reference electrode was used in the electrochemical cell. Acetonitrile (Fisher,
optima grade) containing 10 mM tetrabutylammonium perchlorate (Fluka,
electrochemical grade) was used as a supporting electrolyte with 4.5 mM hydroquinone
or 2 mM KI added as supersensitizer or regenerator. The experimental data (both
absorption spectrum and photocurrent action spectra as a function of photon energy) were
fit to a combined Gaussian and Lorentzian peak shape using Igor Pro software from
WaveMetrics. Values for the relative position and intensity ratio of the main peak and
shoulder for the dye monomer obtained from the solution spectrum were used to fit the
photocurrent spectra. Values for the blue shifted aggregate peak and another aggregate
peak, which is masked by the monomer peak, used in the fitting were taken from the

literature.'*
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Figure 5.1. The molecular structure, solution absorption (dashed line) and action
spectrum adsorbed on rutile (100) surface (solid line) of the G15 dye from an ethanol
solution. The dashed-dotted line shows the dimeric spectrum taken from ref. 14.
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5.4 Results

The molecular structure of G15, its solution absorption spectrum and photocurrent
action spectrum adsorbed onto a rutile (100) surface are shown in Figure 5.1. The
solution absorption peaks at 562 nm with a shoulder on the blue side of the main peak.
When adsorbed onto a single crystal rutile (100) surface, the photocurrent action
spectrum shows a monomer peak red-shifted about 12 nm together with a broadened
blue-shifted dimer/aggregate peak at 549 nm. Given the role of dimers in this work, the
spectrum of a pure dimeric trimethane thiacyanine dye in solution from reference 21 is
provided in Figure 5.1. At its maximum at 530 nm, its extinction coefficient is 5 x 10*
cm’/mmole whereas the extinction coefficient of the monomer at its maximum is reported
to be 1.5 x 10° cm*mmole.

Figure 5.2a shows photocurrent spectra from which the isotherm for G15 adsorbed
onto a rutile (100) surface was obtained using hydroquinone as the regenerator (Figure
5.2b). The incident photon-to-current conversion efficiency (IPCE), which we assume is
linearly proportional to the dye coverage, increases with the increase of G15 dye solution
concentration (Figure 5.2a) and plateaus at higher concentrations. Figure 5.2b shows the
fraction of monomer and dimer present on the surface, which were obtained from fitting
the photocurrent action spectra in Figure 5.2a to the observed and calculated monomer
and dimer spectra of trimethine cyanine dyes.[14] Although monomer is the predominant
adsorbed species, there is still a significant amount of dimer present making it possible to

study the desorption of both the monomer and dimer of the adsorbed G15 dye.
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Figure 5.2. (a)Increase of the sensitized photocurrent with increasing concentration of
G15 adsorbed onto rutile (100) electrode and, (b) monomer and dimer fractions derived

from fitting the photocurrent action spectra.
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When KI was used as a reducing agent to regenerate the oxidized G15 dye
molecules, the sensitized photocurrent is very stable with time suggesting that there is
very little desorption of the dye, as shown in Figure 5.3 (dotted line). However when
hydroquinone was used as the regenerator, a decrease in the photocurrent with time was
observed. We interpret this as evidence that hydroquinone and/or the oxidation products
of hydroquinone, such as a semiquinone, or more formally a quinone, compete for
binding sites with the cyanine dye molecules.[15] There is precedent for this since Ryan
et al.'* have previously used hydroquinone as a regenerator for sensitizing rutile crystals
and found out that it competes with dye adsorption. Also the extremely strong adsorption
of a structurally similar molecule, cate.chol, onto TiO, surfaces has been studied
extensively both experimentally and theoretically.[16-18] To determine if desorption of
the G15 dye from the oxide surface was caused by the competitive adsorption of
hydroquinone or the produced quinone, we performed an experiment where the sensitized
photocurrent was monitored while periodically blocking the illumination. The solid line
in Figure 5.3 shows that when the light beam was blocked the photocurrent went to zero
and when illumination was restored the photocurrent returned to the previous value or in
some cases even to a bit higher value rather than a value obtained from extrapolating the
original decay trend (dashed line in Figure 5.3). The fact that no photocurrent decrease
was observed when no quinone was being produced at the surface demonstrates that it is
quinone that competitively binds to the oxide surface and replaces the adsorbed G15 dye
molecules resulting in a photocurrent decrease. A possible explanation for the
photocurrent being larger upon re-illumination would be that the APCE for a dye

adsorbed by only one leg is lower than the APCE for a dye bound at two sites due to less
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strong electronic coupling for electron injection. In the dark, when no quinone is being
produced, one legged dyes have time to re-establish binding at two sites by finding an
unoccupied site or by desorption of a quinone from an adjacent site due to the lower
surface quinone concentration during the dark period. We also tested the time
dependence of the desorption process at hydroquinone concentrations of 0.45 mM and 45
mM but no difference in the desorption rate was observed, providing further evidence
that the dyes were replaced by photogenerated quinone that is produced at a constant rate
regardless of the hydroquinone concentration.

Figure 5.4 shows the decay of the photcurrent for G15 excited at a wavelength of
574 nm and collected for 1800 seconds for four different surface concentrations of the
dye. The observed current declines monotonically and we associate this decay with the
desorption of the dye. At the monomer absorption maximum of 574 nm the spectra of
Figure 5.2 shows the monomer absorption dominates at this wavelength compared to the
dimer. The photocurrent decay data collected at 530 nm, where the dimer absorption is
substantial, are shown in Figure 5.5. The striking feature of this data is the presence of an

increase in the sensitized photocurrent at early times.

5.5 Discussion

The photocurrent decays at 530 nm and 574 nm can be modeled to gain insight into
their differing behavior. A G15 covered TiO, surface contains dye dimers/aggregates
and two different types of monomers: one that has only one bound carboxylate group and
that is displaced easily; and the other that is less likely to be displaced by quinone that

has both carboxylate groups bound. Dimers with three groups attached to the surface are
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Figure 5.3. Photocurrent as a functiopn of time for G15 dye adsorbed onto a rutile (100)
surface excited at 574 nm. The solid line represents an experiment where the light beam
was manually blocked and unblocked as indicated on the graph. The dashed line
represents a photocurrent decay plot under continuous illumination. The dotted line
shows the photocurrent response with time when KI is used as the regenerator instead of
hydroquinone.
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not differentiated from dimmers with four attachments in our model. The surface

fractional coverage of dye 0 by these various forms of the dye can then be expressed as:

0=6,+6,+0, 0

where 0, is the fractional coverage dyes with a single surface bond; 6, is the fractional
coverage of monomers with two surface attachments and 65 is the fractional coverage of
dimers.

This displacement phenomenon can be modeled and used to interpret the form
and rate of the observed photocurrent decline. One first begins with the displacement of
the monomeric dyes by the quinone on the surface. These attached monomeric dyes will
be displaced and dissolve into the electrolyte once the titanium-carboxylate bonds

dissociate according to the following reaction scheme:

Dr &DST #» Dy

k-1

k:
Dy —— Dy
where Dt and Dg refer to dyes originally bound with two carboxylate groups (6,) and
those bound with one carboxylate group (0;), respectively. Dt becomes Dgr after losing
one bond with rate ki, and k., is the reattachment rate constant. Dgsrt and Ds are
essentially the same but only Dgr portion of the one-legged dye is in equilibrium with Dr.

After losing one more bond with a rate constant of k,, these dyes dissolve into the
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Figure 5.4. Sensitized photocurrent decay measurements for G15 dye adsorbed on a
rutile (100) surface collected by illuminating at the monomer absorption maximum (574
nm). The decrease in photocurrent is due to monomer dye desorption. Solid lines are
from fitting.
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electrolyte (Dg). For dimers, the desorption process is more complicated. The dimer
form of the adsorbed dye molecules is in equilibrium with monomers, which can then
desorb as discussed above. Because the dimer fraction is small and in equilibrium with
monomers, we incorporate monomers released from dimers into the desorption equations
for Dt and Dsr, represented by the equilibrium constant K (ki/k ;) discussed later.

Since there is no dye dissolved in the electrolyte, under continuous illumination
quinone will be constantly produced at the surface and therefore we assume the path from
single carboxylate bound dyes to dissolved dyes is irreversible. If the desorption process
for these dye molecules is assumed to be a first order reaction, then the following rate

equations can be written (assuming fast equilibrium between D and Dsr):

DA _ dDg]_ r gy i gl ~
= = Dy 1= (D)= BKID, )
_d[Ds] _ k,[D,] 3)

dt

where K is the equilibrium constant between Dt and Dgr (ki/k,). After integration, we

obtain the original monomer surface coverage as a function of time t (in seconds):

0(t) = exp(ln 4910 _ kzt)+ exp(ln 00 - szt) @

It is also possible for two monomers to rearrange themselves into a dimer

according to
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k ;
2 monomer ——=4—— dimer

with a rate expression given by:

d|c,] > )
ad /3 Wy S Ve,

0, =

—_ — — 6
Oc,l =%c.r 7 ©
——+k, Nt

0
where equation (6) is obtained by integrating equation (5); kma is the rate constant of

[c,.[

dimer formation in cm® mol™ s™'; [Cp]® is the original proportion of monomers that are
able to reorganize into dimers; [Cy]; is the remaining proportion of monomer that will
reorganize into dimer at time t; 6y, is the amount of monomer lost due to dimerization and
No is the full monolayer coverage on the surface (1.4 x 10™'° mol/cm?) determined using
the photocoulometric measurement reported previously.[19] Therefore, equation (4)

should be corrected to:
0(t) = expling’ — kyt )+ exp(n@? - k,kt)-6, o

Equation (8) is obtained after integration of equation (5) and plugging equation (6) back

into equation (7):
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o) = exp(ln 6, - kzt)+ exp(ln 9y - szt)— 0., - 1 ®)

where OCmO is the original fractional coverage of C.l.

We measured the dye desorption rate by following the sensitized photocurrent at a
particular wavelength as a function of time in an electrolyte containing no dye.
Assuming the sensitized photocurrent is proportional to dye surface coverage, we
obtained photocurrent as a function of time in equation (9) by multiplying by constants to
convert coverage per unit time to photocurrent density the same way as reported

previously.[19]

9
J(@)= &, (AL, ® AN, | exp(in 6, — kyt)+ explin 62—k, Ke)-| 6, -——— 1 ©)

0
C, 1

+k, Nt

c. 0

m

In the above equation, €,(A) is the monomer light absorption cross section for the dye at
wavelength A, L, is the photon flux in mol cm™ s, @ is the photochemical yield for
electron transfer from a single monomer, A is the illuminated surface area of the TiO,
electrode in cm® and F is the Faraday constant.

The monomer and dimer forms of the dye overlap over the entire spectral range of
their absorption. Therefore there are contributions from both monomer and dimer to the
photocurrent generation and the expression of the total surface coverage will contain

another term 63, the fractional coverage of dimers as shown in equation (1). Taking into
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account the original dimer fraction on the surface, the time dependent dimer coverage

will then be:

O, =0 v +0, =0y +0. v =0,y

[Ca [c.] el

where Ojcq’ is the original fractional coverage of dimers on the surface before any
rearrangement occurs and 6y, is the same as defined in equation (6).
By plugging equation (6) into equation (10) and adding 63 to equation (9) and converting

coverage to photocurrent, the overall currrent at any wavelength can be seen to be:

exp(in6,° — ket )+ exp(in 62 — k,K1)-| 6, - -1—1——— -
TN (11)
J(@) = ¢, (AL, @ AF .
T
Em s +k, Nt
fold

where £4()) is the absorption cross section at A of the dimer in cm? mol™; @y is the
photochemical yield for dimer electron transfer. As discussed earlier, the first three terms
in equation (11) decrease with time and describe the desorption of monomers. But the
rearrangement of monomers into dimers increases the dimer coverage. At excitation
wavelengths where the dimer extinction is greater than the monomer, this increase in
dimer coverage should result in a net increase in current upon illumination. This is
indeed what is observed and appears to be the only reasonable explanation for an increase

in photocurrent while dye desorption is occurring.
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Figure 5.5. Sensitized photocurrent decay measurements for G15 dye adsorbed on a
rutile (100) surface collected by illuminating at the dimer absorption maximum (530 nm).
The change in photocurrent is from a combined effect of both dimer formation and
monomer desorption. Solid lines are from fitting.
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A fitting of the decay curves of the photocurrent at 530 nm and 574 nm to Equation
(11) should yield the same values for the kinetic and thermodynamic constants in
Equation (11). By fitting the desorption data using a &4/ey ratio of 0.30 at monomer
absorption maximum and 3.235 at dimer absorption maximum, we obtained the
equilibrium constant K and desorption rate constant k, as shown in Table 5.1. We
assume the ®y/d; ratio is eaual to 1 in our fits. At the smallest concentration (2.8 x 10
M), the photocurrent can only be successfully fit by a single exponential function. We
interpret this to indicate that at small coverages most of the dyes can get two legs down
so there are virtually no dyes on the surface that are bound with only one carboxylate
group. Since the coverage is very small, the rearrangement from monomers into dimers
should also be negligible. In such a case we are only able to derive values for the

product of K and k,. At higher surface concentrations, the rate constants K and k; remain

constant within experimental error.

Table 5.1: Monomer desorption coefficients and rate constant of monomer to dimer

reorganization of G15 with Rutile (100)

Concentration(M) K kas™) Kma (cm”emol'ss™)
2.8 x10° 1.4x107/k, 1.4x10°/K N/A
1.1x107 0.10 4.6x10” 4.8x10
2.8x107 0.16 5.2x10” 2.6x10°
1.1x10™* 0.15 5.3x107 3.5x10°
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It can be seen from Figure 5.5 that the rearrangement is very fast compared to the
monomer desorption resulting in an initial photocurrent increase due to dimer formation
on the electrode surface. Later, when most of the dimer formation is complete, monomer
desorption is responsible for the decrease in photocurrent which decays with a multi-
exponential dependence. Because of the contribution of dimer and the continuous
transformation of dimer into monomers, the desorption behavior is more complicated at
this wavelength and the error in the determination of the rate constants is probably larger.
By comparing the action spectra obtained within the first 3 min of the desorption
experiment and after the desorption progressed for 30 min, an increase in the
dimer/monomer ratio was measured, providing additional evidence that the initial
increase in photocurrent is a result of the dimerization of dye molecules on the surface.

Khazraji et al. reported that the dimer electron injection yield is lower than that of a
monomer in a merocyanine dye-sensitized solar cell.?’ In other studies, aggregated dyes
were also found to decrease the solar energy conversion performance.! It was suggested
that there are quenching processes due to energy transfer or charge transfer reactions
between the aggregated dye molecules and/or between monomers and aggregated
molecules. In our case the monomers and aggregates are both strongly bound to the
surface and due to the fast injection expected from the excited states aggregation should
not greatly affect the quantum yields in our case and we then assume their quantum yield
ratio to be 1 as mentioned previously.

We have previously studied the sensitization of single crystal oxide surfaces with
the ruthenium based dye N3. N3 binds to the surface very strongly and no desorption

was observed within the experimental time frame used herein even when hydroquinone
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was used as the regenerator.'®** The G15 dye studied herein yields initially higher IPCE
values than those measured for N3 on the same crystal surface (rutile (100)) probably due
to the higher extinction coefficient of the G15 dye (1.0 x 10° M em™ vs 1.42 x 10° M
em” for N3). However if hydroquinone is used as a regenerator the desorption of the
G15 dye occurs and the binding sites are rapidly occupied by quinone and more than half
of the originally adsorbed dyes are lost in about 20 minutes, demonstrating the vital
importance of choosing the right regenerator for optimal performance of a dye cell. To
fabricate a more efficient organic dye-sensitized TiO; solar cell, a cheap sensitizer needs
to be developed that binds as strongly as the N3 dye together with the use of an

appropriate regenerator.

5.6 Conclusion

We have studied the desorption behavior of the dicarboxylated thiacyanine dye G15
covalently bound to single crystal rutile (100) surface. Upon adsorption, both G15
monomer and dimer exist on the surface and a rearrangement of the G15 dye from
monomer to dimer was observed. If iodide is used as a regenerator no dye desorption is
observed when the surface is illuminated however if hydroquinone was used as the
regenerator its photooxidation product (quinone) displaces adsorbed dyes. A mechanism
that takes into account the various forms of the dye present on the surface was developed.
By fitting the experimental data with the proposed mechanism, desorption and dimer
formation rate constants were successfully derived. Studies of desorption kinetics shed
light onto the binding of dye sensitizers to the TiO, surface and the rearrangement of dye

molecules on the surface.
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Chapter 6: Probing Cyanine Dyes Adsorbed onto
Anatase(101) Surface with Atomic Force Microscopy

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1 Introduction

Molecular self-assembly into supramolecular structures has drawn a lot of
research interest recently due to their role in biology and molecular electronics. The
ability to control the types of aggregation will open this area to further technological
applications.

Cyanine dyes have a well demonstrated ability to form two types of aggregates: H
and J aggregates. J aggregates are characterized by a sharp, narrow absorption band red-
shifted compared to the monomer absorption band;[1-3] while H aggregates with a blue-
shifted absorption band.[4] When the molecular long axes are tilted more than 54° from
the line connecting the centers of the moledules, the aggregate is usually considered H—
type and J-type aggregate has an angle of less than 54°. The spectroscopic properties and
morphologies of some cyanine dye J-aggregates have been studied.[5-7] The
morphological characterization was carried out with atomic force microscopy (AFM) by
depositing the dye aggregates onto an atomically flat mica surface. These aggregates
usually appear as long fibers or nanodisks. It was concluded that these nanostructures
were formed in solution and the substrate did not contribute to the aggregate formation.[7,
8]

Cyanine dyes have been studied also as sensitizers in dye-sensitized solar cells
and blue-shifted H aggregates are formed upon adsorbing onto a nanocrystalline
surface.[9, 10] Chelating cyanine dyes that have two carboxylate groups were
synthesized and H-aggregated dimer was formed upon adsorption onto nanocrystalline

titanium dioxide (TiO,).[11, 12] The photoelectrochemical properties of these adsorbed
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dye molecules have been investigated extensively but the morphologies of these
aggregates remain unknown.

TiO, has been of interest for both its photocatalytic properties and its function in
solar energy conversion. There have been some theoretical studies[13, 14] of the
adsorption of molecules and ordered structures of retinoate on the rutile TiO, (110)
surface were revealed by scanning tunneling microscopy experiments[15].

In this study, we characterize the aggregate formation of a carboxylate-
functionalized cyanine dye on atomically flat single crystal anatase TiO, (101) surfaces.
Anatase (101) is the predominant face in nanocrystaline TiO, dye-sensitized solar
cells.[16] Self-assembly of dye molecules on TiO, surfaces is of particular importance
since the long-term stability of dye sensitized solar cell is affected directly by the binding
strength between the surface and the dye molecules. The microscopic understanding of
the dye cell interface may help us better understand the charge transfer mechanism of a

dye-sensitized solar cell and eventually improve its performance.

6.2 Experimental Section

The anatase sample was a natural anatase crystal that was mined in Hargvidda,
Tyssedal in Norway. The bi-pyramidal crystal exhibited low-energy growth surfaces
with the large wedge shaped (101) faces and the (001) end caps. The (101) crystal faces
were dark blue metallic and shiny and were cut along the (101) plane using a diamond
saw. The crystal was polished and annealed to obtain atomically flat surfaces as
described earlier.[17] Atomic force microscopy (AFM) (Digital Instruments Nanoscope

IIIA controller and a multimode SPM) was used to characterize the polished surface.
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Hi’Res® AFM tips from MikroMasch with a 3.5 N/m force constant and resonant
frequency around 75 KHz were used. The anatase (101) crystal was mounted as an
electrode and the photocurrent spectrum was recorded in the same way as described
before.[18]

2, 2’~(diethylcarboxy)-9-ethyl-thiacarbocyanine bromide (G7) was obtained from
Dr. Mark. T Spitler and was used without further purification. For photoelectrochemical
and AFM study, the crystal was cleaned by illumination with Ultraviolet (UV) light for 5
minutes under 0.6 V applied bias in 1 M HCI electrolyte. Dyes were then adsorbed by
dipping in a 30 pM G7 solution in ethanol. The crystal was then rinsed with ethanol to
remove any physically adsorbed dye molecules before collecting photocurrent action
spectrum in an acetonitrile electrolyte with 10 mM tetrabutylammonium perchlorare as a
supporting electrolyte and 4.5 mM hydroquinone as the regenerator in a standard three
electrode electrochemical cell. Before AFM study the crystal surface was dried with N,.
For liquid cell AFM studies, a 0.1 pM G7 solution in ethylene glycol was used. Scanning
Probe Image Processor (SPIP) software was used for the height and size analysis of the

AFM images.

6.3 Results

After polishing and annealing, a clean terraced surface of anatase (101) crystal
was obtained, as is shown in Figure 6.1. The line profile indicates an average terrace
height of about 0.36 nm, corresponding very well with the calculated value (0.35 nm) of a
single unit-cell step height of anatase (101) surface. The terrace width varies over the

different scanned areas, which is typical for a natural single crystal surface.
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Figure 6.1. AFM image of anatase(101) surface showing the atomically flat terraces. The
line profile corresponds to the line in the height image.
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Figure 6.2. Top: Molecular structure of G7 dye. Bottom: Photocurrent spectrum of G7
dye with anatase(101) surface (red curve). The green curve shows the solution

absorbance spectrum of G7 in ethanol.
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After an UV cleaning of 5 minutes, the anatase (101) electrode was dipped into a
30 uM G7 solution for 10 minutes before photoelectrochemical studies. Figure 6.2
shows the molecular structure of G7 dye (the bromide counter anion is not shown)
together with its photocurrent action spectrum adsorbed onto anatase (101) surface and
solution absorption spectrum. The absorption spectrum shows a monomer peak around
546 nm, while the photocurrent spectrum shows both a red-shifted monomer peak around
576 nm and an H-aggregated dimer peak around 538 nm.[11, 19]

After G7 dye adsorption, the topography of the anatase (101) surface was studied
with AFM. Small domains of dye molecules were found all over the surface, as seen in
Figure 6.3. The line profile indicates the height variance on selected domains. The
terraces can also be seen underneath the adsorbed dye molecules.

The height of the G7 dye domains was analyzed with SPIP software. The
histogram is shown in Figure 6.4(a). The histogram shows a single Gaussian distribution
centered at ~ 0.6 nm, corresponding to the height of a single layer of G7 molecules.
Figure 6.4(b) shows the histogram of the sizes of the dye domains, which also fits a
single Gaussian distribution centered around 30 nm. The effect of the tip on the domain
sizes should be minimal since the radius of the Hi’Res® tips is about 1 nm, which is very
small comparing to the domain size.

The polydispersity index (P) is calculated (to better demonstrate the distributions

of height and lateral size of the domains) according to the following equations:[7]

133

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Znidl.
N(d)=-

Z”i
i

where n; is the number of domains of dyes and d; is the dimension of height or lateral size
of the domain i, W(d) is the weighted average and N(d) is the number average of height
or lateral size. PI is calculated as W(d)/N(d). The PI values were calculated to be 1.14
and 1.15 for height and lateral size, respectively, which confirmed that both the height
and lateral size displayed a narrow distribution.

To study the real time adsorption of G7 dyes onto anatase(101) surface, liquid cell
AFM was carried out with a G7 concentration of 0.1 pM using ethylene glycol as a
solvent. A control experiment with pure ethylene glycol revealed only clean terraces.
After the injection of the dye solution, terraces with adsorbed G7 dye islands were clearly
seen, as shown in Figure 6.5.

Figure 6.6 shows the histograms of height and size distributions of the adsorbed
aggregates from Figure 6.5. Both of them demonstrate a simple Gaussian shape with the
height centered at ~ 0.5 nm and the size at about 30 nm. PI analysis yielded a result of

1.08 and 1.15 for height and lateral size, respectively.

6.4 Discussion
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Figure 6.3. AFM image revealing anatase(101) surface with adsorbed G7 dye. The line
in the height image corresponds to the line profile.
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(b)

Figure 6.4. Height and size analysis of the AFM image from Figure 6.3.
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Figure 6.5. Liquid cell AFM image indicating adsorbed G7 dye from ethylene glycol
solution.
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(b)

Figure 6.6. Height and size analysis of the AFM image from Figure 6.5.
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Carboxylated cyanine dyes bind to TiO, surface through the oxygen-titanium
bond.[11, 12] High resolution XPS and near-edge X-ray absorption spectroscopy
indicated that both oxygen atoms of the same carboxylated group bind to the same Ti(5)
sites.[20] For the G7 dye used here, it is believed that these dyes form dimers upon
adsorption onto a TiO, surface and the ethyl group in the middle of the polyene chain
prevents formation of extended aggregates.[11, 12, 18] The G7 dye on anatase(101)
surface exhibited an average height of 0.5-0.6 nm, corresponding to the height of a single
dye molecule. Based on a previously proposed model[18], taking the surface area
occupied by one G7 molecule to be 0.9 nm?, an average G7 domain (30 nm diameter as
indicated by air AFM) contained about 1000 single G7 molecules or 500 dimers.

The size of the domains from the in situ AFM studies at a lower dye concentration
corresponds to about the same number of molecules per domain. Currently we are unable
to achieve high resolution sub-100 nm size image, but efforts are underway to achieve
this.

The adsorption and stability of dye molecules onto TiO, surfaces are crucial to
good performances of a dye-sensitized solar cell. The adsorbed dye domains observed
here might be just physically clustered dye molecules since no significant aggregate peak
was seen from its photocurrent action spectrum. Studies have shown that electron
injection yield from aggregared dyes is lower than dye monomers due to intermolecular
energy transfer.[10, 21] Spacers and surfactant molecules are incorporated as additives
upon dye adsorption onto TiO, surfaces to minimize aggregation.[10] Therefore to
fabricate a more efficient dye cell, dimerization or aggregation of the dye molecules upon

adsorption need to be prevented.
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6.5 Conclusion

We have successfully studied adsorbed carboxylated cyanine dye G7 on an
atomically flat single crystal anatase (101) surface with both air AFM and liquid cell
AFM. Narrowly distributed G7 aggregate domains that contain over 1000 dye molecules
were revealed from the imaging. Further study may shed light on the dye/TiO; interfacial
surface structure on an atomic level and such study is underway.
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Chapter 7: Concluding Remarks and Future Work

In order to study the basic interface in dye-sensitized solar cells, low-index,
atomically flat TiO, single crystal surfaces have been prepared using a simple
polishing/annealing procedure[l]. The prepared surfaces have been characterized
photoelectrochemically, microscopically and with low energy electron diffraction. Dye-
sensitization of the oxide surfaces by both the N3 dye and a series of structurally related
carboxylated thiacyanine dyes on these surfaces was reported.[2-4] The adsorption and
desorption behavior of these dyes was studied extensively. Photocurrent action spectra at
various dye concentrations for all the surfaces were obtained for all the dyes studied.
Among the different low-index TiO, single crystal surfaces, rutile (100) was found to
give the highest incident photon-to-current conversion efficiency (IPCE) for the N3 dye.
This was attributed to a better match between the rutile (100) surface lattice structure and
the possible N3 dye carboxylate-carboxylate group binding distances.

For dye-sensitized solar cells usually the absorbed photon-to-current conversion
efficiency (APCE) is more important than [PCE since the APCE value determines the
cell energy conversion efficiency and thus the total output power. By constructing an
attenuated total reflectance (ATR) cell from single crystal TiO, (schematic shown in
Figure 7.1), we will be able to simultaneously measure the light absorbance by the dye

molecules
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Figure 7.1 A schematic of the ATR cell built from single crystal TiO,. A dye solution
can be injected from the solution inlet and released from the solution exit. After dye
adsorption onto the bottom side of the crystal, its absorbance can be measured by
illumination with a white light source and the sum of 5 absorptions will be recorded with
a CCD spectrometer. The IPCE will be obtained from electrochemical study by
simultaneous monochromatic light illumination from the bottom. When the experiment is
finished, the dyes can be cleaned off from the crystal surface through UV illumination

from the bottom side.
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adsorbed onto TiO, surfaces and their IPCE values. Therefore APCE values can be
measured directly. This ATR experiment will also be able to measure the APCE
difference, if any, between different types of surface adsorbed dyes such as monomers,
dimers and higher aggregates. Preliminary results indicate that monomers and dimers
have different APCE values when attached to the TiO, surface.

A simple photochronocoulometric method was devéloped to measure the surface
coverage of dyes covalently attached to the TiO; substrates. The transient photocurrent
can be fit with a double exponential decay function where the integration of the fast
decay component corresponds to the surface coverage, given that each dye molecule is
oxidized by one electron. The origin of the second slow decay component is complicated
and was discussed in Chapter 4. Further experiments to elucidate the nature of this slow
process are necessary.

The desorption of the G15 dye adsorbed onto a rutile (100) surface could be
studied by monitoring the decay of the sensitized photocurrent at both the monomer
absorption maximum (574 nm) and dimer absorption maximum (530 nm). Different
desorption behavior for monomer and dimer is observed. A desorption mechanism is
proposed where the reorganization of monomers into dimers is taken into account
(Chapter five). Our mechanism is supported by the good match between the
experimental results and the fit with the proposed mechanism. This result suggests that
similar desorption studies for other cyanine dyes adsorbed onto different surfaces is
worth studying, since we already know that the ability to form dimers varies dye to dye

and surface to surface. Other results (Shin Ushiroda) have
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Figure 7.2 AFM image of as prepared sapphire single crystal surface showing the

atomically flat terraces.
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500

Figure 7.3 Projected results from the single molecule study. B and C are the
simultaneously obtained AFM and fluorescence images, respectively. A shows the

fluorescence signal as a function of time indicating the characteristics of a single dye

molecule.
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shown how to prepare surfaces with exclusively aggregated dyes by adding water to the
electrolyte.

We have been attempting to resolve single dye molecules adsorbed onto
atomically flat, well-terraced single crystal TiO; surfaces with atomic force microscopy
(AFM). We hope to discover whether terrace, step, kink or defect sites are the preferred
surface binding sites for the carboxylated dyes. This ultimate goal has not been obtained
but domains of dye aggregates or islands have been observed, as reported in Chapter 6.
The AFM images indicate that the dye molecules prefer to form islands of a defined size
upon adsorption onto anatase (101) surfaces. More efforts are needed to resolve the
interfacial structure of dye/semiconductor substrate with AFM either in a liquid media or
under vacuum conditions.

It is important to understand whether there are preferred binding sites for dyes at
low coverage or if there are adsorbed dye molecules that do not inject electrons from
their excited states into the TiO,. We are collaborating with the van Orden group on a
study where potentially single surface adsorbed carboxylated thiocyanine dye molecule
can be resolved. A very thin atomically flat, well terraced single crystal semiconductor
surface will be prepared and dye molecules can be adsorbed from a dilute solution. With
the use of the van Orden group’s spatially correlated fluorescence/AFM, we will be able
to collect fluorescence signal emitted by the adsorbed dye molecule simultaneously with
the topographical AFM image. The ultimate goal is to probe single dye molecules
adsorbed onto a TiO; single crystal surface. As a control system, we will use a well
prepared, atomically flat sapphire single crystal substrate since due to its large band gap

(8.1 eV), it is unlikely to quench the fluorescence emission due to electron injection. 1
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have obtained the atomically flat surface of sapphire single crystal using the same sample
preparation method as reported in Chapter 2 and the AFM image is shown in Figure 7.2.
The as-prepared surface reveals uniform terraces with an average terrace width of 40-50
nm. Figure 7.3 shows the projected experimental results. We expect to detect the
fluorescence signal from single dye molecules adsorbed from a very dilute dye solution.
An AFM image simultaneously obtained can spatially locate the site of the dye
fluorescence. By comparing the two images the preferred binding sites of the dye
molecules on the oxide surface can be inferred. The fluorescence as a function of time
can also be obtained for the surface bound dye, as shown in Figure 7.3a and the bleaching
rate can be determined. From this study we are hoping to find out the dye adsorption
preference on the semiconductor surface, such as flat terraces, terrace edges or defect
sites, as well as its fluorescence characteristics after adsorption onto the surface. On
anatase or rutile it is expected that most dye molecules will have their fluorescence
quenched by electron transfer. Detecting any dye fluorescence therefore would locate
dye binding sites where photoexcited electron transfer is not efficient.

We believe if all the experiments mentioned here are all successfully conducted
(and indeed we already have preliminary data), a much better understanding of the
performance of dye-sensitized solar cells will be achieved, such as the dye/semiconductor
interfacial structure, adsorption/desorption behavior of the dye molecules onto a TiO;
surface and APCE differences in monomer/dimer/extended aggregates. All of these
studies could also be extended to other semiconducting oxides such as ZnO and SrTiOs,

which are also studied as substrates for dye-sensitized solar cells.[5-7] Hopefully we will
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be able to understand the dye/semiconductor interface sufficiently well in order to guide

the fabrication of more efficient dye-sensitized solar cells.
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