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Abstract
The performance of dye sensitized solar cells (DSSC) was investigated as a
function of electrolyte composition and dye sensitizer.

Electrolytes consisting of

increasing concentrations of bromide and tri-bromide effectively increased the current of
DSSCs while conserving an increase in open circuit voltage. Corroles were used to
investigate their efficacy as light absorbers for DSSCs.

Electronic spectroscopy of

corroles demonstrated that the spectra of corroles could be red shifted through
β-substitution. Also, the changes in the electronic spectra of corroles was not affected by
adsorption to TiO2. Electrochemical data concluded that the functionalization of the
β-positions of the corroles did not significantly affect the corrole’s redox potentials.
FTIR spectroscopy confirmed that the corroles were chemically adsorbed onto TiO2.
Photoelectrochemical measurements concluded that the corroles are efficient sensitizers
for DSSCs.

A highly efficient corrole utilizing sulfonic acid binding groups was

discovered. Also, a corrole with a malonic acid binding group was 70% as efficient as
one of the best performing dye sensitizers in DSSCs.
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Chapter 1
Introduction

2	
  
The need for inexpensive, clean energy is increasing everyday. As more and
more countries develop and the world’s population increases, the need to power the world
increases. One of the most promising sources of energy for powering the planet is solar
energy. Approximately 120,000 terawatts (TW) of solar energy strike the earth everyday.
Considering that as of 2008 the current world energy consumption is approximately 15
TW, the sun is a huge, untapped resource. Currently, only 0.05% of the world’s energy
production is from solar energy.1 This brings us to the question, “Why are we not using
the sun to power the planet?” The basic fundamental answer to the question as to why
the world isn’t using solar energy is cost. Solar energy is relatively more expensive than
conventional means of energy, such as coal and fossil fuels. According to the California
levelized energy costs, in 2007 the cost of electricity produced by coal was 0.074-0.088
cents per kilowatt hour, and the cost of solar electricity was 0.116 – 0.312 cents per
kilowatt hour.2 Although these costs are for electricity production in California, the high
cost of solar energy explains why 80 to 90 percent of the world’s energy comes from
fossil fuels.3
In order to overcome such high costs, solar cells must either be made from
cheaper materials, or become more efficient. In order to be as efficient as possible a solar
cell must be able to make efficient use of the solar spectrum (Figure 1.1). The region
between 400 and 1100 has the highest photon density in the AM 1.5 solar spectrum. A
material that can absorb sunlight between 400 and 1000nm would be the ideal absorber.
Silicon solar cells accomplish this task, because silicon’s bandgap is 1.1 eV. Silicon
solar cells’ small bandgap allows it to absorb light up to 1100nm. The most efficient
solar cells to date, multijunction solar cells, absorb the solar spectrum using up to 3

3	
  
different semiconductors that absorb three overlapping regions of the visible solar
spectrum. Silicon solar cells have achieved efficiencies of ≈20%, and multijunction solar
cells have achieved efficiencies of up to ≈40%.4,

5

Although silicon and multijunction

solar cells are very efficient at converting sunlight to electricity, their energy conversion
efficiency doesn’t reduce cost of the materials and construction in a such a way that they
are competitive in price to fossil fuels.
Solar energy is expensive because the most promising and efficient devices are
constructed from extremely pure materials. The most commonly available, efficient solar
cells are based on silicon. Silicon is very abundant, making up 25.7 percent of the earth’s
crust by mass. Even though the element silicon is very abundant, a significant amount of
refining is required for solar cell grade silicon. For silicon to be effectively used in solar
cells it needs to be pure to parts per billion. To produce monocyrstalline silicon, raw
silicon must be refined to metallurgical grade silicon, then refined to semiconductor
grade silicon, and further refined by the Czochralski process, creating a large single
crystal of silicon. Each process requires the silicon be heated to between 1000oC and
1900oC, depending on the process. Finally, once the silicon ingots are made they are cut
into wafers and polished which destroys approximately 50% of the silicon. All these
processes increase the cost of silicon solar cells. Multijunction solar cells can cost up to
eight times as much as silicon solar cells. Multijunction solar cells’ increased costs are
due to their use of rare and hard to process materials such as gallium, indium, and
germanium. They suffer from the same expensive processing as do silicon solar cells and
the materials are not as abundant, which greatly increases the cost of multijunction solar

4	
  
cells. In order to make solar energy more economically viable, efficient alternatives must
be investigated.
A promising alternative to silicon and multijunction solar cells are dye sensitized
solar cells (DSSC). DSSCs have the potential to be as efficient as silicon solar cells, but
at a fraction of the cost of silicon and multijunction solar cells. Currently, the most
efficient DSSC is 11.1% with a theoretical efficiency ≈31%.6-8 DSSCs have the potential
to be far cheaper than crystalline silicon and multijunction solar cells, primarily due to
their abundant use of inexpensive materials. DSSCs are typically constructed with a glass
counter electrode that is coated with a thin layer of platinum, a working electrode that is
composed of anatase, nanocrystalline TiO2 deposited on a fluorine doped SnO (F:SnO)
glass slide, and a dye sensitizer (Figure 1.2). Because TiO2 is a wide band gap
semiconductor (Ebg ≈3.2eV), TiO2 cannot efficiently absorb the solar spectrum.9, 10 Dyes
are attached to the surface of TiO2 and serve as the light absorbers. The most efficient
dyes are based on ruthenium polypyridyl compounds, but dyes ranging from porphyrins,
organic, and other metal-based polypyridyl compounds have been used.11-20 Dyes are
chemisorbed to TiO2 through the use of carboxylic, sulfonic, and phosphonic acid
groups.21-23 Because films of anatase nanocrystalline TiO2 are used, an approximate 1000
fold increase in surface area is achieved when compared to a planar single crystal. Such
an increase in surface area allows for a considerable amount of dye to be loaded onto a
cell, which in turn makes for a thin and efficient solar cell. The basic principle of
operation of DSSCs can be seen in Figure 1.2. In step 1 the dye molecule is excited by
light. The electron in the ground state is excited to a higher energy state that is more
negative in potential than the conduction band of the semiconductor nanoparticle. The
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Figure 1.1. Spectral irradiance on the surface of Earth at air mass AM 1.5 conditions,
which is the amount of solar radiation that strikes the Earth after passing through one and
a half atmospheres. This corresponds to a solar zenith angle of 48.2o.
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excited electron is then transferred to the semiconductor nanoparticle in step 2. Step 2 is
known as electron injection, and the rate of injection typically occurs on the order of
femtoseconds to picoseconds.24-26 In dye sensitized solar cells there is also a redox
couple that reduces the oxidized form of the dye after electron transfer to the TiO2
nanoparticle. This process is known as regeneration and is step 3. Regeneration occurs
on the order of nanoseconds. The rate is limited to the order of <10-9s because redox
couples in dye sensitized solar cells are in solution; therefore, the regeneration rate is
diffusion limited at 10-9s.27,28 By reducing the dye in the regeneration step after injection,
the positive charge, or hole, is now moved to the redox couple, which creates greater
charge separation between the hole and electron. The counter electrode then reduces the
redox couple in step 4. Finally, in step 5, the electron will travel through the nanoparticle
interface to a conducting electrode, along the way doing work, and end is up on the
counter electrode where the process repeats itself.	
  
As the photogenerated electron travels through the DSSC, it can recombine with
the photogenerated hole at several places along its path (Figure 1.3). The careful balance
of forward, advantageous electron transfer processes with the reverse, deleterious
electron transfer processes prevents the electron from recombining with the hole. The
initial rate of light absorption (k1) is extremely fast. After absorption the electron can
deactivate (k-1). The k-1 process is determined by the radiative and non-radiative decay of
the excited electron. After k1, electron injection (k2) occurs on the order of femtoseconds
to picoseconds. It has been determined in the highly efficient DSSC containing Ru(4,4’dicarboxy-2,2’-bipyridine)2(NCS)2 or N3 dye that injection occurs from the excited, nonthermally relaxed, singlet state, and the thermally relaxed, triplet state.25,

26

After k2,
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when the electron is in the conduction band of TiO2, the electron can recombine with the
chemisorbed dye sensitizer (k3). In efficient DSSCs, the k3 process is typically >10-6s.29,
30

The k3 process is in direct competition with the regeneration (k5) process, which

occurs at the diffusion limit of 10-9s in the case of using I- as the reducing agent. The
electron can also recombine with redox species in solution (k4). In the presence of the
commonly used I-/I3- electrolyte k4 occurs on the order of ≈10-3s.31 The careful control
of these rates is one of the factors that leads to efficient dye sensitized solar cells.
Optimization of the kinetic factors ultimately leads to the increased currents in
DSSCs. The efficiency (η) of a DSSC is determined by the ratio of the power of the
DSSC (PDSSC) to the power of the incident light (Pin) (Equation 1.1). The power of the
DSSC is determined by the short circuit current density (Jsc), open circuit voltage (Voc),
and fill factor (ff). The short circuit current density is given by the current measured at
short circuit conditions, or the current measured when there is zero applied voltage. The
open circuit voltage is the voltage measured when the cell is at open circuit, or the
voltage that is applied to produce zero current. The fill factor is simply the ratio of the
measured power of the solar cell from the current-voltage curves to the maximal
theoretical power of the solar cell. An ideal fill factor, or the measure of how similar the
solar cell is to this theoretical maximum, would be 1. The fill factor is mostly determined
by the kinetic factors of the solar cell. If recombination is high then the fill factor will be
low, and if there is little to no recombination the ff will be near unity, but in efficient
solar cells the ff is ≈0.6-0.8. Therefore, in kinetically optimized solar cells there is not
much improvement in the fill factor. The ff is basically an indicator of whether the
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Figure 1.2. Schematic of a typical dye sensitized solar cell and its step-by-step operation.
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kinetics of the solar cell are favorable. It can be concluded that by increasing the Jsc, Voc,
or ff one can increase the η.

η=

PDSSC J scVoc ff
=
Pin
Pin

Eq. 1.1

Short circuit current density is dependent on a given dye’s efficiency to convert

€ to electrons in DSSCs as well as the overlap of the dye sensitizer’s absorption
photons
spectrum with the solar spectrum (Figure 1.3). In order for a dye to efficiently convert
light to electricity in DSSCs, several thermodynamic and kinetic requirements must be
met (Figure 1.4). First, the excited state potential, or lowest unoccupied molecular orbital
(LUMO), must be more negative in potential than the conduction band edge (Ecb) of
TiO2. This makes the injection process thermodynamically favorable. Also, the dye
must be in good electrical and chemical contact with the TiO2 to allow for efficient
injection of photogenerated electrons. In addition to proper matching of the LUMO of a
dye with Ecb of TiO2, the ground state potential, or highest occupied molecular orbital
(HOMO), of the dye sensitized must be more positive than the potential of the redox
species. This allows regeneration of the oxidized dye to be thermodynamically favorable.
Finally, the band gap of the dye, or HOMO-LUMO gap, must be as small as possible,
while still maintaining a LUMO that is more negative than the Ecb and HOMO that is
more positive than the redox species. When the thermodynamics are well balanced to
allow for favorable kinetics, optimal current can be obtained. The HOMO-LUMO gap of
the dye sensitizer determines spectral range of light that it can absorb. By decreasing the
HOMO-LUMO gap, the dye can absorb more red photons, thus increasing its spectral
overlap. One example of demonstrating increased current and efficiency in DSSCs
through increased spectral overlap is the “Black Dye,” or [tris(isothiocyanato)-

10	
  
ruthenium(II)-2,2':6',2"-terpyridine-4,4',4"-tricarboxylic acid]. The photocurrent action
spectra, or external quantum yield, displayed in Figure 1.5 demonstrates that both the N3
and Black Dye have close to ≈80% efficient conversion of incident light from 420nm to
about 650nm, but the Black Dye has significantly higher light conversion affiances above
650nm than the N3 dye. Because of the increased spectral overlap of the Black Dye, the
efficiency increased from 10% in the N3 sample to 10.4% in the Black Dye. The
increased efficiency is attributed to the Black Dye having 3mA/cm2 more short circuit
current than the N3. Although the increase in efficiency and current is small, the Black
Dye demonstrates that increasing the spectral overlap of a dye molecule with the solar
spectrum can increase efficiency of DSSCs.
The open circuit voltage (Voc) of DSSCs is determined by the difference in
potential between the redox couple and the conduction band edge of TiO2.

The

theoretical maximum between Voc is ≈1.1V, but in the most efficient DSSCs the most
photovoltage that has been obtained is ≈0.72V.32,33 There are two methods for increasing
the open circuit voltage: 1.) Make the conduction band edge of TiO2 more negative, and
2.) use alternative redox couples with more positive potentials. In order to move the
conduction band edge of TiO2 more negative, one must be careful not to make the
conduction band edge more negative than the excited state potential of the adsorbed dye
as this would prevent injection of photoexcited electrons. One method that can be used to
move the conduction band edge of TiO2 to more negative potentials is by
using the Nernstian dependence of the conduction band edge potential on the electrolyte
proton concentration in aqueous solutions.34-36 Since most DSSCs are in non-aqueous
environments it is difficult to assign a pH to the solution to quantifiably control the
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Figure 1.3. Absorption spectrum of N3 dye overlapped with the AM 1.5 solar spectrum.
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S*/S+

S/S+
Figure 1.4. Diagram illustrating the rate constants involved in electron transport in
DSSCs. The solid lines are favorable processes and the dashed lines are deleterious
processes. S is any dye sensitizer. TiO2, dye HOMO/LUMO gap, and I-/I3- energy levels
are all positioned in relative potentials to one another in a working DSSC.
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Figure 1.5. Incident photon to current efficiency of N3 [RuL2(NCS)2] and Black Dye
[RuL’(NCS)3].
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energy of the TiO2 conduction band edge . A variety of nitrogen containing heterocycles,
of varying pKa, have been used in DSSCs to varying success in DSSCs to increase open
circuit voltages. The most significant improvements in Voc have been made by the use of
the nitrogen containing heterocycle 4-tert-butlypyridine (TBP). TBP has improved the
efficiency of the N3 and coumarin dyes in DSSCs by increasing the Voc without any
significant decreases in the Jsc.11, 37 By using IMVS, Frank et al. were able to determine
that TBP makes the conduction band of TiO2 more negative, which results in a larger
photovoltage.38 Since the discovery of the effect that nitrogen containing heterocycles
have on the Voc of DSSCs, several studies have been conducted to compare the effects of
several nitrogen containing heterocycles on the Voc, Jsc, ff, and η (Figure 1.6).39 Even
though these studies show that nitrogen containing heterocycles affect the Voc, Jsc, ff, and
η, it is still not completely clear if the changes in the Voc, Jsc, ff, and η are due to the
nitrogen containing heterocycles adsorbing to the surface, which could affect the
recombination and escape rates, or if the increases and decreases in the Voc, Jsc, ff, and η
are simply due to moving the conduction band edge. Also, because the system is in a
non-aqueous environment, it makes it even more difficult to predict the effects of these
additives on the conduction band energy of TiO2.
Changing the redox couple to one that is more positive in potential can also
modify open circuit voltage. There have been many unsuccessful attempts at using
alternative redox couples of varying potentials.40-43 It is not enough to have a redox
couple that is more positive in potential to increase the open circuit voltage. The redox
couple cannot be more positive than the ground state redox potential of the adsorbed dye.
Being more positive than the ground state redox potential of the adsorbed dye is not
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Figure 1.6. The effects of various nitrogen containing heterocycles on the Voc, Jsc, ff, and
η. The Black Dye was used in these studies.
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thermodynamically favorable and efficient regeneration of the oxidized will not occur.
Also, in order for the redox to operate efficiently, the electron transfer kinetics must be
favorable. The redox couple must have slow electron transfer rates with TiO2 surface and
fast electron transfer rates with the oxidized dye. In I-/I3- electrolytes the electron transfer
between the TiO2 surface and the redox couple is slow, but for a redox couple such as
ferrocene/ferrocennium the electron transfer with the TiO2 surface is much faster.41 Also,
the regeneration rate must be at or near the diffusion limit to prevent recombination. An
efficient redox couple must effectively kill two birds with one stone.
Since the development of an efficient dye sensitized TiO2 solar cell pioneered by
O'Regan and Grätzel, the most efficient dyes have been the well-known N3 dye, which
obtained an efficiency of 10% in 1993.11, 27 There has only been a 1.1% improvement in
the efficiency of dye sensitized solar cells. In order to further improve DSSCs, a greater
understanding of the fundamental parameters are needed to improve the performance of
DSSCs. Careful experimentation and demonstration of the factors that can improve solar
cell performance, such as alternate redox couples and spectral overlap, are the central
focus of this thesis. Through optimization of alternative redox couples greater currents
and open circuit voltages can be obtained. Also, by using a different class of dye
molecules spectral overlap can be increased to improve currents and ultimately
efficiencies in DSSCs.

17	
  

Chapter 2
Bromide/Tri-Bromide Electrolytes
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Introduction
The most efficient DSSCs to date operate in a liquid electrolyte containing I-/I3redox couple. The I-/I3- redox couple is extremely important in DSSCs as can be seen in
Figure 1.2. The I-/I3- redox couple is directly involved in several processes, such as
regeneration, recombination, escape, and shuttling the hole to the counter electrode. The
I-/I3- redox couple is used in the most efficient DSSCs, because it provides a unique
platform to control four separate processes. The I-/I3- redox couple provides a key kinetic
and thermodynamic balance to DSSCs. There have been many efforts to try and better
optimize the regeneration, recombination, escape, and hole transport to the counter
electrode through the use of several organic and inorganic redox couples.42-47 When
outer sphere redox couples, such as ferrocene/ferricinium, are used, low photovoltages
and photocurrents are observed. This is due to an increase in the recombination rate.
When k4 approaches k5, photovoltages and photocurrents decrease, because the injected
electrons now start to recombine from the TiO2 to the redox couple, instead of
perchalating to the back F:SnO contact and performing work.
The I-/I3- redox couple works efficiently in DSSCs for several reasons. For one,
two electrons are required to reduce I3- to I-. The reduction can happen at the TiO2
surface and the back platinum counter electrode. The I-/I3- redox couple works so well in
TiO2 systems because the two-electron reduction at TiO2 surface is orders of magnitude
slower than the same two-electron reduction of tri-iodide at the back platinum counter
electrode. The fast kinetics of tri-iodide with the back counter electrode is believed to be
due to electrocatalysis via dissociative chemisorption of I2. Also, the strong adsorption of
iodide and tri-iodide on the platinum counter electrode provides protection against any

48

contaminant.
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Fast outer sphere redox couples and the many other organic and inorganic

redox couples may not adsorb as well to platinum as the I-/I3- redox couple, which
reduces the rate of reduction of the redox couple. Also, the rate of reduction of redox
couples other than the I-/I3- redox couple may have been faster with the TiO2 than
platinum. In order for a redox couple to properly mediate the electron transfer processes
in DSSCs, the redox couple must sufficiently retard the escape process, but still facilitate
fast electron transfer between the platinum counter electrode and the adsorbed dye
sensitizer.
Only two redox couples over almost 20 years of research have showed any results
close to the I-/I3- redox couple: A 5-mercapto-1-methyltetrazole ion with the dimmer of
5-mercapto-1-methyltetrazole

ion

(T-/T2)

and

dipyridyl)cobalt(II/III) perchlorate (CoII/CoIII).48,
yielded efficient DSSCs.

49

a

tris(4,4‘-di-tert-butyl-2,2‘-

These two redox couples have

Both of the redox couples essentially accomplish this by

retarding the k4 better than the I-/I3- redox couple. Due to the reduction in k4 an increase
in current was observed in DSSCs containing these electrolytes electrolyte.
Improvements were minimal and at best the redox couples only matched the efficiency of
DSSCs with an I-/I3- redox couple.

Although the currents were increased the

photovoltages were generally lower for the CoII/CoIII redox couple. The CoII/CoIII redox
couple is 0.331V vs. NHE and is close to the redox potential of the I-/I3- redox couple,
which is approximately 0.350V vs. NHE.40,

50

Although the redox potential of the

CoII/CoIII redox couple and the I-/I3- redox couple are close, there is a 200mV difference
in the Voc produced in DSSCs.

Such a difference implies that the kinetics of the

CoII/CoIII redox couple are vastly different in DSSCs with CoII/CoIII redox couple when
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compared to DSSCs with an I /I3 redox couple. The Voc of the T-/T2 redox couple was
-

-

similar to that of the I-/I3- redox couple. The Jsc in the T-/T2 redox couple was about 20%
higher but the ff was 25% lower when compared to the control cell containing an I-/I3redox couple. The differences in the Jsc can possibly be attributed more to the electrolyte
composition than the redox couple. In the DSSC with a T-/T2 redox couple lithium was
used and in the control cell with I-/I3- redox couple, 1,3-dimethylimidazolium iodide
(DMII) was used with no lithium. The addition of lithium is known have significant
effects on the performance of DSSCs. Such a difference in the electrolyte composition
could explain the increased photocurrent in T-/T2 redox couple. The decreased fill factor
is most likely due to increased recombination of electrons in the TiO2 with the T-/T2
redox couple. The CoII/CoIII and T-/T2 redox couple have provided the field of DSSCs
with potential alternative redox couples but no significant increases in efficiencies have
been noted due the use of these redox couples.
Most alternative redox couples fail because they do not possess the unique
electron transfer properties as observed in the I-/I3- redox couple. The reduction of the
dye by iodide is extremely fast in DSSCs and approaches the solution diffusion limit of
10-9s, but this regeneration process is in competition with the reduction of tri-iodide by
the electrons in the conduction band. Reduction of the tri-iodide is generally accepted to
occur according to Equation 2. The net reaction in Equation 2.1 can occur either by a
second or

2e − + I3− →3I −

Eq. 2.1

first order mechanism in respect to I2. The second order mechanism is believed to
€
proceed as expressed in Equations 2.2 to 2.4.51

In Eq. 2.2 tri-iodide can equilibrate to
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iodide and iodine with a rate constant of ≈ 10-7 mol dm-3.52 Iodine then can accept an
electron from the conduction band of TiO2 or from the platinum electron to form I2−• . If
Eq. 2.3 is in equilibrium the net reaction will be first or second order in I2 depending on if

€ reaction is first
5a or 5b is dominant. If Eq. 4 is the rate-determining step then the net
order in the electron and first order in I2.

I3− ⇔ I2 + I −
I2 + e − ⇔ I2−•
I2−• →I3− + I −
I2−• + e − →2I −

Eq. 2.2
Eq. 2.3
Eq. 2.4a
Eq. 2.4b

€
€
€
Equations
2.5 and 2.6 express another possible first order mechanism by which
€
the reduction of tri-iodide can occur. In Eq. 2.5 the electron for either the conduction
band or platinum counter electrode causes the I2 to dissociate, which leaves an adsorbed
iodide (Iads) on either the platinum or TiO2. This Iads can then rapidly accept an electron
to produce another I-. The two pathways on which tri-iodide can proceed have been
investigated rigorously in the literature and there is still much debate on the specific
pathway that the net reaction in Eq. 2.1 proceeds upon. But it can be concluded that the
pathway that the reduction of tri-iodide takes is very slow, due to its two-electron
reduction, and this is one of the reasons why the I-/I3- redox couple is the gold standard in
efficient DSSCs.

I3− ⇔ I2 + I −
I2 + e − ⇔ Iads + I −
I2 + e − →I −

Eq. 2.2
Eq. 2.5
Eq. 2.6

€
€ photovoltages produced in DSSCs has been attributed to the I-/I - redox couple.
The low
3
€
Its redox potential is fixed and does not lend itself to manipulation. Changing the redox
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couple to one that has the same two-electron reduction pathway and equilibrium constant
would be a reasonable place to start. One such redox couple is the bromide/tri-bromide
redox couple. The Br-/Br3- redox couple should have the same kinetics as the I-/I3- redox
couple, but with a much larger redox potential (≈0.420V). Such a large redox potential
should increase the Voc considerably while still maintaining excellent regeneration
kinetics and retarded k4 rates (Figure 2.1). The Br-/Br3- redox couple has been shown to
increase the Voc of an eosin Y and several ruthenium polypyridyl dyes significantly
enough to increase the efficiency of these cells when compared to similar cells in the
presence of an I-/I3- redox couple.53, 54 The results of a series of dyes tested by Elizabeth
For the DSSCs in a Br-/Br3- electrolyte with

Mayo are summarized in Table 2.1.

[Os(H2L’)2(CN)2]2+ and [Os(H2L’)L2]2+ (L’ = 4,4’-dicarboxylic acid-2,2’-bipyridine, and
L = 2,2’-bypridine) dyes, the efficiencies were less than the comparable I-/I3- electrolyte.
The DSSCs with [Ru(H2L’)2(CN)2]2+ as the adsorbed sensitizer demonstrated the same
efficiency

as

comparable

cells

[Os(H2L’)2(CN)2]2+,[Os(H2L’)L2]2+,

and

with

I-/I3-

electrolyte.

[Ru(H2L’)2(CN)2]2+

all

The
had

dyes

increased

photovoltages, but they all had reduced photocurrents. The data for N3 in a Br-/Br3electrolyte is not reported because it did not produce any photocurrent or photovoltage.
The reason for this is that the N3 ground state redox potential (0.68V) is too close in
potential to the redox potential of the Br-/Br3- redox couple (0.44V). Although there is a
0.240V over-potential it is not enough to drive the reduction of the oxidized N3. The
amount of over-potential may explain the reduced photocurrents seen in the
[Os(H2L’)2(CN)2]2+,[Os(H2L’)L2]2+, and [Ru(H2L’)2(CN)2]2+ dyes, because their ground
state redox potentials are less than the two dyes that demonstrated increased efficiencies.

The two dyes [Ru(H2L’)L2]

2+
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and [Ru(H2L’)3]2+ demonstrated increased

efficiencies, 24hrs under vacuum. Iodine (Sigma-Aldrich, ≥99.8%, solid, ACS reagent)
was sublimed because not only was the Voc significantly increased but also the Jsc was
maintained at or near the same levels as in comparable DSSCs with an I-/I3- electrolyte.
The decreased currents in [Os(H2L’)2(CN)2]2+,[Os(H2L’)L2]2+, and [Ru(H2L’)2(CN)2]2+
can possibly be increased with the introduction of more bromide. Because the rate of
reduction of oxidized dye is first order, increasing the concentration of bromide will
increase the rate of reduction of oxidized dye. Also, if the ratio of bromide to tri-bromide
is maintained, the Voc should remain constant. The experiments conducted in this chapter
seek to improve photocurrents in DSSCs containing a Br-/Br3- electrolyte.
Experimental
Materials
Acetonitrile (Sigma-Aldrich, 99.8% anhydrous), ethanol (Decon Laboratories,
Inc., 200 proof), lithium bromide (Sigma-Aldrich, 99.9% anhydrous beads), bromine
(Aldrich, 99.99%), titanium tetrachloride (Fluka, ≥99.8%), lithium iodide (99.9%
anhydrous beads), and pyridine (Sigma-Aldrich, 99.8% anhydrous) were all used as
received. Lithium perchlorate (Sigma-Aldrich, ≥95.0%) was dried by fusing at 240oC
over a sand bath and under vacuum. Pyridinium trifluoroacetate (Sigma-Aldrich, 98%)
was purified by dissolving and supersaturating it in acetonitrile.

The pyridinium

trifluoroacetate salt was precipitated by addition diethyl ether. The precipitate was then
filtered through a medium-porosity glass frit, rinsed with diethyl ether, and dried at 40oC.
Os(H2L’)L2(PF6)2 was synthesized as reported in the literature.20 Ru(H2L’)2(CN)2 was
purchased from Solaronix under the label Ruthenizer 505 and used 	
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S+/S*
T iO 2
Voc

I3-/I Br3-/Br-

0.04V
0.44V

S /S+
Figure 2.1. Energy diagram demonstrating the theoretical increase in Voc due to using a
redox couple that is significantly more positive in potential than I-/I3- and is still capable
of thermodynamically reducing the oxidized sensitizer (S).
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Table 2.1. Compiled results comparing I-/I3- and Br-/Br3- electrolytes for a series of dyes.
L’ = 4,4’-dicarboxylic acid-2,2’-bipyridine, and L = 2,2’-bypridine.

26	
  
as received. All materials were stored under a nitrogen atmosphere in a dry box with the
exception of I2, ethanol, Os(H2L’)L2(PF6)2 and Ru(H2L’)2(CN)2. TiO2 screen-printing
paste was purchased from Solaronix under the product name Ti-Nanoxide HT/SP (≈9nm
sized particles) and used as received. Fluorine doped SnO glass slides (4in x 1in) with a
resistivity of 15 Ω cm-2 were purchased from Hartford Glass Co., Inc.
Dye Coated Electrodes
Fluorine doped SnO glass slides were first cleaned in soapy water and rinsed with
18 MΩ water. The slides were subsequently rinsed with acetone, 200 proof absolute
ethanol, and dried under nitrogen. Special care was taken to assure no residue was left on
the slides in the form or spotting or other blemishes. TiO2 screen printing paste was
deposited on the F:SnO slides by screen printing with an AMI Inc. HC-53 screen printer
with a 156 mesh polyester screen and 10.2 µm of MX emulsion (Sefar Printing). The
printed films were covered to prevent dust from settling on top of the slides and left at
room temperature for 1hr. The slides were then dried in a furnace at 80oC for 1hr before
being sintered at 450oC for 30 minutes in air. The thickness of the TiO2 layer on F:SnO
was measured by a Dektak 3030 profilometer and determined to be ≈5 µm thick.
TiO2 slides for photoelectrochemical experiments were prepared by cutting the
4in x 1in slides into 0.5in x 1in electrodes. TiO2 electrodes were cleaned by rinsing with
18 MΩ water and 200 proof absolute ethanol. The TiO2 electrodes were then dried under
nitrogen and the surface of the TiO2 of the electrodes was covered with 3-4 drops of
0.2M TiCl4 and allowed to soak for eight hours. 0.2M TiCl4 is not very air stable as it
was prepared from a stable stock solution of 2M TiCl4.55 After soaking for eight hours in
0.2M TiCl4, the electrodes were rinsed with 18 MΩ water and 200 proof absolute ethanol
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then dried under nitrogen. The slides were sintered at 450oC for thirty minutes and
allowed to cool to 120oC over two hours. The 120oC TiO2 electrodes were immersed in
200 proof absolute ethanolic solutions of approximately 1 x 10-4M Os(H2L’)L2(PF6)2 or
Ru(H2L’)2(CN)2. The slides were immersed while still hot and allowed to soak in the dye
solution for 12-24 hours in the dark.
Electrolyte
Electrolyte solutions of 1.0M LiBr/ 0.08M Br2, 0.75M LiBr/ 0.06M Br2, 0.5M
LiBr/ 0.04M Br2, and 0.25M LiBr/ 0.02M Br2, 0.5M LiI/ 0.04M I2 were all prepared with
a 20mM pyridine and 20mM pyridinium trifluoroacetate buffer. The 20mM pyridine and
20mM pyridinium trifluoroacetate buffer was used to prevent dye desorption and buffer
the proton activity of the TiO2 to stabilize the conduction band edge of the TiO2. LiClO4
was added to electrolyte solutions of 0.75M LiBr/ 0.06M Br2, 0.05M LiBr/ 0.04M Br2,
and 0.25M LiBr/ 0.2M Br2 to maintain a 1.0M concentration of lithium in all the
electrolyte solutions used for increasing concentration studies.

All solutions were

prepared and stored in a nitrogen atmosphere. Electrolyte solutions were either prepared
the day before or day of experimentation and used within three days of the experiment.
Special care was taken to assure that all powdered reagents were completely dissolved in
the electrolyte.
Photoelectrochemistry
A

custom,

three

electrode,

electrochemical

cell

was

used

in

all

photoelectrochemistry experiments (Figure 2.2). The three electrodes were a platinum
gauze counter electrode, platinum wire reference electrode (referenced to the solution
potential), and a dye coated TiO2 slide was the working electrode. The distance between
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To Reference
Pt Wire

Electrolyte:
0.50 M LiI
0.04 M I2
Acetonitrile
20 mM Pyridine
20 mM Pyridinium
Triflate

To Counter
Pt gauze
Distance between WE and CE: 2 mm;
Surface area illuminated: 0.25 cm2

Figure 2.2. Custom three-electrode photoelectrochemical cell used to test I-V behavior in
DSSCs.
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the working and counter electrodes was 2mm, which was determined by a silicon rubber
spacer. Light from a 150 Xe lamp in an Oriel Lamp Research housing was used to
illuminate the photoelectrochemical cell from the backside of the TiO2. Light first passed
through the glass, then the F:SnO2, and finally illuminated the dye coated TiO2. The light
from the xenon lamp was filtered with a long pass 385nm filter to prevent direct
excitation of TiO2. An AM 1.5 and AM 0 filter were used to perfectly match the solar
spectrum at AM 1.5. A Solarex, Inc. diode was used to calibrate the light intensity to
100mW/cm2. The photoelectrochemical cell was placed an appropriate distance from the
lamp that allowed for measurements to be taken at a light intensity of 100mW/cm2.
Electrolyte was introduced into the custom photoelectrochemical cell from the lower port.
Special care was taken to remove any air bubbles in the cell by tapping and flushing the
cell while monitoring the top exit port for bubbles. During experimentation the least
concentrated electrolyte was first added and the following electrolytes were added in
order of increasing concentration.

A BAS 100B potentiostat was used to apply a

scanning potential of 20mV s-1. Scans were performed from 200mV to 600mV or
-800mV depending on the dye and electrolyte used. Current was measured every 2mV.
Scans always began at 0V.

Cell resistances were measured with the BAS 100B

potentiostat and were determined to be 50Ω. The final current potential (I-V) curves
were corrected for cell resistance.
Results and Discussion
[Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSC with a Bromide/tri-Bromide Electrolyte
The dyes, [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+, were studied in four Br-/Br3electrolytes of increasing concentrations. [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ were
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chosen as the dyes to study, because [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ both
exhibited low photocurrents as seen in Table 2.1.

By increasing the electrolyte

concentration, an increase in photocurrent can be achieved while still maintaining the
increased photovoltage for the [Os(H2L’)L2]2+ as seen in Figure 2.3 and Table 2.2. The
open circuit voltage of DSSCs with [Os(H2L’)L2]2+ and the electrolytes 0.25M LiBr/
0.2M Br2, 0.5M LiBr/ 0.4M Br2, 0.75M LiBr/ 0.6M Br2, and 1.0M LiBr/ 0.8M Br2 all had
open circuit voltages within 3% of each electrolyte. The open circuit voltages were 782mV, 763mV, 770mv, and 760mV in order of increasing electrolyte concentration.
The open circuit voltages remained relatively constant. The short circuit currents showed
a remarkable increase with increasing electrolyte concentration. The short circuit current
increased from 1.12 mA cm-2 for [Os(H2L’)L2]2+ in the electrolyte 0.25M LiBr/ 0.2M
Br2, to 1.91 mA cm-2 for the electrolyte containing 0.75M LiBr/ 0.6M Br2.

This

correlates to a 70.5% increase in short circuit current density. The short circuit current
density also increased when increasing the electrolyte concentration from 0.25M LiBr/
0.2M Br2 to 0.5M LiBr/ 0.4M Br2. The increase in current from 0.25M LiBr/ 0.2M Br2 to
0.5M LiBr/ 0.4M Br2 was only 17% which was not as great an increase in current from
the electrolyte 0.5M LiBr/ 0.4M Br2 to the electrolyte 0.75M LiBr/ 0.6M Br2. The
increase in short circuit current from the 0.5M LiBr/ 0.4M Br2 electrolyte to the 0.75M
LiBr/ 0.6M Br2 electrolyte was 46%. The short circuit current density for [Os(H2L’)L2]2+
in the 0.75M LiBr/ 0.6M Br2 electrolyte decreased by 9% when going to the 1.0M LiBr/
0.8M Br2 electrolyte. The decrease in current is most likely due to the insolubility of
such a high concentration of LiBr.

Over time, the 1.0M LiBr would eventually

crystallize out of the solution in high concentrations. On occasion the LiBr would
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Figure 2.3. Current versus potential characteristics of [Os(H2L’)L2]2+ in the presence of
increasing Br/Br3- concentrations under AM 1.5 solar simulated conditions. All
electrolytes contained 1.0M Li+, 20mM pyridine, and 20mM pyridinium trifluoroacetate.
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[Os(H2L’)L2]2+
0.25M Br 0.50M Br/ 0.75M Br/ 1.00M Br/
/0.02M Br3- 0.04M Br3- 0.06M Br3- 0.08M Br3Voc (mV)

-782

-764

-770

-760

Jsc (mA)

1.12

1.31

1.91

1.75

ff

0.71

0.74

0.68

0.66

Efficiency (η%)

0.62

0.74

1.00

0.88

Table 2.2. All electrolytes contained 1.0M Li+, 20mM pyridine, and 20mM pyridinium
trifluoroacetate.
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remain in solution and not crystallize out of solution. Such behavior could be due to
changes in ambient temperature in the laboratory, seeding points on the inside of the
Schlenk vessel, or slight variations in electrolyte solution. Because LiBr would only
recrystallize some of the time, the electrolyte 1.0M LiBr/ 0.8M Br2 was believed to be
supersaturated. The supersaturated nature of the electrolyte could have contributed to the
9% decrease in short circuit current density seen in the [Os(H2L’)L2]2+ DSSC with a
1.0M LiBr/ 0.8M Br2 electrolyte. Fill factors for the [Os(H2L’)L2]2+ DSSCs remained
relatively constant for increasing Br-/Br3- electrolyte concentrations. The fill factors were
at most within 10% of each other. The efficiencies of the [Os(H2L’)L2]2+ DSSCs showed
a 70% percent increase from the 0.25M LiBr/ 0.2M Br2 electrolyte to the 0.75M LiBr/
0.6M Br2 electrolyte. There was also a 17% increase in efficiency from the electrolyte
concentration of 0.25M LiBr/ 0.2M Br2 to 0.5M LiBr/ 0.4M Br2. A 12% decrease in
efficiency occurred when going from the 0.75M LiBr/ 0.6M Br2 to the 1.0M LiBr/ 0.8M
Br2. The increase and decrease in efficiency is due to the changes seen in the
photocurrent as a function of electrolyte concentration. As seen in Equation 1.1, a
change in short circuit current would generate a proportional change in the efficiency.
The changes in efficiency follow the changes in current with a significant increase in
efficiency from the 0.25M LiBr/ 0.2M Br2 electrolyte to the 0.75M LiBr/ 0.6M Br2
electrolyte, which directly correlates to the large increase in photocurrent from the
different electrolyte concentrations. Also, a decrease in efficiency from the 0.75M LiBr/
0.6M Br2 electrolyte to the 1.0M LiBr/ 0.8M Br2 electrolyte was observed. This trend
also followed the trend in short circuit current. The increase in short circuit current was
the only significant change that occurred when increasing the electrolyte concentration.
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Because the fill factors and open circuit voltages remained relatively constant for all
concentrations of

Br-/Br3- electrolyte and the short circuit currents increased with

increasing concentrations of Br-/Br3- electrolyte, the efficiency of the [Os(H2L’)L2]2+
DSSCs increased.
[Ru(H2L’)2(CN)2]2+ exhibited similar trends as [Os(H2L’)L2]2+, but the changes in
short circuit current and efficiency were not as significant (Figure 2.4 and Table 2.3).
The open circuit voltages of [Ru(H2L’)2(CN)2]2+ DSSCs in Br-/Br3- electrolytes were
within 7% percent of each other and did not show any trends in the slight increases and
decreases in open circuit voltages for the Br-/Br3- electrolytes.

The fill factors of

[Ru(H2L’)2(CN)2]2+ DSSCs exhibited values that were within 6% of each other. The
increasing concentrations of Br-/Br3- electrolytes did not affect the fill factor
characteristics of [Ru(H2L’)2(CN)2]2+ DSSCs.

The short circuit currents of

[Ru(H2L’)2(CN)2]2+ DSSCs increased with increasing concentrations of Br-/Br3electrolyte.

The increase in short circuit current from the 0.25M LiBr/ 0.2M Br2

electrolyte to the 0.75M LiBr/ 0.6M Br2 electrolyte increased by 66%, which is a similar
increase to that in the [Os(H2L’)L2]2+ DSSCs of 70%. The increase in current from the
0.25M LiBr/ 0.2M Br2 electrolyte to the 0.50M LiBr/ 0.4M Br2 electrolyte in
[Ru(H2L’)2(CN)2]2+ DSSCs was 38%. The increase in current from 0.25M LiBr/ 0.2M
Br2 electrolyte to the 0.50M LiBr/ 0.4M Br2 electrolyte for [Os(H2L’)L2]2+ DSSCs was
significantly less at 17% when compared to [Ru(H2L’)2(CN)2]2+ DSSCs.

A similar

decrease in current was observed when going from the 0.75M LiBr/ 0.6M Br2 electrolyte
to the 1.0M LiBr/ 0.8M Br2 electrolyte in [Ru(H2L’)2(CN)2]2+ DSSCs. The decrease in
current for [Ru(H2L’)2(CN)2]2+ DSSCs from 0.75M LiBr/ 0.6M Br2 to the 1.0M LiBr/
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Figure 2.4. Current versus potential characteristics of [Os(H2L’)L2]2+ in the presence of
increasing Br/Br3- concentrations under AM 1.5 solar simulated conditions. All
electrolytes contained 1.0M Li+, 20mM pyridine, and 20mM pyridinium trifluoroacetate.
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[Ru(H2L’)2(CN)2]2+
0.25M Br
0.50M Br/ 0.75M Br/ 1.00M Br/
/0.02M Br3 0.04M Br3- 0.06M Br3- 0.08M Br3Voc (mV)

702

664

654

674

Jsc (mA)

0.36

0.50

0.60

0.55

ff

0.54

0.54

0.51

0.51

Efficiency (η%)

0.14

0.18

0.20

0.19

Table 2.3. All electrolytes contained 1.0M Li+, 20mM pyridine, and 20mM pyridinium
trifluoroacetate.
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0.8M Br2 electrolyte was 9% which is the same percent change seen in [Os(H2L’)L2]2+
DSSCs of the same electrolytes.
[Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSC Equilibration
The [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs both required a certain
amount of time to equilibrate to their maximum values. In the case of DSSCs with the
dye [Os(H2L’)L2]2+ and a 0.5M LiBr/ 0.4M Br2 electrolyte it took 80 minutes before the
dye reached its maximal values (Figures 2.5 and 2.6). Over the 80-minute duration of the
experiment the open circuit voltages and fill factors did not vary significantly and they
did not increase over time. The open circuit voltages stayed within 4mV of each other
and the fill factors were within 4 percent of each other. The short circuit currents in
[Os(H2L’)L2]2+ DSSCs increased significantly from the beginning of the experiment to
the end. The current approximately quadrupled from time zero to 80 minutes, going from
0.37 mA cm-2 to 1.31 mA cm-2. This increase in current also increased the efficiency of
the cells significantly from 0.21% to 0.74%.

The increase in efficiency was

approximately the same as the increase in current. Similar results were seen in the
[Ru(H2L’)2(CN)2]2+ DSSCs in the same electrolyte of 0.5M LiBr/ 0.4M Br2, but the
increases in current and efficiency were not as significant (Figures 2.7 and 2.8). Also, the
time needed to reach maximal values was less for [Ru(H2L’)2(CN)2]2+ DSSCs than for
[Os(H2L’)L2]2+ DSSCs. It took 50 minutes to reach maximal values as opposed to 80
minutes for [Os(H2L’)L2]2+ DSSCs. The open circuit voltages in [Ru(H2L’)2(CN)2]2+
DSSCs were more varied when compared to [Os(H2L’)L2]2+ DSSCs. The open circuit
voltage decreased 32mV over 50 minutes, but this was only a 5% change and can be
considered negligible. The fill factors slightly increased but only by about 5% which is
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Figure 2.5. Current versus potential curves of [Os(H2L’)L2]2+ taken over time until the
cell equilibrated. The electrolyte used was 0.5M LiBr, 0.04M Br2, 0.5M LiClO4, 20mM
pyridine, and 20mM pyridinium trifluoroacetate in acetonitrile.
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Figure 2.6. Plot of short circuit current, open circuit voltage, fill factor, and efficiency
versus time for [Os(H2L’)L2]2+. The electrolyte used was 0.5M LiBr, 0.04M Br2, 0.5M
LiClO4, 20mM pyridine, and 20mM pyridinium trifluoroacetate in acetonitrile.
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Figure 2.7. Current versus potential curves of [Ru(H2L’)2(CN)2]2+ taken over time until
the cell equilibrated. The electrolyte used was 0.5M LiBr, 0.04M Br2, 0.5M LiClO4,
20mM pyridine, and 20mM pyridinium trifluoroacetate in acetonitrile.
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Figure 2.8. Plot of short circuit current, open circuit voltage, fill factor, and efficiency
versus time for [Ru(H2L’)2(CN)2]2+. The electrolyte used was 0.5M LiBr, 0.04M Br2,
0.5M LiClO4, 20mM pyridine, and 20mM pyridinium trifluoroacetate in acetonitrile.

negligible as well.
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The short circuit current increased by 19% over the 50-minute

experiment. While this increase was not as significant as that seen in the [Os(H2L’)L2]2+
DSSCs it is still considerable. The increase in current and negligible changes in fill
factors and open circuit voltages led to a similar ≈20% increase in efficiency over 50
minutes. Similar increases in currents and efficiencies were observed in all electrolytes
to varying degrees. The most significant changes over time observed for the two test
dyes in the 0.5M LiBr/ 0.4M Br2 electrolyte was in the short circuit current. Such
changes over time indicate that an equilibrium must be achieved in order to achieve
maximal values. It is possible that intercalation and adsorption of the lithium cations as
well as the subsequent adsorption of the bromide anion require a certain amount of time
to equilibrate and facilitate efficient operation of DSSCs. There are no reports in the
literature of such equilibration, but reports as to the effect of cations on the regeneration
and recombination of oxidized dye with iodide indicate that cation intercalation and
adsorption facilitate faster regeneration rates and slower recombination.56,57
Bromide vs. Iodide Electrolytes
When comparing [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs in the presence
of 0.5M Li+/0.5M I-/0.04M I2 and 0.5M Li+/0.5M Br-/0.04M Br2 some notable
differences are observed (Table 2.4). In [Os(H2L’)L2]2+ DSSCs the short circuit current,
fill factor, and efficiency are significantly decreased, but the open circuit voltage
increased by 80mV from 400mV when going from a 0.5M Li+/0.5M I-/0.04M I2
electrolyte to a 0.5M Li+/0.5M Br-/0.04M Br2 electrolyte.

DSSCs containing

[Ru(H2L’)2(CN)2]2+ as the light absorber showed a significant decrease in current and
efficiency, but the fill factors remained the same when going from a 0.5M Li+/0.5M I-
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/0.04M I2 electrolyte to a 0.5M Li /0.5M Br-/0.04M Br2 electrolyte. The open circuit
+

voltage in the [Ru(H2L’)2(CN)2]2+ DSSC increased significantly by approximately
200mV.
A Careful note must be taken to clarify the differences in the results reported in
this work when compared to the results reported by Elizabeth Mayo. The primary
differences from the work in this thesis and Elizabeth Mayo’s thesis is the thickness of
the TiO2 layer and the size of the nanoparticles. The TiO2 slides by Elizabeth Mayo were
10µm thick with nanoparticles that were 15nm in diameter. The TiO2 slides used in this
work were 5µm thick with a nanoparticle diameter of 9nm. Several publications have
studied the effects of film thickness and particle size in DSSCs.58-60 In general, smaller
particles increase the surface area and allow for more dye to be absorbed, but light
scattering effects are decreased and the diffusion lengths are smaller.

Less light

scattering usually leads to less to current because light that wasn’t absorbed cannot be
redirected to be absorbed.

Smaller diffusion lengths typically lead to more

recombination. Increasing
film thickness leads to an increase in current because by increasing the film more dye can
be absorbed. In the results reported in this thesis and that of Elizabeth Mayo’s thesis
there was a 2x difference in film thickness. The currents reported for [Os(H2L’)L2]2+ and
[Ru(H2L’)2(CN)2]2+ DSSCs for this work were less when compared to Elizabeth Mayo’s
work for both iodide and bromide based electrolytes. The open circuit voltages of this
work and Elizabeth Mayo’s work were also less, which was also mostly due to the lower
currents. Only in the [Ru(H2L’)2(CN)2]2+ DSSCs with 0.5M Li+/0.5M I-/0.04M I2 was the
open circuit voltage large but it was not a significant increase in voltage.
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[Os(H2L')L2]2+

Table 2.4.

[Ru(H2L')2(CN)2]2+

I

Br

I

Br

Voc (mV)

-415

-502

-548

-748

Jsc (mA)

6.17

0.81

6.62

1.23

ff

0.70

0.50

0.66

0.62

Efficiency (η%)

1.80

0.20

2.39

0.56

All electrolytes contained 20mM pyridine and 20mM pyridinium

triflouroacetate. The I-/I3- electrolyte contained 0.5M LiI and 0.04M I2 and the Br-/Br3electrolyte contained 0.5M LiBr and 0.04Br2.
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Effect of Lithium Concentration
When [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs with an electrolyte
concentration with a 1.0M Li+/0.5M Br-/0.04M Br2 electrolyte are compared to data
collected in a 0.5M Li+/0.5M Br-/0.04M Br2 electrolyte some striking differences are
observed. In the [Os(H2L’)L2]2+ DSSC with a 1.0M Li+/0.5M Br-/0.04M Br2 electrolyte
the short circuit current and open circuit voltages were all larger than the [Os(H2L’)L2]2+
DSSC with a 0.5M Li+/0.5M Br-/0.04M Br2. The large open circuit voltage can simply
be explained by the almost double increase in short circuit current. The increase in
current with an increase in lithium concentration is not as clear. It is well accepted that
lithium intercalates and adsorbs to the surface of TiO2.56,61-63 Lithium intercalation has
been shown to effectively move the flatband potential of the TiO2 conduction band edge
to more positive potentials, thus increasing injection, electron hole pair separation, and
photocurrent. While this seems to explain the increased photocurrent and subsequent
photovoltage in [Os(H2L’)L2]2+ DSSCs, a significant decrease in photocurrent is
observed when comparing [Ru(H2L’)2(CN)2]2+ DSSCs in 0.5M Li+/0.5M Br-/0.04M Br2
electrolyte to a 1.0M Li+/0.5M Br-/0.04M Br2 electrolyte.

Such a decrease in

photocurrent can possibly be explained by the formation of a dye+-Br- adduct. Such
dye+-I- adducts have been observed for [Ru(H2L’)2(diethyldithiocarbamate)2]2+,
[Ru(H2L’)2(CN)2]2+, [Ru(H2L’)2(Cl)2]2+, and [Ru(H2L’)2(NCS)2]2+.64,

65

The I- has been

shown to form an adduct with the aforementioned dyes by either bonding, ion pairing, or
specific π interaction through the diethyldithiocarbamate, CN, Cl, and NCS ligands. It is
believed that this dye+-I- adduct helps facilitate regeneration of the oxidized dyes. It is
possible that if an adduct is formed with Br-, it prevents or slows down regeneration in
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[Ru(H2L )2(CN)2] DSSCs. It may be possible that lithium intercalation and absorption
’

2+

may facilitate the formation of more or longer-lived dye+-Br- adducts that retard
regeneration and accelerate recombination, but there is no literature evidence for cation
interaction with dye adduct. What is known is that cations facilitate the adsorption of
anions such as iodide. By doing so it is possible that the iodide ions are closer to the
surface bound dye to produce adducts. More studies would need to be conducted to
conclude such interactions of the dye with the redox couple and thier affect on DSSC
performance. The aforementioned explanation is only based on the limited and recently
discovered adduct.
Conclusions
Increasing

the

concentration

of

bromide

in

[Os(H2L’)L2]2+

and

[Ru(H2L’)2(CN)2]2+ DSSCs effectively increased the short circuit current, while
maintaining a consistent voltage that was substantially increased when compared to
iodide based electrolytes. The fill factors and voltages remained largely unaffected by
the increasing concentrations of electrolyte. The short circuit currents increased with
increasing concentrations of electrolyte and consequently increased the efficiency of the
[Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs. Although the efficiencies increased with
increasing Br-/Br3- concentration the efficiencies were still not greater than
[Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs in an I-/I3- electrolyte. Equilibration of
the [Os(H2L’)L2]2+ and [Ru(H2L’)2(CN)2]2+ DSSCs was required to obtain maximal
efficiency of the cells. Equilibration of the cell in [Os(H2L’)L2]2+ DSSCs was longer
than in [Ru(H2L’)2(CN)2]2+ DSSCs, and the changes in photocurrent were larger in
[Os(H2L’)L2]2+ DSSCs than [Ru(H2L’)2(CN)2]2+ DSSCs. The concentration of lithium
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significantly affects the performance of DSSCs. In [Os(H2L’)L2]2+ DSSCs the short
circuit currents were increased, but in the [Ru(H2L’)2(CN)2]2+ DSSCs short circuit
currents were decreased. In conclusion, increasing the concentration of bromide and
bromine in the electrolyte increased the current while maintaining a high open circuit
voltage. Use of a bromide and bromine electrolyte increased the open circuit voltage of
DSSCs when compared to DSSCs with an iodide and iodine electrolyte. The effects of
lithium would indicate there may be a specific concentration range that works best. This
could be achieved by using a specified amount of lithium bromide or lithium percholrate
to achieve the desired lithium concentration and using a tetrabutlyammonium bromide
salt (tetrabutlyammonium does not intercalate or adsorb to TiO2) to increase the bromide
concentration.
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Chapter 3
Characterization of Corroles
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Introduction
Several dye sensitizers have been used since the discovery of an efficient DSSC
by O’Reagan and Grätzel.66 Dye sensitizers for DSSCs should ideally absorb across the
entire visible spectrum (Figure1.3), have a suitable redox potentials for regeneration and
injection, and have a binding group to bind to TiO2. An exciting class of molecules that
meet these requirements are porphyrins. Porphyrins have been identified as potential
candidates for dye sensitizers in DSSCs because of their well known strong absorbances
in the 400-450nm region, known as the Soret of B band, and the 500-700nm region,
known as the Q band. Their large extinction coefficients and broad spectral overlap
make porphyrins prime light absorbers for photosynthesis, which lends to their efficacy
in DSSCs. Several porphyrins have the appropriate LUMO and HOMO to allow for
efficient injection and regenereration.67-69 Also porphyrins have been functionalized with
several binding groups such as phosphonic acid, carboxylic acid, and sulfonic acid
groups.70, 71 Currently, porphyrins have reached a record efficiency of 7.1%.72
Many porphyrins have been used in DSSCs to varying degrees of success. Zinc
and free-base porphyrins based on meso-benzoic acid substituted porphyrins (TCPP)
were some of the first used to sensitize TiO2. Zn-TCPP was reported to have a very low
efficiency of 1.1%, but the TCPP had a slightly higher efficiency of 3.5%.73, 74 In addition
to TCPP a derivative with sulfonic acid binding groups (TSPP) in place of the carboxylic
acid binding groups has been used in DSSCs. Ma et al. were seeking to investigate the
effect of the functional groups on DSSC performance by comparing TCPP, TSPP, and
TPP (5,10,15,20-tetraphenyl-porphyrin). Their studies showed that TCPP was nine times
more efficient than TSPP and TPP gave negligible efficiencies because it had no binding
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groups. There are several reasons why the aforementioned porphyrins have had such
limited success. Some reasons include that the porphyrins readily aggregate, but it has
been demonstrated that the low efficiencies are more likely due to the binding groups
being located in the meso positions of the porphyrins.75 In porphyrins where the binding
groups are on meso substituted phenyl rings, conjugation from the macrocycle to the
binding group is not possible.76 It is possible for conjugation to occur to a styryl from a
β-pyrrolic linker. Also, studies of electron transfer in porphyrin-quinone donor-accepter
systems show that oxidation of the porphyrin is easier in β-substituted porphyrins than
for meso-substituted porphyrins.77 β-substituted porphyrins have demonstrated higher
efficiencies in DSSCs than those with meso-substituted binding groups with the most
efficient porphyrin to date being a β-substituted porphyrin.
In addition to β-substitution, the amount of conjugation and nature of the linker to
the binding group has a profound effect on the electronic absorption characteristics of
porphyrins. By functionalizing a porphyrin at the β-position with extended π systems,
enhancement of the red-absorbing Q-bands is achieved.78,

79

Enhancement of the Q-

bands is caused by the splitting of the four frontier molecular orbitals of the Gouterman’s
four-orbital model.80 By enhancing the Q-band absorption β-substituted porphyrins with
extended π systems can absorb more of the visible spectrum, which has lead to more and
more efficient porphyrins.72,81,82 In contrast to the effect that β-substitution has on the
electron absorption properties, aryl groups located at the meso-positions have no effect
on the absorption spectra of β-substituted corroles.72

Some of the most promising

alternatives to potentially expensive ruthenium polypyridyl dye sensitizers have been
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porphyrins. Through β-substitution the absorption spectra can be red shifted allowing for
better spectral overlap with the visible spectrum.
Because porphyrins have been shown to be efficient sensitizers, it is possible for
similar molecules to be as good or possibly better than the existing porphyrins used to
sensitize TiO2. Corroles are molecules that are very similar to porphyrins (Figure 3.1).
They have the same tetrapyrrolic construction and their spectra consist of the
characteristic B and Q bands. Although similar to porphyrins corroles have distinct
differences from their porphyrin brethren. Corroles lack one meso-carbon. Instead of
this meso-carbon two of the four pyrroles are directly bonded to one another. Another
key difference between corroles and porphyrins is that inner pocket is tri-basic unlike the
porphyrins bis-basic pocket. Finally corroles typically have higher quantum yields of
fluorescence when compared to similar porphyrins.83
Corroles have not been readily investigated until recently. The first report of a
corrole synthesis was by Johnson and Kay in 1965.84 The synthesis proceeded in low
yields and was very difficult. Because of the long, difficult synthesis, much work in the
field was very limited. This was remedied by the almost simultaneous discovery of two
facile synthetic methods for the preparation of 5,10,15-triarylcorroles by Gross and
Paolesse in 1999.85, 86 Since the discovery of these facile syntheses a boom in corrole
research has occurred. A quick search of the literature shows that 85% of all publications
associated with corroles are after 1999 (Figure 3.2). Very little is known about the
fundamental properties of corroles as they compare to porphyrins. Even less is known
about how corroles compare to porphyrins in similar applications such as cancer
diagnosis, treatment, and DSSCs.87 This chapter seeks to investigate the effects on
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Analysis of corrole publication history since the first corrole synthesis

publication in 1965.

In 1999 Gross and Paolesse developed a more facile corrole

synthesis, which is the reason behind the boom in corrole publications after 1999.
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corrole β-substituted linkers and binding groups on the visible absorption spectra, IR
spectra, and redox potentials of corroles for applications in DSSCs.
Experimental
Synthesis
The

corroles

tpfc-(SO3H)2,

Ga-tpfc-(SO3H)2,

Ga-tpfc-(CN-COOH),

and

Al-tpfc-CN-COOH are depicted in Figure 3.3 and were synthesized and characterized
according to literature procedures.88-90 The corroles Ga-tpfc-COOH, Ga-tpfc-(COOH)2,
Ga-tpfc-(CN-COOH)2,

Ga-tpfc-C(COOH)2,

Al-tpfc-SO3H,

Al-tpfc-(COOH,

and

Al-tpfc-C(COOH)2 were used as received from Zeev Gross.
Electronic Spectroscopy
UV-Vis spectra were collected using an Agilent 8453A diode array spectrometer.
All corrole spectra were taken in acetonitrile (Sigma-Aldrich, 99.8% anhydrous). Starna
4 sided quartz cuvettes were used for unbound dyes in solution. Spectra of corroles
bound to TiO2 were taken in air. Corroles were bound to TiO2 in the same manner as
described in Chapter 2 of this thesis.
IR spectroscopy
All IR spectra were taken on a Nicolet 6700 FTIR.

Corrole samples were

prepared in powdered form and pressed into pellets. Corroles were bound to TiO2 in the
same manner as described in Chapter 2. Once the dyes were bound to TiO2, they were
placed in individual aluminum foil wrapped vials. The slide containing vials were placed
in a vacuum desiccator overnight.

To prepare corrole-TiO2 samples for IR, the

corrole-TiO2 was carefully scraped off approximately 3 slides using a new razor blade.
Pellets of corrole dyed TiO2 were then pressed. Spectra were taken with a 0.5cm-1
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resolution in transmission mode. All spectra were baseline corrected. For TiO2 baseline
correction below 1200cm-1 was difficult due to the absorbance in the IR by TiO2 and
carried out as best as possible. The spectra were normalized to the CN stretch for N3 dye
and the 1522cm-1 stretch for the corroles.
Electrochemistry
A standard three-electrode cell was used to conduct cyclic and differential pulse
voltammetry.

The electrodes consisted of a platinum working electrode, platinum

counter electrode, and a non-aqueous silver/silver nitrate reference electrode.

The

reference electrode was prepared first by cleaning a silver wire in aqua regia (1:4 parts by
volume of nitric acid in hydrochloric acid). A saturated solution of silver nitrate was
prepared in acetonitrile (BakerDry 99.5% anhydrous). The electrolyte used consisted of
0.1M tetrabutlyammonium hexafluorophosphate (TBAPF6) in acetonitrile (BakerDry
99.5% anhydrous). TBAPF6 was purified by recrystallization in a water/ethanol mixture.
Five parts ethanol in one part water was warmed and saturated with TBAPF6. The
solution was then placed in an ice bath and allowed to cool at which point crystals of
TBAPF6 formed. The crystals were filtered using a coarse glass frit, rinsed with cold 5:1
ethanol:water mixture, and finally rinsed with ether. The recrystallized TBAPF6 was
dried over a mineral oil bath at 80oC under vacuum. A BAS 100B scanning potentiostat
was used to collect cyclic and differential pulse voltammetry data. Between each sample
and scan all three electrodes were rinsed, cleaned, and tested for abnormalities by
scanning them in a 0.1M TBAPF6 electrolyte.
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Results and Discussion
Electronic spectroscopy
The electronic spectra of the corroles in acetonitrile indicated significant
differences and similarities that can be attributed to several factors. Similarities are noted
in spectra that contain sulfonic acid groups in the β-positions (Figure 3.4). Corroles with
sulfonic acid groups in the β-position all have Soret Bands that are at or near 430nm.
Also, the Q-bands for the corroles with sulfonic acids groups in the β-position exhibit
two bands between 550nm and 650nm. When comparing the effect of the metal on the
electronic spectra of the corroles with sulfonic acids in the β-position, it can be seen that
the gallium and aluminum spectra are red shifted by approximately 40nm to 50nm when
compared to the Sn-tpfc-(SO3H)2. The free base sulfonated corrole’s electronic spectra is
relatively broad when compared to the spectra of metallated corroles. Metallation of
corroles seems to make the Q-bands more defined when compared to free base corrole.
Adding carboxylic acid binding groups to the β-position of the corroles does not affect
the electronic spectra of caboxylated corroles compared to their sulfonic acid analogues
(Figures 3.5 and 3.6). In contrast to direct carboxylation and sulfonation of the βposition of corroles, the addition of electron withdrawing π linkers red shifted the spectra
of the gallium and aluminum corroles. The degree of the red shift increased in order of
electron withdrawing character of the linkers for aluminum and gallium corroles. The
bis-CN-COOH was the most red shifted in the series of β-substituted gallium corroles
followed by the mono-CN-COOH. The gallium corrole with the malonic acid group was
only slightly more red shifted than its caboxylated and sulfonated analogues. In the
series of β-substituted aluminum corroles, the highest red shift was observed in the

	
  

57	
  
mono-CN-COOH, followed by the aluminum corrole with a malonic acid group. The
Al-tpfc-CH-(COOH)2 was more red shifted than its carboxylated and sulfonated
analogues. The degree of red shift seen in the Al-tpfc-CH-(COOH)2, when compared to
its carboxylated and sulfonated counterparts, is greater than the degree of red shift seen in
Ga-tpfc-CH-(COOH)2, when compared to its carboxylated and sulfonated counterparts.
Another interesting aspect that the linkers and binding groups have on the electronic
spectra other than red shifting the spectra is that they increase the epsilon values. When
comparing corroles with aluminum and gallium corroles with analogous functional
groups, corroles with gallium were more red shifted than analogous aluminum corroles
(Figures 3.7 - 3.9). The addition of a nitrile group in conjunction with a π-conjugated
linker nearly doubles the epsilon values of the gallium and aluminum corroles
with-CN-COOH moieties when compared to their sulfonated and carboxylated
analogues. The increased red shift and epsilon values due to the electron withdrawing
character of π-conjugated linkers on the β-position of the corroles has also been observed
by Chen et al. in nickel tetraphenylporphyrins.78 By increasing the electron withdrawing
character of β-substituted linkers they also observed increased red shifts and epsilon
values.
Chemisorption of the corroles on TiO2 has unique effects on the electronic spectra
of the corroles (Figures 3.10 - 3.12). Chemisorption effectively deprotonates the corroles
which is the primary cause of the shifts in spectra between bound and unbound corroles.
It is difficult to quantitate the shifts, because the light scattering caused by the TiO2
destroys some of the finer splitting in the Q and Soret bands. The pH can also have a
large effect the electronic characteristics of the corroles causing shifts in the intensities of
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the different bands in the Q-band region as well as the Soret.91 Shifts to the red and blue
have also been seen between bound, unbound, protonated, and deprotonated ruthenium
polypyridyl dyes.92 Binding to TiO2 effectively deprotonates the corroles causing shifts
in the spectra when compared to unbound corrole dyes in acetonitrile. The spectra of
corroles bound to TiO2 indicated that they are chemisorbed to TiO2. Also, a considerable
amount of corrole dye is absorbed onto the TiO2. The gallium dyes seem to be more
readily absorbed onto TiO2. This can be seen by the fact the Q bands of the gallium dyes
absorb approximately 80% of the incident light. Corroles that chemisorbed to TiO2 show
differences in their spectra when compared to their solution spectra. Some of the finer
splitting in the Q and Soret bands is lost due to the increased scattering caused by the
TiO2 particles and it is difficult to make specific peak maxima assignments. Although
small shifts in the electronic spectra of corroles did occor, the order of red shifting did not
change and was conserved. Also, an important thing to note is that the region between
the Q and Soret bands absorbs 20% of the incident light. When the corroles are absorbed
to TiO2 the red shifts for the corroles with π-conjugated linkers are conserved for
aluminum and gallium corroles. The adsorption of corroles onto TiO2 also does not
affect the red shift caused by gallium when compared to analogous corroles with
aluminum (Figures 3.13 - 3.15). The similarities of corroles in solution and bound to
TiO2 indicate that the benefits of increased red absorbance achieved through the addition
of β-substituted π-conjugated linkers is conserved and could prove to be advantageous in
DSSCs.
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Figure 3.3. Absorbance spectra of sulfonated corroles in acetonitrile. Spectra were
normalized at the Soret band.
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Figure 3.4.

Absorbance spectra of gallium corroles in acetonitrile.

normalized at the Soret band.
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Figure 3.5. Absorbance spectra of aluminum corroles in acetonitrile. Spectra were
normalized at the Soret band.
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Figure 3.6. Absorbance spectra comparing the effect of aluminum and gallium for
mono-COOH substituted tpfc. Spectra were taken in acetonitrile and normalized at the
Soret band.
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Figure 3.7. Absorbance spectra comparing the effect of aluminum and gallium for
mono-CN-COOH substituted tpfc. Spectra were taken in acetonitrile and normalized at
the Soret band.
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Figure 3.8. Absorbance spectra comparing the effect of aluminum and gallium for
mono-CH-(COOH)2 substituted tpfc. Spectra were taken in acetonitrile and normalized
at the Soret band.
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Figure 3.9. Absorbance spectra of sulfonated corroles adsorbed on TiO2. Spectra were in
air and normalized at the Soret band.
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Figure 3.10. Absorbance spectra of gallium corroles adsorbed on TiO2. Spectra were in
air and normalized at the Soret band.
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Figure 3.11. Absorbance spectra of aluminum corroles adsorbed on TiO2. Spectra were
in air and normalized at the Soret band.
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Figure 3.12. Absorbance spectra comparing the effect of aluminum and gallium for
mono-COOH substituted tpfc. Spectra were taken in air and normalized at the Soret
band.
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Figure 3.13. Absorbance spectra comparing the effect of aluminum and gallium for
mono-CN-COOH substituted tpfc. Spectra were taken in air and normalized at the Soret
band.

	
  

70	
  
1

Ga!tpfc!(CH!COOH)2
Al!tpfc!(CH!COOH)2

0.9

Percent Absorbance

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
400

450

500

550

600

650

700

750

800

Wavelength (nm)

Figure 3.14. Absorbance spectra comparing the effect of aluminum and gallium for
mono-CH-(COOH)2 substituted tpfc. Spectra were taken in acetonitrile and normalized
at the Soret band.
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IR Spectroscopy
The IR spectra of corroles bound to TiO2 can give insight into the nature of
binding of corroles to TiO2.92-94 The N3 dye and Ga-CN-COOH corrole both had a
strong band at 2100cm-1 for the –CN stretch of the N3 dye and 2200cm-1 for the –CN
stretch of the Ga-CN-COOH corrole (Figures 3.16 and 3.17). For N3 and Ga-CN-COOH
the-CN stretch did not change when comparing bound and unbound spectra which
indicated that the dyes did not bind to TiO2 by using the CN groups as in FeII(CN)64sensitized TiO2.95 The IR spectra of N3 was normalized to the strong -CN band at
approximately 2100cm-1. In the IR spectra of unbound N3 dye, a strong peak is observed
at 1700cm-1, which is where free carboxylic acid groups appear. In the spectra of N3
bound to TiO2, peaks at 1614cm-1 and 1384cm-1 appear. These peaks are due to the
asymmetric and symmetric stretching of the bound carboxylic acid.92,

94

The peak at

1700cm-1 can also still be seen in the bound spectra indicating there is still some free
carboxylic acid present. Because the stretch at 1700cm-1 is still present, this indicates
that N3 dye is bound in either a bidentate or bridging mode.92
All corrole IR spectra exhibited very similar spectra to one another as well as
porphyrins (Figures 3.17 – 3.21). All corrole spectra showed the same stretches between
2800cm-1 and 3000cm-1 that were assigned to the porphyrin aromatic C-H stretching.
The spectra for all the corroles were similar to each other and porphyrins between
1550cm-1 and 900cm-1 with slight variations due to the missing meso carbon and various
β-substituents. This study focused primarily on the investigation of binding of gallium
corroles to TiO2. All corroles that were not bound to TiO2 with carboxylic acid groups
displayed small bands near 1700cm-1 that belonged to the free carboxylic acids. When

	
  

72	
  
the corroles with carboxylic acids are bound to TiO2 they all displayed new bands
appearing at approximately 1610cm-1 for the asymmetric carboxylic stretch and 1370cm-1
symmetric carboxylic stretch. Unlike the spectra of bound and unbound N3 dye the
corroles exhibited stronger asymmetric stretching than symmetric stretching. The ratio of
asymmetric to symmetric stretching for N3 was approximately 1:1, but for the corroles
the ratio of asymmetric to symmetric stretching was approximately 3:1. One interesting
note was the increase of free carboxylic stretch of the Ga-tpfc-(COOH)2 when compared
to the Ga-tpfc-(COOH). Also, the sulfonic acid presented a unique binding spectra due to
its β-substituted sulfonic acid.

In the unbound spectra the absorptions in between

1750cm-1 to 1550cm-1 were due to the free sulfonic acid groups and were similar
absorptions to carboxylic acids.

Sulfonic acid binding was observed on spectra of

Ga-tpfc-(SO3H)2 by the appearance of a sulfoxide peak at 1049cm-1.

All corroles

indicated that bound to TiO2 through either carboxylic acid groups or sulfonic acid
groups.
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Figure 3.15. FT-IR spectra of N3 dye a.) in dry, powdered form, and b.) adsorbed onto
TiO2.
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Figure 3.16. FT-IR spectra of Ga-CN-COOH dye a.) in dry, powdered form, and b.)
adsorbed onto TiO2.
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Figure 3.17.

FT-IR spectra of Ga-tpfc-COOH a.) in dry, powdered form, and b.)

adsorbed onto TiO2.
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Figure 3.18. FT-IR spectra of Ga-tpfc-(COOH)2 a.) in dry, powdered form, and b.)
adsorbed onto TiO2.
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Figure 3.19. FT-IR spectra of Ga-tpfc-CH-(COOH)2 a.) in dry, powdered form, and b.)
adsorbed onto TiO2.
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Figure 3.20. FT-IR spectra of Ga-tpfc-(SO3H)2 a.) in dry, powdered form, and b.)
adsorbed onto TiO2.

	
  

79	
  
Electrochemistry
Table 3.1 displays all the redox potentials for several gallium and aluminum
corroles. All the gallium corroles, except Ga-tpfc-(COOH)2, displayed three oxidation
peaks (Figures 3.21 – 3.26). This is in stark contrast to non-substituted gallium corrole
which exhibits only one reversible oxidation peak at 0.75V vs. SCE.83 The most negative
oxidation peak seamed irreversible by cyclic voltammetry, but the peaks observed in the
differential pulse voltammograms were symmetric and thus indicated the peaks were
reversible (Figures 3.21-3.26). The most negative peaks are assigned to the corrole
macrocyclic oxidation of acetonitrile ligated gallium corroles. This is because the 2nd
oxidation peak is close to the potential of non-substituted gallium corrole. Also, such
quasireversible and reversible waves were seen in similar manganese corroles in the
presence and absence of axially ligated ligands.96, 97 Ga-tpfc-(COOH)2 most likely did not
display a third oxidation peak in the differential pulse voltammogram because it did not
have an axially ligated acetonitrile. Also, when the peak heights of the two most negative
peaks of the gallium corroles are compared, Ga-tpfc-COOH, Ga-tpfc-(COOH)2, and GaCH-(COOH)2 corrole’s two most negative peaks are of the same height. The Ga-CNCOOH corrole’s most negative peak is half the height of the next most positive peak
which most likely indicated a disproportionate amount of axially ligated corrole to nonaxially ligated corrole.
All the aluminum corroles exhibited two reversible one-electron oxidations
(Figures 3.27 – 3.30).

The absence of a third oxidation peak and because the

electrochemistry was conducted in acetonitrile indicates that the axially ligated pyridine
on the aluminum corroles is less labile than the pyridine axially ligated to the gallium.89
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The Al-tpfc-COOH, Al-tpfc-CN-COOH, and Al-tpfc-CH-(COOH)2 corrole’s first
oxidation was almost exactly at the same potential as their gallium analogues. For the
Al-tpfc-COOH, Al-tpfc-CN-COOH, and Al-tpfc-CH-(COOH)2, the second oxidation
peak was approximately 200mV more negative than their gallium analogues. The shift to
more negative potential of the second oxidation peak is similar to observations in other
metalloporphyrins and corroles in which the electronegativity of the metal correlates to
the shifts in redox potential of the corrole macrocycle (SnIV>GaIII>AlIII>MnIII).98 The
less electronegative the metal is; the more negative the redox potential for the porphyrin
macrocycle. When comparing the different redox potential of corroles with different
binding groups, it is interesting to note that the binding group does not significantly affect
the redox properties as seen in osmium and ruthenium polypyridyl compounds (Table
1.1) where the addition of more carboxylic acid groups to ruthenium polypyridyl
compounds can significantly shift their redox potentials.20
Because the second oxidation shifts to more negative potential with the metal, it is
believed that the highest one electron oxidation of the gallium and aluminum corroles is
from the macrocycle and not the metal.

Also, because the first oxidations of the

aluminum and gallium corrole analogues were similar, this would indicate that the first
oxidation is determined by the β-substituent and not the metal. Further evidence that the
oxidations of the gallium and aluminum corroles are from the macrocycle is that the EPR
spectra of oxidized non-substituted gallium corrole shows no evidence of GaIV.
Oxidation to AlIV is very unlikely due to its high ionization energy (120eV). The 1st
oxidation peak of the corroles can be considered the electrochemical HOMO. It is from
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this 1 oxidation that an electron would be excited from and injected into TiO2. Also the
st

1st oxidation of the corroles are similar to ground state redox potential of N3.55
1st

2nd

3rd

Ga-tpfc-(SO3H)2

0.640

0.750

1.275

Ga-tpfc-COOH

0.620

0.765

1.210

Ga-tpfc-(COOH)2

0.680

1.305

Ga-tpfc-CN-COOH

0.650

0.820

1.305

Ga-tpfc-CH-(COOH)2

0.590

0.750

1.255

Al-tpfc-SO3H

0.560

1.060

Al-tpfc-COOH

0.615

1.120

Al-tpfc-CN-COOH

0.575

1.055

Al-tpfc-CH-(COOH)2

0.600

1.115

Table 3.1. Tabulated 1st, 2nd, and 3rd oxidation peaks as determined by differential pulse
voltammetry. All potentials are referenced to a standard calomel electrode.
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Figure 3.21. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-(SO3H)2.
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Figure 3.22. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-COOH.
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Figure 3.23. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-(COOH)2.
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Figure 3.24. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-CN-COOH.
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Figure 3.25. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-CH-(COOH)2.
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Figure 3.26. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Ga-tpfc-(SO3H)2.
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Figure 3.27. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Al-tpfc-COOH.
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Figure 3.28. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Al-tpfc-CN-COOH.
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Figure 3.29. Cyclic voltammetry (red) and differential pulse voltammetry (blue) of
Al-tpfc-CH-COOH.
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Conclusions
Electronic spectroscopy, IR spectroscopy, and electrochemistry further elucidated
the effects caused by β-substitution and metal substitution. UV-Vis indicated that an
increase in the absorption of red photons is increased by the addition of π-conjugated
linkers. For corroles with –CN groups the extinction coefficients were approximately
doubled when compared to corroles with non π-conjugated linkers. Electronic spectra of
gallium corroles were more red shifted than aluminum corroles. Also, by adsorbing the
corroles to TiO2 no significant changes were observed in the UV-Vis. The increased red
absorbance of corroles with π-conjugated linkers was conserved.
IR spectroscopy yielded information into the nature of chemisorption of the
corroles to TiO2. All corroles with carboxylic acid displayed free carboxylic acid groups
at approximately 1700cm-1.

When the corroles were chemisorbed to TiO2 they all

displayed a large band at approximately 1610cm-1, indicative of asymmetric stretching of
bound carboxylic acids, and a smaller band at approximately 1370cm-1, indicative of
symmetric stretching of bound carboxylic acids.

Also, the gallium corrole with

β-substituted sulfonic acid groups that was unbound from TiO2 displayed bands between
1750cm-1 and 1550cm-1 assigned to free sulfonic acid groups. A large, sharp band
appeared at 1049cm-1 was assigned to a sulfoxide stretch that appeared on the spectra of
Ga-tpfc-(SO3H)2 bound to TiO2. The appearance of the sulfoxide peak indicated that the
Ga-tpfc-(SO3H)2 is chemisorbed to the TiO2 through the sulfonic acid groups.
Electrochemistry elucidated that the oxidations of the corroles were centered on
the macrocycle and not the metal. A shift to negative potential of the aluminum corroles
was seen in comparison to the more electronegative gallium corrole. Also, aluminum and
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gallium corrole β-substituted analogues displayed similar first oxidation potentials.
Some gallium corroles had three oxidation potentials, while aluminum corroles only
displayed two oxidation potentials. The difference in the number of oxidation potentials
was believed to be due the presence of axially ligated pyridine or solvent. Also, the
addition of binding groups did not significantly affect the redox potentials of the corroles.
When comparing the UV-Vis spectra with the first oxidation of the corroles, it can
be concluded that β-substitution of corroles does not effect the HOMO of the corroles. It
stands to reason the red shift of the absorption spectra is most likely due to a decrease in
the LUMO level of the corroles.
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Chapter 4
Photoelectrochemistry of Corroles
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Introduction
In Chapter 3 characterization of the β-substituted gallium and aluminum corroles
indicates they are viable candidates for dye sensitization of TiO2.

β-substituted

porphyrins have already been demonstrated to be highly efficient in DSSCs with
efficiencies as high as 7.1%.72, 79, 81 Several key factors are needed for a dye to produce
an efficient DSSC. The dye must match the visible solar spectrum, have linkers and
binding groups that facilitate efficient electron transfer, and have a sufficient enough
ground state redox potential to be efficiently regenerated by the redox couple. As seen in
Chapter 3, corroles exhibit all of these characteristics. The corroles have carboxylic as
well as sulfonic acid groups. Also the binding groups are located on the β-position of the
corroles. The β-position of porphyrins has been shown to facilitate electron transfer more
readily than the meso-position of porphyrins.77 Some of the corroles in Chapter 3 also
have π-conjugated linkers to the binding groups that are attached to the β-position of the
corroles. The π-conjugation at the β-position of porphyrins has been demonstrated to
increase the red absorption of nickel porphyrins significantly.78

The attachment of

effective binding groups and linkers at the β-position of the corroles not only increased
the red absorption of the corroles, but may also facilitate efficient electron transfer. The
IR spectra of the corroles indicated that corroles readily chemisorbed to TiO2 in much the
same fashion as the N3 dye and other carboxlyated ruthenium polypyridyl dyes.92,

94

Corroles with sulfonic acid groups also chemisorbed to TiO2. The electrochemistry of
corroles also shows that their first oxidation occurs at the same potential as N3 dye which
indicates that they should be efficiently reduced by the iodide/tri-iodide redox couple.
The characterization of the corroles in Chapter 3 has given strong precedence to their
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efficacy in DSSCs. The corroles’ β-substituted binding groups provide a means to allow
the corroles to chemisorb to TiO2 and the π-conjugated linkers increased the absorption
of red photons. Also, the electrochemistry indicates that the corroles have the proper
redox potential to be reduced by the iodide/tri-iodide redox couple.
At first glance, the corrole’s absorbance spectra indicated a large decrease in absorbance
at the maximum of the solar spectrum due to the split between the Q and B bands. Such a
loss of absorbance would indicate that the corroles could never absorb as much light as
the N3 dye. When the absorbance spectra of corroles are compared to N3 it is observed
that the corroles can absorb more red photons than N3. If one were to consider that there
are more red photons than blue photons, it would stand to reason that it is possible for the
corroles to be as efficient as N3. By using Equation 4.1, the estimated current (Jest) that
can be produced by an adsorbed dye can be calculated. The number of photons available
J est =

∫

⎛ 1e ⎞
P
×
A
×
⎜ ⎟ × C
λ
λ
λa
⎝1p ⎠
λb

Eq. 4.1

at given wavelength in the solar spectrum is given by P . P is then multiplied by the A ,
λ

€

λ

λ

which is the percent of light absorbed at a given wavelength by a dye sensitizer. Once
the total number of absorbed photons is calculated, the assumption that for every one
photon absorbed, one electron is produced is then calculated.

Next the number of

electrons is converted to Coulombs ©. Because the AM 1.5 solar spectrum is given in
power density and the number of photons at a given wavelength are given as photons per
second, the current density can be calculated (Table 4.1).

From Equation 4.1 the

estimated short circuit current of Ga-tpfc-CN-COOH and Ga-tpfc-CH-(COOH)2 are
greater than the short circuit current estimated for the N3 dye. Also, several of the
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Est. Jsc
N3

10.53

Ga-tpfc-(SO3H)2

6.53

Fb-tpfc-(SO3H)2

6.18

Sn-tpfc-(SO3H)2

4.95

Ga-tpfc-COOH

8.01

Ga-tpfc-(COOH)2

9.67

Ga-tpfc-CN-COOH

11.45

Ga-tpfc-(CN-COOH)2

7.25

Ga-tpfc-CH-(COOH)2

11.90

Al-tpfc-CN-COOH

9.57

Al-tpfc-CH-(COOH)2

9.16

Al-tpfc-SO3H

6.00

Al- tpfc-COOH

5.96

Table 4.1. Short circuit currents estimated by using the absorptions spectra of corroles
absorbed to TiO2 and Equation 4.1.
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corroles have estimated short circuit currents that approach N3.

Calculating the

estimated short circuit currents provides precedence that the corroles are viable
sensitizers and can possibly perform better than one of the best dyes in DSSCs. Also,
because the estimated short circuit currents are based on the absorption spectra of the
corroles, it can be concluded that even though they lack a strong absorbance at the solar
maximum, their broad absorption in the red end of the solar spectrum makes up for any
losses in absorbance between the corroles’ Soret and Q-bands.

Equation 4.1 gives

precedence that dyes that absorb more red photons, despite a lack of absorbance in the
blue can still be potential candidates to increase the efficiency of DSSCs.
Even if the corroles absorbed more red photons than N3, it is possible they may
not efficiently inject their photoexcited electrons into the conduction band of TiO2. This
is because the more you red shift the spectra of a dye the smaller the HOMO-LUMO gap
becomes. Decreasing the HOMO-LUMO gap either decreases the LUMO or increases
the HOMO energy levels. In the corroles the HOMO is relatively constant no matter
what binding group or linker is used. This is in stark contrast to ruthenium polypyridyl
compounds. Because the electrochemically determined HOMO levels are the same for
all the corroles, it can be concluded that the LUMO levels of the corroles are lowered for
the corroles that are red shifted. Due to the lowered LUMO levels it is possible that these
dyes may not have efficient injection.

By conducting a combination of

photoelectrochemical measurements under AM 1.5 light and monochromatic spectral
response measurements we can determine if the corroles are indeed efficient dyes in
DSSCs.

	
  

98	
  
Experimental
Materials
Acetonitrile (Sigma-Aldrich, 99.8% anhydrous), ethanol (Decon Laboratories,
Inc., 200 proof), titanium tetrachloride (Fluka, ≥99.8%), lithium iodide (99.9% anhydrous
beads), and pyridine (Sigma-Aldrich, 99.8% anhydrous) were all used as received.
Pyridinium trifluoroacetate (Sigma-Aldrich, 98%) was purified by dissolving and
supersaturating it in acetonitrile. The pyridinium trifluoroacetate salt was precipitated by
addition of diethyl ether. The precipitate was then filtered through a medium-porosity
glass frit, rinsed with diethyl ether, and dried for 24hrs under vacuum. Iodine (SigmaAldrich, ≥99.8%, solid, ACS reagent) was sublimed at 40oC. All materials were stored
under a nitrogen atmosphere in a dry box with the exception of I2 and ethanol. TiO2
screen printing paste was purchased from Solaronix under the product name Ti-Nanoxide
HT/SP (~9nm sized particles) and used as received. Fluorine doped SnO glass slides (4in
x 1in) with a resistivity of 15 Ω cm-2 were purchased from Hartford Glass Co., Inc.
Dye Coated Electrodes
Fluorine doped SnO glass slides were first cleaned in soapy water and rinsed with
18 MΩ resistivity water. The slides were subsequently rinsed with acetone, 200 proof
absolute ethanol, and dried under nitrogen. Special care was taken to assure no residue
was left on the slides in form or spotting or other blemishes. TiO2 screen printing paste
was deposited on the F:SnO slides by screen printing with an AMI Inc. HC-53 screen
printer with a 156 mesh polyester screen, with 10.2 µm of MX emulsion (Sefar Printing).
The printed films were covered to prevent dust from settling on top and left at room
temperature for 1hr. The slides were then dried in a furnace 80oC for 1hr before being
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sintered at 450 C for 30 minutes in air. The thickness of the TiO2 layer on F:SnO was
o

measured by a Dektak 3030 profilometer and determined to be ~5 µm thick.
TiO2 slides for photoelectrochemical experiments were prepared by cutting the
4in x 1in slides into 0.5in x 1inch electrodes. TiO2 electrodes were cleaned by rinsing
with 18 MΩ water and 200 proof absolute ethanol. The TiO2 electrodes were then dried
under nitrogen and the surface of the TiO2 of the electrodes was covered with 3-4 drops
of 0.2M TiCl4 and allowed to soak for eight hours. 0.2M TiCl4 is not very air stable as
was prepared from a stable stock solution of 2M TiCl4.55 After soaking for eight hours in
0.2M TiCl4 the electrodes were rinsed with 18 MΩ water and 200 proof absolute ethanol
and dried under nitrogen. The slides were sintered at 450oC for thirty minutes and
allowed to cool to 120oC over two hours. The 120oC TiO2 electrodes were immersed in
200 proof absolute ethanolic solutions of corroles with a concentration of approximately
1 x 10-4M. The slides were immersed while still at 120oC and allowed to soak in the dye
solution for 12-24 hours in the dark.
Photoelectrochemistry
A

custom,

three

electrode,

electrochemical

cell

was

used

in

all

photoelectrochemistry experiments. The three electrodes were a platinum gauze counter
electrode, platinum wire reference electrode (referenced to the solution potential), and a
dye coated TiO2 slide was the working electrode. The distance between the working and
counter electrodes was 2mm, which was determined by a silicon rubber spacer. Light
from a 150 Xe lamp in an Oriel Lamp Research housing was used to illuminate the
photoelectrochemical cell from the backside of the TiO2. Light first passed through the
glass, then the F:SnO2, and finally illuminated the dye coated TiO2. The light from the
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xenon lamp was filtered with a long pass 385nm filter to prevent direct excitation of TiO2
and an AM 1.5 filter to perfectly match the solar spectrum at AM 1.5. A Solarex, Inc.
diode was used to calibrate the light intensity to 100mW/cm2 The photoelectrochemical
cell was placed an appropriate distance from the lamp that allowed for measurements to
be taken at a light intensity of 100mW/cm2.

A 0.5M LiI/ 0.04M I2 electrolyte in

acetonitrile with 20mM pyridine and 20mM pyridinium trifluoroacetic acid was
introduced into the custom photoelectrochemical cell from the lower port. Special care
was taken to remove any air bubbles in the cell by tapping and flushing the cell while
monitoring the top exit port for bubbles. A BAS 100B potentiostat was used to apply a
scanning potential of 20mV s-1. Scans were performed from 200mV to 600mV or
-800mV depending on the dye and electrolyte used. Scans always began at 0V. Cell
resistances were measured with the BAS 100B poteniostat and were determined to be
50Ω. The final current potential (I-V) curves were corrected for cell potential.
Spectral Response
The light from an Oriel 75W Xe arc lamp was passed through a Spex 1681B
spectrometer to obtain monochromatic light from 350nm to 800nm. The monochromatic
light was split, by using a quartz glass slide, between a silicon reference diode and the
sample. Approximately 10% of the split light was used to illuminate the silicon reference
diode. Two plano convex lenses that were f-matched to the monochromater were used to
collimate and reimage the light onto the DSSC. Two Princeton Applied Research Model
173 potentiostats were used to measure the current of the reference diode and corrole
DSSC. In order to calibrate the monochromatic light intensity and correct for changes in
light intensity of the 75W Xe arc lamp, the DSSC was replaced by calibrated photodiode
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(UDT Sensors, model UV-50). External quantum yields (EQY) were calculated using
Equation 4.2. The external quantum yields were calculated for every 10nm from 350nm
to 800nm. The currents for the DSSC and calibrated silicon photodiode were IDSSC and
Icalib. The currents for the ref diode of the calibrated photodiode and the DSSC were Iref
DSSC

and Iref calib. EQYcalib was obtained from the calibration file obtained from UDT for

the model of calibrated photodiode we received. The photodiode was calibrated from
200 to 1100 nm every 10nm. IDSSC, Icalib, Iref DSSC, and Iref calib were all collected during
spectral response measurements and used to calculate the external quantum yield per
wavelength for the DSSC (EQYDSSC).
⎛
⎞
I
I
⎜⎜ EQYDSSC = DSSC ref calib EQYcalib ⎟⎟
Icalib Iref DSSC
⎝
⎠ λ

Eq. 4.2

Internal quantum yield (IQY) measurements were calculated using Equation 4.3.
€
The internal quantum was calculated on a per wavelength basis. Absorbance spectra of

corrole sensitized TiO2 was taken prior to EQY measurements. In order to calculate
IQYs the absorbance spectra of the DSSC was converted from absorbance units to the
percent of light absorbed. The converted absorbance spectra was then divided into the
EQYDSSC to calculate IQYDSSC.

⎛
EQYDSSC ⎞
⎜ IQYDSSC =
⎟
⎝
1 −10 −abs ⎠ λ

Eq. 4.3

Results and Discussion

€
Photoelectrochemistry
All the corroles measured in this study produced measurable amounts of short
circuit current and open circuit voltage (Table 4.2 and Figures 4.1 - 4.3). The corroles
with gallium produced higher efficiencies than their aluminum analogues.
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Ga-tpfc-CH-(COOH)2 produced a remarkable efficiency of 2.24%, which is 70% of the
efficiency of N3. The Ga-tpfc-(SO3H)2 produced an efficiency of 1.56% and is the most
efficient DSSC using a sulfonic acid binding group.99

Also, the Ga-tpfc-(SO3H)2

produced the highest open circuit voltage of all the corroles. When the Ga-tpfc-(SO3H)2
is compared to its carboxylated analogue, the currents of the Ga-tpfc-(SO3H)2 and
Ga-tpfc-(COOH)2 are the same, but the Ga-tpfc-(SO3H)2 has 70mV more open circuit
voltage. This would seem to indicate the functional group has some effect on the open
circuit voltage of DSSCs. This can be reasoned by the fact that dye binding to TiO2
deprotonates the TiO2 in much the same way a basic solution would deprotonate the TiO2
surface. The deprotonation of the TiO2 surface typically moves the conduction band edge
of TiO2 to more negative potentials, which would in turn increase the open circuit
voltage. Because the Ga-tpfc-(SO3H)2 has six total oxygens to potentially bind to TiO2
compared to the four available oxygen of Ga-tpfc-(COOH)2, it is possible that the
Ga-tpfc-(SO3H)2 deprotonates the surface more than the Ga-tpfc-(COOH)2 corrole. The
free base tpfc-(SO3H)2 produced an efficiency of 0.82%, which is relatively high when
compared to the few examples of non-metallated porphyrins used to sensitize DSSCs.81
The Sn-tpfc-(SO3H)2 produced negligible current, which has been attributed to its lower
LUMO level as a result of the heavy atom effect.91,

99, 100

The lowered LUMO of

Sn-tpfc-(SO3H)2 prevents efficient injection into the conduction band of TiO2, thus
reducing the amount of current produced.
The Ga-tpfc-CN-COOH and Ga-tpfc-CH-(COOH)2 both produced significantly
more current than the gallium corroles without β-substituted, π-conjugated linkers. This
was also true when comparing the Al-tpfc-CN-COOH and Al-tpfc-CH-(COOH)2 to the
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Jsc (mA/cm2) Voc (mV) Fill Factor Efficiency (η%)
N3

9.76

556

0.58

3.14

Gatpfc-(SO3H)2

4.55

524

0.66

1.56

Sntpfc-SO3H

0.58

348

0.60

0.12

tpfc-SO3H

2.83

444

0.65

0.82

Ga-(COOH)

4.26

460

0.61

1.19

Ga-(COOH)2

4.48

454

0.65

1.32

Ga-CN-COOH

6.48

468

0.62

1.88

Ga-(CN-COOH)2

2.63

408

0.66

0.71

Ga-CH-(COOH)2

7.38

502

0.60

2.24

Al-SO3H

1.65

396

0.67

0.43

Al-COOH

2.45

430

0.64

0.67

Al-CN-COOH

5.60

422

0.61

1.44

Al-CH-(COOH)2

5.10

452

0.63

1.44

Table 4.2. Jsc, Voc, fill factors, and efficiency of corroles.
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aluminum corroles with non-π-conjugated, β-substituted binding groups. The number of
β-substituents also seemed to cause a significant decrease in current when comparing the
Ga-tpfc-CN-COOH and Ga-tpfc-(CN-COOH)2 corroles.

The Ga-tpfc-COOH and

Ga-tpfc-(COOH)2 produced similar currents to one another.

When comparing the

Al-tpfc-CN-COOH to its gallium analogue, Ga-tpfc-CN-COOH, the aluminum corrole
performed significantly better with an efficiency that was double the efficiency of
Ga-tpfc-CN-COOH. The Ga-tpfc-CH-(COOH)2 outperformed its aluminum analogue,
Al-tpfc-CH-(COOH)2, with an efficiency that was one and a half times greater than its
aluminum analogue. Ga-tpfc-COOH corrole was twice as efficient as its aluminum
analogue, Al-tpfc-COOH.
The differences in performance can most likely be explained by examining Table
4.2. Because the data in Table 4.2 is based upon Equation 4.1, the estimated short circuit
currents give insight into the number of photons absorbed. By examining the UV-Vis
spectra of corroles absorbed onto TiO2 in conjunction with the estimated short circuit
currents, the difference in measured currents produced is most likely due to the amount of
dye absorbed by some of the corroles and the extent of the red absorption of photons by
some of the corroles. For example, In Figure 3.10 it can be seen that the absorbance of
Ga-tpfc-CN-COOH is slightly greater than that of Ga-tpfc-(CN-COOH)2. Also, because
of the decreased absorbance of Ga-tpfc-(CN-COOH)2, the estimated current it can
produce is approximately 35% less than the estimated current that Ga-tpfc-CN-COOH
can produce.

Since the absorbance of the Ga-tpfc-(CN-COOH)2 is less than the

absorbance of Ga-tpfc-CN-COOH and they have similar extinction coefficients, one can
conclude that Ga-tpfc-CN-(COOH)2 corrole produced less current than the
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Figure 4.3. Current versus potential characteristics of aluminum corroles.

	
  

200

108	
  
mono-CN-COOH because less Ga-tpfc-CN-(COOH)2 corrole absorbed onto TiO2 . This
decreased adsorption of Ga-tpfc-CN-(COOH)2 may have been due to the fact that the
addition of an extra -CN-COOH moiety sterically prohibits maximal adsorption of
corrole onto TiO2. When comparing the UV-Vis and estimated short circuit current of
gallium corroles with their aluminum analogues, the absorption spectra and estimated
currents of the aluminum corroles on TiO2 are less than their gallium analogues. This
was also true for the measured short circuit currents. The difference in the UV-Vis
spectra and estimated short circuit currents indicates that the gallium dyes adsorb more
readily to TiO2. This would indicate that the effect the metal has on the macrocycle
directly effects the corrole’s ability to readily bind to TiO2.
Spectral Response
As mentioned previously, the amount of adsorbed corrole on TiO2 ultimately
affects the amount of short circuit current that can be produced. The differences in
measured short circuit can also be due to increased or decreased red absorption of
photons. Spectral response measurements can give insight on how the corroles absorb
monochromatic light at different wavelengths. By examining Figures 4.4 – 4.6, all the
corroles were efficient in converting incident light to current in both their Q and Soret
bands. As a reference, the EQY of N3 is approximately 70% – 80%. The highest EQY
values of the corroles were near 50%. The Soret bands were slightly more efficient than
the Q-bands. The free base and gallium sulfonated corroles produced comparable EQY
values to their carboxylated analogues. The aluminum corroles were significantly less
efficient in converting incident photons to current across all wavelengths.
Al-tpfc-CH-(COOH)2 was the only aluminum corrole that had external quantum yield
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values near 50%. Even though the aluminum and tin corroles were not as efficient as the
gallium and free base corroles, they did produce currents in both their Q and Soret bands.
Also, the region between the Soret and Q-bands of the most efficient corroles produced
current as well. Ga-tpfc-CH-(COOH)2 converted the most incident photons to current
between its Soret and Q-bands. Such a discovery indicates that the absorption spectra of
the corrole between the Q and Soret bands can be adjusted so that you do not lose any
current.
External quantum yield measurements give insight into the ability of the corroles
to convert monochromatic incident light to current, but in order to better understand the
corrole’s efficiency in converting their absorbed photons to current, the EQY spectra can
be normalized by the absorption spectra of the corroles. This would give an internal
quantum yield (IQY) and demonstrate how efficient the corroles are at converting
absorbed photons to current. By examining Figures 3.7 – 3.9, it can be seen that the
corroles convert, on average, 30% - 50% of their absorbed photons to current. As a
reference, N3 dye has an internal quantum yield of about 80%. The IQYs of the corroles
were significantly less than that of N3 with the greatest IQY being produced was near
60%. The Ga-tpfc-(SO3H)2, Ga-tpfc-CH-(COOH)2, and Al-tpfc-CH-(COOH)2 produced
the highest IQY values that were between 50% and 60%. Most of the corroles had IQY
values between 30% and 40%. The Sn-tpfc-(SO3H)2, Ga-tpfc-COOH Al-tpfc-SO3H,
Al-tpfc-COOH, and Al-tpfc-CN-COOH all had IQY values that were less than 20%. The
IQYs indicate that mono substitution of tpfc decreases the corrole’s ability to convert its
absorbed photons to current, where the addition of a malonic acid group increases IQY
values. Also, sulfonic acid binding groups of the gallium corrole and free base corrole
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were not detrimental to the IQY. The mono sulfonic acid substituted aluminum corrole
had very low IQYs, but so did all the mono substituted corroles with the exception of
those with a malonic acid group and Ga-tpfc-CN-COOH. This would indicate that mono
substitution at the β-positions is deleterious to a corrole’s ability to convert absorbed
photons to current, but that mono β-substitution of a malonic acid can enhance IQYs.
Also when comparing the IQYs of the Ga-tpfc-CN-COOH and Al-tpfc-CN-COOH
corroles it can be seen that the metal has large effect on the IQY when using a –CNCOOH moiety. It is interesting to note that although all the corroles produced different
short circuit currents and EQYs, all their IQYs were relatively the same. This would
indicate that the differences seen in the EQYs and short circuit currents are mostly due to
dye loading. Also, the measured internal quantum yields matched well to the estimated
internal quantum yields indicating that the one of the reasons why the corroles don’t outperform N3 is that they are not efficient at converting their absorbed photons to current.
Conclusions
The corroles are efficient dye sensitizers for DSSCs.

The corrole

Ga-tpfc-CH-(COOH)2 produced a remarkable efficiency of 2.24%, which approaches the
efficiency of N3. Ga-tpfc-(SO3H)2 has proven to be the most efficient dye sensitizer with
sulfonic acid groups. Also, the Ga-tpfc-(SO3H)2 corrole produced the highest open
circuit voltage of all the corroles. When examining the EQYs of the corroles, all the
corroles were efficient in their Soret and Q-bands.

This indicates the addition of

β-substituted, π-conjugated linkers to red shift the absorption spectra does not decrease
the EQY of the corroles in the red. One can conclude that the red shifting of the corroles
spectra does not decrease the efficiency of the corroles.
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The IQYs were the same for all the corroles and the EQYs and short circuit
currents were different. Because the IQYs were the same for all corroles and the EQYs
differed for the corroles, it can be concluded that the differences in EQY and short circuit
current are due to dye loading. This indicates that the gallium dyes were better able to
adsorb onto TiO2 than aluminum corroles. The reason for this is not clear, but it can be
concluded the metal does have an effect on the corrole’s ability to adsorb to TiO2.
The internal quantum yield measurements also indicate that either 60% of the
absorb photons are not injected or that regeneration of the oxidized corroles by the
electrolyte is inefficient. Because all the IQYs are relatively equal to one another, the
reason the corrole’s IQYs are not as high as N3 is unanimous for all corroles. This would
either mean that injection or regeneration may be due to inefficiencies of the base corrole
macrocycle. Further investigation into the injection and regeneration dynamics would be
needed to better understand the reason for the low IQYs. Because the N3 dye has an IQY
of 80%, this indicates that almost all of its absorbed photons are converted current. The
corroles only convert 40% of their absorbed photons to current indicating that there is
still the possibility to increase their short circuit currents by 60%.
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Incident photon to current conversion efficiency of corroles containing
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Chapter 5
Thesis Summary and Future Work
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The work in this thesis sought to better understand and demonstrate the necessary
steps needed to make solar energy as economically viable as fossil fuels. The chosen
system to study was the dye sensitized solar cell. DSSCs have the potential to be cheaper
than other solar cells and just as efficient. Despite having been around for over 30 years,
DSSCs have only reached an efficiency of 11.2% although their theoretical maximum is
near 20%. The current approach as seen in the literature is to continually try various dyes
with very little understanding into what makes a good dye, a good dye. Even less
investigation into the use and understanding of the redox couple has been carried. The
focus of this thesis was to better understand what little is understood about DSSCs in an
effort to provide the scientific community a means and direction to investigate DSSCs.
For example, this thesis and Elizabeth Mayo’s thesis demonstrated that by using a
bromide based electrolyte the open circuit voltage of a DSSC can be greatly increased.
For some dyes the current did decrease, but could be raised by introducing more bromide.
Based on the work conducted in this thesis, it may be possible to increase the currents of
DSSCs with bromide electrolytes even more by using an ionic liquid containing bromide.
The ionic liquid 1,2-dimethyl-3-propylimidazolium has been used in the most efficient
DSSCs in concentrations greater than 0.5M in an effort to increase the currents of
DSSCs.6 Another advantage to using an ionic liquid is that the concentration of lithium
cations can be controlled. In this thesis the lithium was the counter ion to the reductant,
bromide. The lithium concentration was 1.0M in this thesis. High concentrations of
lithium cations have been known to decrease the efficiency of a DSSC; therefore, by
using an ionic liquid, the lithium concentration can be lowered to more optimum levels.
You get the best of both worlds. Chapter 2 has given precedence that increasing the
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bromide concentration can increase the current of DSSCs with bromide electrolytes;
therefore, the next step would be to use a bromide ionic liquid to increase the current and
optimize the lithium concentration to maximize DSSC performance.
In Chapters 3 and 4 the efficacy of corrole dyes as efficient light absorbers for
DSSCs was investigated. Precedence in the literature has demonstrated that some of the
most promising class of molecules to use as light absorbers in DSSCs are porphyrins.
Also, β-substitution of porphyrins with electron withdrawing groups have proven to
increase the efficiency and spectral overlap of porphyrins. Because corroles are so
similar to porphyrins it is expected that they should perform as well as similar pophyrins.
The most efficient porphyrins have been based upon zinc porphyrins. Corroles offer a
unique system to study, with metals such as gallium and aluminum. The work in this
thesis demonstrated that corroles are indeed efficient light absorbers for DSSCs. The
corrole Ga-tpfc-CH-(COOH)2 almost approached the efficient of N3. Ga-tpfc-(SO3H)2,
to this author’s knowledge, has been demonstrated to be the most efficient dye with
sulfonic acid groups for DSSCs.
Two of the primary reasons why the corroles worked so well were because of
their ground state redox potentials being similar to N3 and also their spectral overlap.
The corroles all had similar electrochemical HOMO levels, despite having a variety of
functional groups.

When changes to the binding group of inorganic polypyridyl

compounds are made, large changes in the ground state redox potential are subsequently
changed. This makes it difficult to tune the spectral properties of inorganic polypyridyl
dyes. The spectral properties of corroles could be tuned by the addition of a variety of
β-substituents without effecting the ground state redox properties.
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The spectral overlap of the corroles were tuned through using several different
binding groups and π-conjugated linkers. The spectra of corroles red shifted depending
on the strength of electron withdrawing nature of the β-substituent. This increased red
shift was carried into the performance of the solar cells as can be seen in the IQY data.
The most profound conclusion of Chapter 4 is that corroles can be improved. Their IQY
data indicated that the corroles are only converting approximately half of their absorbed
photons to current. From the Chapter 4 it was concluded that two best β-substituents are
the malonic acid moiety and sulfonic acid group. One can conclude the next dye to
synthesize would be a β-substituted (Ga/Al)-tpfc-CH-(SO3H)2. The sulfonic acids would
provide an efficient bridge to transfer electrons between the dye and TiO2, possibly
increase the open circuit voltage, and the π-conjugated linker would increase the spectral
overlap and increase the EQY of the region between the Soret and Q-bands. Chapter 3
and 4 have set the precedence to investigate dyes with binding groups other than
carboxylic acid groups. One interesting study to carry out would be to measure the
electron injection and recombination rate of the carboxylated corroles with the sulfonated
corroles. The determination of the injection and recombination rates could give insight
into the effect the binding group has on the electron transfer. To this author’s knowledge
there has been no investigation into the effect of the binding group on the injection and
recombination. Prior to the work in this thesis such a study would not have been feasible.
As mentioned before, changing binding groups greatly affects the redox potential of the
molecule, but in the case of the corroles the redox potentials remain relatively constant
between the sulfonated corroles and their carboxylated analogues. The sulfonated and
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carboxylated corroles provide a unique scaffold to better understand the effect the
binding group has on electron injection and recombination in DSSCs.
Chapter 4 primarily focused on determining whether or not the corroles could
possibly be efficient sensitizers for DSSCs. They were not optimized to maximize
efficiency. It is possible to increase the efficiency of corrole DSSCs by using thicker
films of TiO2 to increase the amount of dye adsorbed. Also, a layer TiO2 nanoparticles
with diameters greater than 300nm could be used to scatter any light that was not
absorbed back into the DSSC.

Instead of using the custom three-electrode

photoelectrochemical cell used in this study, a thin solar cell could be constructed with a
“mirror like” platinum as the counter electron. The “mirror like” platinum counter
electrode would reflect any light that was not scattered by the TiO2 scattering layer back
into the dye coated TiO2 electrode. Although, the construction of such a cell would lead
to greater efficiencies, they still would perform as well as the best dyes for DSSCs. This
is because they have lower IQYs. More work must be conducted to optimize the IQYs of
the corroles.

As can be seen in Chapter 4, possibly using sulfonic acid groups in

conjunction with π-conjugated linkers could increase IQYs.
The main goal of this thesis was to lend precedence to pursuing research
pathways that could reduce the cost of solar energy. By investigating DSSCs, I hoped to
find some potential pathways to improve DSSCs to perform better.

I hope my

investigation into DSSCs provides a starting point to greatly improve solar technology.
The conclusions in this thesis, hopefully, have placed one more brick in the path to better
performing DSSCs and ultimately provide energy for the world.
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