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ABSTRACT

Solar cells based on titania require the use of sensitizing dyes in order to make the
absorption band coincident with the solar spectrum. The most successful sensitizing
dyes are based on Ru-bipyridyls and are chosen for their absorption and redox
characteristics. In addition to absorbing visible light, the sensitizing dye injects an
electron from its excited state into the band gap of the titania. The injected electron
must be conducted through the titania to an electrode upon which the titania is coated.
One of the energy wasting pathways available to the injected electron is back transfer to
an oxidized dye species on the surface of the titania. We have discovered a simple
means of alleviating this energy wasting pathway by anchoring aromatic amines, i.e.,
co-sensitizers, at low concentration along with the Ru-based bipyridyl sensitizing dye
to the surface of titania nanoparticles. Our results indicate that there is a significant
increase in cell efficiency (~15% at AM 1.5, area > 1 cm?) primarily due to an increase
in current when these species are present on the surface in combination with the dyes.
We will report our preliminary results on a series of co-sensitizers, and we will compare
these to literature findings which use similar compounds as either co-adsorbed species
on titania or as substituents on the sensitizing dye molecule itself.
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INTRODUCTION

Konarka Technologies is developing a roll-to-roll manufacturing process for dyed-
sensitized, nanoparticle titania solar cells. For all practical product applications it is
imperative that cell performance be as high as possible and should at least exceed a cell
efficiency of 8-9% and preferably should be as high as 15%. Currently cell efficiency
utilizing low temperature sintering procedures on polyethylene terephthalate (PET)
substrate is ~5%, but we have attained 7-8% cell efficiency using high temperature
sintering procedures on titanium foil. Over the past year, we have discovered several means
of enhancing cell efficiency. One of these is done by anchoring aromatic amines along with
sensitizing dyes to the titania surface. The simplest description of the function of these
materials is that they act as co-sensitizers, i.e., electron donors, for the sensitizing dyes.
The objective of Konarka’s current research is to clarify the complex operative mechanism
of electron transfer between the co-sensitizer, the sensitizing dye, and titania. This
information will enable the optimization of the sensitizer structure so as to maximize its
effect on cell performance.

Our interest in solar energy has led us to attempt to make low cost solar cells by a roll-
to-roll manufacturing process using dye-sensitized, titania nanoparticles which are inter-
connected by means of a low temperature sintering process. The dyes used for sensitizing
the titania are typically Ru-bipyridyls and are chosen for their absorption and redox
characteristics. The primary function of the dye is to sensitize titania to visible light by
absorbing incident photons and injecting electrons from the excited state of the dye into
the band gap of the titania. This phenomenon was first reported by O’Regan and
Graetzel'! in the early 1990s. In order to produce current and perform useful work in
an external load, the injected electron must be conducted through the titania to an electrode
upon which the titania is coated. One of the energy wasting pathways available to the
injected electron is back transfer to an oxidized dye species on the surface of the titania.

We have discovered a simple means of alleviating this energy wasting pathway by
anchoring aromatic amines, referred to as co-sensitizers or donors, at low concentration
along with the Ru-based bipyridyl sensitizing dye to the surface of titania nanoparticles.
Our results indicate a significant increase in cell efficiency (~A12% at AM 1.5,
area > 1 cm?) due primarily to an increase in current when these species are present on
the surface in combination with the dyes. Since these results are in contradiction to other
work on aromatic amines used as either co-adsorbed species on titania or as adducts to
the sensitizing dye molecule itself, we propose to study the effects of structurally modified
co-sensitizers on redox potential, incident photon to electron conversion efficiency (IPCE),
and kinetics of electron transfer in an attempt to understand the photophysics of the
co-sensitizer mechanism. In addition, these materials will continue to be tested in
photovoltaic cells. The combined results will help guide the new design more effective
co-sensitizers as well as new dyes which should lead ultimately to cells and modules with
significantly higher performance.

All of the research that Konarka has conducted thus far uses the typical Ru-based,
bipyridyl dye (see Structure I), developed by Graetzel et al.*! at Ecole Polytechnique
Federale de Lausanne (EPFL) over the last decade, as a sensitizing dye for titania solar cells.

Konarka also uses commercially available titania, which is made into an aqueous-
based suspension, coated on either indium-tin oxide (ITO) glass plates or ITO coated PET.
In all experiments, the titania coating was sintered at low temperature (<150°C) after
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N3 : Ru(BipyridylCOOH),(N=C=S),

Structure I.

which it was sensitized with dye and/or a co-sensitizer by dipping in 8-50 mM solutions
for about 30min which establishes the equilibrium concentration. The equilibrium
between adsorbed and dissolved dye/co-sensitizer depends on solvent, solution tempera-
ture, and the molecular structure of the co-sensitizer. After reaching equilibrium, the
sensitized titania plate is removed from the dye sensitizing bath, the solvent is removed by
evaporation, an electrolyte is added, the counter electrode is brought into contact with the
electrolyte, laminated and sealed to complete the cell. A continuous coating process
in which the dye sensitizing step takes place in <2 min has been developed for all of the
steps just described with the exception of the incorporation of the co-sensitizer which will
be part of the sensitizing dye solution.

As mentioned previously, Konarka has demonstrated that aromatic amines enhance
the overall efficiency of photovoltaic cells when added to a sintered titania coating along
with a sensitizing dye. The structures that Konarka has chosen are based on triphenyl
amines containing one or more anchoring groups such as carboxylic acid or phosphoric
acid groups. A representative sampling of the amine structures synthesized for this study
thus far is shown in Table 1. All of these materials absorb in the near UV or short blue
region of the spectrum. Although some of these compounds act as sensitizers by
themselves, all of them require the presence a mid-visible sensitizing dye, such as N3,
in order to exhibit any practical application as a solar cell.

There have been several attempts to enhance the performance of DSSCs by
incorporating aromatic amines into cells. The basic idea is to provide a strong electron
donor for the oxidized dye (sensitizer: S) which should prevent or at least slow the rate of
back electron transfer from titania to the dye. In the generally accepted mechanism, the
sensitizer absorbs a photon, reaches its first excited state [Eq. (1)], and injects an electron
into TiO, [Eq. (2)]. This is followed by electron injection by the aromatic amine (donor: D)
to the oxidized dye (S) [Eq. (3)] thereby reducing it back to its ground state. An energy-
wasting step, which is significant in the absence of a donor, is back electron

D 4 S—Ti0, 2% D + $*—TiO, 1)
D + S*—TiO, —> D + ST—TiO,(e”) Q)
D + S*—TiO,(e™) — D* + S—TiO,(e") 3)
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Table 1. Molecular structures of co-sensitizers synthesized for this study.

HaCO,
NOR NOCOOH
@ R, = COOH
R, = POsH
Co-sensitizer 1 HyCO Co-sensitizer 2

HOOC

OCOOH N4®7P03H

Co-sensitizer 3 Co-sensitizer 4

Ly

HOOC

Co-sensitizer 5 Co-sensitizer 6

transfer from TiO, to the oxidized sensitizer [Eq. (4)]. However, in the presence of a
donor,

ST—TiO,(e") <> S—TiO, @)

Equation (4) should become significant. The resulting radical cation-based, aromatic amine
is more stable than the oxidized form of the dye and back electron transfer to this species
[Eq. (5)] should be slower than that to sensitizer.

D 4 S—TiO, <— D* + S—TiO,(e") (5)
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In the literature there are three strategies for the donor/dye combination:

1. Aromatic amines (donors), separated by a non-conjugated chain from the terminal
complexing group, e.g., phosphate, were bonded directly to the surface of the
titania (see Structure II, “Aromatic Amine with Anchoring Group”). The strategy
in this case is to remove the amine a short distance from the surface of the TiO,
by means of an insulating chain, i.e., CH, groups. Since the rate of electron
transfer decays exponentially with distance, back electron transfer from TiO, to
the oxidized species was significantly reduced.

2. In the second strategy an aromatic amine is attached directly to the dye, which is
bonded to the surface of the TiO,.2*! In these examples, the donors are removed
from the surface at a distance which is at least as large as in the previous example.
Furthermore, the donor may be bonded directly to the dye, placing it in
conjugation (see Structure III), or it may be bonded through a non-conjugated
linkage, e.g., one or more CH, groups (see Structure IV).

It should be noted that in Ref.!*! the aromatic amine is a phenothiazine (see structure
V, PTZ) which is bonded to the dye by a single CH, group, and carboxy groups, instead of
a single phosphate group, are used to complex the dye to TiO,.

3. The third strategy simply involves the addition of donors, such as phenothiazines
(see Structures V, “PTZ” and SV and VI, “MPTZ”) to the electrolyte
formulation.*!

In regard to the first strategy, when the aromatic amine (II) was anchored to TiO,
along with a Ru-based sensitizing dye, the quantum yield of electron injection (i.e., charge
separation) is unity and the rates are high [Egs. (2) and (3)]. Unfortunately, back electron
transfer to the oxidized donor (D) is also very rapid. As a result, cell performance was not
improved over cells containing the dye alone.

In regard to strategy 2, the first example is one in which the dye and the donor are in
conjugation (III). In a cell, Structure III gives no better result than the parent dye itself.
Detailed experiments indicate that this lack of enhancement is due to low injection
efficiency, i.e., 60%, by the sensitizer [Eq. (2)]. In the example in which the donor is
attached to the dye through a non-conjugated linkage, Structure IV, electron injection
efficiency is 100% and very fast, but another energy wasting path was observed, namely,

charge percolation through the monolayer of donor/dye."*) In fact, in the system in which E
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HsCO

H3CO

Aromatic Amine Conjugated to Dye

Structure III.

HsCO,

H3CO Aromatic Amine Non-conjugated with Dye

Structure IV,

the donor and the sensitizing dye are co-adsorbed (strategy 1), the latter being greater than
or equal to 50% coverage of the available surface in order to exceed the percolation
threshold, charge percolation in the monolayer of donors is also observed.™

In another study in which a phenothiazine donor was attached through a non-
conjugated link to a Ru-based sensitizing dye similar results to those cited above were
obtained (see Structure VII).*! Specifically, electron transfer from the donor to the
oxidized sensitizer proceeds rapidly and the resulting charge separated donor/sensitizer

H
CHg
N
C[ D N
S (:[
S
PTZ MPTZ
Structure V. Structure VI
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Structure VII.

pair is long lived (300 us). Although cell efficiency values are not given, the open circuit
voltage measured for TiO, PV cells is ~100mV higher than that for cells comprising
sensitizing dyes alone.

In strategy 3, where the co-sensitizers (Structures V and VI) are added to the
electrolyte, the association between the two is clearly evident from the kinetics of charge
injection and transfer which are very high, and charge separated lifetimes are long [refer
to Eqs. (2) and (3) in Ref!]. Unfortunately, back electron transfer to the oxidized
phenothiazine donor is also very rapid. The authors postulate that this is due to the
inability of the donor to escape from the sensitizer complex as evidenced by extremely low
values IPCE, e.g., 1%. Incident photon to electron charge injection efficiency values for
Structure VII are 45%. Attempts were made to affect donor/sensitizer separation by
changing the solvent, ionic strength, and the donor structure but were not successful.

RESULTS AND DISCUSSION

In this initial phase of our research program, we tested triphenyl amine as an additive
to an electrolyte formulation of a solar cell. Under the conditions of the test, the results
indicate that there was no improvement over the control electrolyte. A similar result was
observed by Bignozzi and Meyer, using phenothiazines as additives (strategy 3).

Our approach has been to concentrate on co-sensitizers containing primarily car-
boxylic anchoring groups. In most of the structures synthesized for this study (Table 1,
co-sensitizers 1-4) these anchoring groups were placed directly on the phenyl ring of the
amine moiety without insulating groups. In all cases, we used low temperature sintered
titania on ITO-coated glass plates. A ruthenium dye, designated as N3 (Structure I), was
used exclusively as the sensitizer along with co-sensitizers containing anchoring groups.
Since co-sensitizers bonded directly to similar ruthenium dyes showed no,! or only
modest success,™ in regard to cell performance, and from a synthetic standpoint these
structures are more difficult to synthesize, we decided not to pursue them.

We restricted our investigation to co-sensitizer concentration ranges which were
significantly lower than the sensitizing dye. This strategy was used because it had been
shown that when the co-sensitizer is present in molar ratios > 50%, percolation of charge
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among the co-sensitizers in the monolayer on the surface of the TiO, is a dominant
mechanism. The percolation threshold is ~50mol% and is aided by the nearly planar
structure of the triphenyl amine and its oxidized radical cation. This geometry aids co-
facial intermolecular association, i.e., stacking, which is necessary for charge migra-
tion.”~! In addition, the methylene chain provides a flexible tether to the surface which
allows the amine moieties to flex and rotate until an optimum stacking conformation is
found. Structures in which the anchoring group is bonded directly to the phenyl ring by a
single bond can rotate but flexing is eliminated. This situation forces each amine to be
locked into the irregular, non-planar titania surface thus preventing extensive face-to-face
contact between neighboring amines and the long range order necessary for percolation.

Cell performance data and /.., values for co-sensitizers CS-la through CS-6 are
listed in Table 2. The data clearly show that the best values were obtained for CS-1a and
1b—the simplest of the structures. The negative values simply mean that the sample
performs worse than the control which has sensitizing dye only with no co-sensitizer.

Attempting to derive structure property relationships from this data is impossible at
this stage of the program simply due to the fact that we do not know the amount of material
adsorbed on the titania; these experiments are underway.

However, we have generated some information, which illustrates the problem. The
data indicates that the ratio of sensitizing dye to co-sensitizer in the sensitizing solution is
not the ratio of these materials on the titania at equilibrium as suggested in one of the
references.’” The equilibrium concentration depends on the solubility of each material in
the solvent used and on its molecular structure of each. The actual adsorbed concentrations
were determined by desorption of both dye and co-sensitizer by treatment of the sensitized
titania with sodium carbonate followed by HPLC analysis of the extracts. Figure 1 shows
the absorption spectra of the co-sensitizer CS-1a extracted from titania. The solvents listed
are those used to establish equilibrium during sensitization. The figure indicates that when
a very good solvent for both co-sensitizers and dye is used as the sensitization solvent,
such as dimethylformamide (DMF), the equilibrium concentration of CS-1a on titania is
significantly lower than its equilibrium concentration when a poorer solvent such as

Table 2. Spectral absorption (Ay,,) and cell parameters normalized to N3 control for
co-sensitizers.

Co-sensitizer® Jmax (nM)° Voo (volts) I, (mA/cm?) (An%)°
CS-1a 284, 329 0.74 11.70 12.34+0.1
CS-1b 302 0.70 14.51 10.8+0.1
CS-2 328 0.62 8.60 —145+£0.2
CS-3 344 0.72 9.25 —10.4+£0.2
CS-4 289 0.70 13.13 —-9.09+£0.27
CS-5 370 0.74 9.89 1.46£0.12
CS-6 303 0.73 10.55 —3.02+£0.17

*Low temperature sintered TiO, (120°C, 10 min); glass substrates; [N3]=0.5mM in
ethanol 4+ optimum [co-sensitizer]; electrolyte solvent: 3-methoxy proprionitrile.
"Ethanol.

“n is cell efficiency; An% = Hexp — Ncontrol/Mcontrot (100); average of 3 cells.

MaRrceL DEKKER, INc.
270 Madison Avenue, New York, New York 10016



11: 29 24 January 2011

Downl oaded At:

Aromatic Amines as Co-sensitizers in Solar Cells 1303

08177

0.7 — 100% EtOH

-=— 2/3 EtOH 1/3 DMF
——1/2 EtOH 1/2 DMF
—— 1/3 EtOH 2/3 DMF
----100% DMF

0.6
0.54
0.44

0.3+

Absorbance

0.24
0.1

il

0.0

1 o 1 v I . I i I o 1 | 1 M 1 N 1 L 1 " I ¥ I .
260 280 300 320 340 360 380 400 420 440 460 480 500
Wavelength, nm

Figure 1. The equilibrium concentration of CS-la on titania as a function of solvent used for
sensitization.

ethanol is used. Subsequently, ethanol was used as the solvent in all co-sensitizer
experiments.

In a closely related matter, we have observed a strong electrolyte effect on the ability
of the co-sensitizers to enhance efficiency. The electrolyte formulations used contain
strong, polar solvents, e.g., butryolactone, sulfolane, 3-methoxyproprionitrile, etc., and at
this time we do not know if the variation in effectiveness of co-sensitizers, relative to CS-1a,
is related to their energy states, their redox potentials or simply to a solvent effect. We plan
to determine the equilibrium concentrations of all of the co-sensitizers in the presence of
electrolytes in the near future.

In order to get some idea of the energetics of the interaction, we measured the redox
potentials of N3 and four co-sensitizers in acetonitrile by means of cyclic voltammetry
using the standard calomel electrode as a reference (Fig. 2). The data clearly show that the
ground state energy level of CS-1a, 1b, and CS-3 are lower than N3, but that of CS-2 is
slightly higher than that of the dye. This data suggests that if electron injection into the
radical cation of N3 occurs from the ground state of a co-sensitizer, CS-2 would be the
only material capable of this electron transfer. CS-3 would be the least likely to reduce N3
from its ground state due to the presence of three strong electron withdrawing groups. To
add to the complexity of the situation, these redox potentials were measured in solution
and at this time we do not have redox data of these materials on titania. These experiments
will be completed soon.

Also shown in Fig. 2 are the calculated excited state energy levels of N3 and the
co-sensitizers. The first excited singlet states of all the co-sensitizers listed are higher than
that of N3, and therefore, each of them should be capable of injecting an electron into
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Figure 2. Energy level diagram of sensitizing dye (N3) and various co-sensitizers.

oxidized N3 dye. For this mechanism to be operative, however, the co-sensitizers would
have to absorb energy. It will be noted from Fig. 3 that CS-1a does not absorb any light
above 400 nm, and all of the other co-sensitizers (see Table 2 for A.x) show similar
absorption curves. Although the solar spectrum is weak at these short wavelengths, energy
is available down to about 310 nm. In order to determine whether or not the excited state of
the co-sensitizer CS-1a is necessarily involved the electron transfer mechanism, we placed
a filter, which cuts out all wavelengths below 450 nm, over the cell thereby preventing
excitation of the co-sensitizer. Surprisingly, the effect is still operative, that is, cell
performance increased (An% + 10.1%) in spite of the fact that the co-sensitizer was
present only in its ground state. This suggests that the excited state of the co-sensitizers is
not a requirement for electron transfer, but the latter may occur from the ground state of the
co-sensitizer to the radical-cation of the dye.

Absorbance / AU

300 400 500 600 700
Wavelength/nm

Figure 3. The composite absorption spectra of CS-la (UV absorber) and N3 dye showing the
absorption of the cut-off filter (diagonal lines).

MaRrceL DEKKER, INc.
270 Madison Avenue, New York, New York 10016



11: 29 24 January 2011

Downl oaded At:

Aromatic Amines as Co-sensitizers in Solar Cells 1305

There are three mechanisms that might be operative, all of which generate the same
products, namely, the radical cation of the co-sensitizer (donor), the ground state of the
sensitizing dye and a free electron in the titania nanocrystal.

The first mechanism would involve excitation of both sensitizer (S) and co-sensitizer
(D). However, as described previously, excitation of the donor is not a requirement for
electron transfer since the cell performance increases relative to N3 control even when the
co-sensitizer is not excited.

Mechanism 1
D—TiO, + S—Ti0, =% D*—Ti0, + S*—TiO,

|

D= TiO, + S—TiO,(e”) «— D*—TiO, + ST=TiO,(e")

In the second mechanism, only the sensitizer is excited; it injects an electron into the
titania, and subsequently the co-sensitizer donates an electron from its ground state to the
sensitizer. In light of the ground state energies determined by cyclic voltammetry in
solution, this mechanism is not energetically favored. There is one caveat, however, the

Mechanism 2
D—TiO, + S—TiO, - D—Ti0, + S*—TiO,

V

D*2Ti0, + S—TiO,(e”) «— D—TiO, + S*ZTiO,(e")

actual values of the ground and excited state energies when these species are anchored to
titania are not known, and they may differ significantly.

Another mechanism that might operate is one in which the sensitizer and co-sensitizer
form an excited state complex upon absorption of a photon (Mechanism 3) by the
sensitizer. Injection of an electron from the excited state complex to the titania proceeds
with concomitant generation of a ground state sensitizer and the radical cation of the
co-sensitizer.

Mechanism 3

. DIilS

D—TiO, + S—Ti0, —»
Tio,

y

Dt =TiO, + S—TiO,(e™)

There are several examples in the literature describing exciplex formation between
aromatic amines and non-planar transition metal complexes. Exciplex formation may
occur between the ground state donor and either the ligand (ligand centered exciplexes) or
the transition metal (metal centered exciplexes) of the complex.[®®! Electron transfer in
these systems has also been documented.” !
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CONCLUSION

Initial experimental results indicate that aromatic amines anchored to the surface of
dye sensitized titania nanoparticles enhance the performance of photovoltaic solar cells.
Although the specific operative mechanism by which this beneficial interaction occurs is
not known in detail, it is clear from the limited data in-hand that electron transfer from the
amine to the sensitizing dye is a key step. The co-sensitizers that show no effect or detract
from cell performance may have adsorption/desorption equilibrium shifted in favor of the
latter. Research is continuing to delineate this mechanism which should lead to further
enhancement and optimization.
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