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Abstract

Dye-sensitized solar cells (DSCs) have attracted worldwide attention due to their
low cost and versatility. Porphyrins have broad and intense absorption in the

The original version of this chapter was revised. Correction to this chapter can be found at https://
doi.org/10.1007/978-3-662-59594-7_18

Author Contribution
W. Li wrote the manuscript related to the solar properties, M. Elkhalifa the synthesis section, and
H. He revised the second draft.

W. Li
School of Information Engineering, Jiangxi University of Science and Technology, Ganzhou,
Jiangxi, China

M. Elkhalifa - H. He (b<)
Department of Chemistry and Biochemistry, Eastern Illinois University, Charleston, IL, USA
e-mail: hhe@eiu.edu

© Springer-Verlag GmbH Germany, part of Springer Nature 2019, corrected publication 351
2023

T. A. Atesin et al. (eds.), Nanostructured Materials for Next-Generation Energy Storage

and Conversion, https://doi.org/10.1007/978-3-662-59594-7 12


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-662-59594-7_12&domain=pdf
https://doi.org/10.1007/978-3-662-59594-7_18#DOI
https://doi.org/10.1007/978-3-662-59594-7_18#DOI
mailto:hhe@eiu.edu
https://doi.org/10.1007/978-3-662-59594-7_12#DOI

352 W. Li et al.

visible region, versatility in tuning the molecular structure. Early porphyrin dyes
are generally g-functionalized meso-teraarylporphyrins. In the late 2000s, several
groups began to pay their attention to meso-functionalized porphyrins. In 2010,
the meso- functionalized porphyrin dye with donor-w-acceptor structure, achieved
an efficiency of 11%. Since then, dozens of donor-n-acceptor porphyrin dyes with
>10% efficiency have been reported. In 2014, the energy conversion efficiency of
13% was reached. However, some challenges still exist including inefficient
photon capture in the regions around 520 nm and >700 nm, severe aggregation
because of porphyrin’s planar structure and rich © electrons, and poor long-term
stability resulting from the weak binding capability of the anchoring group. In this
chapter, we will provide readers the operation principles of DSC, an evolution of
porphyrin dyes as the best candidates for DSCs, and challenges facing porphyrin
dyes for DSCs. Different design strategies, synthetic protocols, as well as their
photovoltaic performance of representative dyes will be discussed.

12.1 Introduction

Humans have used fossil fuels that took around 400 million years to form and store
underground. To meet the increasing energy demand, new energy sources need to be
found. Solar energy has attracted much attention due to its abundant, clean, and
sustainable properties. We can use the thermal solar collector to convert solar energy
to heat, which is efficient and low cost, but heat is difficult to store. We can also use solar
cells to convert solar energy into electricity, which is more expensive than a thermal
solar collector, but the electricity is easy to transport and store making this method more
attractive.

Solar cells have gone through three generations since their discovery. The first
generation was made using crystalline silicon (c-Si). This type of cell has a high
energy conversion efficiency of up to 25% [93] but requires extremely pure silicon;
therefore, the production cost is high. The second generation is thin film solar cells,
which are low cost. Amorphous silicon (a-Si), cadmium telluride (CdTe), copper
indium gallium selenide (CIGS) belong to this type. Amorphous silicon (a-Si) was
first introduced by D. Carlson in 1976 [9]. A power conversion efficiency of 2.4%
was achieved in a-Si [positive-type, intrinsic undoped, and negative-type semicon-
ductor] p-i-n structure. Up to now, the energy conversion efficiency of this type of
solar cell has reached 10.2% [24]. However, the energy conversion efficiency is still
low compared to c-Si solar cells. In addition, long-term stability is also poor.
Alternatively, thin film solar cells, such as cadmium telluride (CdTe) and copper
indium gallium selenide (CIGS), were developed to booster energy conversion
efficiency. The highest efficiencies of CdTe and CIGS were 21.0% and 21.7%,
respectively [24]. However, due to the toxic property or limited resources, their
application is impeded. Dye-sensitized solar cells (DSCs) have been widely regarded
as next-generation solar cells for providing electricity at lower cost with more
versatility. An overall light-to-electricity energy conversion efficiency above 11%
has been obtained using ruthenium dyes [7, 20, 69], but the limited resources and the
environmental issue of ruthenium provide opportunities for other organic dyes, such
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as porphyrin dyes. Extensive studies showed that porphyrin dyes have great poten-
tial to level the economic cost of DSC devices due to their versatile structural
modification and excellent light-harvesting capability. Recently, an energy conver-
sion efficiency of greater than 13% has been reached using a donor-m-acceptor
porphyrin dye [63].

There are several challenges for porphyrin sensitized solar cell. The first is that the
absorption of porphyrin dyes is not broad enough to capture all photons in the visible
and near-infrared regions. Most porphyrin dyes have no absorption above 700 nm,
leading to significant loss of photons in the near-infrared region. In addition, the
absorption capability in the green light region is also weak. Several fused porphyrin
dyes and porphyrin dimers have been developed to address this challenge with an
absorption edge up to 900 nm; however, their photovoltaic performance was not
competitive to porphyrin monomers due to dye aggregation and energy mismatch.
The second one is the weak binding capability of the anchoring group on the surface
of titania (TiO,) nanoparticles. Currently carboxylic acid and benzoic acid are two
anchoring groups that have been extensively explored. Although they can chelate to
Ti atoms readily, the binding strength is not strong enough. The anchoring group can
dissociate slowly from TiO, surface into electrolyte medium, resulting in complete
loss of energy conversion ability of devices.

12.1.1 Working Principles and Challenges

In DSCs, light is absorbed by a sensitizer, which is anchored to the surface of a wide
band semiconductor, such as TiO, nanoparticles. Charge separation takes place at
the interface via photo-induced electron injection from the excited state of the dye
into the conduction band of the semiconductor. Carriers are transported in the
conduction band of the semiconductor to the charge collector. So far, the most
common state-of-the-art DSC is titanium dioxide nanoparticles-based electrochem-
ical device, in which interconnected TiO, nanoparticles in the anatase phase are
randomly packed on a substrate, such as fluorine-tin-oxide (FTO)-coated transparent
conducting glass (TCO glass).

The operation of a DSC is shown in Fig. 12.1. The first step is dye molecules absorb
light and get excited as S + hv — S*, where S represents the ground state of the
sensitizer, and S* is the excited state of the sensitizer. Then electrons from dyes in the
excited states are injected into the TiO, conduction band as S* — S + ¢~ (TiO,), in
which S* is the oxidized state of the sensitizer. After charge separation, electrons
transport through a network of interconnected TiO, particles to the TCO layer to the
external circuitas e~ (TiO,) — e~ (PE), in which PE is the photoelectrode. The oxidized
dyes are reduced by the electrons from electrolyte as 2S* + 31™ (electrolyte) —
2S + 31 ~ (electrolyte). The biggest difference between DSCs and inorganic solar
cells is that in DSCs the function of light absorption and charge carrier transport are
separated [22].

Besides the desired pathways of the electron transfer processes, there are several
undesirable electron recombination processes, which are shown by red lines in
Fig. 12.2. One is the direct recombination of the excited dye to the ground state
(process 2). The second is injected electrons in the conduction band of TiO, with
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Fig. 12.2 Electron transport processes in photoanode of DSC. S: ground state, S*: excited state, R/
R-: redox couple

electrolyte (process 6), and third is the recombination of injected electrons with
oxidized dyes (process 5) [25].

Process 2 is the fluorescence, usually in the nanosecond time scale for porphyrin
dyes, while process 3 occurs in a femtosecond time scale, which is fast enough to
compete with process 2. In principle, electron transfer to the electrolyte (process 6) can
occur either at the interface between the nanocrystalline oxide and the electrolyte or in
areas of the anode contact that are exposed to the electrolyte. In practice, the second
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route can be suppressed by using a compact blocking layer of oxide deposited on the
anode by spray pyrolysis or spin coating. To reduce the electron recombination process
at the interface, charge separation at the interface can be enhanced by molecular
engineering of the sensitizers. The structural features of the dye should match the
requirements for current rectification. Unidirectional electron flow from the electrolyte
through the junction and into the oxide results from photo-excitation of the sensitizer.
The reverse charge flow, i.e., recapture of electrons by the electrolyte can be impaired by
judicious design of the sensitizer. The latter should form a tightly packed insulating
monolayer to block the dark current. If dye molecules have long side chains, when it
adsorbed on TiO, surface, the long chains will expand in the electrolyte and form a
blocking layer of electrolyte, as shown in Fig. 12.3. Thus, high charge collection in the
electrode will be expected.

The gain in the open-circuit voltage (Voc) can be calculated from the following
equation,

kT JSC kT Isc Isc
Voo = 2 1n (_) " (—) = 0.059nlg—=
q Jo q Iy 1o

where 7 is the ideality factor whose value is between 1 and 2 for the DSC and 1 is the
saturation current (A), where, Jy, g, k, and T stands for photogenerated current density,
electronic charge, Boltzmann’s constant, and operating temperature of the organic solar
cell. The kT/q term is the thermal voltage at 300 K (=0.02586 V), I the short circuit
current density (A/em?), and I, = short circuit current (the current at V = 0) and I, the
saturation current. Thus, for each order of magnitude decrease in the dark current, the
gain in Ve would be 59 mV at room temperature. Work in this direction is needed to
raise the efficiency of DSC significantly over the 15% limit with the currently employed
redox electrolytes. DSCs efficiency varies with light harvesting ability and loss-in-
potential, which is a term used to express the drive energy loss when electron transfer
from a higher level to lower level. As shown in Fig. 12.4 [79], when the absorption onset
exceeds 700 nm, the potential loss will domain the overall conversion efficiency. While
if the loss-in-potential is reduced to 0.2 eV, and absorption onset reaches to 1110 nm, the
power conversion efficiency can reach a maximum of 25.6%. However, alternatives to

electrolyte

Fig. 12.3 Long alkoxyl/alkyl chains enveloped with porphyrin cores on the TiO, surface. The
colored surfaces represent the long alkoxyl/alkyl chains. (Reproduced with permission from C-L
Wang et al. [86] Copyright (2012) Royal Society Chemistry)
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Fig. 12.4 Estimated efficiency of solar cell versus absorption onset and loss in dye-sensitized solar
cells. (Reproduced with permission from Snaith [79] Copyright (2009) John Wiley and Sons)

TiO, may need to allow electron transfer from lower bandgap sensitizers. In current
DSCs, the loss-in-potential is around 0.8 eV, so the peak efficiency absorption onset is
around 800 nm.

The ideal dyes for DSC applications should fulfill several essential characteristics.
(1) The spectra of dyes should cover the whole visible region and part of the near-
infrared region. This is because the visible region and near-infrared region accounts for
~44% and ~37% of the whole solar radiation energy, respectively. (2) The lowest
unoccupied molecular orbital (LUMO) of the dye should be sufficiently higher than
the conduction band edge of TiO,. There is still debate about the minimum driving force
for sufficient electron injection. Nonetheless, Kohjiro Hara and coworkers have reported
that the energy gap of 0.2 eV should be sufficient for effective electron injection
[43]. Electronic coupling between LUMO and TiO, nanoparticles is also crucial for
electron injection, which is mediated by anchoring groups. In this regard, carboxylate is
the most widely used anchoring groups. (3) The HOMO (highest occupied molecular
orbital) of the dye should be sufficiently lower than the redox potential of the electrolyte
or the hole conductor so that the dye can be regenerated efficiently. (4) The dye should
be elaborately designed to suppress the unfavorable energy/charge transfer pathways
such as dye aggregation and charge recombination [13, 72, 87]. (5) To obtain 20 years of
cell life, the dye should be stable enough to undergo 10® turnover cycles [23].

12.1.2 Characteristics of Porphyrin Dyes

The porphyrin is one class of tetrapyrrole compounds. Its core structure is shown in
Fig. 12.5. The porphyrin ring has two different sites for functionalization, i.e., eight
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Fig. 12.5 Active sites for
functionalization on a
porphyrin ring

p-positions and four meso-positions. In general, meso-positions are the most reactive
sites in all types of reactions. The relative reactivities of the - and meso-positions
can be qualitatively explained by the frontier orbital theory. In this model, the
coefficients of the frontier orbitals are used as the indices for the relative reactivities
of individual reaction centers. Theoretical calculations reveal that two frontier
orbitals exhibit maximum coefficients on the meso-positions [19]. Based on their
easy accessibility, researchers have focused on meso- functionalized porphyrin dyes.
After decades of development, both - and meso-positions can undergo nearly all
types of reactions such as oxidations, reductions, intramolecular and intermolecular
cycloadditions, electrophilic substitution, and nucleophilic reactions. The discussion
of these typical reactions is out of the scope of this chapter, and readers are referred
to two reviews of Mathias O. Senge [34, 76]. Instead, this chapter will outline C-C
and C-N cross-couplings in Sect. 12.3.3 because of their importance in the synthesis
of push-pull porphyrin dyes, which is the state-of-the-art structural model in DSCs.

Porphyrins possess two characteristic absorption bands in the visible region [Dyy,
symmetry]. The intense band locating at 400450 nm is called B band or the Soret
band; the moderate ones at 500—650 nm are Q bands. Generally, the molar extinction
coefficient of B band is several 10° mol~' cm™'; the intensity of Q bands is ~10
times weaker than B bands. But as shown in Fig. 12.6, Q bands are still comparable
to organic dyes and much stronger than ruthenium (Ru) dyes. This is meaningful
from points of lowering the cost and raising the cell performances. Inorganic or Ru
dyes-based DSCs, a ~10 pm-thick transparent TiO, film, are required for saturated
absorption; while it can be reduced to ~2 pm for porphyrins-based cells because of
their strong absorption in the visible region. Furthermore, studies on the effect
of TiO, electrodes have revealed that thinner TiO, films are good for higher V¢
[38, 83].

Earlier studies have established that the absorption spectra of metalloporphyrins
can be tuned by central metal ions. In fact, nearly all metals on the periodic table can
be coordinated to the porphyrin ligand. This provides a wide room for researchers to
tune porphyrin’s optical properties. Unfortunately, only free base and Zn
(1) porphyrins have shown competitive photovoltaic performances [5, 54, 66].

The inferior performance of other metalloporphyrins origins from their much
shorter singlet excited-state lifetimes. The decay kinetics of excited states has a
significant effect on electron injection, and it strongly depends on the nature of
the central metal ions in the case of porphyrins [14]. Generally, free base and zinc
[Zn(I1)] porphyrins have ns scaled singlet excited-state lifetimes [14], which is
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Fig. 12.6 Absorption spectra
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Fig. 12.7 Four representative porphyrin dyes from early studies and their energy conversion
efficiency

long enough for effective electron injection (in ps scale). Other meta-
lloporphyrins such as palladium [Pd(II)], copper [Cu(Il)], and nickel [Ni(Il)]
exhibit much shorter-lived excited state (sub-ps to ps) because of strong interac-
tions between porphyrin ligands and metal ions.

12.1.3 Porphyrins for DSCs

12.1.3.1 Discovery of Porphyrin Dyes for DSCs

Early porphyrin dyes were mainly based on the g-functionalized meso-teraaryl-
porphyrins and natural porphyrin derivates [12, 41, 68, 84]. Several typical porphy-
rins dyes of this stage are shown in Fig. 12.7. In spite of their broad absorption in the
visible region, these porphyrin dyes showed no competitive performance as com-
pared to ruthenium dyes. The relatively low efficiency of these porphyrin dyes is
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Fig. 12.8 Four representative p-functionalized porphyrins dyes and their energy conversion
efficiency

ascribed to their strong dye aggregations on the TiO, surface and fast charge
recombination at the TiO,/electrolyte interface.

In the late 2000s, the research of porphyrin dyes fell into two categories. On the one
hand, works on f-functionalized porphyrins were continued. To get red-shifted absorp-
tion spectra, David L. Officer and co-workers further extended the & system in the f-
positions, and an impressive PCE of 7.1% was obtained by dye GD2 (Fig. 12.8)
[6]. Inspired by this work, Imahori group reported several fused porphyrin dyes
(Fig. 12.8) [26, 27, 81]. The extended & system and lowered symmetry indeed caused
significant red-shifted absorption spectra for these fused dyes. But their efficiencies were
limited to 0.3~4.1% because of severe dye aggregation and/or too much low LUMOs.
On the other hand, comprehensive studies were focused on the fundamental under-
standings of meso-functionalized porphyrin dyes such as substitutions on meso-phenyl
groups [18, 36], substitution position of the carboxyl group on phenyl groups [73],
spacers between porphyrin rings and anchoring groups [16, 56, 57, 73]. Based on these
exhaustive works, several basic guidelines for designing meso-functionalized porphyrin
dyes can be obtained. Those include (1) substitution at ortho positions of meso-phenyl
groups could induce larger steric repulsion between porphyrin rings and phenyl rings
and thereby hamper dye aggregations, (2) the carboxyl groups attached at the para
positions of the phenyl groups are more favorable for both dye coverage and retarding
the charge recombination between electrons in TiO, and oxidized dyes, (3) adding an
ethynyl group between porphyrin ring and the spacers at the anchoring end is suggested,
and (4) long alkyl/alkoxy chains should be introduced to the peripheral groups to retard
the charge recombination between electrons in the TiO, and electron acceptors in the
electrolyte.

Promoted by the development of palladium (Pd)-catalyzed cross-couplings, por-
phyrin dyes with push-pull structures were also studied in the late 2000s. This type
of dyes consists of an electron donor group and an electron-withdrawing group. The
interest in push-pull type porphyrin dyes is because of their broad and red-shifted
absorption spectra as well as the long-lived charge-separated state. In 2009, Diau and
co-workers reported a push-pull porphyrin dye YD1 [48]. As shown in Fig. 12.9,
YD1 incorporated 3,5-di-tertbutylphenyl groups to 5,15-meso-positions to suppress
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Fig. 12.9 Structures of YD1 and YD2 and their energy conversion efficiency

the dye aggregation, and a bis(4-(fert-butyl)phenyl)amine as an electron donor was
attached to 20-meso-positions. In comparison with other dyes, YD1 outperformed
those f-functionalized porphyrin dyes with a conversion efficiency of 6.1%. To
improve the stability, authors subsequently replaced the tert-butyl groups on the
donor with n-hexyl groups, obtaining dye YD2 (Fig. 12.9) [58]. Comparing to YD1,
YD2 exhibited slightly higher PCE (6.8% vs. 6.5%). In 2010, the performance of
YD2 was further improved to nearly 11% by cooperation with Michael Grétzel
group [3]. This is the first porphyrin dye achieving a PCE >10%.

Inspired by the success of YD2, push-pull structured porphyrins have dominated
the studies on porphyrin dyes since 2010, and dozens of dyes with efficiencies
>10% have been reported [82]. It can be concluded that nearly all these highly
efficient porphyrin dyes containing two orthos long alkyloxy groups at 5,15-meso-
phenyl groups. Diau and co-workers proposed that the long ortho alkyloxy chains
could wrap the porphyrin ring in a shape that prevents dye aggregation effectively
and forms a blocking layer on the TiO, surface [10, 86]. As a result, dye YD2-0-C8
exhibited higher PCE than the counterpart YD2 (11.9% vs. 8.4%) in a cobalt-based
electrolyte [90]. After co-sensitization with the organic dye Y123, YD2-0-C8 achieved
an unprecedented PCE of 12.3% [90], surpassing the best ruthenium dyes and organic
dyes at the same time. Since then, the long ortho alkyloxy chains have seemed to be the
“standard” equipment for porphyrin dyes. Another structural improvement for porphyrin
dyes is proposed by Grétzel and co-workers in 2014. As shown in the molecular
structures of dyes SM315 and GY50 (Fig. 12.10) [63, 91], an electron acceptor 2,1,3-
benzothiadiazole (BTD) was introduced as a spacer between porphyrin ring and benzoic
acid forming a D-n-A-A structure. This modification induces dual effects which are
favorable for light harvesting: the absorption onset is red-shifted and the valley between
the Soret band and the Q bands is filled because of the splitting of the B band. As a
result, SM315 achieved a 13% PCE without co-sensitization. Grétzel et al. pointed out
that the phenyl group between BTD and the carboxyl anchoring group is essential for
cell performance [91]. The electron lifetime was decreased significantly for the
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Fig. 12.10 Molecular structures of SM315, GY50, and GY21

counterpart dye without the phenyl group (GY21 in Fig. 12.10), resulting more than five
times lower PCE in a cobalt-based electrolyte.

12.1.3.2 Challenges for Porphyrin Dyes

Inefficient Photon Capture

The match between the absorption spectrum of the dye and the solar spectrum is
essential to efficient power conversion. It can be seen from Fig. 12.11 that porphyrin
dyes have weak or no absorption in the near-infrared region. Besides, there is a
valley between the Soret band and the Q bands. Thus, numerous efforts have been
devoted to the design and synthesis of dye with broad light absorption.

As shown in Fig. 12.12¢, the Q bands and the B band arise from the transitions
from the ground state S, to the excited states S; and S,, respectively. Furthermore, S;
and S, are given as results of the configuration interaction of four excited states
generated by the transitions between two HOMOs (as ¢; and ¢, in Fig. 12.12b) and
two LUMOs (b; and b, in Fig. 12.12b). Here, we use b;c; to denote the singlet state
produced by the transition b; — ¢, and the rest three can be done in the same
manner. Among these four excited states, b;c; and b,c, have similar symmetry and
are y-polarized. Also, bic, have similar symmetry to b,c; and both are x-polarized.
Thus, the results of the configuration interaction will be represented by:

B
V2

1

B° 75

(b1C1 +b2€2);Bx0 (blcz +b201)

1 1
0, = 7§(b101 — b2);0,° = N (bica — bycr)

where B,, and B, represent the constructive effect of the transition dipoles giving rise
to the strongly allowed B band. In the case of Zn(Il) porphyrins who has Dy,
symmetry, x and y components are equivalent. Similarly, Q, and Q, represent the
destructive effect of the transition dipoles giving rise to the Q bands. It may be noted
that the value of (b,c;—byc;) and (b c,—byc) should be equal to zero because by and

b,, as well as c¢; and c,, are degenerate. This means that Q bands are theoretically
forbidden.
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Fig. 12.11 Absorption —— AM1.5 Solar Spectrum Absorption
spectrum of YD2-0-C8 and spectrum of YD2-0-C8
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Fig. 12.12 (a) x and y directions of the Zn(II) porphyrin; (b) HOMOs and LUMOs of Zn
(II) porphyrins, the transitions are also included; (¢) Energy states of Zn(Il) porphyrins

But the molecular vibrations within the porphyrin ring marginally lift the degen-
eracy of by and b, so that Q bands become weakly allowed. Their weakness allows
one to identify two vibrational peaks, i.e., Q(0,0) and Q(0,1), as shown in Fig. 12.13.

Based on the electronic fundamentals of porphyrins absorption, B and Q bands
could be broadened and red-shifted through structural modifications which cause the
splitting of frontier orbitals, namely, elongating the ® system and reducing the
symmetry.

1. Fused porphyrins. In 2007, Imahori and co-workers reported the naphthyl-fused
porphyrin dye fused-Zn-1 (the molecular structure is in Fig. 12.8) [81]. This
unsymmetrically n- elongated porphyrin exhibited a 130 nm red-shift comparing
with the unfused counterpart Zn-1, and the splitting of B band was also observed.
As a result, dye fused-Zn-1lachieved a significantly higher PCE than Zn-1 (4.1%
vs. 2.8%). Other bigger aromatic groups such as anthracene [2], perylene [59],
porphyrin ring [60] were also fused to porphyrin rings, but none of them have
shown PCE > 1% because of their too low LUMOs. Thus, fusing groups should
be chosen with cautions to avoid inefficient electron injection.
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Fig. 12.13 Absorption
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2. Introducing auxiliary chromophore. Aromatic groups with extended n systems
such as perylene and anthracene usually have characteristic absorption bands at
around 400 nm (see Fig. 12.14). Thus, attachment of these chromophores to
porphyrin rings in a conjugated mode (i.e., through ethynyl linker) may result in
enhanced light harvesting ability [54, 59, 60, 78, 85]. Wu and co-workers
reported a series of porphyrins dyes with N-annulated perylene was attached to
the porphyrin through direct linkage (WW-3), fusing (WW-4), or ethynyl linker
(WW-5, WW-6) [59]. The molecular structures of these dyes are depicted in
Fig. 12.15. As compared to WW-3, the strong coupling between the perylene
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group and the porphyrin ring in WW-5 and WW-6 gives rise to the red-shifted Q
bands and significantly broadened B band. One drawback of this strategy is the
enhanced dye aggregation caused by the elongated n system.

3. Multiple electron donors. The symmetry has a strong effect on the absorption
spectra of porphyrins. A typical example is the free base porphyrin that has
reduced symmetry comparing with Zn(II) porphyrins. With the same periph-
eral substituents, the former one has significantly broadened and red-shifted Q
bands [94]. To reduce the symmetry of porphyrin dyes, the strategy adopted by
Hiroshi Imahori and co-workers is to introduce two diarylamino groups into
the meso-positions in a low-symmetry manner [37, 45]. As expected, these
dyes exhibited enhanced light-harvesting in the visible region. Moreover, the
best dye ZnPBAT showed a PCE of 10.1% [45], which was higher than the
reference dye YD2.

4. Enhancing the donor/acceptor strength. In a push-pull porphyrin, the degen-
eracy of HOMOs and LUMOs will be affected by the strength of the donor and
acceptor, respectively [47]. By using the model shown in Fig. 12.16, Lecours
et al. found that the energy gap between the HOMO-1 (the au-orbital) and HOMO
(bu or blu orbital) decreases from 0.269 eV to 0.101 eV as the substituent X is
varied from NMe, to NO,; on the other hand, the splitting of LUMO and LUMO+1
increases with the acceptor strength. Accordingly, Gritzel and co-workers designed
dye SM315 (see Fig. 12.10) by inserting a strong electron acceptor BTD between the
porphyrin and the benzoic acid and achieved a PCE up to 13% because of its
panchromatic absorption in the visible region [63].

Solar cells with broad light absorption can also be achieved by co-sensitization
with complementary dyes [17, 29, 46]. As compared to the difficulties in
design and synthesis of panchromatic porphyrin dyes, co-sensitization seems
to be a convenient method through the combination of two or more dyes
sensitized on semiconductor films together. In addition, the dye aggregation

Fig. 12.16 Model used for
the study of effects of
electron/acceptor strength on
the porphyrin’s frontier
orbitals
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of porphyrin dyes could also be reduced by co-sensitization [49]. Another two
considerations should be taken into accounts except for the complementary
spectra. Firstly, the co-sensitizers should have a high molar extinction coeffi-
cient. In a co-sensitization manner, both/all dyes would have reduced
dye-loadings comparing to single dye-sensitized cells. Thus, co-sensitizers
should have intense absorption to obtain saturated light-harvesting. Secondly,
the co-sensitizers itself should have a strong ability to suppress the charge
recombination. By reviewing the literature concerning co-sensitizations, it is
found that the co-sensitized cells generally exhibit a VOC between the single
dye-sensitized cells [46]. In this regard, the cell based on the co-sensitizer
itself should have higher VOC than the porphyrin-based cell.

Severe Aggregation

Because of their planar structure and rich & electrons, porphyrins have a strong
tendency to form aggregates in solutions or on semiconductor films. For DSCs
applications, the presence of dye aggregates may results in serious deterioration in
electron injection due to self-quenching of photoexcited state. In other words,
aggregation is a critical factor that should be well controlled. Several methods
have been reported to tackle this problem, including co-sensitization with small
molecules [15], growing an ultrathin transparent metal oxide coating [62]. The
following section will focus on the topic of how to suppress dye aggregation via
elaborate molecular design.

Generally, alkyl/alkoxyl chains have been introduced to suppress the dye
aggregation because they can retard charge recombination and enhance long-
term stability simultaneously. Diau and co-workers have conducted exhaustive
studies on the effect of alkyl/alkoxyl chains appended to the meso-phenyl groups
[10, 86]. The results revealed that the four ortho dodecyloxy groups at the two
meso-phenyl groups have the strongest ability to reduce the dye aggregation
[86]. For dyes with extended = systems, especially those have two ethynyl units
at meso-positions [35, 52], more severe aggregation was observed despite the
already present alkyl/alkoxyl chains on the porphyrin ring and/or electron donor.
Thus, extra chains are suggested to place on the m unit. But factors such as
numbers, length, and positions should be taken under deliberation to practically
exploit the steric hindrance of alkyl/alkoxy chains. Otherwise, extra chains may
induce more aggregates because of the van der Waals interactions between the
chains [31, 51]. Dye aggregates can also be reduced by using electron donors
with nonplanar configurations, such as diarylamine [35], phenothiazine [89]. For
a comprehensive review of electron donors, one can refer to the articles on
organic dyes by Kim [42], Chen [53], and Giribabu [39].

Poor Stability
Porphyrins themselves have good thermal, light, and chemical stabilities. However,
the binding between the carboxylic anchoring group and TiO, surface is relatively
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weak in the presence of trace water, resulting in desorption of dyes. To obtain water-
stable binding, multiple carboxylic acid groups can be introduced to porphyrin dye.
Alternative anchoring groups with a superior TiO, binding capability to a carboxylic
acid group were also developed. The detailed discussion on anchoring groups will be
given in Sect. 12.2.

12.1.4 Synthetic Methods for Porphyrin Dyes

In principle, there are three different synthetic approaches to obtain unsymmetrical
porphyrins: (a) mixed condensations involving pyrrole and dipyrrin chemistry,
(b) total synthesis via bilanes, and (c) subsequent functionalization by organolithium
reactions or transition metal-catalyzed coupling reactions [75]. For the first method,
it is frequently limited by unsatisfied yields and/or various isomers [55]. Moreover,
the acidic conditions involved in the condensation reactions are often not compatible
with some functional groups. Therefore, bridges between the porphyrin ring and
function groups (e.g., carboxyl anchoring group) are confined to aromatic groups
such as benzene and thiophene, resulting in insufficient electronic coupling for
charge transfer. In the total synthesis route, porphyrins bearing four different
meso-substituents are accessible. Nevertheless, the acid-catalyzed scrambling in
combination with the necessity of high temperature has limited its application. The
step-wise functionalization of more available reagents, such as 5,15-diarylporphrins,
could lead to more appreciable results and the reactions are compatible with more
functional groups. For porphyrin dyes, the involved step-wise functionalizations are
mainly C-N and C-C couplings for linkages of the electron donor and acceptor. It has
been demonstrated that electronic coupling is essential for electron injection. Thus
nearly all efficient porphyrin dyes possess an ethynyl linker between the porphyrin
ring and the electron acceptor. The linkage between the electron donor and the
porphyrin ring is more various. It can be realized by triple bond or direct C-C/C-N
bonding. In this sense, the synthesis routes for push-pull porphyrins are more
dependent on the linking mode of the donor.

For the porphyrin dye with two ethynyl linkers, it can be obtained via the route in
Scheme 12.1, where Sonogashira cross-couplings are the main protocols. To syn-
thesize porphyrin dyes with direct C-C/C-N bonding mode, two routes can be
followed (Scheme 12.2). The difference lies in the role of the porphyrin intermedi-
ates in the final Sonogashira cross-couplings. In route A, the ethynyl group is
positioned at the porphyrin ring. Therefore, another two more steps are needed to
obtain the starting material 5-bromo-15- (triisopropylsilyl)ethynyl-10,20-
diarylporphyrin (Scheme 12.3). In contrast, the route B seems to be more efficient
as the starting material is the more accessible 5-bromo-10,20-diarylporphyrin. It can
be seen from Scheme 12.1 and Scheme 12.2 that all three routes start with a
brominated porphyrin. So, we will first describe the bromination of porphyrins in
the following sections. Then, protocols for further C-N and C-C couplings will be
outlined.
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Scheme 12.1 Synthesis ar
route for porphyrin dyes with
two ethynyl linkers o 5 _Sonogashira
Ar
Ar Ar Ar
Route A: Br = TIPS—>D = TIPS —>D =A
Ar Ar Ar
Ar Ar Ar Ar
Route B: &r —>D — D—‘—Br—» D—‘%A
Ar Ar Ar Ar

Scheme 12.2 Synthesis routes for porphyrin dyes with one ethynyl linker

Ar Ar Ar
‘Br R ‘%TPS —> Br w ——TIPS
Ar Ar Ar

Scheme 12.3 Synthesis route for 5-bromo-15-(triisopropylsilyl)ethynyl-10,20-diarylporphyrin

12.1.4.1 Bromination of Porphyrins

Similar to the situations in other reactions, bromination exclusively happens at meso-
positions unless all four meso-positions are substituted or electron-withdrawing
groups are presented at meso-positions [8, 74]. The bromination of 5,15-
diarylporphrins is typically realized with N-bromosuccinimide (NBS) in methylene
chloride (CH,Cl,) at 0 °C [71]. For 10,20-dibromo- 5,15-diarylporphrins, yields
>90% can be obtained with 2 equivalents of NBS. After reducing the NBS content
to 0.9-1.0 equivalent, the same method can also be used for the production of meso-
monobrominated 5,15-diarylporphrins. But the yields are usually reduced to ~60%
because of the co-existence of 10,20-dibromo—5,15-diarylporphrins and unreacted
5,15-diarylporphrins. It was also noted that the meso-monobromination of 5,15-bis
(3,5-di-tert-butylphenyl)porphyrin was made tedious by the difficulty of separating
the reaction mixture [40].
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Scheme 12.4 Synthesis Ar Ar
protocols for porphyrin dyes
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Sonogashira Cross-Couplings
For porphyrin dyes like LD14, XW-4, and WW-5, there are two ethynyl groups at
the 10,20-positions. As shown in Scheme 12.4, these dyes can be obtained via two
sequential Sonogashira couplings using tetrakis(triphenylphosphine)palladium(0)/
copper(I) iodide [[Pd(PPh3),]/Cul] catalytic system at 40~50 °C, and a relatively
long reaction time (~20 h) is necessary. The dibromominated porphyrins are firstly
subjected to the coupling with an ethynylated donor. Yields between 17~35% have
been reported for this step [10, 88]. After chromatographic separation on silica gel,
the donor-modified intermediate is coupled to an ethynylated acceptor through a
second Sonogashira coupling, and the yield of this step is much higher (~65%).
Ethynylated porphyrins can also be synthesized from the reaction between mono-
brominated porphyrin and (triisopropylsilyl)acetylene using the same catalytic system
and solvents. In this reaction, the temperature can be elevated to the boiling point, and
thus can be completed in a much shorter time (~4 h). But in the following Sonogashira
coupling with halogenated groups (e.g., 4-iodobenzoic acid, see Scheme 12.5), the
catalytic system should be replaced with tris(dibenzylideneacetone)dipalladium(0) /
triphenylarsine [Pd,(dba)s;/AsPhsJto avoid the homogenous coupling of the
ethynylated porphyrin in copper(I) iodide (Cul) system.

12.1.4.2 C-N Cross-Couplings

In 2017, Mathias O. Senge and co-workers optimized the Buchwald-Hartwig amination
of monobrominated porphyrin by using bis(4-tert-butlphenyl)amine as substrate [64]. In
this study, best results were obtained when using palladium(Il) acetate [Pd(OAc),],
2,2'-bis(diphenylphosphino)-1,1’-binaphthyl) [BINAP], and cesium carbonate
[Cs,CO5] in tetrahydrofuran (THF, Scheme 12.6). It was noted that in all cases a
significant amount of debrominated starting material was observed. Further optimization
was then conducted by stirring the base and the amine for 30 min under reaction
conditions before the addition of other reagents.

Beside the Pd-catalyzed Buchwald-Hartwig amination, the C-N bond can also be
formed through the iodine(Il)-mediated nucleophilic substitution reactions (Scheme
12.7) [37, 77]. The yield was much lower (~20%) than the Buchwald-Hartwig
coupling. But this approach has advantages as the reactions can be performed in
mild conditions (air, room temperature) and short reaction time (~15 min).
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Scheme 12.5 Reaction conditions for the Sonogashira cross-coupling of ethynylated porphyrins

d:oxx , CsCO,, THF dL
Br+HN (0)24» w N

Scheme 12.6 Optimized reaction conditions for the Buchwald-Hartwig amination

Moreover, many bulky amines such as bis(9,9-dihexyl-9H-fluorene-7-yl)amine can
also be attached to the porphyrin ring under this protocol [50], while no desired
product was obtained under Buchwald-Hartwig conditions.

Suzuki-Miyaura Cross-Couplings

In 2015, Xie and co-workers designed and synthesized a porphyrin dye XW9
[89]. In this dye, the electron donor phenothiazine was introduced to the porphyrin
ring via the Suzuki-Miyaura cross-coupling between the boronic acid and brominated
porphyrin, as shown in Scheme 12.8. Suzuki-Miyaura cross-couplings can also use
borylated [59] porphyrins as a precursor. By using pinacolborane as the transmetallating
agent, the meso-boronyl-diarylporphyrins can be synthesized from a brominated por-
phyrin in the presence of trimethylamine and bis(triphenylphosphine)palladium
(1) dichloride (TEA/[Pd(PPh3),Cl,]) in 1,2-dichloroethane (C,H4Cl,) at 85 °C for 1 h
[92]. In the further cross-coupling reaction with halogenated groups, the meso-boronyl-
diarylporphyrins can be transformed into the desired product in a mild yield [59].

12.2 Porphyrin Dyes with Different Anchoring Groups

One of the persistent challenges that need to be effectively addressed is the lack of
thermal stability of DSCs. Despite the efficiencies of ~12% which have been reached
under standard AM 1.5 conditions by iodide/triiodide (I /I ™) or cobalt(I)/cobalt(IIT)
[Co®"/Co®*]™ based liquid electrolytes, the stabilities under certain outdoor conditions
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; |odobenzene diacetate ;
MeOOC O —— X X > MeOOC Q
NaAuCI ,2H20, DCM

Scheme 12.7 An example for the iodine(Ill)-mediated C-N bonding

CGHKAO

Scheme 12.8 Suzuki-Miyaura cross-coupling between the boronic acid and brominated
porphyrin

have prevented DSCs from competing commercially [67]. There are several compo-
nents that simultaneously determine the stability of DSCs under thermal stress. These
components include the dye’s molecular structure, the TiO, semiconductor/electrolyte
interface, and the dye’s proneness to degrade [1]. Moreover, the anchoring group plays
one of the most crucial roles in maintaining the device performance under light exposure
[11, 33, 80]. Aside from enabling the dye’s bond to the semiconductor and facilitating
the electron injection process, the anchoring group plays a central role in preventing dye
desorption.

12.2.1 Carboxylic and Cyanoacetic Acids

The carboxylic acid anchor is one of the most widely used anchors in DSCs. In 2017,
Chakraborty et al. employed a carboxyl anchor in three porphyrin dyes, LS-01,
LS-11, and H2PE1 and investigated their thermal stabilities (Fig. 12.17) [95]. After
1000 h of irradiation, the H2PE1, LS-01, and LS-11 cells experienced a 31%, 54%,
and 46% decrease in their power conversion efficiencies, respectively. The electron-
donating group of LS-11 was shown to increase the overall cell efficiency while
limiting long-term stability. In 2016, Krishna et al. utilized a cyanoacetic acid anchor
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Fig. 12.18 Molecular structures of LG4 and LG5
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Fig. 12.19 Molecular structures of TT1 and TT9

in two D-n-A porphyrins, LG4 and LG5 (Fig. 12.18) [44]. Their thermal stabilities
were assessed via thermogravimetric analysis and compared to a series of their
carboxyl-anchored analogs. Porphyrins were found to withstand temperatures of
up to 200 °C. LGS, which yielded the greatest efficiency, was found to retain 80% of
its initial power conversion efficiency after 1000 h of irradiation in a low volatility
electrolyte solution. Adding the number of carboxyl anchors is also found to be good
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for stability. In 2011, Tomas Torres et al. reported an unsymmetrical zinc phthalo-
cyanine (TT9) dye that consists of three tert-butyl and two carboxylic acid groups
(Fig. 12.19) [21]. After being soaked in light at 60 °C, TT9 sensitized solar cell
retained 80% of the initial efficiency. By contrast, the reference dye with only one
carboxyl anchor (TT1) lost 50% of its initial value under the same conditions.

12.2.2 Phosphonic Acids

As compared to carboxylic acid anchors, phosphonate groups can provide much
stronger anchoring stability. A comparison conducted by Gritzel et al. has shown
that the adsorption strength of phosphonic acid was estimated to be approxi-
mately 80 times higher than that of the carboxylic acid and the desorption of
phosphonated dye in the presence of water was negligible [70]. Unfortunately,
phosphonated porphyrins generally exhibit lower IPCE than the carboxylated
counterparts, resulting in deteriorated power conversion efficiency [4, 68]. The
reasons may be the titled adsorption geometry of the phosphonate anchoring
group, and/or the slower electron injection [4, 65].

12.2.3 Pyridyl Groups

After carboxylic acids, pyridyl groups may be the most widely studied anchors
for porphyrin dyes. It was reported that the formation of coordinate bonds
between the pyridine ring and the Lewis acid sites of the TiO, surface can provide
efficient electron injection owing to good electron communication between them.
In 2015, Chi-Lun Mai et al. assessed the performance of their pyridine-anchored
MH3 (Fig. 12.20) porphyrin and compared its performance to its carboxyl-
anchored YD2-0-C8 (Fig. 12.20) [61]. MH3 performed competitively and
yielded a power conversion efficiency of 8.2%, similar to YD2-0-C8. The

YD2-0-C8 MH1: COOH
MH2: OH
MH3: H

Fig. 12.20 Molecular structures of YD2-0-C8, MH-1, MH2, and MH3
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Fig. 12.21 Optical images of TPPZn-OQ and TPPZn-COOH coated TiO, nanoparticle films
before and after immersion in a 28 mM acetic acid-acetonitrile solution at room temperature for
3 h. (Reproduced with permission from He et al. (2012) Copyright (2012) Royal Society Chemistry)

performances and stabilities of MH1 (Fig. 12.20) and MH2 (Fig. 12.20) were also
investigated. Porphyrins MHI and MH2 employed a 2-carboxypyridine and
2-hydroxypyridine anchor, respectively. Their photovoltaic performances were
nearly identical to those of MH3. The long-term stability of each dye was
assessed via an ionic-liquid based electrolyte and simulated AM 1.5 G
(100 mW cm™?) at 60 °C. After 1000 h of irradiation, MH1 and MH2 retained
90% and 69% of their original efficiencies. The results were compared to the
carboxyl-anchored porphyrin, YD2-0-C8, which retained 85% of its initial power
conversion efficiency.

He et al. reported a porphyrin dye TPPZn-OQ using 8-hydroxyquinoline (OQ) as
an anchoring group (Fig. 12.21) [28]. As evident from DFT calculations on a
dinuclear model compound [Ti,O,(OH),(H,0)4]**, both oxygen and nitrogen
atoms on the OQ groups were bound to the titanium atoms. This anchoring mode
made TPPZn-OQ more stable on the TiO, surface.

As shown in Fig. 12.21, the carboxyl analog, TPPZn-COOH, dissociated from
the TiO, nanoparticle film after being immersed in an acetic acid solution (28 mM)
for 3 h; whereas no obvious dissociation of the TPPZn-OQ sensitized film was
observed.

12.2.4 Other Anchoring Groups

By replacing the carboxylic acid anchoring group in YD2-0-C8 with tropolone
and hydroxamic acid (Fig. 12.22), Imahori and co-workers developed two dura-
ble porphyrins, YD2-0-C8T and YD2-0-C8HA [30, 32]. As implicated by
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Fig. 12.22 Molecular structures of YD2-0-C8, YD2-0-C8T, and YD2-0-C8HA

desorption experiments in the acid or base solutions, both YD2-0-C8T and
YD2-0-C8HA sensitized electrodes retained more than 90% absorbance in 8 h.
Long-term stability of the cells based on YD2-0-C8T and YD2-0-C8HA were
also evaluated under continuous white-light illumination (100 mW cm?) con-
dition at 25 °C. Inconsistent with the desorption experiments, long-term stability
tests indicated the advantages of tropolone and hydroxamic acid anchoring
groups in terms of long-term durability.

12.3 Summary

Solar energy has attracted much attention due to its abundant, clean, and sustainable
properties. A solar cell is a device to convert solar energy into electricity. Crystalline
silicon solar cells have higher efficiency and excellent stability compared to other
photovoltaic technologies. However, they have high production costs due to the
requirement of extremely pure silicon. Dye-sensitized solar cells have been widely
regarded as next-generation solar cells for providing electricity at a lower cost with
more versatility. Several types of porphyrin dyes have been investigated for DCSs by
many groups. Porphyrins with an anchoring group attached to the B-position of
porphyrin ring were found to have limited narrow band absorption. Porphyrin dyes
with an anchoring group and an additional donor-acceptor group attached to the
meso-position of porphyrin ring were found to provide broader absorption, with an
efficiency of 13%. However, this dye had no absorption in the green and near
infrared (IR) regions and detached from the TiO, surface reducing the long-term
stability of the cells. Numerous attempts have been made to addressing these
concerns; none of them was very successful in solving all problems in a single
dye. From this perspective, it would be beneficial if multiple dyes are used to
co-sensitizer TiO, films for high efficiency.

Acknowledgments HH thanks Department of Chemistry & Biochemistry, Eastern Illinois Uni-
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