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Nature has chosen chlorophylls in plants as antennae to harvest light for the conversion of solar energy
in complicated photosynthetic processes. Inspired by natural photosynthesis, scientists utilized artificial
chlorophylls — the porphyrins — as efficient centres to harvest light for solar cells sensitized with a
porphyrin (PSSC). After the first example appeared in 1993 of a porphyrin of type copper chlorophyll as
a photosensitizer for PSSC that achieved a power conversion efficiency of 2.6%, no significant advance
of PSSC was reported until 2005; beta-linked zinc porphyrins were then reported to show promising
device performances with a benchmark efficiency of 7.1% reported in 2007. Meso-linked zinc porphyrin
sensitizers in the first series with a push—pull framework appeared in 2009; the best cell performed
comparably to that of a N3-based device, and a benchmark 11% was reported for a porphyrin
sensitizer of this type in 2010. With a structural design involving long alkoxyl chains to envelop the
porphyrin core to suppress the dye aggregation for a push—pull zinc porphyrin, the PSSC achieved a
record 12.3% in 2011 with co-sensitization of an organic dye and a cobalt-based electrolyte. The best
PSSC system exhibited a panchromatic feature for light harvesting covering the visible spectral region to
700 nm, giving opportunities to many other porphyrins, such as fused and dimeric porphyrins, with
near-infrared absorption spectral features, together with the approach of molecular co-sensitization, to

Received 12th July 2012 enhance the device performance of PSSC. According to this historical trend for the development of

DOI: 10.1039/c2¢s35257¢e prospective porphyrin sensitizers used in PSSC, we review systematically the progress of porphyrins of
varied kinds, and their derivatives, applied in PSSC with a focus on reports during 2007-2012 from the

www.rsc.org/csr point of view of molecular design correlated with photovoltaic performance.
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1. Introduction

Dye-sensitized solar cells (DSSC) have attracted much attention
because they present a highly promising alternative to conven-
tional photovoltaic devices based on silicon."™ Fig. 1 shows a
schematic diagram revealing the operation of a typical DSSC
device, which consists of a dye-sensitized mesoporous working
electrode (TiO,, anode) and a counter electrode (Pt-coated,
cathode), and has an electrolyte (iodine-based or cobalt com-
plexes, redox mediator) filling the space between the anode and
the cathode. Upon light illumination, excited electrons in the
LUMO level of a sensitizer are rapidly injected into the conduc-
tion band (CB) of TiO,, and then transferred to the platinized
counter electrode through exterior electric circuits. The holes
are reduced by the redox couple, either I /I3~ or Co**/Co*", and
the oxidized dye thereby regenerated by the I” species (or a Co>*
complex) to produce the I;~ species (or a Co®>" complex). The
diffusion of the oxidized species, the I;~ or Co®>" complex, to the
surface of the cathode completes the circuit.

In nanocrystalline TiO, solar cells sensitized with a dye,
efficiencies of conversion of light to electric power (1) greater
than 11% have been obtained with polypyridyl ruthenium

complexes.®™

The cost, rarity and environmental issues of
ruthenium complexes limit, however, their wide application,
and encourage exploration of cheaper and safer sensitizers.
Scientists have made tremendous efforts in seeking new and
efficient sensitizers suitable for practical use in DSSC.*** Fig. 2
shows the evolution of photovoltaic performances of DSSC
from 1991 to 2012 based on three types of potential photo-
sensitizers being widely investigated.® For the ruthenium-based
sensitizers, the efficiency of the N3 dye reached 10.0% already
since 1993;” the benchmark performance of the N3/N719 family
was reported to be 11.2% since 2005,° and the record efficiency
of the C106 dye reached 11.7% reported in 2010."° The effi-
ciencies of metal-free organic dyes were reported to be 9-10%
during recent five years with the best-performed organic dye
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Fig. 1 Schematic representation of the composition and the operating principle
of a DSSC.

292 | Chem. Soc. Rev,, 2013, 42,291-304

View Article Online

Chem Soc Rev

13 T T T T T rrrrrrr T 13
< 12} AATY P
§ 12.- 34 5 6 m A 8 -
=1F 411
§1o: % 10
3 of 71819
t 3
L 8-1 48
S 70w Ru dyes 1,
g L e Organic dyes
= 6_' A Porphyrins 16
8 5F 45
% 41 44
D_ 3_ 19 _3

A
2 1 i 1 1 i 1 i 1 A 1 2

N oF o> P P O FFP PN N
R E W F I S S S S

Year

Fig. 2 Efficiency progressing records of DSSC from 1991 to 2012 on the basis of
three representative sensitizers labelled 1-8 for Ru-based complexes (m), 9-18
for organic dyes (@) and 19-26 for porphyrin dyes (A). The labelled sensitizers
may have an alternative given name or a specific code given by the authors: (1)
trinuclear Ru dye," (2) N3,2 (3) N3,° (4) N719, (5) C101,%° (6) CYC-B11.% (7)
C106,"° (8) black dye,"" (9) indoline dye,?® (10) NKX-2677,%7 (11) JK2,2% (12)
D149,%% (13) TA-St-CA,*® (14) MK-2,3" (15) D205,32 (16) C219,% (17) Y123,>* (18)
€218,>® (19) Cu-2-a-oxymesoisochlorin,?® (20) TCPP,’ (21) Zn-1a,%® (22) Zn-3,%°
(23) GD2,%° (24) tda-2b-bd-Zn,*" (25) YD-2,*? and (26) YD2-0C8.2*

(C219) reaching # = 10.3%.** The trend in the performance
progress of metal-free organic sensitizers seems to reach a
bottleneck for their further development. However, recent
developments on porphyrin-based solar cells exhibit a promising
advance with the progress curve showing a feature of exponential
rise. Moreover, porphyrin sensitizers have drawn great interest
because of their excellent light-harvesting function mimicking
photosynthesis.'®~>*3¢-44

In the photosynthetic cores of bacteria and plants, solar
energy is collected at chromophores based on porphyrin;*® the
captured radiant energy is converted efficiently to chemical
energy. Inspired by this efficient energy transfer in naturally
occurring photosynthetic reaction centres, numerous porphyr-
ins have been designed and synthesized for DSSC applica-
tions.'®* The intrinsic advantages of porphyrin-based dyes
are their rigid molecular structures with large absorption
coefficients in the visible region and their many reaction sites,
i.e., four meso and eight B positions, available for functionaliza-
tion: fine tuning of the optical, physical, electrochemical and
photovoltaic properties of porphyrins thus becomes feasible. In
particular, advances in optimization of the device performance for
a zinc porphyrin sensitizer (YD2-0C8) co-sensitized with an
organic dye (Y123) using a cobalt-based electrolyte to enhance
photovoltage of the device (as demonstrated in Fig. 1) attained an
unprecedented power conversion efficiency of 7 = 12.3%,>* which
is superior to devices based on Ru complexes,®® stimulating
investigation of the development of further porphyrin sensitizers
to promote the device performance of porphyrin-sensitized solar
cells (PSSC). In this report, we systematically review the recent
development of PSSC and introduce a strategy to design potential
porphyrin sensitizers for highly efficient DSSC applications.
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Fig. 3 Typical structure of a porphyrin showing the four meso- and the eight B-
positions to be functionalized for porphyrin-sensitized solar cells.

2. Porphyrins with varied linkers

In DSSC, an anchoring group is required at the edge of the dye
to link the dye with the semiconductor through a chemical
bond. A carboxylic acid is so far considered to be the best
binding group for porphyrins,*® but other promising anchoring
groups such as 8-hydroxylquinoline (HQ) have been reported.**

The structure of a porphyrin exhibits two major points - four
meso-positions and eight p-positions, as shown in Fig. 3, that
can serve to functionalize one or multiple linkers containing
carboxylic acids or HQ substitutes as anchoring groups that
attach to the surface of TiO,. In what follows we introduce the
historical development of PSSC beginning with f-linked porphyrin
sensitizers because we learned that lesson first from natural
porphyrins and chlorophylls.

2.1 Linkers at p-positions

When Kay and Gritzel®® reported in 1993 the first PSSC based
on a copper chlorophyllin sensitizer with efficiency 1 = 2.6%, a
Ru-based DSSC had already attained 1 = 10%.” In the succeeding
decade there were almost no progress in developing B-linked
porphyrins for PSSC until 2004: Officer, Gritzel and their
co-workers*®*® reported zinc porphyrins in a series of which a
promising sensitizer (Zn-1a, Fig. 4a) attained n = 4.8%.>® They
subsequently investigated 13 prospective zinc porphyrins and
reported the best one (Zn-3, Fig. 4b) to attain # = 5.6% in the
presence of co-adsorbent chenodeoxycholic acid (CDCA).*® In
2007, the same groups reported porphyrin sensitizers in
another series with the best one (GD2, Fig. 4c) reaching 5 =
7.1% for PSSC,*° opening a great opportunity for the develop-
ment of various porphyrin sensitizers to enhance the efficiency
of a DSSC.

Zn-1a
Fig. 4 Molecular structures of (a) Zn-1a,%® (b) Zn-3°° and (c) GD2.%°
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The porphyrin sensitizers shown in Fig. 4 were designed to
have a m-conjugated link at the p-position of the porphyrin ring;
the best dye (GD2) featured a malonic acid as an anchoring
group to enhance the electronic coupling of the dye with the
surface of TiO,. Such a concept to design B-functionalized
porphyrin sensitizers was then applied by Kim and co-workers,*"
who demonstrated that zinc porphyrin 2b-bdta-Zn (Fig. 5a) with
two equivalent m-conjugated malonic-acid linkers effectively
enhanced the efficiency of electron injection and retarded charge
recombination. Kim and co-workers*” reported the f-functionalized
zinc porphyrins with a diarylamino group for which the porphyrin
coded as tda-2b-bd-Zn (Fig. 5b) exhibits the best performance
with 1 = 7.5% that is comparable to the performance of a N3 dye
(n = 7.7%) under the same conditions.

2.2 Linkers at meso-positions

The concept for the design of meso-ethynyl linked porphyrins
was first given by Anderson®® and Therien.*” Although Cherian
and Wamser®” reported in 2000 the first meso-substituted PSSC
with # ~ 3.5% based on a free-base porphyrin, no significant
progress was made for porphyrin sensitizers of this type until
2007: Galoppini and co-workers*® reported tetrachelated zinc
porphyrins with four meta-substituted linkers at four meso-
positions of the porphyrin to suppress dye aggregation; Lindsey,
Meyer and their co-workers*® reported meso-substituted porphyrin
and chlorin derivatives to extend the absorption spectra to
larger wavelengths; Imahori and co-workers®® examined the
meso-substituted porphyrins with five-membered hetero-
aromatic linkers. The strategy of Galoppini et al *®*°
use a phenylethynyl (PE) unit as a bridging moiety to control
the distance between the sensitizer and the semiconductor to
retard charge recombination, which works well for pyrene®*
and Ru complexes®? in model systems, but this approach failed
when three or four PE units were combined to form a long
bridge at one meso-position of a zinc porphyrin because of
serious dye aggregation involved in porphyrins with a long PE
linker.**™°

To solve the aggregation problem of porphyrins, 3,5-di-tert-
butylphenyl groups were introduced at the meso-positions
of the porphyrin ring. Based on this molecular design, Yeh,
Diau and co-workers™ reported meso-substituted zinc porpyrin
derivatives, for which YDO (Fig. 6a) served as a reference compound.
With the diarylamino group attached at the meso-position of
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Fig. 5 Molecular structures of (a) 2b-bdta-zn*' and (b) tda-2b-bd-zn.*®

tda-2b-bd-Zn

the porphyrin core, YD1 (Fig. 6b) attained 1 = 6.0%, which was
comparable to that of a N3 dye under the same experimental
conditions (7 = 6.1%).”® The superlative cell performance of
YD1 reflects its extraordinarily great short-circuit current density
(Jsc) that arises from the large efficiency of conversion of
incident photons to current (IPCE) broadly extending beyond
700 nm. The electron donor in YD1 plays a role not only
spectrally to extend the absorption to a region of greater wave-
length but also spatially pushing the excited electrons toward
TiO, for an improved separation of charge. The appearance of
porphyrins with a push-pull framework such as YD1 indicates
the arrival of the era of PSSC.

Yeh and Diau®”*® designed another promising push-pull
porphyrin, YD2 (Fig. 6¢) based on the structure of YD1 in that
two tert-butyl groups in the diarylamino substituent were
replaced with two long alkyl chains to improve the thermal
and photochemical stability of a device. This design mimics
the strategy applied in an amphiphilic ruthenium polypyridyl
sensitizer (Z907) that has shown excellent stability toward
water-induced desorption under both thermal stress and light
soaking.>® The device performance of YD2 was further
improved to 1 = 6.8%, slightly better than that of YD1 (n =
6.5%) but slightly less than that of N719 (7 = 7.3%);”’ the
electron-donating feature of amino substituents in YD1 and
YD2 seems to be responsible for the Vo value being larger than
that of the reference cell (YD0).””*® Using GD2 as an example,
Mozer et al.®® noted that the smaller Vo of PSSC is due to the
decreased electron lifetime related to a more rapid recombina-
tion of electrons with I;~ ions. The observed Vo of YD1 and
YD2 larger than that of YDO was thus expected to be due to a
diminished recombination between I~ and conduction-band
electrons, because I3~ might be attached to the positively

View Article Online

charged diarylamino moiety far from the TiO, surface in the
former case.”’

In 2010, the device performance of YD2 was further
improved by Gritzel and co-workers,*? giving Jsc/mA cm ™2 =
18.6, Voc/V = 0.77, FF = 0.764, and 5 = 10.9%, which lasted as a

record for PSSC until 2011.

2.3 Multiple donor groups at the meso-positions

Because the diarylamino group plays a key role in promoting
the device performance of YD2, the effects of the substituted
number and position of electron-donating groups (EDG)
became an interesting subject to test. Accordingly, Yeh and
Diau®" reported push-pull zinc porphyrins with more than one
EDG at the meso-positions of the porphyrin ring and found that
YD2 was still the best sensitizer for PSSC. Almost at the same
period Imahori and co-workers®* designed other pull-pull
porphyrins with zero, one and two EDG, in which the two
EDG are located at meso-positions of porphyrin to form a cis or
a trans isomer. The same conclusion was made by Imahori that
the mono-substituted porphyrin with a structure similar to that
of YD2 gives the best device performance.

2.4 Thiophene substitutes in the linkers

The thiophene group has been widely utilized in ruthenium-
base and metal-free organic solar cells'>™** to enhance the
absorption coefficient of the dye and red-shift its absorption
spectrum. This concept has been adopted for porphyrin-based
DSSC. Thiophene units were used in both B-linked®® and meso-
linked®" porphyrin sensitizers to give efficiencies 4.0% and
5.1%, respectively. The IPCE results indicated that increasing
the number of thiophene units does not extend the spectra;
the spectral edge reaches ~650 nm in both cases. Hung and
co-workers® found that the number of thiophene units substituted
at the meso-position has a negative effect on device performance.
Unlike photosensitizers of other types, thiophene substitutes play a
lesser role in promoting the efficiencies of PSSC.

d8710

3. Porphyrins with extended spectral feature

The most viable way to enhance Jsc is to harvest a broader
region of the solar spectrum. In general, porphyrins show a
Soret band at 400-450 nm and Q bands at 500-650 nm. To
extend the absorption of porphyrin dyes to the near infrared
region, the energy gap between the highest occupied molecular

Fig. 6 Molecular structures of (a) YDO, (b) YD1 and (c) YD2.%”
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orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) levels must decrease, for which purpose there are two
approaches: one is to introduce a highly conjugated n-extended
chromophore coupled with the porphyrin ring, and another is
to make fused or dimeric porphyrins.

3.1 Porphyrins functionalized with n-extended chromophores

The early results®*" indicated that the m-conjugation in the

B-substituted porphyrins has a limited effect to extend the
absorption spectra to greater wavelength. The best strategy to
extend the m-conjugation is thus to functionalize the target
porphyrin at the meso-positions. A promising chromophore is
the acene family, for which the n-conjugation can be effectively
extended with an increasing number of aromatic rings. As a result,
Lin and Diau®® designed acenes, from benzene to pentacene, as
n-extended chromophores to couple to the porphyrin core through
the linkage of the acenyl-ethynyl group. Among those porphyrins,
the anthracene-functionalized porphyrin (LAC-3, Fig. 7a) showed the
best performance, which reached ~ 80% of a N3-based device under
the same conditions; the tetracene-functionalized porphyrin (LAC-4)
featured a broad IPCE spectrum extending to ~ 800 nm, but the
IPCE values were too small (<50%) to give a satisfactory perfor-
mance; the pentacene-substituted porphyrin (LAC-5) even showed
an extended absorption spectrum beyond 900 nm, but almost no
photocurrents were produced.®® When Lin and Diau®”*® further
designed cyclic aromatic substituents attached at the meso-posi-
tion of the macrocycle opposite to the anchoring group, they
found that the fluorene-functionalized porphyrin (LD22, Fig. 7b)
featured an impressive device performance ; = 8.1%,% and the
pyrene-functionalized porphyrin (LD4, Fig. 7c) attained 5 =
10.1%,°® which was superior to that of a N719 dye (5 = 9.3%)
under the same conditions. The superior photovoltaic perfor-
mance of the LD4-based PSSC was attributed to its enhanced
ability to harvest light with the IPCE action spectrum covering the

(b)

LAC-3
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entire visible spectral region and extending beyond 800 nm, which
outperforms N719. Vo of device LD4 was much smaller than that
of cell N719, because of a much smaller electron lifetime of
porphyrin-based solar cells than that of N719 cells.*® V¢ of LD4
was even smaller than that of YD2, which might be rationalized in
that electron interception is more efficient for LD4 than for YD2
because of improved charge separation for the latter.>”

Based on the structure of YD2, Yeh and Diau®® designed the
acenyl-ethynyl unit as a link in porphyrins YD11-YD13. As
shown in Fig. 8a-c, the bridge between ethyne and carboxyl
groups is varied from phenylene for YD11 to naphthylene for
YD12, and to anthracenylene for YD13. Without an added
scattering layer, the photovoltaic performances of both YD11
and YD12 exhibited performance superior relative to that of
N719 dye with Jsc of the two promising porphyrin-based devices
being significantly greater than those of N719 devices, making
the overall efficiencies of power conversion of YD11 (1 = 6.7%)
and YD12 (y = 6.8%) outperform that of the N719 device (n =
6.1%).°° YD11 (an analogue of YD2) and YD12 are thus two
green sensitizers remarkable for their outstanding cell perfor-
mances relative to that of N719 without an added scattering
layer for light-penetrable DSSC applications. When the TiO,
films (~10 um) were covered with a scattering layer, the cell
performance of N719 significantly improved to n = 7.3%,
whereas the performances of the porphyrin dyes increased only
marginally (5 = 6.8% and 7.0% for YD11 and YD12, respec-
tively).®® These results indicate that a substantial increase in Js¢
for the N719 device is a key factor for the improvement of the
cell performance with the addition of a scattering layer.”® Based
on those observations, the involvement of the partially allowed
triplet MLCT states of ruthenium complexes was concluded to
be responsible for the enhanced efficiency in the red shoulder
of the IPCE spectrum of N719, whereas the effect of spin-orbit
coupling in zinc porphyrins was insufficient for the S, — Ty

Fig. 8 Molecular structures of (a) YD11, (b) YD12 and (c) YD13.%°
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transitions to occur; the additional scattering layer provided no
improvement in the IPCE spectra of YD11-YD13 beyond the
Q-band absorptions.®°

Functionalized chromophore anthracene plays an important
role to extend the m-conjugation in LAC-3 for an enhanced
overall device performance,®® but anthracene in YD13 with a
link shorter than that in LAC-3 exhibited a notable effect to
deteriorate significantly the device performance of YD13.%°
Results obtained from femtosecond measurements of fluores-
cence decay indicate that the presence of the anthracene group
in the bridge from YD13 to TiO, did not hamper the rate of
interfacial electron transfer for the observed small injection
yield of YD13; rather, it was the anthracene-induced rapid
relaxation of intermolecular energy due to dye aggregation
that gave the poor device performance of YD13, which was
also evident in experiments in the absence and presence of
co-adsorbent CDCA.*°

Apart from the cyclic aromatic hydrocarbon systems introduced
above, perylene is a promising functional chromophore to modify a
porphyrin sensitizer for these two reasons: the strong absorptions of
the perylene derivatives in the spectral region 500-650 nm”" are
complementary to those of porphyrins, and a device made of a
push-pull perylene anhydride sensitizer yields an impressive perfor-
mance, 77 = 6.8%.”* Efforts to integrate the perylene chromophores
into porphyrin sensitizers showed, however, negative effects for the
improvement of device performance of PSSC,”*”> mainly because
the co-planar structural nature between perylene and porphyrin
moieties caused a serious problem of dye aggregation.

3.2 Fused porphyrins

According to many above examples, porphyrins and their
derivatives are promising photosensitizers for DSSC because
of their intense absorption in the Soret and Q bands to harvest
solar energy efficiently over a broad spectral region, but the
existence of a gap between the Soret and Q bands in mono-
porphyrins limits their cell performance. One strategy to
improve the light-harvesting ability of the sensitizer is to fuse
a chromophore with a porphyrin to make a n-elongated macro-
cycle for PSSC. This idea became mature and practical when
Imahori and co-workers”®”® reported their first examples, of
which a device made of a naphthalene-based meso-B-edge
fused zinc porphyrin (fused-Zn-1, Fig. 9a) attained 1 = 4.1%

fused-Zn-1
Fig. 9 Molecular structures of (a) fused-Zn-17%77 and (b) ZnQMA.”°

ZnQMA
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(5.0% under co-sensitization), which was improved by half
relative to the reference cell with an unfused porphyrin.”®””
Such an unsymmetrical n-elongation was achieved by the same
group’® to construct two quinoxaline-based P-p’-edge fused
zinc porphyrins, of which a fused porphyrin with one anchor-
ing group (ZnQMA, Fig. 9b) exhibited 1 = 5.2%, attaining 80%
performance of a N719 device under the same conditions.
Compare the IPCE spectra of the two fused porphyrins: even
though the fused-Zn-1 dye involves a broad light-harvesting
feature extending the IPCE action spectrum to nearly 800 nm, a
large gap in the middle of the spectrum limits the growth of
photocurrents to an optimal condition. In contrast, the IPCE
spectrum of the ZnQMA dye extends to only ~700 nm, but an
effective electronic coupling between quinoxaline and porphyrin
moieties diminishes the gap between the Soret and Q bands of the
spectrum, leading to improved Jsc and a performance to that of
fused-Zn-1.

Wang and Wu”> designed and synthesized two perylene
anhydride fused nickel porphyrin sensitizers (WW1 in
Fig. 10a and WW2 in 10b) to extend the light absorption
towards the near-infrared (~1000 nm) region. As those fused
porphyrins suffer from dye aggregation, the IPCE values did not
exceed 30%, which was unable to make the devices attain a
notable performance (7 ~ 1.3%). Yeh and Diau®® designed and
synthesized two fused porphyrins (YDD2 in Fig. 10c and YDD3
in Fig. 10d), but they exhibited poor cell performance. For
YDD2, the absorption spectrum extends even beyond 1200 nm,
but essentially no photocurrent was observed because the
energy level of LUMO was substantially lower than the conduction
band edge of TiO,. For YDD3, although a small response was
observed in the IPCE action spectrum corresponding to the
contribution of broad bands I and II of the fused porphyrin,
nearly no response was observed for the broad band III in region
700-900 nm.*® WW2 and YDD3 are, nevertheless, two interesting
panchromatic porphyrin sensitizers with the potential to
extend the light-harvesting ability toward the near-infrared
region for PSSC.

3.3 Dimeric porphyrins

Another strategy to improve light-harvesting ability of the
sensitizer is to combine two porphyrin moieties through a
chemical bond. The first attempt using dimeric porphyrins as
potential sensitizers for PSSC was made in 2009 by Officer
and co-workers;®" they reported the photovoltaic properties of
porphyrin dimers comprising two monoporphyrin units connected
in either a linear anti or a 90° syn fashion. The dimeric porphyrin
dyes exhibited light-harvesting efficiencies slightly improved
relative to the corresponding monomeric porphyrin dyes when
the devices were fabricated on a thin TiO, film (thickness
~3 um), but the effect of n-conjugation for the red shift of the
IPCE spectra due to porphyrin dimerization was small as the link
between the two porphyrins was made at the B-position.

The first effort to link the two porphyrins at the meso-
position was made in 2009 by Kim and Osuka;*> their poly-
ethanediol (PEG)-modified dimer with two B-substituted linkers
similar to those of the tda-2b-bd-Zn monomer (Fig. 5b) showed
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YDDO
Fig. 11 Molecular structures of (a) YDDO, (b) YDD18° and (c) DTBC.%*

the best device performance of the various dimers, giving an
overall efficiency # = 4.2%. Similarly, the link between two
porphyrins with only a single CC bond showed no effect of
significant spectral shift to enhance the light-harvesting power
for the porphyrin dimers.

Based on the structure of YDO (Fig. 6a), Yeh and Diau®
designed two porphyrin dimers, YDDO (Fig. 11a) and YDD1
(Fig. 11b). Similar to the results of Kim and Osuka,®* the
spectrum of YDD1 exhibited a spectral feature only slightly
red-shifted relative to that of the monomeric porphyrin YDO,
but, because of effective excitonic coupling between the two
nearly perpendicular porpyrin units in YDD1, the gap shown in
the IPCE spectrum of YDO was completely filled in the spectrum
of YDD1, making Jsc of the YDD1 device become much greater
than that of the YDO device. With the link of an ethynyl group
between the two porphyrin units, YDDO showed split Soret
bands in the range of 400-500 nm, and red shifts and broad-
ening of the Q bands extending to nearly 800 nm. The broad
IPCE spectrum of YDDO showed much smaller efficiency,
<40%, than those of YDO and YDD1 (~70%) because of the
co-planar structural feature of YDDO resulting in serious dye
aggregation.

Similar to the structural design of YDDO, Segawa and
co-workers®® added a carbazole EDG at the meso-position of
the porphyrin edge to form a push-pull porphyrin dimer, DTBC
(Fig. 11c). DTBC has an absorption spectrum similar to that of
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YDDO, but its IPCE spectrum showed much greater efficiency
than that of YDDO. In the absence of a TBP additive, the DTBC
device exhibited IPCE values up to 80%, yielding a remarkable
Jsc/mA cm ™2 = 18.2 but also causing a poor Voc/V ~0.4; the
poor V¢ was significantly improved in the presence of TBP to
attain an optimized device performance 5 = 5.2%,%* comparable
to the performance of YDDO, # = 4.1%.%°

4. Strategies to suppress dye aggregation
for porphyrins

The reported near-infrared dyes such as fused porphyrins”*°

and dimeric porphyrins®*®? introduced herein are particularly
interesting, but the planar structural feature of those porphyrins
might facilitate the formation of dye aggregates that significantly
decrease the efficiency of electron injection. In the following
sections we describe two plausible strategies to suppress effectively
the dye aggregation for PSSC.

4.1 Enveloping porphyrins with long alkoxyl chains

The great performance of porphyrins such as YD2,**”7"% LD4°%®
and YD12% was due to their superior light-harvesting ability
through introduction of an EDG or a n-extended chromophore
at the meso-position of the porphyrin ring. Voc of those highly
efficient porphyrin dyes was reported, however, to be significantly
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LH3

ZnPDCA

Fig. 13 Molecular structures of (a) LD12,2° (b) LD14%° and (c) LD16.%8

less than that of the commonly used ruthenium dye N719. The
significantly diminished electron lifetime was reported to
account for the smaller Voc of porphyrins, and I;~ in the
electrolyte might become attached to the positively charged
Zn-center of the porphyrin core for efficient electron intercep-
tion from the TiO, surface.®® Tian and co-workers concluded
that V¢ can be improved on decreasing the charge recombina-
tion and increasing the efficiency of electron injection with an
appropriate design of an organic dye.'® To tackle this problem
for porphyrins, a new concept was introduced to design a zinc-
porphyrin sensitizer with long alkoxyl chains to protect the
porphyrin core for retarded charge recombination and also to
decrease effectively the dye aggregation for an efficient electron
injection.

The examples based on such a molecular design were first
given in 2010 by Hupp and co-workers;**®* they reported
porphyrin sensitizers with two phenyl groups attached at the
5,15-meso-positions bearing two dodecoxyl (-OCy,H,;5) chains at
the ortho-position of each phenyl group. Among those ortho-
substituted porphyrins, LH3 (Fig. 12a)** and ZnPDCA
(Fig. 12b)* displayed the best performance of each series, with
the device made of ZnPDCA attaining efficiency n = 5.5%,
comparable to that of N719 under the same conditions.®* Before
Hupp’s results were published, Imahori and co-workers had
announced their results based on ortho-substituted porphyrins,®®*”
but the alkyl chains (only methyl and ethyl groups were considered)
substituted at the ortho-positions were too short to protect
effectively the porphyrins from dye aggregation.®®

The concept for the design of ortho-substituted porphyrins
was first demonstrated by Lin, Diau, and their co-workers.®%5°
Fig. 13a—c show the molecular structures of porphyrins LD12,
LD14 and LD16, respectively, based on this design. The photo-
voltaic results indicate that Jsc becomes significantly improved
on incorporating the m-conjugated EDG for both LD14 and

298 | Chem. Soc. Rev., 2013, 42,291-304

LD16 with respect to LD12, and Vo¢ of those ortho-substituted
porphyrins is significantly greater than that of a para- or meta-
substituted counterpart; the best devices (LD14 and LD16)
attained power conversion efficiencies beyond 10%.%*%° Results
from molecular-dynamics (MD) simulation® indicate that the
porphyrin core of LD14 is fully enveloped by the four dodecoxyl
chains to provide more effective insulation of the dye, resulting
in diminished molecular aggregation and increased solubility
in non-coordinating organic solvents. The transient photoelectric
results indicate that the upward shift of the TiO, potential and the
retarded charge recombination are two important factors for the
enhanced Voc of the ortho-substituted porphyrins.** The long
alkoxyl chains thus play a key role to prevent the approach of
I;~ in the electrolyte to the surface of TiO, so as to retard the
electron interception at the electrolyte/TiO, interface. A similar
idea for the molecular design of ortho-substituted porphyrins
YD20-YD22 with noticeable device performances was reported
elsewhere.”

Work developed along this track led to an advance for a
device made of an ortho-substituted push-pull zinc porphyrin,
YD2-0C8 (Fig. 14a).>* Its design was based on YD2, for which
the four tert-butyl side chains in the meso-phenyls of YD2 were
replaced by four ortho-substituted alkoxyl chains so as to

(b) OCethy
Cetra0—)
CeHi3

>
cus; @ N
NC__ NS

HooC CeH130 @

Y123 OCsta

YD2-0C8
Fig. 14 Molecular structures of (a) YD2-0C8%* and (b) Y123.34°"
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envelope effectively the porphyrin ring to decrease the degree of dye
aggregation. The molecular design of YD2-0C8 is similar to that of
LD14% and LD16% of which outstanding device performances were
reported based on the iodide/triiodide redox electrolyte.

In 2011, Gritzel and co-workers®® reported an optimized
performance of the YD2-oC8 device under AM1.5 one-sun
irradiation: Jso/mA ecm ™2 = 17.7, Voc/V = 0.935, FF = 0.74, and
n = 12.3%, obtained when YD2-0C8 was co-sensitized with an
organic dye (Y123, Fig. 14b)**°! on a TiO, film of (12 + 5) um in
a cobalt-based redox electrolyte.>® The efficiency of power
conversion attained 5 = 13.1% under 0.5-sun irradiation.
Light-induced photoelectric measurements of the YD2-oC8
devices support that the enhanced V¢ of the ortho-substituted
devices is due to the upward shift of the TiO, conduction band
and the enhanced electron lifetimes. The long alkoxyl chains in
those ortho-substituted porphyrins thus play an important role
to diminish effectively the degree of dye aggregation for an
improved device performance. These results®*%45%8890 might
provide a conceptual basis for the molecular design of por-
phyrin sensitizers to attain even greater efficiencies of power
conversion in the near future.

4.2 Co-sensitizations

Co-sensitization is an effective approach to enhance the device
performance through a combination of two or more dyes with
complementary spectral features sensitized on semiconductor
films together, extending the light-harvesting ability so as to
increase the photocurrents of the devices. Many co-sensitization
systems, such as ruthenium complex plus organic dye,'>** metal-
free organic dye,”>°* phthalocyanine plus organic dye,”>™®” and dye

HC-A3
Fig. 15 Molecular structures of (a) HC-A1'%% and (b) HC-A3."%®

HOOC

NP NP
/

cD4
Fig. 16 Molecular structures of (a) BET,"® (b) CD4 and (c) CD5.""°
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co-sensitization in separate layers,”®*° have been reported to show
enhanced photovoltaic performance relative to their individual
single-dye systems. Based on the organic dye systems, Robertson'"!
stated that co-sensitization with strongly absorbing dyes would give
sufficient space on the surface of TiO, to allow absorption of other
dyes with a complementary absorption spectrum. Porphyrin
sensitizers are hence perfect candidates to improve the device
performance through co-sensitization.

The first porphyrin/organic dye co-sensitization system was
reported in 2010 by Gritzel and co-workers*> who demon-
strated an instance of YD2 co-sensitized with an organic dye
(D205)'** on a thin TiO, film (2.4 wm), which showed an
enhanced device performance 1 = 6.9% relative to those
of their individual dyes, n = 5.6-5.7%. Although two mixed
B-linked porphyrins served to enhance the IPCE values by
300%,'% the overall performance of the co-sensitized system
was poor. For the best DSSC system with co-sensitization of
YD2-0C8 with Y123 (Fig. 14),>* the enhancement in Jsc was
limited - 17.3 mA cm ™ > with YD2-0C8 alone and 17.7 mA cm >
with YD2-0C8 + Y123 - because the gap between the Soret and
the Q bands in the IPCE spectrum of the porphyrin-alone device
was small. Moreover, in not only the YD2-related systems>* but
also in many other systems aforementioned,*>**” the values of
Voc were between those of the individual single-dye sensitized
devices, which limits the device performance of the co-sensitization
system to improve further.

In 2011, Kim and co-workers'®*

reported the organic dyes
(HC-A1, Fig. 15a) as hole conductors to enhance significantly
the device performance of a coumarin system. For porphyrins,
Kim and co-workers'®® showed that the device performance of a
push-pull porphyrin with the cyano-acrylic acid anchoring
group co-adsorbed with HC-A1 attained 5 = 7.2%, which was
superior to that made of a single porphyrin only (y = 4.4%) or
porphyrin co-adsorbed with CDCA (1 = 6.6%). The effects of HC-
A1 and HC-A3 (Fig. 15b)'% on the photovoltaic performance
were remarkable in improving not only Jsc but also Vo to some
extent. The absorptions of the hole conductors reported by Kim
et al. are in the ultraviolet region,'®*™'%® so unable to fill the gap
in the IPCE spectrum between the Soret and the Q bands of a
porphyrin to improve the photocurrent generation. A superior
approach is to use an HC organic dye with an absorption
spectrum complementary to that of a porphyrin.

Fig. 16 shows three potential organic dyes that have served
as co-sensitizers for PSSC applications. The boron dipyrro-
methene dye BET (Fig. 16a) belongs to the BODIPY family'”
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Fig. 17 IPCE spectra of LD12 co-sensitized with (a) BET,'® (b) CD4 and (c) CD5.""

with an absorption maximum at ~530 nm to compensate for
the absorption loss of a porphyrin sensitizer; Lee and Hupp®*
used a BODIPY moiety as a light-harvesting molecule connected
to the meso-position of a zinc porphyrin to make LH3 (Fig. 12a)
for PSSC applications; Odobel and co-workers'®® used the
BODIPY dye as an antenna attached to the metal centre of a
zinc porphyrin derivative to form a supermolecular assembly
for DSSC, and possibly also for organic photovoltaic (OPV)
applications. When BET was used as a co-sensitizer with an
ortho-substituted porphyrin LD12 (Fig. 13a), the gap in the IPCE
spectrum of LD12 was completely filled as shown in Fig. 17a,
and both Jsc = 14.7 mA cm 2 and 7 = 7.5% were improved by
~12% relative to the device made of LD12 alone.'® The BET-
alone device exhibited a poor IPCE response that generated a
small photocurrent, Jsc = 0.5 mA cm™ %, but co-sensitization
remarkably enhanced Jsc, which was much greater than the
sum of the photocurrents generated from two individual
devices. An energy-transfer mechanism was proposed to ratio-
nalize the observed exceptional phenomenon,®® but Vy of the
LD12 + BET device was slightly less than that of the LD12
device, probably due to the lack of effective HC character for the
BODIPY chromophore.

To design organic dyes with HC character and featuring
absorption complementary to that of a porphyrin, Chen and
co-workers''® synthesized spirally configured donor-acceptor
organic dyes for DSSC applications. Among those dyes, CD4
(Fig. 16b) and CD5 (Fig. 16c) are candidates for co-sensitization
with porphyrins such as LD12 (Fig. 13a). The co-sensitization of
LD12 with CD4 or CD5 on a TiO, film of thickness ~ 20 um was
achieved via a stepwise approach:''" the TiO, electrode was
immersed in the LD12 solution for 3 h, and then immersed in
the CD4 or CD5 solution for 2 h. The co-sensitized film was
afterwards assembled into a DSSC device of sandwich type with
a Pt-coated counter electrode and filled with a traditional
iodide/tri-iodide electrolyte. Fig. 17b and c¢ show the IPCE
spectra of LD12 co-sensitized with CD4 and CD5, respectively.
Similar to the LD12 + BET system shown in Fig. 17a, the gap of
the IPCE response about 500 nm for the LD12 device was filled
in the action spectra of the LD12 + CD4 or LD12 + CD5 device
with the contribution of CD4 or CD5 that shows its maximum
photoresponse in that spectral region. Taking CD5 as an
example,""" Jsc of the co-sensitized device increased from
14.97 mA cm > to 16.74 mA cm > to contribute ~12%
enhancement of the overall performance. Moreover, Voc of
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the co-sensitized device increased from 0.711 V (LD12) and
0.689 V (CD5) to 0.736 V (LD12 + CD5), which takes advantage
of the HC character for organic dyes of this series. The observed
Voc upon co-sensitization was enhanced through the retarded
charge recombination overwhelming the downward shift of the
TiO, potential according to the results obtained from measurements
of charge extraction and intensity-modulated photovoltage
spectra.’"!

We have shown that co-sensitization of complementary
porphyrin and organic dyes produces a panchromatic spectral
feature to promote the performance of PSSC. For the system LD12 +
CD5,""" the IPCE spectrum extended to ~650 nm; for the system
YD2-0C8 + Y123,** the efficiency response extended further to
~700 nm. The near-IR dyes previously introduced”>”**® are thus
candidates to elevate the photocurrents and promote the overall
cell efficiencies. Yeh and Diau'"* designed a dimeric porphyrin
(YDDe, Fig. 18), in which eight tert-butyl side chains in YDDO
were replaced with eight ortho-substituted isoamyloxy chains,'"?
and the meso-phenyl opposite the anchoring group was replaced

(b) 100 T T T T T T

Three-dye .
Co-sensitization

IPCE /%

400 500 600 700 800 900 1000
Wavelength /nm

Fig. 18 (a) Molecular structure of YDD6 and (b) IPCE spectra of CD4, YD2-0C8,
YDD6 and three-dye co-sensitized systems.''2
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Table 1 Summary of current device performance for porphyrin sensitizers or co-sensitization systems

Sensitizers Device efficiency (%) Reference efficiency (%) Ref.
Zn-1a 4.8 — 38
Zn-3 5.6 — 39
GD2 7.1 — 40
2b-bdta-Zn 3.0 N3, 5.9 41
tda-2b-bd-Zn 7.5 N3, 7.7 45
Fused-Zn-1 4.1 Zn-1, 2.8 76, 77
ZnQMA 5.2 N719, 6.5 79
WW2 1.4 — 75
KS-3 4.0 — 63
PZn-hT 5.1 N719, 8.0 64
LAC-3 5.4 N719, 6.7 66
LAC-4 2.8 N719, 6.7 66
LD4 10.1 N719, 9.3 68
LD12 7.4 — 89
LD14 10.2 — 89
LD16 10.2 — 88
LD22 8.1 N719, 9.2 67
YDO 4.5 N719, 7.3 57
YD1 6.5 N719, 7.3 57
YD2 6.8 N719, 7.3 57
YD2 11 — 42
YD11 6.8 N719, 7.3 69
YD12 7.0 N719, 7.3 69
YD13 1.9 N719, 7.3 69
YD14 6.8 YD2, 7.1 61
YD15 4.2 YD2, 7.1 61
YD20 8.1 — 90
YDDO 4.1 YDO, 5.1 80
YDD1 5.2 YDO, 5.1 80
DTBC 5.2 — 83
LH3 1.6 — 84
ZnPDCA 5.5 N719, ~6 85
YD2-0C8 11.9 YD2, 8.4 (cobalt electrolyte) 24
YD2-0C8+Y123 12.3 YD2, 8.4 (cobalt electrolyte) 24
2Flu-ZnP-CN-COOH + HC-A1 7.2 N719, 8.6 105
LD12 + BET 7.5 LD12, 6.7 109
LD12 + CD5 9.0 LD12, 7.5 111
YDD6 + YD2-0C8 + CD4 10.4 YD2-0C8, 8.8 112
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Fig. 19 Thin-film absorption spectra of typical porphyrin sensitizers with spectral edges indicated by dashed lines at 650, 700, 800 and 950 nm for YDO, YD2, YDDO
and YDD3, respectively. The approximate positions of the spectral edges of other porphyrins reviewed in this article are indicated.
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with a diarylamino group, similar to the molecular design of
YD2-0C8 (Fig. 14a) but with the YDDO (Fig. 11a) diporphyrin core
as a light-harvesting centre. The ortho-substituted alkoxyl chains
in YDD6 failed to prevent dye aggregation for this porphyrin;
molecular engineering of co-sensitization was implemented in a
solution containing three spectrally complementary dyes -
YDD6, YD2-0C8 and CD4 - at a specific molar ratio to optimize
the device performance of the system. As shown in Fig. 18, the
IPCE action spectrum of the co-sensitized device attained
75-80% in region 400-700 nm and 40-45% in region 700-800 nm,
giving a short-circuit current density Jsc = 19.28 mA cm™ 2, which is
significantly improved over that of YD2-0C8, 16.60 mA cm™ >, and
that of the YD2-0C8 + CD4 co-sensitized system, 16.91 mA cm 2,
because of the additional light-harvesting power in the near-infrared
region without degradation of the performance in the visible region.
Using an iodine-based electrolyte, the best co-sensitized system
achieved a remarkable power conversion efficiency of 10.4%, which
is much superior to those obtained from their individual single-dye
devices and the two-dye co-sensitized systems."'? These results
indicate that the suppression of dye aggregation for YDD6 in the
three-dye co-sensitized system is the key to improvement of the
device performance. With progress using this approach of
co-sensitization, a future challenge is to seek other potential near-
IR co-sensitizers with not only a light-harvesting ability extending
beyond 800 nm but also decreased dye aggregation to enhance IPCE
above 80%.

5. Summary and future perspectives

Inspired by the efficient energy transfer in naturally occurring
photosynthetic reaction centers, numerous porphyrin and
dimeric porphyrin sensitizers are introduced in this review of
highly efficient dye-sensitized solar cells. At the current stage,
the device fabricated using the push-pull zinc porphyrin, YD2-
0C8, co-sensitized with Y123 on a TiO, film and using a cobalt
electrolyte has attained an unprecedented efficiency of 12.3%
under standard AM 1.5 one-sun irradiation; such efficiency of
power conversion has never been achieved with a ruthenium-free
sensitizer. Similar to the design of YD2-0C8, ortho-substituted
push-pull porphyrins such as LD14, LD16 and YD22 with
extended light harvesting towards ~ 750 nm are expected to yield
performance at least comparable to that of YD2-0C8. Functional
chromophores such as anthracene in LAC-3, tetracene in LAC-4,
pentacene in LAC-5, fluorene in LD22, pyrene in LD4, BODIPY in
LH3, and perylene anhydride-linked porphyrin derivatives might
also play a role to improve the light-harvesting ability when they
can be integrated into the framework of an ortho-substituted
porphyrin to build a new PSSC. Fused porphyrins such as fused-
Zn-1, WW1, WW2, YDD3, and their derivatives, porphyrin dimers
such as DTBC, YDDO, YDD6 and their derivatives, are prospective
photosensitizers to extend the light-harvesting power toward the
near-IR spectral region. In most cases those fused and dimeric
porphyrins suffered from poor device performance due to their
nearly co-planar structural feature favoring the formation of dye
aggregates to deteriorate significantly the device performance - a
solution to solve the aggregation problem for porphyrins is to
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implement the approach of co-sensitization. Here we highlight the
significance of molecular co-sensitization of multiple dyes with
complementary absorption spectra on a semiconductor film, which
would be an effective approach to enhance the light-harvesting
ability and to retard the charge recombination for significant
promotion of the overall performance of a PSSC. Table 1 summarizes
the current status of device performance for porphyrin sensitizers or
co-sensitization systems introduced in this review.

Hardin, Snaith and McGehee''* suggested that extending
the dye absorption to 830 nm might increase the efficiency of
the YD2-0C8 system to 13.6%; an ultimate device performance
in a cobalt-electrolyte system is estimated to be ~19% if the
total loss in potential can be decreased to 500 mV and the
absorption spectrum of the dye can be extended to 920 nm. We
show the absorption spectra of typical porphyrin sensitizers
adsorbed on TiO, thin films in Fig. 19, for which the spectral
edges of YDO, YD2, YDDO and YDD3 are approximately 650,
700, 800 and 950 nm, respectively; the edges of other porphyrins
discussed here are also indicated. Both fused porphyrins Ww2
and YDD3 have spectral edges of about 950 nm; they are perfect
candidates to promote the efficiency of DSSC if suitable struc-
tural modifications and appropriate co-sensitization procedure
are applied. We believe that this review provides guidance for
strategies to design the best donor-acceptor porphyrin system
and to apply an optimal co-sensitization for porphyrin and hole-
conducting organic dyes towards a new record for the future
developments and applications of DSSC.
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