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The past three decades have witnessed extensive research in developing a range of non-metallic
organic dyes for dye sensitized solar cells (DSSCs). Dyes occupy a prominent position among
components in DSSCs, and organic dyes have emerged as the most promising candidate for DSSCs due
to their performance, ease of synthesis, stability, tunability, low cost and eco-friendly characteristics. In
addition to this, so far, the best and highest performing DSSCs reported in the literature use metal-free
organic dyes. Organic dyes also provide flexibility to be used along with alternate new generation cobalt
and copper electrolytes. Among various organic dyes, heterocycles, mainly N- and S-containing, have
found immense applications as sensitizers. Indole fused heterocycles were used by different research
groups in their dye designs, mainly as a donor and n-spacer. The planarity of these electron-rich fused
indole systems is advantageous as it helps to initiate a more prominent ICT transition in dye molecules.

Received 8th June 2021, In addition, the possibility for selective functionalization of N-atoms with long or branched alkyl chains

Accepted 19th August 2021 prevents the aggregation of the sensitizer, increasing the solubility and is effective in custom design
DOI: 10.1039/d1ma00499a dyes which are in turn capable of preventing back electron transfer (recombination). Fused indole

moieties utilized in the design of sensitizers are stable and offer easy synthesis. In the present review, we
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examine different indole fused heterocycles as building blocks for sensitizers used in DSSCs.

Introduction

Fossil fuel-based resources have been primarily satisfying the
energy demands of humankind for more than a century. The
ever-increasing energy demands that are fuelled by the growing
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human population have contributed to environmental issues
with the depletion of conventional resources, necessitating the
need for research into developing efficient methods to harness
alternative energy sources." Solar energy is considered one of
the most promising alternatives that could sustainably provide
inexhaustible energy.> The stepping stone for photovoltaic
technology was laid with the demonstration of the first
silicon-based solar cells by Bell laboratories, which exhibited
an efficiency of ~6%. Since then, the technology has witnessed
many advancements in introducing thin films in the late 1970’s
and finally reaching up to the third-generation solar cells.? The
third-generation photovoltaics consist of dye-sensitized solar
cells, organic solar cells, quantum dot solar cells and perovskite
solar cells.* Though their efficiencies are still lagging behind
the conventional silicon-based devices, the lower fabrication
cost of these devices along with lesser environmental impact
are promising factors that urge the scientific community to
carry out research and technological advancements in third-
generation photovoltaics.”

Dye sensitized solar cell research got momentum in 1991
with the pioneering work carried out by Brian O’Regan and
Michael Gratzel, where they used Ru metal complex sensitized
nanocrystalline TiO, film, generating a power conversion effi-
ciency of 7%.° DSSCs have many attractive features, including
lower fabrication cost and short payback time with minimum
environmental hazards.” In addition, they can be designed for
both outdoor as well as indoor light harvesting.? DSSC consists
of three major components, photoelectrode, electrolyte and a
counter electrode. The dye sensitized mesoporous semiconduc-
tor layer coated on a conductive glass/plastic substrate collec-
tively acts as the photoanode. The electrolyte is responsible for
both regeneration of the dye as well as charge transport to
the counter electrode. Liquid electrolytes which consist of redox
mediators in organic solvents are typically used in DSSCs.
To address the leakage and device lifetime issues originating
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Scheme 1 Operating principle of DSSCs.

from the usage of liquid electrolytes, efforts are being made to
explore quasi-solid electrolytes and solid conductors. The
counter electrode is composed of transparent conductive oxides
(ITO/FTO) coated with catalysts like platinum for fast electron
transfer reactions. The mechanism of current generation with
DSSCs starts with the absorption of light by the dye sensitizers
that are adsorbed on the semiconductor surface. These photo-
excited electrons are then injected into the conduction band of
the semiconductor, which diffuses through the conductive
substrate and finally reaches the counter electrode. The oxi-
dized dye molecules are subsequently regenerated by the redox
mediators present in the electrolyte, which are then reduced at
the counter electrode. This cycles continues generating current
without net chemical change in the system (Scheme 1).°

Unlike conventional PV devices, DSSCs excel with the advan-
tage that different components are carrying out light absorp-
tion, charge generation, and charge transport. This opens up
the broader possibility of achieving higher photovoltaic perfor-
mance by selectively optimizing each component used in the
device. The sensitizer represents the core unit in DSSCs,
responsible for light absorption and electron injection into
the semiconductor layer. An ideal sensitizer is supposed to
display panchromatic absorption with a higher molar extinc-
tion coefficient. The optimum redox potential of the dye energy
levels (HOMO-LUMO) is necessary to achieve efficient electron
injection into the semiconductor conduction band and to
realize effective regeneration of the dye ground state by the
redox electrolyte. The sensitizer should also possess features
such as suitable binding groups (-COOH, -POsH,) to anchor
onto the semiconductor surface and also needs to be engi-
neered in such a way to minimize aggregation on the semi-
conductor. The prevention of dye aggregation is highly
desirable to reduce recombination losses and increase the open
circuit potential of the devices, which can also contribute to the
stability of the device as a whole."®

Ruthenium-based sensitizers dominated the first two decades
in DSSC research since their inception in the early nineties due to
their broad absorption and higher power conversion efficiencies
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and reached up to a PCE of 11.5% using a conventional iodide/
triiodide electrolyte."” Though these sensitizers appear to be
feasible for practical applications, with progressing research, a
lower molar extinction coefficient of metal complexes along with
the scarcity of Ru have slowly paved the way for the advent of
metal-free sensitizers. Additionally, the introduction of alternate
cobalt and copper electrolyte further encouraged the scientific
community to expand the research on organic dyes, which are
most suitable with alternate electrolytes. The introduction of
metal-free sensitizers has also opened up an arsenal of strategies
to develop more efficient devices at a lower cost and in an eco-
friendly manner."” Metal-free sensitizers generally display high
molar extinction coefficients, but the narrow absorption of many
sensitizers results in serious concern over light harvesting. The
emergence of a co-sensitization strategy helped to alleviate this
limitation by realizing panchromatic absorption through the
sensitization of a combination of different dyes having comple-
mentary absorption.”® This also reduced the possibility for dye
aggregation. The strongest side of organic sensitizers involves the
flexibility in tuning the chemical structure with the help of the
well-established synthetic strategies."* According to the recent
reports, the PCE of DSSCs based on single metal free organic
sensitizers has reached 13.6% using a cobalt electrolyte, 11.7 for
solid state DSSCs and 32% for indoor light harvesting. The
co-sensitization strategy could realize 14.3% PCE using a cobalt
based electrolyte.™

Molecular engineering of dyes deals with designing systems
with potential light-harvesting ability over the entire visible
region with proper energetics that realizes electron transfer
from the excited state of the dye to the metal oxide upon light
absorption. The most widely employed molecular architecture
is the donor-n spacer-acceptor (D-n-A) strategy.'® Anchoring
groups are supposed to be bifunctional, serving the purposes of
adsorption as well as electron acceptance. Although many new
anchoring groups have emerged, a cyanoacrylate group is
generally found to outperform others because of its agreement
with the two functions mentioned above. The strong electron
withdrawing nature of the cyanoacrylate moiety facilitates the
broadening of the absorption spectra of molecules and the
strong adsorption capability to the semiconductor surface
increases the injection ability and device lifetime. A wide variety
of choices are present for both donor and n-spacer moieties. The
derivatives of arylamine, carbazole, coumarins and phenothiazine
are some of the popular donor groups of continued interest used
in DSSCs."” The n-linkers are also of paramount importance in
tuning the communication between donor and acceptor units,
thereby increasing the light-harvesting ability of the dyes. Though
thiophene, furan, benzene and oligothiophenes have been used
extensively as m-spacers in dyes, fused ring planar systems with
strategies to prevent n-n aggregation have not been explored to
the full extent.'® Apart from modulating each building block of a
sensitizer, considerable effort was also laid in engineering new
dye design strategies, which resulted in the introduction of
architectures like D-A-1-A, D-D-n-A, A-n-D-n-A and D-n-A-A."*°

The present review attempts to consolidate and analyse dye
sensitizers which utilize fused indole units as components in
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sensitizers used in DSSCs. These indole-fused heterocycles are
found to exhibit more electron-donating ability than those with
indole in conjugation with expanded n-systems.’’ Another
advantage of the fused indole systems is the better planarity
they possess, inducing better donor-acceptor interaction lead-
ing to improved PV performance. The possibility of functiona-
lization of the N-atom with long or branched alkyl chains is
another advantage of indole-based heterocyclic systems that
increase the solubility and prevent aggregation of the sensiti-
zer. The majority of fused indoles were used as a donor moiety
in the sensitizers, and very few units were used as m-spacers.
The indole fused systems explored as building blocks in DSSC
sensitizers include indoloquinoxaline (IQ), indolocarbazole,
indoloindole, benzothienoindole, indenoindole, triazatruxene,
thienoindole, tetraindole, dithienopyrroloindole, fluorenylin-
dolenine, and indole-imidazole. The exploration of these sys-
tems as donor and n-spacers are investigated fitting in different
molecular architectures. This will help the scientific commu-
nity further re-engineer these heterocycles with excellent opto-
electronic properties in line with the requirements of the
photovoltaic applications.

I. Indoloquinoxaline based sensitizers
for DSSCs

Indolo[2,3-b]quinoxaline (IQ), a built-in donor-acceptor chro-
mophore, consists of an electron-rich indole moiety fused with
an electron-deficient quinoxaline unit. The condensation of
isatin with o-phenylenediamine can efficiently synthesize these
planar heteroarenes.>® By appropriately functionalizing the
indole and quinoxaline motifs with electron-donating or
electron-withdrawing groups, the electronic properties of this
chromophore can be custom-tuned in line with the applica-
tions. It has been documented that the donating ability of the
indole motif and the donor-acceptor interaction with the
quinoxaline unit is enhanced by functionalizing the indole
core with electron-donating groups.”>

The first utilization of this scaffold as a building block in
DSSCs was carried out by Venkateswararao et al.>* They con-
structed dyes 2-6, which are having IQ as an electron donor and
cyanoacrylic acid as an anchoring unit (Fig. 1). The sensitizers
differed in the n-spacer employed, which were either phenyl or
thiophene fragments. Dye 1, which lacks any n-spacer, deliv-
ered the least efficiency of 0.86%. Among the remaining
sensitizers, 6 showed a red shifted and distinct ICT band
implying more effective conjugation. Two dye baths were used
to fabricate devices, one with DCM and the other with a
combination of CH3;CN/tert-butanol/DMSO (3.5/3.5/3, v/v). All the
sensitizers exhibited better efficiencies in the latter case. The
changes in PCE were mainly caused by significant changes in
the photocurrent generated. Though ICT was more prominent in
the case of 6, a relatively high degree of planarity might have
caused aggregation of the dyes leading to decreased light harvesting.
Dye 2 with simple thiophene as the m-spacer outperformed other
dyes with PCE of 3.45% with J,. of 9.29 mA cm 2 and V. of 579 mV.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photosensitizers 1-6 based on an indolo[2,3-b]lquinoxaline core.

Other dyes showcased PCE in the order 6 > 5 > 3 > 4 (Table 1).
The introduction of acetylene was not found to be beneficial for
transmitting charges in the current design.

Later, Qian et al. developed three D-m-A dyes having
indolo[2,3-b]quinoxaline and cyanoacrylic acid as donor and
acceptor groups, respectively.>* Sensitizers 7, 8, and 9 differ in
the selection of conjugated spacers, which were oligothiophene,
thienylcarbazole, and furylcarbazole, respectively (Fig. 2). The dyes
exhibited efficiencies in the order 7 > 9 > 8 (Table 1). The
maximum efficiency of 7.62% was delivered by 7, mainly con-
tributed by the significantly larger short circuit current density
(Jse = 16 mA ecm™?) of this dye. The electron-rich, oligothiophene

Table 1 Photovoltaic parameters of indoloquinoxaline based DSSCs

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™?) (mV) FF (%) Electrolyte (concentration) Ref.
1 2.66 500 0.64 0.86 I /I3~ — 23
2 9.29 579 0.64 3.45 1 /I3~ — 23
3 4.43 543 0.68 1.65 I /I3~ — 23
4 2.73 593 0.67 1.08 I /I3~ — 23
5 7.38 568 0.65 2.72 I /I3~ — 23
6 7.77 562 0.62 2.68 I /I3~ — 23
7 16.0 708 0.67 7.62 I /I3~ — 24
8 14.8 701 0.63 6.48 I /I3~ — 24
9 14.1 742 0.67 7.03 T /I3~ — 24
10 8.9 676 0.68 4.10 I /I3~ — 25
11 14.0 705 0.69 6.82 I /I3~ — 25
12 15.3 757 0.71 8.28 T /I3~ — 25
13 14.2 745 0.71 7.56 T /I3~ — 25
14 11.9 797 0.64 6.05 I /I3~ — 26
15 12.9 817 0.67 7.09 I /I3~ — 26
16 9.03 707 0.68 4.35 I /I3~ — 26
17 9.71 724 0.68 4.81 I /I3~ — 26
18 5.56 653 0.72 2.65 I /I3~ CDCA (10 mM) 27
19 5.68 622 0.73 2.72 T /I3~ CDCA (10 mM) 27
20 5.99 618 0.69 2.61 I /I3~ CDCA (10 mM) 27
21 19.0 649 0.61 7.46 I /I3~ CDCA (20 mM) 27
19/21 19.37 654 0.63 7.94 I /I3~ CDCA (20 mM) 27
22 4.73 637 0.73 2.21 T /I~ CDCA (10 mM) 28
23 5.08 676 0.74 2.56 T /I3~ CDCA (10 mM) 28
22/21 17.79 683 0.67 8.16 I /I3~ CDCA (20 mM) 28
23/21 18.24 688 0.69 8.67 I /I3~ CDCA (20 mM) 28
24 11.10 676 0.70 5.27 I /I3~ CDCA (10 mM) 29
25 11.29 657 0.69 5.10 I /I3~ CDCA (10 mM) 29
26 11.84 638 0.65 4.92 T /I3~ CDCA (10 mM) 29

© 2021 The Author(s). Published by the Royal Society of Chemistry
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n-bridge makes the absorption spectra of 7 more red-shifted with
an absorption maximum at 480 nm for the ICT band followed by 8
and 9. The IPCE performance of the devices is following the
absorption behaviour of the dyes. While 7 shows broad absorption
from 400 to 770 nm, in the case of 8 and 9, the absorption
furnishes onset at 700 and 690 nm, respectively illustrating the
trend in the dyes’ Js. and light-harvesting ability. Though lower
current density was delivered by 9, the higher open circuit
potential (V. = 742 mV) helped 9 outperform 8.

Soon after, the authors used the same scaffold to realize
D-D-n-A and D-n-A systems.”>® In D-D-n-A design, indoloqui-
noxaline was used as the primary donor and phenothiazine was
used as an auxiliary donor, cyanoacrylic acid as an acceptor and
thiophene/furan as a n-bridge to afford 12 and 13, respectively
(Fig. 3). These dyes were then compared with 10 and 11, which
were D-n-A dyes based on indoloquinoxaline and pheno-
thiazine, respectively, as donors. Among the dyes, 12 having
D-D-n-A design was found to outperform the rest. Sensitizer 12
excelled with an efficiency of 8.28% followed by 13 with 7.56%.
Compared to furan, the electron richness of thiophene was
aiding good ICT transitions reducing the HOMO-LUMO gap for
12, which resulted in more red-shifted and enhanced absorp-
tion spectra for 12 compared to that of 13 with furan as a
n-spacer. The IPCE spectra of the dyes show a similar trend,
with 12 giving over 60% IPCE value from 359 to 600 nm with
maximum absorption of 86% at 490 nm. This illustrates
the reason for the highest light-harvesting ability and Js.
(15.3 mA ecm?) for 12. The V,, values obtained are in the order
12 > 13 > 11 > 10 (Table 1).

Later in 2017, the authors utilized indoloquinoxaline as an
acceptor in a (D),~A-n-A dye design in which two triphenyl-
amine groups were used as two branches of the primary donor
unit. The dyes 14-17 differed in the n-bridges (furan and
thiophene) and acceptor groups (cyanoacrylic acid and 2-(1,1-
dicyanomethylene)rhodanine or DCRD) (Fig. 4).>® These dyes
exhibited efficiencies in the range of 4.55% to 7.09%. Dyes 14
and 15, which had cyanoacrylic acid as the acceptor group,
outperformed the corresponding dyes having DCRD as the
acceptor unit. Though the absorption spectra of 16 and 17 were
much red-shifted compared to 14 and 15, higher dye loading of
the latter resulted in larger J,. values. This is also apparent from
the IPCE spectra. Though the spectra of 14 and 15 are blue-
shifted with 30 and 20 nm differences respectively with respect
to 17, the increase in J,. value contributed to a better PV
performance. Dye 15 could deliver over 60% IPCE value from
400 to 600 nm with a maximum of 83% at 450 nm, resulting in
a Js value of 12.9 mA cm 2 (Table 1). While comparing the
n-spacers, furan substituted sensitizers 15 and 17 were found to
deliver better efficiencies than their thiophene substituted
counterparts. While 15 delivered a PCE of 7.09% with the
highest Ji. and V,. values, 14 slightly lagged with a power
conversion efficiency of 6.05%. DCRD substituted dyes 16 and
17 showcased relatively poor performances with a PCE of 4.55%
and 4.81%, respectively.

Later, Su and co-workers introduced sensitizers 18-20 based
on new molecular architecture, D-D|A-r-A (Fig. 5).” Here, D|A

Mater. Adv,, 2021, 2, 6136-6168 | 6139
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Fig. 2 Photosensitizers 7—9 based on an indolo[2,3-blquinoxaline core.
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Fig. 3 Photosensitizers 10—13 based on indolo[2,3-b]quinoxaline and phenothiazine cores.

represents the fused donor-acceptor unit, indolo[2,3-b]qui-
noxaline. The effect of additional donors was investigated
systematically by introducing triphenylamine, carbazole and
phenothiazine donors to the indole unit. More significant dye
loading in devices based on 18 resulted in effective monolayer
formation on the TiO, surface, thereby preventing recombina-
tion effectively. This contributed to the highest open-circuit
potential for devices fabricated using 18. When it comes to
photocurrent, the hexyl chains incorporated on the end donors
of 19 and 20 helped decrease aggregations, contributing to
improved Js.. Maximum efficiency was delivered by 19 (2.72%),
followed by 18 (2.65%) and 20 (2.61%). Later, these new
generation D-D/A-n-A organic dyes were used successfully as
co-sensitizers to improve the PCE of conventional Ru dye (21).
The device fabricated with 21 alone showed an efficiency of
7.46%. Co-sensitization of 18-20 improved the efficiency in all
three cases with a maximum of 7.94%, when 19 was employed
as a co-sensitizer with 21 (Table 1). An increment in open-circuit
potential was observed with the co-sensitization approach, which
could be attributed to the improved surface coverage of TiO,,
resulting in retardation of aggregation and recombination. When
it comes to photocurrent, only the device with 19 as a co-sensitizer

6140 | Mater. Adv, 2021, 2, 6136-6168

showed an increment in current density from 19.00 mA cm 2 to
19.37 mA cm 2. More significant dye loading in the remaining
cases might have resulted in competitive absorption at the over-
lapping regions between the Ru dye and organic co-sensitizer.
Later, Su et al introduced a di-branched di-anchoring
approach to the previous molecular architecture to develop
D-D|A-(n-A), dyes 22 and 23, which differed in additional
donors between triphenylamine and carbazole, respectively
(Fig. 6).>® The performances were also compared with devices
based on 19. The dianchoring approach was found to help form
adequate surface coverage, which is also evident from the
higher dye loading present in these dyes. This could cause an
increment in V,. of dianchored dyes compared to 19 due to
minimal recombination. Among the dianchored dyes, 23 with
hexyl chain incorporated carbazole as the secondary donor
exhibited the highest V,.. Dye 19 excelled when photocurrent
is taken into account, which even contributed to higher PCE
compared to the rest. The downfall in light-harvesting effi-
ciency of 22-23 was brought about by the increased dihedral
angle and strain induced by the di-anchoring branches. A more
prominent donating ability of carbazole caused a slightly higher
increment in Ji. of 23 compared to 22. Co-sensitization of these

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Photosensitizers 14—17 with an indolo[2,3-b]quinoxaline core.

dyes with 21 could enhance the efficiency with the highest PCE of
8.67% for 23, followed by 13 (8.16%) and 19 (7.50%). While the
considerably improved V,. contributed the increment in device
performance of co-sensitized 22-23, a slight increment in current
density for 19 caused a corresponding increment in PCE.

In the subsequent work, the n-spacer in 18-20 was changed
to thiophene from benzene, and the performance of the sensi-
tizers (24-26) was evaluated under full sun illumination
(Fig. 7).>° The dyes exhibited efficiencies in the range 4.92-
5.27%, which was higher than previously reported sensitizers
having phenyl as a spacer. Dye 24, having triphenylamine as a
donor, displayed the maximum PCE of 5.27% with a V,. of
0.67 V and FF of 70.1 with improved J. of 11.10 mA cm >
(Table 1). Higher dye loading seems to be responsible for
improving FF and open-circuit potential for the triphenylamine
donor dye 24. Though the highest photocurrent was observed
for 26 due to its increased light-harvesting ability, comparatively
lower values obtained for the rest of the parameters contributed
towards inferior PCE of 4.92% for 26. Co-sensitization of 21 with
these dyes also resulted in improved V,. and FF. In addition, the
competition for light absorption resulted in a considerable
reduction of photocurrent, leading to net poor performance for
the co-sensitized device compared to the individual dyes.

From Table 1, it is clear that indoloquinoxaline is a potential
scaffold for dye sensitizers in DSSCs. The highest efficiency

© 2021 The Author(s). Published by the Royal Society of Chemistry
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achieved so far using IQ based sensitizer is 8.2%, where the IQ
unit and n-spacer (thiophene) is attached to either end of the
auxiliary donor (phenothiazine) with cyanoacrylic acid as the
acceptor unit. In the same architecture itself, optimum tuning
of auxiliary donors and n-spacers along with the alkyl groups
could render sensitizers capable of delivering more than 10%
PCE. From the reported sensitizers using IQ, it is impossible to
generalize suitable n-spacers for the system that could change
depending on the donor attached to it and the IQ position
(indole/quinoxaline end) to which it is attached. Many studies
were not carried out in this direction of anchoring units,
opening up further possibilities towards efficient IQ-based
devices.

Il. Indolocarbazole based sensitizers
for DSSCs

Indolocarbazole, especially indolo[3,2-b]carbazole isomer, is a
linear pentacene with two N-atoms with the possibility of
introducing alkyl chains of any length requirement either to
improve solubility or to prevent back electron transfer. When
compared to carbazole, indolocarbazole possesses better ener-
getics, improved electron-donating capabilities and superior
absorption profiles. These characteristics find indolocarbazoles
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Fig. 5 Photosensitizers with an indolo[2,3-blquinoxaline moiety and Ru-complex.
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Fig. 6 Photosensitizers 22—23 with an indolo[2,3-b]lquinoxaline moiety.

a unique position among various applications involving organic
thin-film transistors, organic light-emitting diodes and photo-
voltaics.*® Indolocarbazoles can be prepared either by Fischer
indole synthesis of 1,4-bis(2-phenylhydrazono)cyclohexane or
by a Cadogen reaction of appropriate nitroarenes.*'
Indolocarbazole was first used as a donor in DSSCs by Zang
et al. (Fig. 8).>> They synthesized dyes 27 and 28, which differ in
the number of thiophene groups incorporated as the n-linker.
While a red shift in the absorption profile was observed for 28
when adsorbed on TiO,, higher electron injection efficiency was
obtained for 27 sensitized devices. The trade-off between the
two factors renders 28 with slightly higher J,. compared to that
of 27. The difference in efficiencies of the two dyes were also
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brought about by the fill factor. While 27 possesses a FF of 0.67,
the larger molecular size of 28 resulted in a FF of 0.62 (Table 2).
This resulted in a higher PCE of 7.3% for 27 and 6.7% for 28.

Cai et al. designed four dyes based on 5,7-dihexyl-6,12-
diphenyl-5,7-dihydroindolo[2,3-b]carbazole (DDC) with ben-
zothiadiazole (or thiophene) and thieno[3,2-b]thiophene (TT)
(or thiophene) as the m-spacer and 2-cyanoacrylic acid as an
acceptor (Fig. 9).* Along with the high electron-donating
ability, the fused carbazole systems also contribute towards
improved m-conjugation, which will be advantageous in pro-
moting the ICT and the photostability of the system. The two
phenyl rings integrated on the donor DDC unit, and the alkyl
groups on the nitrogen atom effectively reduced the aggregation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Photosensitizers 24—26 with an indolo[2,3-b]lquinoxaline moiety.
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Fig. 8 Photosensitizers 27—28 with an indolocarbazole moiety.

and improved the lifetime for devices fabricated with these dyes.
The devices were also subjected to comparison with carbazole
based D-n-A sensitizer 33. The molar extinction coefficients of
both ICT and n—r transition bands display significant enhance-
ment in 29-32 compared to 33 indicating the improved light-
harvesting ability of the new fused conjugated donor. Except for
31, the Js. value for all other dyes was higher than 33. This is
apparent from the IPCE spectra, where the performance follows
the order 32 > 29 > 30 > 33 > 31, which is consistent with the
dye loading present in the fabricated devices. Though the V.
value of 32 (674 mV) was not very high compared to 31 (768 mV),
32 exhibited the highest efficiency of 6.4% among these sensiti-
zers with a Ji. of 13.96 mA cm > and FF of 0.68 (Table 2). The
photostability evaluation of the dyes by adopting the methods of
Katoh and co-workers revealed that the new donor is effective in
stabilizing the cation formed after irradiation of light compared to
the carbazole based dye. The benzothiadiazole containing dyes
possess more stability which is consistent with the previous
reports.®* The results also paved the way to the observation that
TT was also beneficial for contributing towards photostability.
Compound 32, having both BTD and TT as a m-spacer, exhibited
maximum photostability, while 29 was least stable among the
indolocarbazole based dyes. All the dyes were also found to be
thermally stable.

The same group further attempted to introduce a bridge
with extended conjugation to widen the absorption spectra of
the indolocarbazole dyes (Fig. 10).>> Among the dyes, 36, which
contains benzothiadiazole as an auxiliary acceptor along with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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alkylated thiophenes flanked on both sides, showed maximum
red-shifted spectra followed by 35 having alkyl-substituted
benzothiadiazole as an auxiliary acceptor and 34 with simple
D-n-A architecture having ter-thiophene as a spacer with a
difference of 78 and 50 nm, respectively, compared to 36. The
device efficiency was tested under two conditions. In one case,
the TiO, films were made of 3 pm thickness with 13 nm sized
nanoparticles (TSP) and scattering layer of 4 pm thickness, and
in the second case, the TiO, films were made of 3 um thickness
with 13 nm sized nanoparticles (TSP) and scattering layer of
8 um thickness. Though higher dye loading is possible in the
second case, a thick scattering layer can cause chances of
recombination. This resulted in a trend of increase in current
density and decrease in V, for all the dyes fabricated with an 8
pm scattering layer when compared to those of 3 pm thickness.
A trade-off between these two factors leads to higher PCE with a
thicker scattering layer for all the dyes. In the first condition,
the highest IPCE value was obtained for 36 with an absorption
maximum of 81.2% at 460 nm followed by 35 (77.2% at 500 nm)
and 34 (69.9% at 520 nm). A more comprehensive absorption
profile for 36 contributed towards the highest Js. value of
14.91 mA cm2 The least Js. value of 10.40 mA cm > was
obtained for 34 due to the narrow IPCE spectra resulting from a
lower absorption profile (Table 2). When devices were fabri-
cated using an 8 pm scattering layer, dye 35 showed improved
IPCE profile and J,. value, while dye 36 resulted in lower molar
extinction coefficients, low dye loading amount, and low elec-
tron injection yield. The trend in V,. was the same in both the
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Table 2 Photovoltaic parameters of indolocarbazole based DSSCs

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™?) (mV) FF (%) Electrolyte (concentration) Ref.
27 15.4 710 0.67 7.3 1/I3~ — 32
28 15.5 700 0.62 6.7 I /I3~ — 32
29 11.95 768 0.66 6.09 I'/I;~ — 33
30 11.57 707 0.68 5.55 1" /I3~ — 33
31 9.40 644 0.68 4.11 I /I3~ — 33
32 13.96 674 0.68 6.40 I /I;~ — 33
33 10.28 713 0.67 4.90 1" /I3~ — 33
34 10.40 747 0.70 5.43 I /I3~ — 35
340 12.92 710 0.66 6.01 I"/I;~ — 35
35“ 13.44 752 0.65 6.53 I /I3~ — 35
350 16.41 706 0.64 7.49 I'/I;~ — 35
36“ 14.91 651 0.67 6.48 1"/I;~ — 35
36° 15.88 620 0.68 6.64 I /I3~ — 35
37 12.6 729 0.68 6.25 I'/I;~ — 36
38 15.2 745 0.71 8.09 I /I3~ — 36
39 13.9 738 0.68 6.98 I /I3~ — 36
40 14.1 757 0.71 7.58 T"/I;~ — 36
11 5.69 750 0.72 3.11 I /I3~ CDCA (1 mM) 37
42 5.09 750 0.74 2.83 I /I3~ — 37
43 3.89 610 0.69 1.65 I' /I3~ — 37
44 10.16 710 0.71 5.12 I /I3~ — 38
45 12.85 720 0.69 6.34 I /I3~ — 38
44/45 13.38 740 0.71 7.03 I /I3~ — 38
46 12.45 690 0.70 6.02 I /I3~ — 39
47 10.73 731 0.74 5.78 T /I~ — 40
48 9.81 680 0.78 5.23 1" /I3~ — 40
49 10.95 754 0.72 5.97 I /I3~ — 40
50 7.05 690 0.53 2.56 I'/I;~ — 41
51 9.78 660 0.57 3.68 I"/I;~ — 41
52 4.04 620 0.64 1.59 I /I3~ — 41
53 7.57 640 0.53 2.5 I /I3~ — 41
54 12.16 560 0.69 4.68 1" /I;~ CDCA (10 mM) 42
55 11.43 610 0.69 4.66 I /I3~ CDCA (1 mM) 42

“ TiO, films were made with 4 um thick scattering layer.  TiO, films
were made with 8 pm thick scattering layer.
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Fig. 9 Photosensitizers with indolo[2,3-blcarbazole (29-32) and carbazole
(33) units.

conditions with the least value delivered by 36. While 35
excelled with the highest PCE of 7.49%, 34 delivered a lower
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photovoltaic performance of 6.01%. The stability studies rein-
forced the observation that BTD units are capable of increasing
the photo-stability of dyes.

Later in 2016, Qian et al. investigated the same donor groups
in a new photosensitizer design. They synthesized four dyes
utilizing modified donor units (Fig. 11) consisting of indolo-
[3,2-b]carbazole as the primary donor and groups such as
ethylbenzene, N,N-diethylaniline, ethyloxybenzene, and octyl-
oxybenzene grafted to indolo[3,2-b]carbazole as secondary
donor groups, thiophene as the n-conjugated linker, and
2-cyanoacylic acid unit as the electron acceptor/anchoring
group.®® The secondary donor groups assist in improving the
donating strength of the system, but it was also highly bene-
ficial for reducing the aggregation and recombination. Thus the
nonplanar secondary groups could enhance the photovoltage of
the device. The IPCE performance of the dyes parallels with the
electron-donating ability of the secondary donor. The most
robust donor, N,N-diethylaniline attached dye 38, displayed a
broad IPCE response and highest ;. of 15.2 mA cm ™2 followed
by 40, 39 and 37 (Table 2). The efficiency of the devices also
follows the same trend, with 30 having the highest PCE of
8.09%, and the most deficient performance was showcased by
37 with 6.25%.

Later, Xiao et al. also employed 6,12-diphenylindolo[3,2-
b]carbazole as auxiliary donors in D-D-n-A dyes.>” The sensi-
tizers 41, 42 and 43 differ in the donor groups: triphenylamine,
trimethoxyphenyl and trimethoxybromine, respectively (Fig. 12).
Unlike the previous work, the additional donor and m-spacers
were appended to the end of the phenylene groups attached to the
indolo[3,2-b]carbazole moiety. The ICT absorption bands of these
compounds did not show much difference compared to the m-mn*
transition, which can be attributed to the interrupted charge
transfer in the molecules resulting from the non-planar confor-
mation of the attached phenyl groups. The absorption behaviour
of the compounds was consistent with the electron-donating
ability of the secondary donor. The triphenylamine donor in 41,
which has a higher electron-donating ability, contributed to the
broader absorption and higher molar extinction coefficient for 41,
followed by 42 and 43. Though these dyes could deliver reasonably
good V,. (0.61-0.75 V) and FF (0.69-0.74) using I /I~ electrolyte, a
relatively low value of J. resulted in moderate PCE (1.65-3.11%).
Dye 41 yielded the highest efficiency of 3.11% followed by 42 and
43 (Table 2).

Further investigations by the same group to increase the
photoconversion efficiency of 41 resulted in the synthesis of
44 and 45 where a triphenylamine donor was attached to
indolo[3,2-b]carbazole via the ninth and eighth positions,
respectively (Fig. 13).>® Co-planarity and n-electron delocaliza-
tion were found to improve, which is apparent from the
absorption profile of the new dyes 44 and 45. Dye 45, where
the phenylene/thiophene rings were connected onto the para
positions of the N-atom, showed more red-shifted absorption
with an absorption maximum at 500 nm, whereas absorption of
44 was blue-shifted by 38 nm. While 44 showed improvement in
PCE when it was used in conjunction with CDCA (10 mM), 45
responded in a reverse manner. This can be accounted for by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Photosensitizers 34—36 with an indolo[2,3-b]carbazole moiety. ®TiO, films were made with a 4 um thick scattering layer. °TiO, films were made
with an 8 um thick scattering layer. In both cases, the active layer was made of 3 um thick 13 nm particles.
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Fig. 11 Photosensitizers 37—-40 with an indolo[2,3-b]carbazole moiety.

41 PCE: 3.11%

Fig. 12 Photosensitizers 41-43 with an indolo[2,3-b]carbazole moiety.

the molecular orientation of the dyes when adsorbed on TiO,.
Dye 44 adopted a perpendicular orientation to the substrate
plane. Somewhat hindered conformation of 45 resulted in more
inclination of the dye towards the TiO, surface. This resulted in
fewer aggregations and recombinations, making 45 capable of
delivering more photocurrent even with a lower dye loading of
3.64 x 107" mol cm™? compared to 4.54 x 10”7 mol cm > for 44
and without co-adsorbent CDCA. Photosensitizer 45 outper-
formed 44 with a J,. of 12.85 mA cm ™2, V,. of 0.72 V, FF of 0.69
and PCE of 6.34% (Table 2). The co-sensitization of 44/45
further improved the performance to 7.03%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Indolo[2,3-b]carbazoles were rarely explored for optoelectro-
nic applications due to a lack of efficient synthetic strategies. Su
et al. could establish new strategies for synthesising indolo[2,3-
b]carbazoles and their utilization to construct DSSC sensitizers
with a PCE of up to 6.02%.%° The curved molecular conforma-
tion of indolo[2,3-b]carbazole dye synthesized by Su et al. (46),
along with its rigid and planar nature, offer the possibility to be
explored as a di-anchor dye. The sensitizer 46 adopts A-t-D-1-A
architecture in which bithiophene is introduced as the n-bridge
between the electron-rich indolo[2,3-b]carbazole core and cyano-
acrylic acid acceptor unit (Fig. 14). FTIR analysis of the pristine 46
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Fig. 13 Photosensitizers 44—45 with an indolo[2,3-b]carbazole moiety.

HO,C COy NH4+

46 PCE: 6.02%, R= ethylhexyl)

Fig. 14 Molecular structure of photosensitizer 46.

and the compound loaded TiO, film reveals the involvement of
both the carboxylic group in anchoring the dye on the TiO, surface.
This is further confirmed by the Deacon Philips rule, where a
frequency difference of 224 cm" suggests a bidentate binding mode
for 46. An efficient electron transfer from the HOMO of 46/(TiO,),,
(indolo[2,3-b]carbazole) to the LUMO of 46/(TiO,),, (TiO, nano
cluster) was illustrated using computational analysis.
Indolo[2,3-a]carbazole was first introduced in DSSCs by
Zhang et al.*® Taking this new system as a donor and cyano-
acrylic acid as an acceptor, they studied the effect of conjugate
mode of n-spacers such as thienyl-thieno[2,3-b]thiophene and
terthiophene in photovoltaic performance (Fig. 15). To control
dye aggregation and prevent recombination, alkyl-substituted

n-bridge
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/ CO,H J
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% \ / X

48 PCE: 5.28%
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Fig. 15 Photosensitizers 47—49 with an indolo[2,3-alcarbazole moiety.
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45 PCE: 6.34%

terthiophene was employed as a m-spacer to construct 49.
Sensitizers 47 and 49 outperformed 48 in Js. and V,.. 48 gave
an efficiency of 5.28%. The spatial effect of hexyl groups on the
n-backbone of 49 resulted in the highest efficiency of 5.98% and
the highest photocurrent and photovoltage, followed by 47 with
5.78% PCE (Table 2).

Indolo[3,2,1-jk|carbazole is another positional isomer of
indolocarbazole where indole is fused with the carbazole
moiety in a slightly strained manner. The system was found
to be thermostable and showcase strong electron-donating
ability, which resulted in its application as a charge transport
material and conducting film material. Luo et al. utilized this
core for developing a sensitizer for DSSCs by integrating it as a
donor in a D-n-A architecture (Fig. 16).*' They developed four
devices based on the dyes 50-53, which exhibited PCE in the
range 1.59-3.68%. Among the dyes, 51 outperformed others
with a PCE of 3.68% (Table 2). With its lower stabilization
energy, thiophene enabled the system to have more delocaliza-
tion and efficient light-harvesting ability. This can be
accounted for by the enhanced photocurrent in dyes 51 and
53 using thiophene as the n-linker. Low spectral coverage leads
to decreased performance in 50 and 52. Even an attempt to
increase the m-bridge conjugation by introducing the phenyl
group in 52 was not found to be an effective strategy to increase
the PCE.

Further attempts were carried out to investigate the effect of
n-linkers on the performance of indolo[3,2,1-jk]carbazole based
dyes by Cao et al. (Fig. 17).*> Dyes 54 and 55 incorporate
bisthiophene and unsubstituted bisthiophene, respectively as
n-linkers. The slightly twisted conformation of 55 resulted in
lower dye loading on TiO, than 54, resulting in a slight
increment in the J,. value for 54, the reverse trend of what
was observed for V,.. The significant improvement in Jg. of the
54 based device, when adsorbed with CDCA, illustrates the
aggregation tendency of these sensitizers on TiO,. While the 54
based devices delivered PCE of 4.68% in the presence of 10 mM
CDCA, dye 55 could yield 4.66% with 1 mM CDCA (Table 2).

Among different isomers of indolocarbazole, indolo[3,2-b]-
carbazole is the most explored isomer for DSSC applications.
The comparison of efficiency versus structure reveals that to
improve the device’s performance, systematic investigation of
the position of attachment of the n-spacer and the additional

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Photosensitizers 50—53 with an indolo([3,2,1-jk]carbazole moiety.

CO,H
54 PCE: 4.68% 2

Fig. 17 Photosensitizers 54—55 with an indolo[3,2,1-jk]carbazole moiety.

donor on indolo[3,2-b]carbazole is also needed, along with the
integration of suitable donor and spacer groups. From the
reported data so far, the substitution of donor and spacer units
at the second and eighth positions of indolo[3,2-b]carbazole is
more effective than substitution at the ninth and third posi-
tions. When the donor group was changed to DDC, the addi-
tional phenyl groups integrated at the sixth and twelfth
positions were found to prevent recombination while preser-
ving the donating ability and the backbone’s planarity. However,
attempts to increase the light-harvesting by allowing modifications
at these phenyl groups could not lead to realize photovoltaic
performance as expected due to the non-planar conformation of
the phenyl groups as seen in the case of dyes 41 and 42.

I1l. Triazatruxene based sensitizers
for DSSCs

Triazatruxene (TAT) is an expanded n-conjugated system with
good electron-donating capacity, consisting of three indole
units combined using one benzene ring. Due to its favourable
features such as electron richness and rigid n-extended structure,
it has found application in various optoelectronic fields, like
organic field-effect transistors (OFETs), organic light-emitting
diodes (OLEDs), two-photon absorption (TPA) materials, non-
linear optics and liquid crystal displays.** The most widely used
method for the synthesis of TAT is by the reaction between indole
and indolone in the presence of bromine and POCI;.**

The first attempt to use TAT as a donor in DSSCs was
reported by Qian et al.*® They succeeded in developing three

© 2021 The Author(s). Published by the Royal Society of Chemistry
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D-n-A dyes (56, 57, 58) with variable n-spacers achieving more
than 5% efficiency. These dyes were made using TAT as the
donor and cyanoacrylic acid as the acceptor/anchoring group
(Fig. 18). The system’s efficiency was studied by changing the
n-spacers (thiophene 56, furan 57 and benzene 58). Though
high open-circuit voltage was found in dye 58, with a reduced
current density, devices fabricated with 58 only realized a low
PCE of 5.11%. The highest efficiency of 6.1% was contributed
by the device fabricated using dye 56. The higher PCE resulted
from higher current density showcased by 56, which was also
evident from the IPCE response (Table 3). Better electron
delocalization and superior electron-donating capabilities render
the TAT system improved light-harvesting behaviour to be used as
an efficient sensitizer in DSSCs.

As an extension of the previous experiments, the effect of
rhodanine-3-acetic acid as an electron-withdrawing/acceptor

56 PCE: 6.10%

57 PCE: 5.50% 58 PCE: 5.11%
Fig. 18 Photosensitizers 56—58 with a triazatruxene moiety as a donor.
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Table 3 Photovoltaic parameters of triazatruxene based DSSCs

Sensitizer Jse (mA cm™?) Voe (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
56 14.7 670 0.62 6.10 /1~ — 45
57 13.6 654 0.62 5.50 /1~ — 45
58 11.6 686 0.64 5.11 /I3~ — 45
59 5.89 582 0.72 2.47 ) CDCA (10 mM) 46
60 8.33 617 0.70 3.60 I /13~ CDCA (10 mM) 46
61 14.97 793 0.63 7.5 /15~ CDCA (5 mM) 47
62 16.45 707 0.62 7.15 /1~ CDCA (5 mM) 47
63 13.46 775 0.62 6.50 /13~ CDCA (5 mM) 47
64 15.89 743 0.62 7.26 I /15~ CDCA (5 mM) 47
65 11.4 722 0.68 5.55 /1~ CDCA (0.4 mM) 48
66 13.2 741 0.68 6.65 /I3~ CDCA (0.4 mM) 48
67 11.0 849 0.53 5.2 /1~ CDCA (0.5 mM) 49
68 20.73 956 0.69 13.6 Co(bpy)s*"** CDCA (2 mM) 50
69 20.57 887 0.70 12.8 Co(bpy)s]*"** CDCA (2 mM) 50
68° 9.9 952 0.70 6.6 Co(bpy);*"** CDCA (2 mM) 51
69° 8.4 945 0.69 5.4 Co(bpy);*"** CDCA (2 mM) 51
70 11.94 808 0.74 7.20 Co(bpy)s]*"** CDCA (2 mM) 52
71 15.1 966 0.70 10.2 Co(bpy)s*"** — 53
72 13.4 934 0.69 8.6 Co(bpy);*"*" — 53
73 16.92 926 0.75 11.7 Co(bpy)s]*"** — 54
74 15.98 911 0.73 10.6 Co(bpy);*"*" — 54
% ssDSSC.

59 PCE: 2.47%

60 PCE: 3.60%
Fig. 19 Photosensitizers 59—-60 with a triazatruxene moiety as a donor.

group was studied by the same group (Fig. 19).*° Though much
broader absorption was obtained for dyes with rhodanine-3-
acetic acid, the performance of these dyes was inferior to the
dyes being synthesized using cyanoacrylic acid as the electron-
withdrawing group. This is attributed to the interruption of
electron transfer from the dyes to the semiconductor by the
broken (NCH,COOH) conjugation in rhodanine-3-acetic acid.
Instead of displaying broader absorption spectra with higher ¢,
devices fabricated using 59 showed lower current density. The
trend can be rationalized from the LUMO energy level of the
dyes, which are in the order of 60 (—1.16 V) >59 (—1.02 V),
indicating more effective electron injection from 60 to the semi-
conductor. Thus 60 could yield a higher PCE of 3.60% with a
short-circuit photocurrent density of 8.33 mA ¢cm 2, an open-
circuit photovoltage of 617 mV, and a fill factor of 0.70 (Table 3).

Triazatruxene was incorporated as a donor in D-A-n-A
based sensitizers by Pan and co-workers in 2018 (Fig. 20).*”
These sensitizers employed benzothiadiazole as an auxiliary
acceptor, and they introduced variation in the acceptors
(carboxylic acid and cyanoacrylic acid), and the connectivity
between the donor and auxiliary acceptor was modified using
single bond and ethynyl linkages. The introduction of the
ethynyl linker and cyanoacrylic acid was found to increase the

6148 | Mater. Adv,, 2021, 2, 6136-6168

conjugation of the dye molecules. Dyes 62 and 64 having
cyanoacrylic acid as the acceptor group showed better light-
harvesting capability with broader absorption and higher IPCE
value. These observations were also reflected in the J,. value of
the corresponding sensitizers. Another critical parameter that
determines the efficiency of the system is the V,.. Dyes 61 and
63 with a single carboxylic acid acceptor exhibited higher
photovoltage compared to the rest. Among the two sets of
D-A-m-A sensitizers having a triazatruxene donor (single
bonded and ethynyl bridged), dyes 61 and 64 showed maximum
efficiencies of 7.51% and 7.26%, respectively, which indicates
that a delicate balance between J,. and V,. is essential to obtain
higher power conversion efficiencies (Table 3).

Qian and co-workers used triazatruxene as a secondary
donor to construct porphyrin-based sensitizers (Fig. 21).*®
Triazatruxene was attached directly to the meso-position of
the porphyrin ring, and two variants were synthesized by
changing the acceptor groups (carboxylic acid and cyanoacrylic
acid). When cyanoacrylic acid was employed as an acceptor
group, improvement was found in the dye’s light-harvesting
ability, which is evident from the broader and enhanced IPCE
spectra resulting in a higher J,. value dye (Table 3). The V.
value also follows the same trend, which resulted in a maxi-
mum PCE of 6.05% for 66. The efficiencies of both dyes were
found to improve when co-adsorbent chenodeoxycholic acid
(CDCA) was used, which implies the possibility of intermole-
cular aggregation of the dyes on the TiO, surface.

Qin et al. also incorporated TAT into the meso-position of
the porphyrin chromophore to obtain 67 (Fig. 22).*° Dye 67,
which was used in ssDSSC, with spiro-MeOTAD being the
HTM, showcased an efficiency of 5.2% in the presence of
co-adsorbent CDCA.

The most efficient DSSC’s based on TAT molecules were
reported by Zhang and co-workers.”® They systematically

© 2021 The Author(s). Published by the Royal Society of Chemistry
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64 PCE: 7.26%

65 PCE: 5.55%

66 PCE: 6.65%

Fig. 21 Photosensitizers 65—-66 with a triazatruxene moiety as a secondary donor and porphyrin ring as a primary chromophore.

R=ethylhexyl
67 PCE: 5.1%

Fig. 22 Photosensitizer 67 with a triazatruxene moiety as a secondary
donor and porphyrin ring as the primary chromophore.

modified the D-n-A backbone and developed two dyes employ-
ing TAT as a donor, 4,7-bis(4-hexylthiophen-2-yl)benzo[c|[1,2,5]
thiadiazole (BTBT) as a n-bridge and 4-ethynyl benzoic acid

© 2021 The Author(s). Published by the Royal Society of Chemistry

(EBA) as an acceptor, which differs in the linkage between the
donor and n-bridge (Fig. 23). The study aimed to evaluate the
effect of the rigid single bond and flexible z-type double bond
on various parameters that determine the efficiency of the
device. The optimized devices based on 68 and 69 achieved
PCEs of 13.6% and 12.8%, respectively, using cobalt-based
redox electrolyte ([Co(bpy);]*"**). Though the double bond was
found to widen and enhance the absorption of the molecules, the
Jse value for 68 was found to be higher than 69, which resulted from
the more significant dye loading observed for the former. Devices
fabricated using 68 also showcased better open-circuit potential
(956 mV) than 69 (887 mV) (Table 3). The efficient electron injection
in 68, evident from the femtosecond transient absorption and
up-conversion fluorescence studies, reinforces the observation
mentioned earlier. Dye 68 and 69 were also applied to ssDSSCs
using spiro-OmeTAD as the hole transporting material (HTM).>
Longer electron lifetime and high regeneration efficiency caused
68 to outperform 69 with a PCE of 6.6%. Dye 69 exhibited a PCE
of 5.4% (Table 3).

Mater. Adv., 2021, 2, 6136-6168 | 6149
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Fig. 23 Photosensitizers 68—70 with triazatruxene moiety as a donor.

In order to probe the effect of the rigid 4-ethynylbenzoic acid
acceptor group in 68, dye 70 was synthesized by the same group
(Fig. 23) with Z-type cyanoacrylic acid and used to fabricate
devices using a cobalt-based redox electrolyte ([Co(bpy);]*"**).*?
Higher dye loading, better light-harvesting ability and
improved electron injection efficiency made 68 deliver the
highest efficiency of 13.4%, while there was a drastic drop in
PCE for 70, which could only afford a PCE of 7.2% (Table 3).
This again clearly illustrates that rigid structures are pertinent
when it comes to designing sensitizers that will be beneficial
for reducing energy loss during electron injection, leading to
improved current density and photovoltage. Fine-tuning of the
molecular backbone without compromising the energetics is
highly required to realize higher PCE.

Later, Li et al tried to improve the efficiency of 68 by
developing two modified dyes 71 and 72 using a TAT donor
(Fig. 24).°® While benzothiadiazole (BT) functions as the auxiliary

71, R =HPCE: 10.2%
72, R =F PCE: 8.6%

Fig. 24 Photosensitizers 71-72 with a triazatruxene moiety as a donor.

6150 | Mater. Adv, 2021, 2, 6136-6168

acceptor in 71, BT was replaced with difluorobenzo[c][1,2,5]-
thiadiazole (DFBT) in 72. The attempt to introduce fluorine on
BT was justified by lowering the LUMO level of the molecule by
the electron-withdrawing (inductive) effect of fluorine. The
electron-donating mesomeric effect was found to dominate
the former. This renders 72 with a large band gap and blue-
shifted absorption spectrum compared to that of 71. The higher
dye loading in 71 (1.4 times) and wider absorption band com-
pensated the reduction in molar extinction coefficient, resulting
in a higher J,. of 15.1 mA cm 2 This ended up in maximum
efficiency of 10.2% for 71 and a lower efficiency of 8.6% for 72
using cobalt-based redox electrolyte ([Co(bpy);]***"). (Table 3).
Yao et al. found that introducing bulky groups on TAT
successfully hindered dye aggregation and recombination
(Fig. 25).>* They synthesized two modified TAT sensitizers (73
and 74) having a more conjugated TAT donor unit. Their
attempt resulted in a larger V. for 73 (926 mV) and 74 (911 mV).
Higher dye loading in 73 compared to 74 allowed adequate cover-
age of the semiconductor surface, abating the chances of dark
current formation (recombination), leading to higher V,.. DFT
studies also revealed more planar conformation for 74 than 73,
which confirms the slightly red-shifted absorption profile of 74. It
was also observed that there was an upshift in HOMO level for 74,
which affected the regeneration rate of the dye adversely. Poor
regeneration and lower dye loading resulted in lower current
density and V,, for 74 compared to 73. Thus, PCEs of 11.7% and
10.6% were obtained for 73 and 74, respectively (Table 3).
Triazatruxene was incorporated as a donor in D-n-A dyes
and studies were carried out to evaluate the effect of different n-
spacers and anchoring groups. When it comes to the anchoring
group, cyanoacrylic acid has proved to outperform other

© 2021 The Author(s). Published by the Royal Society of Chemistry
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73 PCE: 11.7%

Fig. 25 Photosensitizers 73—74 with a triazatruxene moiety as a donor.

acceptor units (rhodanine-3-acetic acid, carboxylic acid) in
terms of light-harvesting and electron injection capability,
which is consistent with the many reports available. Though
devices based on thiophene bridged dye 56 could showcase
higher PCE than those of phenyl substituted dye 58, this trend
reverses when the anchoring group was changed to rhodanine-
3-acetic acid. Devices fabricated with phenyl bridged dye 60
delivered higher PCE with higher J;. and V,,. compared to those
of 59 with a thiophene spacer. This implies that selecting a
suitable m-spacer depends on the other components of the
molecular architecture. The introduction of an auxiliary acceptor
improved the photovoltaic parameters, and the highest effi-
ciency achieved so far using metal-free dyes is from devices
based on 68 (13.6%) where BTBT was used as the m-bridge
(Table 3). The takeaway from the consecutive studies performed
by Zang and co-workers is that molecular engineering has to be
carried out in such a way as to reduce energy loss during
electronic transitions, which could, in turn, lead to efficient PCE.

IV. Indenoll,2-blindole based
sensitizers for DSSCs

Indeno[1,2-blindole consists of an indole unit fused with an
indene moiety, making it planar and electron-rich with efficient
electron delocalization. In addition to the alkylation of the
N-atom in the tetracene, the indene unit also offers the flexi-
bility to be alkylated. This possibility has a positive effect on the
photovoltaic performance as the presence of multiple alkyl
groups increases the solubility of indeno[1,2-b]indole based
dyes and prevents their aggregation. At the same time, the
presence of alkyl groups is also effective in blocking the
approach of the oxidized species coming close to the semi-
conductor and thereby improving lifetime. The well-established
synthetic route towards preparing this tetracene is by the Fisher
indole synthesis involving indanone and phenyl hydrazine.>
The first report on the use of indeno[1,2-bJindole as a donor
in a DSSC came in 2016 by Qian et al.>® They designed four dyes
(Fig. 26) based on D-mn-A design, and the basic skeleton
employs indeno[1,2-blindole as a donor and cyanoacrylic acid

© 2021 The Author(s). Published by the Royal Society of Chemistry

74 PCE: 10.6% R,

7 \\_cooH /" \\_cooH
NC NG

75 PCE: 7.39% 76 PCE: 7.64%

77 PCE: 6.95%

78 PCE: 6.52%

Fig. 26 Photosensitizers 75—78 with an indenol1,2-blindole moiety as a donor.

as the acceptor. Tuning of device performance was carried out
by changing the = bridges (furan and thiophene) and introducing
alkyl groups (ethyl and hexyl) on the indene ring. The attached
alkyl groups were at a particular angle with the molecular plane,
which was beneficial for reducing aggregation of dyes and
thereby increasing the PCE. All four dyes exhibited good power
conversion efficiency in the range 6.52-7.64%. Among these dyes,
the sensitizer 76, featuring furan as the n-spacer and ethyl groups
as the alkyl chain, contributed the highest PCE of 7.64% with a
Jsc of 15.8 mA cm ™2 and a V,,. of 763 mV (Table 4).

Qian and co-workers later designed three more dyes with
indeno[1,2-blindole as the donor to investigate the role of
different acceptor groups on the photovoltaic performance of
the devices.”” The synthesized D-n-A dyes had indeno[1,2-b]-
indole as a donor and benzene as the m-bridge. The dyes
differed in the acceptor groups incorporated, which were cyano-
acrylic acid, rhodanine-3-acetic acid and 2-(1,1-dicyanomethylene)-
rhodanine (DCRD), respectively (79, 80 and 81) (Fig. 27). The
results revealed better PCE for devices fabricated using dye having
cyanoacrylic acid as the acceptor over the other two groups.
Though dye 79 showed blue-shifted absorption, it contributed
towards the highest efficiency of 6.29% with better J,. and V.
compared to other dyes. To assess the effect of different n-spacers
on the DCRD acceptor, dye 82 was synthesized with thiophene as
the n-bridge. The introduction of thiophene increased the

Mater. Adv,, 2021, 2, 6136-6168 | 6151
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Table 4 Photovoltaic parameters of indenoindole based DSSCs

Sensitizer Jse (MA cm™?) Voc (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
75 15.6 710 0.67 7.39 I/~ — 56
76 15.8 763 0.63 7.64 /1~ — 56
77 14.6 742 0.64 6.95 I/~ — 56
78 13.7 733 0.65 6.52 I/~ — 56
79 11.0 813 0.70 6.29 I/~ — 57
80 4.23 700 0.75 2.22 I/~ — 57
81 7.10 695 0.73 3.60 I/~ — 57
82 11.9 707 0.64 5.41 I/~ — 57
83 10.4 843 0.66 5.74 /1~ CDCA (3 mM) 58
84 13.3 796 0.65 6.86 /1~ CDCA (3 mM) 58
85 14.1 829 0.68 7.99 /13~ CDCA (3 mM) 58
84/85 14.7 819 0.70 8.37 I/~ — 58
86 18.25 707 0.68 8.74 /13~ — 59
87 20.08 703 0.64 8.98 I'/I — 59
88 12.01 837 0.69 6.92 /1~ — 59
86/88 18.24 787 0.67 9.56 I/ CDCA (4 mM) 59
89 11.59 840 0.66 6.43 [Co(phen),]**3* — 60
90 6.84 770 0.63 3.31 [Co(phen),]**3* — 60
91 12.43 829 0.65 6.69 [Co(phen), > — 60
92 13.52 855 0.64 7.40 [Co(phen),]**3* — 60

SN
82 PCE: 5.41% H o on

81 PCE: 3.60%

Fig. 27 Photosensitizers 79—-82 with an indeno(1,2-blindole moiety as a
donor and variable acceptor groups.

efficiency of 81 from 3.60% to 5.41%, illustrating the importance
of tuning the m-spacer of the sensitizer (Table 4) while changing
the acceptor functionality in a way to achieve higher PCE.

Yan et al. later designed and synthesized indeno[1,2-b]-
indole based D-n-A dyes with extended conjugation of the
n-spacer by introducing an ethynyl group and variation of the
n-spacer and auxiliary acceptor. To this end, they constructed
D-n-A dyes, which employ indeno[1,2-b]indole as the donor
and cyanoacrylic acid as the acceptor group (Fig. 28).”® The dyes
83 and 84 vary in the n-bridge between benzene and thiophene,
respectively. They also incorporated the ethynyl group as the

linker between the donor and m-spacer to decrease the repul-
sion and increase the conjugation of the dye molecules. A third
dye, 85 with benzothiadiazole as the auxiliary acceptor, was
developed to compare with the previous set realizing D-n-A
architecture. The dye with an auxiliary acceptor (85) was found
to deliver the highest efficiency with the highest js. and V..
Among the D-n-A dyes, thiophene substituted dye 84 showed
the highest efficiency with significantly improved current den-
sity, though V,,. was highest for the benzene substituted dye 83.
Co-sensitization of 84 and 85 outperformed all other dyes
delivering an efficiency of 8.37% (Table 4). This is attributed
to the increment in the J,. value of the device.

Dai and co-workers first synthesized indeno[1,2-b]indole-
spirofluorene (IISF) and used it as a donor unit in DSSC dyes.
This molecular engineering was carried out to combine the
electron-donating ability of the indenoindole with the steric
effect of the spirofluorene.’ They were successful in developing
two dyes, 86 and 87, with IISF as the donor, dithieno[3,2/-b:
2/,3'-d]pyrrole (DTP) as the n-bridge and cyanoacrylic acid as an
acceptor (Fig. 29). The dye 87 also employs 2,1,3-benzo-
thiadiazole (BTD) as an auxiliary acceptor. Both 86 and 87
delivered efficiencies above 8%, which was further enhanced
with the combined effect of co-adsorption with CDCA and
co-sensitization with 88. The highest efficiency of 9.56% was
obtained from the co-sensitization of 86 with 88 in the presence
of co-adsorbent, CDCA (Table 4).

83 PCE: 5.74

84 PCE: 6.86%

85 PCE: 7.99%

Fig. 28 Photosensitizers 83—85 with an indenol1,2-blindole moiety as a donor.
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PCE: 9.56%

Fig. 29 Photosensitizers 86—87 with an indenoll,2-blindole-spirofluorene moiety as a donor.

89 PCE: 6.43%

H 91 PCE: 6.69%

) CgH130 OCgH13
90 PCE: 3.31% \©\ /©/ 92 PCE: 7.40%
N

g

Fig. 30 Photosensitizers 89-92 with an indeno[1,2-blindole-spirofluorene moiety as a donor.

Later the same group synthesized two sets of dyes based on
IISF to study the effect of position of attachment of the n-spacer
to IISF (indole/indene end) and the effect of the additional
donors (Fig. 30).°° The D-n-A dyes 89 and 91 consist of IISF as
the donor, thiophene as the n-spacer and cyanoacrylic acid
as the acceptor. While thiophene is attached to the indene ring
in 89, dye 91 has the n-spacer attached to the indole end.
An additional donor group (hexyloxydiphenylamine) was attached
to 89 to obtain 90, and dye 92 is the latter’s regioisomer. Dyes with
additional donors exhibited bathochromic as well as intensified
spectra compared to D-n-A dyes. Among the two regioisomers,
the one with the m-spacer attached to the indole end of IISF is seen
to facilitate more ICT transition. The IPCE spectra of 90 and 92
showed wider but downshifted absorption behaviour than 89 and
91. A higher adsorption angle of 89 (41.83°) and 91 (42.33°) helped
them to achieve higher dye loading of 115.83 and 118.14 nmol cm ™2,
respectively. The bulkier donor group in 90 and 92 caused
decreased dye loading compared to their D-m-A counterpart,
but 92 managed to obtain 77% dye loading of 91 due to its larger
adsorption angle (49.5°). Though dye loading was lower for 92
(90.97 nmol cm™?) than 89 and 91, the broader absorption could
compensate for it having the highest J,. (13.52 mA cm™?). While
89 and 91 exhibited comparable J,. of 11.59 and 12.43 mA cm 2,

© 2021 The Author(s). Published by the Royal Society of Chemistry

respectively, 90 delivered the least J,. value of 6.84 mA cm™ 2. Apart
from the lower dye loading, the weak driving force for degenera-
tion also caused the downfall in current density for 90. This was
again illustrated by changing alternate electrolytes for device
fabrication which are having lower oxidation potential than
[Co(phen);]****([0.56 V for Co(bpy)s;]*"**, and 0.43 V for
[Co(dmbpy);]***"). The current density of 90 increased in the
order [Co(dmbpy);]*** > [Co(bpy);]*”® > [Co(phen);]***".
While the bulky hexyloxy diphenyl helped 92 alleviate recombi-
nation and achieve higher V.. the same group adversely
affected the V,. in 90 by breaking the compact layer formed
by dye 89. A trade-off between J,. and V,. in 89 and 91 lead to
comparable efficiencies for them. While 92 showcased the
highest PCE of 7.40%, dye 90 delivered the lowest PCE of
6.84%. Co-sensitization of 92 was carried out with 89/91.
In both cases, increment in current density was observed,
91/92 being the combination with the highest PCE (8.32%)
On comparing the sensitizers 77, 78 and 79 having the same
dye skeleton and differing only in their n-spacer, sensitizer 77
having thiophene as the n-spacer outperformed the rest of the
dyes with higher current density. Though sensitizer 79 has
higher V,, the least PCE was delivered due to lower current
density. A triple bond was introduced between the indenoindole

Mater. Adv,, 2021, 2, 6136-6168 | 6153
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Fig. 31 Photosensitizers 93-95 with a thienol3,2-blindole moiety as a
donor.

unit and n-spacer in 77 and 79 to furnish 84 and 83. Though the
motive was to increase the conjugation and PCE of the devices, it
was found to showcase low PCE compared to its predecessor.
Though the new structure could bring about an increment in V.,
current density followed the reverse trend.

V. Thienol[3,2-blindole (Tl) and
thienol[2,3-b]indole based sensitizers
for DSSCs

In thieno[3,2-blindole (TI), an electron-rich system like thio-
phene is fused to the five-membered ring of the indole moiety
at the 2-3 positions. It has been proved that thieno[3,2-b]indole
is a better donor than both indole and carbazole units. The
introduction of thieno[3,2-b]indole as a component in the dye
design would certainly improve photovoltaic performance due
to the co-planarity and strong electron-donating ability of these
heteroacenes. The thieno[3,2-b]indole moiety can be easily
synthesized using a Cadogen reaction of suitable functionalized
2-(2-nitrophenyl)thiophene.®!

The first report of a thieno[3,2-b]indole based DSSC was
reported by Zang et al. in 2010.°*> They synthesized three dyes

View Article Online
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(93, 94 and 95) employing 4-ethyl-4H-thieno[3,2-b]indole moiety
as an electron donor, n-hexyl substituted oligothiophene units
as a m-spacer and cyanoacrylic acid as an electron acceptor/
anchoring group (Fig. 31). A comparison was also made with
dyes having N-ethyl carbazole, which consists of the same dye
skeleton.®® The electron lifetime measurement values obtained
for the TI based devices are lower than their parent D-n-A
carbazole dyes, leading to lower V. for these devices, having
the least value of 660 mV for the 95 based device. According to
the DFT calculations, the dihedral angle between the thienyl
group and the donor part is found to be less for TI based
sensitizers in comparison to that of carbazole dyes. This
increase in planarity and better electron-donating capability
is reflected in the broader absorption spectra and higher ¢
values displayed by dyes employing thieno[3,2-b]indole as the
donor unit. This resulted in an increment in current density,
which was in line with the increment in the number of thio-
phene groups in the m-backbone. Among the TI dyes, 94
exhibited a higher PCE of 7.8%, and the minor performance
was delivered by 95 (7.3%) (Table 5). An increase in the number
of thiophene moieties resulted in higher HOMO levels for 95.
Though this tendency could produce low bandgap sensitizers
with better light-harvesting, a decrease in driving force for dye
regeneration and the chances of recombination of injected
electrons with the oxidized dyes may be responsible for decel-
erating the performance of 95.

The role of thieno[3,2-b]indole (TI) as a n-spacer was demon-
strated successfully by Kim and co-workers.®* In their initial
work, they designed and synthesized D-A-n-A sensitizers using
TI (97, 98) as a n-spacer and a comparative investigation was
made between dyes with thieno[3,2-b]benzothiophene (TAB) as
a n-spacer (96) (Fig. 32). The more electron-donating nature of
TI could induce effective charge transfer in 97 and 98 with
resultant wider absorption behaviour and e-values compared to
those of 96. These molecules also exhibited effective electron
injection efficiency, with 98 being the best performer with
improved light-harvesting ability. The IPCE performance of

Table 5 Photovoltaic parameters of thieno([3,2-blindole and thieno[2,3-blindole based DSSCs

Sensitizer Jse (MA cm™?) Voe (MV) FF PCE (%) Electrolyte Coadsorbent (concentration) Ref.
93 13.8 700 0.77 7.4 I/~ — 62
94 14.6 700 0.76 7.8 /15~ — 62
95 15.0 660 0.74 7.3 I/~ — 62
96 16.84 810 0.72 9.83 Co(bpy);]**"** CDCA (20 mM) 64
97 18.35 804 0.75 11.04 Co(bpy)s**** CDCA (20 mM) 64
98 19.39 825 0.74 11.84 Co(bpy); " CDCA (20 mM) 64
99 16.39 834 0.75 10.2 Co(bpy)s]*"** HC-A1 (0.6 mM) 65
100 17.15 839 0.74 10.5 Co(bpy); " HC-A1 (0.6 mM) 65
101 17.12 849 0.73 10.6 Co(bpy); " HC-A1 (0.6 mM) 65
102 17.49 898 0.72 11.4 Co(bpy)s %" HC-A1 (0.6 mM) 65
103 15.62 759 0.76 9.05 Co(bpy);*"** HC-A1 (6 mM) 66
104 16.42 846 0.77 10.69 Co(bpy);**"** HC-A1 (6 mM) 66
105 16.50 847 0.77 10.80 Co(bpy),]>**"** HC-A1 (6 mM) 66
106 1.06 490 0.73 0.37 Co(bpy); """ — 68
107 3.2 360 0.69 0.79 Co(bpy)s**"** — 68
108 19.0 590 0.56 6.3 Co(bpy)s]*"** — 69
109 19.9 390 0.44 3.4 Co(bpy);**"** — 69
110 4.7 470 0.61 1.3 Co(bpy);**"** — 69
111 6.6 370 0.56 1.4 Co(bpy);*"** — 69
6154 | Mater. Adv,, 2021, 2, 6136-6168 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Photosensitizers with a thieno[3,2-blindole moiety (97, 98) and thieno[3,2-b] benzothiophene (96) as a n-spacer.

the dyes parallels these observations leading to the highest Jg.
for 98 (19.39 mA cm ?) followed by 97 (18.35 mA cm ™ 2) and 96
(16.84 mA cm™?). The hexyl chain was found to minimize the
dye aggregations effectively in 98 with lesser recombination,
which resulted in a higher V,. (825 mV) for the same (Table 5).
The trends described above in device parameters ended in
highest PCE for 98 (11.84%) followed by 97 (11.04%) and 96
(9.83%) using CDCA co-adsorbent and cobalt electrolyte
(ICo(bpy)s]* ™).

Later the same group synthesized 99-102. The objective was
to reduce the aggregation-induced recombination occurring
in devices fabricated with 98. The donor group in 98 was
substituted with fluorenyl derivatives with the other building
blocks remaining unchanged using D-A-n-A architecture with
BTD as an auxiliary acceptor and cyanoacrylic acid as an acceptor/
anchoring group (Fig. 33).°®> The synthesized dyes 99-102 employ
bis(9,9-dimethyl-9H-fluoren-2-ylJamino (FA),[20] bis(6,7-bis(hexyl-
0xy)-9,9-dimethyl-9H-fluoren-2-yl)Jamino (HFA), bis(6,7-bis(decyl-
oxy)-9,9-dimethyl-9H-fluoren-2-yl)amino (DFA), and bis(7-(2,4-
bis(hexyloxy)phenyl)-9,9-dimethyl-9H-fluoren-2-yl)Jamine (BBFA)
groups respectively as donors. To encounter solubility problems
associated with the fluorene derivatives, all the devices were
made with a change in dipping solvent resulting in lower PCE
(10.5%, Jee: 16.67 mA cm™2, V.: 840 mV, FF: 0.75) for 98 than
previously reported. All the devices were found to exhibit
improved performance when the electrolyte was changed from
iodide/triiodide to cobalt-based electrolyte ([Co(bpy);]****) and
in the presence of HC-A1 as the co-adsorbent. The alkoxy, as
well as phenyloxy substituted fluorene derivatives (100-102),
were found to be more effective both in red shifting the

© 2021 The Author(s). Published by the Royal Society of Chemistry

absorption spectrum as well as in preventing recombination,
taking advantage of the electron-donating as well as the bulki-
ness of the donor groups, when compared to FA substituted dye
99. This lead to higher current density and photocurrent for
100-102 resulting in higher PCE. Though 99 does not have
additional alkoxy substitutions integrated on it, the absorption
profile shows a redshift when compared to those of 98 having

N
N\ /N NC
s )—COOH
SetaVaV,
N

CeH1g
CgH130
Donor moieties o
CeH130 C1oH210 CgH130
CaH130 Consz O
N
N+ N+ N+ +
CsHmo} CmszO CaHo-O.
CgH130 CiH210 o O
CgH130
99 PCE: 10.2% 100 PCE: 10.5% 101 PCE: 10.6% 102 PCE: 11.4%

Fig. 33 Photosensitizers 99-102 with thieno(3,2-blindole moiety as the
m-spacer.
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Fig. 35 Photosensitizers 106—111 with thieno[3,2-blindole moiety as the
donor.

BBPA (bis(2’,4’-bis(hexyloxy)}1,1"-biphenyl}-4-ylJamino) as the
donor. This absorption behaviour can be accredited to a lack of
electronic communication between the alkoxy groups and the
tertiary amine in BBPA based dye 98. A higher molar extinction
coefficient of 98 contributed towards higher current density com-
pared to 99. The bulkier BBPA also rendered 98 to have higher V,.
and hence higher PCE when compared to those of 99. The device
fabricated based on 102 showcased the highest efficiencies of
11.4%, and 99 delivered the least efficiency of 10.2% (Table 5).
The superior performance of TI over TAB as a m-conjugator
was again illustrated by Ji et al. (Fig. 34).°® To this end, two
porphyrin based D-m-A dyes (p-ethynyl-zinc porphyrinyl-
ethynyl-benzothiadiazole-acceptor) with extended conjugation
at the donor sites were constructed. The dyes 104 and 105 differ
in the auxiliary spacer between thieno[3,2-b]benzothiophene
(TBT) and 4-hexyl-4H-thieno[3,2-b]indole, and were also sub-
jected to a comparison with phenylethylene based dye 103 from
earlier work.®” The dihedral angle between the donor part and
n-spacer showed increment when the phenyl group in 103 was
replaced with TI and TAB units with more conjugation. The
trend observed in V,. was following the increase in dihedral
angle (105 > 104 > 103), which might have helped prevent the
recombination effectively. The more electron-donating TI and
TAB groups could also bring changes in the light-harvesting

6156 | Mater. Adv, 2021, 2, 6136-6168

ability of the dyes. In the Q-bands, significant changes were
observed, having a more expansive and intensified absorption
profile for 104-105, leading to current densities in the order
105 > 104 > 103. The more planar, electron-donating nature
of the TI group along with the incorporated hexyl functionality
contributed towards the best efficiency of 10.80% for 105 with
higher J;. (16.50 mA cm?) and V. (0.847 V) (Table 5) in the
presence of HC-A1 as the co-adsorbent, using [Co(bpy);]*"**
(bpy = 2,2'-bipyridine) redox electrolyte.

Thieno[2,3-b]indole was applied as a building block in
DSSCs for the first time by Irgashev et al. (Fig. 35).°®°° They
introduced a new synthetic route for constructing thieno[3,2-b]-
indole from 1-alkylisatin and 2-acetylthiophene. Among the
dyes, 108 with thiophene as the n-bridge and ethyl hexyl as
the alkyl group contributed towards the highest PCE of 6.3%.
The bithiophene and terthiophene groups were entertaining
aggregation of dyes which resulted in more recombination.
Except for ethyl hexyl, other smaller alkyl groups like butyl and
ethyl were not found to obstruct the dye aggregation, resulting
in the downfall in efficiency using these spacers.

Thienoindoles have proved to have the potential to function
both as donor as well as n-spacer units. Systematic engineering
of different m-spacers and auxiliary donors to this moiety could
bring impressive PCE in the future. In this line, dye designs
that incorporate a TI unit with other indole fused systems open
promising alternatives.

VI. Indolo[3,2-blindole based
sensitizers for DSSCs

Indolo[3,2-b]indoles”® (IID) which consists of a central pyrrolo-
pyrrole ring fused with two benzene rings on both sides, are

considered as good electron donors with impressive hole-
transporting properties. The planar nature of IID with a Cyp,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 36 Molecular structures of photosensitizers 112—-114 with indolo[3,2-blindole as a component.

symmetry facilitates better intermolecular interactions, which
are beneficial for improving the hole transporting properties
of these systems in the solid-state. In addition to these
advantages, the two alkylation sites also make IID a potential
candidate in various solution-processable optoelectronic appli-
cations such as organic thin film transistors, heterojunction
solar cells, and organic light-emitting diodes.”"

The first attempt to incorporate IID as a building block
in a DSSC was carried out by Ruangsupapichat et al. (Fig. 36).”>
They developed dyes that fall in three categories: double
acceptor system (112), donor-acceptor system (113), and
donor-n spacer-acceptor (114). While IID functions as a donor
in 112 and 113, it assumes the linker function in 114. The
additional acceptor group and donor moieties in 112 and 114
helped to redshift the absorption spectra of the compounds by
30 nm and 10 nm, respectively with respect to 113. The PCE of
the dyes was in the range 3-7%. The difference in PCE of the
dyes resulted from the difference in J,. values. The highest J;. of
14.56 mA em ™2 of 112 contributed towards achieving the high-
est efficiency of 7.39%. This resulted from the extra electron
extraction pathways provided by the additional electron anchor-
ing groups present in the molecule. The device fabricated with
dye 114, having an additional diphenylamine donor group,
showcased the minor performance with only 3.44% PCE.
According to the DFT studies, HOMO and LUMO energy levels
of dye 114 are primarily localized on diphenylamine donors
and cyanoacetic acid. Whereas in 112, a good overlap of the
HOMO and LUMO levels may favour effective electron injection
to the semiconductor’s conduction band. Less effective electron
injection in 114 maybe lowering the J,. (8.25 mA cm™?) and
thus the efficiency of the device (Table 6).

Table 6 Photovoltaic parameters of indolo[3,2-blindole based DSSCs

Jse Voc PCE Coadsorbent
Sensitizer (mA cm ™ ?) (mV) FF (%) Electrolyte (concentration) Ref.
112 14.56 740 0.68 7.39 I'/I;~ — 72
113 10.09 660 0.66 4.44 I /I3~ — 72
114 8.25 620 0.68 3.44 I'/I;~ — 72
115 11.59 638 0.70 5.20 I /I3~ — 73
116 17.04 718 0.64 7.86 I'/I;~ — 73
117 5.51 620 0.69 2.38 I"/I;~ CDCA (20 mM) 74
118 5.22 570 0.67 2.00 I /I3~ CDCA (20 mM) 74
119 4.60 540 0.69 1.71 I'/I;~ CDCA (20 mM) 74
120 14.55 671 0.69 6.73 1" /I3~ — 76
121 14.83 672 0.71 7.03 I /I3~ — 76
122 16.65 691 0.69 8.00 I'/I;~ — 76
123 16.74 705 0.70 8.32 I' /I3~ — 76

© 2021 The Author(s). Published by the Royal Society of Chemistry

The same group further attempted to improve the efficiency
of A-D-A dye 99 by introducing extra donor methoxyphenyl
(115) and hexyloxyphenyl (116) moieties at the N,N’-positions of
the IID core (Fig. 37).”> The dyes show involvement of both the
carboxyl groups on anchoring but differ significantly in their
performance. Dye 116 outperformed 112 and 115 in Js
(17.04 mA cm™?) and V,. (718 mvV) values leading to a
higher PCE of 7.86%. Dye 115 exhibited 5.20% PCE with J,. of
11.59 mA ecm 2 and V. of 638 mV. While the introduction of a
longer alkyl chain in 116 was found to minimise recombination
effectively, it also helped to improve the homogeneity of dye
adsorption on the semiconductor surface. Broader absorption and
higher dye loading amount improved the current density for 116.

Our group also tried to explore the potential of IID as a
donor unit towards the development of D-n-A dyes by introdu-
cing an additional n-spacer between the IID donor and cyano-
acrylic acid acceptor and also by varying m-linkers between
benzene, thiophene and furan (Fig. 38, 117, 118, 119).”* The
donor unit IID was synthesized utilizing the methodology we
developed in our laboratory, which involves a sequential multi-
component and oxidation approach.” The absorption spectra
of 119 showed more red-shifted and intensified spectra fol-
lowed by 118 and 117 in order. Nevertheless, the current
density and V,. produced by the compounds follow the reverse
trend. To investigate the degree of conjugation, molecular
geometry analysis of the dyes was also carried out. The acceptor
group was found to be almost coplanar with the IID in all the
dyes. But the dihedral angle between the donor and n-spacer
increases in the order 119 (1.66°) < 118 (21.99°) < 117 (34.48°).
Though the more planar geometry of 119 could help red shift
the absorption spectra of the dye, it may also be entertaining

OCHj3 OCgH13

115 PCE: 5.20% 116 PCE: 7.86%

Fig. 37 Molecular structures of 115-116 with

indolo[3,2-blindole as the donor.

photosensitizers
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Fig. 39 Molecular structures of photosensitizers 120-123 with indolo[3,2-blindole as the donor.

the aggregation between dye molecules, which could eventually
lead to more recombination. A slightly twisted conformation of
the benzene substituted dye could prevent the approach of
oxidized species from the electrolyte to come close to the
semiconductor and the formation of n-stacks, thereby decreas-
ing the chance of recombination. The addition of CDCA
enhanced the PCE in all the cases. To utilize the different
absorption profile showcased by 119 where recombination
destroyed the PCE, we custom designed BID dyes which will
be discussed in detail in the next section.

Wang et al. synthesized four D-D-n-A dyes based on IID as
the primary donor, thiophene as n-spacer and cyanoacrylic acid
as an acceptor.”® Dyes 120-123 contain hexyloxyphenyl, fluor-
ene, carbazole and hexyloxytriphenylamine, respectively, as the
auxiliary donor (Fig. 39). The current density and open-circuit
potential followed the same trend, following the electron-
donating ability and steric hindrance of the auxiliary donors.
The bulkier and more electron-donating triphenylamine made
123 outperform other dyes with PCE of 8.32% with the highest
Jse of 16.74 mA ecm ™2 and V,. of 705 mV. Other dyes exhibited
efficiency in the order 122 > 121 > 120 (Table 6).

VIl. Benzothienol3,2-blindole based
sensitizers for DSSCs

Benzothieno[3,2-b]indole (BID) is another unique tetracene
with a benzothiophene moiety fused to indole. This heteroacene
has found applications in medicinal chemistry but is seldom
used in materials science and optoelectronic applications.””””®
Like what we discussed for indolo[3,2-b]indole; this fused
indole moiety is also a planar conjugated system with the
potential to be used both as a donor and a m-spacer. In

6158 | Mater. Adv, 2021, 2, 6136-6168

addition, the appropriate functionalization of the N-atom offers
flexibility to engineer the BID core with features that render
better solubility and will also prevent aggregation of the system,
arresting recombination.

As a continuation to our previous studies with indolo[3,2-b]-
indole, the donor group was changed to dodecyl chain functio-
nalized benzothieno[3,2-blindole. Here also the newly developed
methodology was employed for the synthesis of the BID core. The
devices developed based on dyes 124 (phenyl spacer), 125 (thio-
phene spacer) and 126 (furan spacer) were found to showcase
their best efficiency in the absence of any co-adsorbent. The
addition of CDCA as a co-adsorbent decreased the photovoltaic
performances of the devices. This illustrates the role of longer
alkyl chains (dodecyl) in reducing aggregation of dyes and pre-
venting back electron transfer. Unlike our observation with
indolo[3,2-b]indole based dyes, furan substituted dye 126 out-
performed the other two sensitizers with 4.11% efficiency with the
highest J,. and V,. (Table 7 and Fig. 40).%

VIIl. Tetraindole based sensitizers for
DSSCs

The synthesis of tetraindole was first reported in 2006, which
involved a one-pot tetramerization of indolin-2-one mediated
by phosphoryl chloride.®" This polyacene has four indole units
fused to cyclooctatetraene, which acts as a promising donor
motif for solar cell applications. In addition, the unique struc-
tural characteristics of this saddle-shaped scaffold will also
prevent self-assembly of the dyes on the semiconductor surface.

Tetraindole found a place in DSSCs through the work of
Qian and co-workers.*> The D-n-A dyes 127 and 128 use
thiophene and bithiophene, respectively, as n-bridges (Fig. 41).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Photovoltaic parameters of DSSCs 124-140

Jse Voe PCE Coadsorbent
Sensitizer (mA cm™2) (mV) FF (%) Electrolyte (concentration) Ref.
124 2.86 590 0.69 1.16 I /I3~ — 79
125 6.51 652 0.73 3.10 I /I3~ — 79
126 8.38 671 0.73 4.11 I /I3~ — 79
127 12.1 750 0.64 5.79 I /I3~ — 81
128 13.0 762 0.65 6.46 1" /I3~ — 81
129 14.0 725 0.68 6.90 I /I~ — 82
130 13.5 680 0.67 6.15 I /I3~ — 82
131 10.5 650 0.65 4.43 I /I3~ — 82
132 14.2 753 0.71 7.59 I /I3~ — 82
133 13.0 640 0.72 599 I /I3~ — 82
134 12.6 652 0.70 5.75 I /I3~ CDCA (0.3 mM) 83
135 13.8 657 0.71 6.42 I /I3~ CDCA (0.3 mM) 83
136 8.98 643 0.70 4.05 I /I;~ CDCA (0.3 mM) 83
137 12.1 633 0.70 5.37 I /I3~ CDCA (0.3 mM) 83
138 2.19 700 0.59 1.09 I /I3~ — 84
139 12.56 780 0.62 6.04 I /I3~ — 84
140 3.92 680 0.53 1.42 I /I3~ — 84

The dyes exhibit improved open-circuit potential benefitting from
the saddle like structure with flanked octyl alkyl chains of the
new donor moiety. The sensitizer 128 exhibited a broader ICT
band and better light-harvesting ability, which is evident from
the broader and enhanced response of the IPCE spectra. 128
delivered a maximum efficiency of 6.21% with the highest J,.
(13.0 mA cm ™ 2) and V. (762 mV), whereas dye 127 could only
deliver a PCE of 5.79% with J,. of 12.1 mA em 2 and V. of
750 mV. The reduced aggregation behaviour of these dye was
further illustrated by the co-adsorption experiments using
CDCA. Both dyes exhibited lower efficiencies in the presence
of CDCA, the reduction mainly arose from lower Ji. values
(Table 7). Decreased dye loading in the presence of CDCA can
account for the decrease in photocurrent and hence the overall
efficiency.

View Article Online
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IX. Dithienopyrroloindole based
sensitizers for DSSCs

Optimization of the m-bridge is also as important as other
building blocks in a photosensitizer to realize improved PCE.
Rigidified aromatics occupy a prominent space among various
conjugated functionalities in this regard due to their better
charge transfer ability, high molar extinction coefficient and
reduced reorganization energies. The compound 4,5-dihexyl-
4,5-dihydrothieno[2",3":4’,5 |pyrrolo[2’,3":4,5]thieno[3,2-b]indole
(DPTI) as a n-spacer was first employed by Zang et al. to construct
photosensitizers 129, 131-133 (Fig. 42).*> To compare the effi-
ciency of a dithienopyrroloindole (DTP) unit as a spacer, dye 130
was synthesized. Dye 129 outperformed 130 with improved light-
harvesting ability and open-circuit potential, indicating the
importance of DPTI over DTP. Dyes 131 and 132 were designed
to investigate the effect of additional donor and alkylated spacer
units on the performance of DPTI based dye. The introduction of
an additional donor unit in 131 caused a negative shift in HOMO
compared to 129, whereas a positive shift in LUMO energy level
was observed in 132 without much change in HOMO energy level.
This low driving force for dye regeneration, enhanced recombination
of electrons from the semiconductor with the oxidized dye and
lowest dye loading may be responsible for the least efficiency
of 4.4% for 131. The broader spectra of 132 with its twisted
conformation induced by the 3-hexylthiophene could deliver a
maximum efficiency of 7.59%. In dye 133, the DPTI unit assumes
both the function of a donor and spacer, the indole ring acting as
the donor and DTP as the spacer. The conjugated donor-n-spacer
structure allows better delocalization of the HOMO and LUMO
orbitals over the entire molecule and facilitates good charge
transfer from donor to acceptor. Though it managed to perform
better than 131, the lack of additional donor decreased the charge

124 PCE: 1.16%

125 PCE: 3.10%

126 PCE: 4.11%

Fig. 40 Molecular structures of photosensitizers 124—126 with benzothieno[3,2-blindole as the donor.

127 PCE: 5.79%
Fig. 41 Photosensitizers 127—-128 with tetraindole as the donor.
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Fig. 42 Molecular structure of photosensitizers 129-133 with dithienopyrroloindole as a component.

separation and electron injection yield leading to lower photo-
current and an efficiency of 5.99%, lower than the rest of the dyes.

X. Fluorenylindolenine donor-based
dyes for DSSCs

Jayaraj and co-workers synthesized four novel unsymmetrical
squaraine dyes employing fluorenylindolenine as donor 134-137
(Fig. 43).%* Apart from increasing the conjugation and NIR light-
harvesting capability of the molecules, this skeleton also helps
to modulate the charge recombination by incorporating an out
of plane alkyl chain on sp® carbon and in-plane alkyl chain
on the nitrogen. While 134 and 135 are composed of an indole
unit toward the anchoring side with an N-methylated and
N-hexylated fluorenylindolenine, 136 and 137 contained
a benzo[e]indole unit toward the anchoring side with an
N-methylated and N-hexylated donor, respectively. Though the
latter set showcased more red-shifted spectra, they exhibited
slightly lower efficiency. The difference in PCE of the devices
might be due to the difference in dipole moment of the dyes.

134, R=CH;
135, R=CgH,3 (PCE: 6.42%)

(PCE: 5.75%)

The calculated dipole moments are in the order 135 (10.6) >
134 (10.0 D) > 136 (7.4 D) > 137 (7.3 D). The non-directionality
induced by the benz[e]indole group in 136-137 may be responsible
for lowering the dipole moment and electron injection efficiency.
The larger dipole moment exerted by dyes 134-135 on TiO, may
also be helping to upshift the conduction band of TiO,, which is
evident from the higher V,,. observed for these dyes. In both sets of
dyes, the hexyl substituted dyes were found to outperform the
methylated dye. All the dyes exhibited an increment in PCE when
dye and CDCA were used in 1:3 ratios, the effect majorly
contributed by the increase in current density. It is already known
that squaraines are prone to aggregation. Adding CDCA helps
to reduce this aggregation leading to improved PCE.

Xl. Indole—imidazole donor dyes for
DSSC

An indole-imidazole fused system was incorporated as an
auxiliary acceptor (AN) by Ramasami to construct three dyes
with different molecular architectures: 138 (D-AN(n-A)-D), 139

(PCE: 4.05%)
137, R=CgHy3 (PCE: 5.37%)

136, R=CHj

Fig. 43 Molecular structure of photosensitizers 134—-137 with fluorenylindolenine as the donor.
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Fig. 44 Molecular structure of photosensitizers 138—-140 imidazoloindole as the donor.

(D-AN-(DA,)-D) and 140 (D-AN-D(A)-AN-D) (Fig. 44).*> Dye
139 showed maximum efficiency with the highest current
density and photovoltage. Along with the increment in molar
extinction coefficient and red-shifted absorption, the dianchoring
approach also facilitated adequate surface coverage and helped to
reduce back electron transfer between the semiconductor surface
and electrolyte. The minimum reorganization energy calculated
for the same also implies efficient charge injection to the
semiconductor for these dyes. The photovoltaic parameters of
DSSCs 124-140 are given in Table 7.

Conclusions and future perspectives

Engineering sensitizers have got their prime importance when
efficiency enhancement of DSSCs is concerned. Electron rich
fused heterocycles have proved their efficacy as donors as well
as m-spacers in the sensitizer design. Indole fused aromatic
systems have also been utilized to this end, effectively realizing
efficient DSSCs. These systems were found to exhibit more
electron-donating ability than indole in conjugation with
expanded m-systems. Though the planarity could induce ICT
in molecules, a trade-off between light harvesting and dye
aggregations leads to a shortfall of the power conversion
efficiency in many instances. The strategic introduction of
bulky substituents on the donor side and the m-conjugator
helped abate these situations to some extent. Another notable
advantage is the ease of synthesising fused indole heterocyclic
motifs with functionalities required for further transformations.
In addition, the stability of these fused heterocycles has contri-
buted to enhancing the device lifetime.

The most efficient DSSC (PCE: 13.6%) with a fused indole
based sensitizer was reported with dye 68, which had a triaza-
truxene moiety as a donor unit. There are still a plethora of
easily accessible fused indole heterocyclic moieties with the
required structural features that can act as suitable donors and
n-spacers in sensitizer designs. One of the simplest fused
indole heteroacenes used as a sensitizer building block is

© 2021 The Author(s). Published by the Royal Society of Chemistry

thieno[3,2-b]indole, which gave DSSCs up to 11% efficiency.
Likewise, pyrrolo[3,2-blindole can be utilized, resulting in high
performing DSSCs. The class of indole fused tetraacenes such
as indoloindoles, benzothienoindoles and benzofuroindoles,
which are excellent donors, are seldom used building blocks in
sensitizer designs. These tetraacenes can exist as different
isomers based on the position of fusion, and these isomers
differ in their structure and properties and these have all
the structural and electronic characteristics to act as good
m-spacers. Moreover, these heteroacenes can be used in alternate
and new sensitizer designs such as D-A-n-A or (D),-A-7-A, result-
ing in highly efficient DSSCs. As part of our continued interest in
this area, we focus on developing new and simpler methodologies
to access indole fused heterocycles and extend our research
detailed in Section VI and VII by incorporating additional donors
and auxiliary acceptors to the D-n-A architecture being optimized.

The challenging task in realizing efficient DSSCs is to prevent
back electron transfer/recombination. Along with the proper
molecular design and keeping a delicate balance between electro-
nic and steric factors, importance must also be given to the
electrolyte used. Significant improvement in photovoltaic para-
meters and the devices’ performance is reported for 98 to 102
when the electrolyte was changed from I /I;~ to [Co(bpy)s]*"**.
Most of the sensitizers mentioned in the review use conventional
iodide/triiodide electrolyte. This indicates that more promising
results could be obtained in the future using appropriate alternate
cobalt and copper electrolytes with these fused heterocyclic dyes.
In addition, these fused heterocycles can serve as excellent co-
sensitizers along with other dyes tapping the visible absorption
for indoor photovoltaic applications. With continuing efforts to
develop stable, easily accessible and efficient sensitizers for
DSSCs, we hope significant advancements will be made with
fused indole heterocyclic moieties in the near future.
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