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In sustainable development, one of the key factors is the usage of non-toxic and biodegradable natural
substances for the development of green energy and technology. Photovoltaics and photo-
electrochemical cells are the most promising candidates for renewable solar energy harvesting.
Currently, photovoltaics and electronic device technologies are dominated by inorganic semiconductors.
Thus, there is a continuous pursuit for alternative eco-friendly semiconductors both for electronics industry
and renewable energy technologies. Carotenoids are naturally found coloured pigments which are of
semiconducting nature. In nature, they form an integral part of light-harvesting photosystems in
photosynthetic organisms, and are also present in several non-photosynthetic organisms playing other
functional roles. The structural diversity of carotenoids and their molecular nature make them ideal
candidates for devices requiring photo-sensitization, and controlled electrical conduction. Here, we review
the potential application of carotenoids, with their advantages, limitations and prospects for further
improvement in solar cell technology, photoelectrochemical cells, semiconductor surface modification, and
organic electronics in general. We emphasize on the carotenoid based renewable energy production by
Received 14th November 2021, using carotenoid based dye-sensitized solar cells and water-splitting photoelectrochemical cells. Thereafter,
Accepted 17th December 2021 we summarize some of the studies with carotenoid based nanowire, light-emitting diodes, transistors and
DOI: 10.1039/d1ma01070k light sensors. Though, the application of carotenoids in renewable and sustainable technologies are still in
nascent stage, prospects are high for carotenoid based solar harvesting and electronic devices that are
rsc.li/materials-advances cheaper, eco-friendly, biodegradable and biocompatible.
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1 Introduction

Increasing demand for energy resources by human society
and the depletion of conventional energy sources have made
researchers think of renewable energy resources. Currently,
fossil fuels share more than 80% of total energy consumption
globally. Widely used fossil fuels pollute the environment and
will be exhausted soon. In 2019, about 34169.0 million tonnes
of carbon dioxide (CO,) was emitted." The carbon footprint is
significantly shared by the electronic industry, i.e., manufacturing,
transport, maintenance and e-waste disposal systems.”™®
Therefore, to reduce the carbon footprint both by the energy
sector and the electronic industry, it has become a need of the
hour to look for renewable and green energy alternatives.

Solar fuel is one of the vastly available renewable energy
source. The sunlight harvesting can be done by photoelectro-
chemical systems (i.e., solar water splitting) and by photovoltaic
(solar cell) devices that convert the solar light into electricity.
The solar cell and the electronics industry is currently domi-
nated by inorganic semiconductor materials such as Si, Ga,
GaAs, InGaAs, CIGS, GaN, CdS, TiO,, etc. Synthesis process of
most of these semiconductors need controlled environment
and high thermal budgets.””® Maintaining both the environment
and the thermal budget results in increased carbon footprint.>*>
Also, costly wafer-synthesis process makes inorganic semi-
conductor devices expensive. Therefore, to develop sustainable
and cost-effective technology, low-temperature processable and
biodegradable materials are desired.

To investigate low-temperature, solution processable and
cost-effective materials, there have been efforts to develop
materials and devices based on inorganic-organic hybrid per-
ovskite (IOHP) materials.'®™* However, their poor stability and
hazardous metal content (i.e., Pb, Sn) have been bottlenecks in
commercializing IOHP devices.""*>""” Organic semiconductors
are another class of materials that can be processed by solu-
tions at low temperatures and are environmentally friendly.
Moreover, they are light weight materials, and offer various
colors, flexibility, and transparency, making them a suitable
choice for printable and flexible electronics.'®**" There has
been a lot of effort to develop organic semiconductor for
electronic industry.

Carotenoids are naturally available organic semiconductors,
and a group of natural dyes synthesized by plants, some
prokaryotes and fungus®” imparting bright red, orange and
yellow colours. Berries, sweet potato, carrots, banana, gardenia
fruit, walnuts, ivy gourd fruit, capsicum, turmeric, pumpkin,
blue pea, lemon, yellow rose, marigold flower, golden trumpet,
Japanese rose, saffron, achiote seeds, annatto seeds, tangerine
peel and green algae are some of the natural sources of
carotenoids. Carotenoids consist of multiple C5 isoprenoid
units joined together with distinct conjugated double bond
system.”® These polymerized terpenoids may undergo several
modifications such as cyclization at both ends, addition of
methyl groups, hydrogenation, dehydrogenation, double bond
migration, introduction of oxygen and other elements, esteri-
fication with fatty acids, chain shortening or extension,
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Fig. 1 Chemical structures of some of the carotenoids and all-trans-
retinol. Figure reproduced with permission from ref. 44. Copyright (2004)
Elsevier B.V.

isomerisation and rearrangement to form other carotenoids
with diverse structures.** Chemical structures for some of the
carotenoids are shown in Fig. 1. More than 700 carotenoids
have been discovered in nature and more carotenoids are being
discovered and artificially synthesized.>® Carotenoids play a
number of biological roles in living organisms. Some of these
functions involve interactions with light such as photo-
synthesis,””® colouration,*”*® photoprotection®**° and signalling.
Some other functions such as improving membrane stability*'~*>
and antioxidant properties®* do not involve interactions with light.
Some of the breakdown products of carotenoids such as retinol
(Vitamin A) have been found to improve human health upon
consumption.®* Several reviews have focussed on the applications
of carotenoids, but they are mainly based on the current and
potential use of carotenoids as functional foods, feed additive,
pharmaceutical and health improvement products,?**>¢ as
colourants in food and textile industry’’ > and as cosmetics
and nutricosmetics.®™** However, to the best of our knowledge,
there is no review study on the potential of carotenoids in solar
energy harvesting and organic electronic devices.

This review provides an overview regarding the applications
of carotenoids in organic electronics and renewable energy
devices. The electronic properties of carotenoids vary with the
molecular structure of the carotenoids and on the number of
double bonds, carbon chain length, functional groups and level
of cyclization, which are highly diverse in nature. The composi-
tion of the outer environment and other binding molecules*®
also influence their electronic properties. In nature, carote-
noids act as light-harvesters in photosynthesis, which is the
primary form of energy production.*>*® The conjugated double
bond system of carotenoids plays a pivotal role in their func-
tioning. The transition of carotenoids from ground to second
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excited state S2 leads to their strong absorption of light.
Internal conversion from this excited state occurs to low level
S1 state and then the ground state. These three states are
responsible for most of their observed properties. The excited
electrons account for the flow of electrons.*® Detailed analysis
of the electronic and vibrational properties of carotenoids have
been presented by several studies.*>™*° Taking cues from the
natural functions of carotenoids, researchers have tried to
utilize these properties for man-made devices. This review starts
with the potential uses of carotenoids in dye-sensitized solar cells.
Carotenoids can be used as sensitizers, co-sensitizers as well as
redox spacers in dye-solar cells. The next section is on the usage
of carotenoids for surface modification of TiO, (a widely used
semiconductor in various electronic devices), followed by its
photochemical applications for hydrogen production, a clean
biofuel. Carotenoids have also found uses in organic/molecular
electronics in transistors, nanowires and light-emitting diodes
which forms the next section of the review. Other potential uses of
carotenoids in nanotechnology and sustainable energy are also
discussed. For each device, the action mechanism of carotenoids
is discussed in brief followed by the state-of the-art of the most
important works done, detailing on the electrical properties and
efficiency of the devices containing different kinds of carotenoids.
The use of carotenoids in various devices is a way forward towards
green technology as carotenoids are non-toxic even at high
doses.>*" However one of the major problems with carotenoids
which limits their use, is their instability, once they are purified
from their natural sources.”” Researchers have tried to improve
the stability and efficiency of carotenoid containing devices and
many of them have been successful to some extent. However, the
potential of carotenoids in this respect have not been fully realised
till date. This review brings together the significant findings of
this field, analyses the outcomes and persisting problems to find
solutions for advancement of this technology.

2 Dye-sensitized solar cells

In carotenoids, eight isoprene units form a C40 backbone,
which allow them to absorb solar spectrum in the wavelength
range from 380-550 nm.>® Upon light absorption, electrons
from HOMO (highest occupied molecular level) are excited to
LUMO (lowest unoccupied molecular level) of the carotenoid.
The excited electrons can be collected into an external circuit,
resulting in a current flow. This photosensitizing property of
carotenoids makes them a potential candidate for sensitizers in
dye-sensitized solar cells (DSCs).

In a DSC, a mesoporous scaffold (usually TiO,) is grown on a
glass/FTO or glass/ITO, followed by a dye monolayer. A redox
mediator (or a hole conductor) is filled on top of the dye
monolayer, followed by an electrode, a transparent conductor
and glass layer. Upon illumination, the dye absorbs the
sunlight and electrons from the dye HOMO are transferred to
the dye LUMO. The LUMO electrons are injected into the TiO,,
and the dye is regenerated by the redox mediator. The charge
transfer from the dye into the TiO, is mediated by a radical
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Fig. 2 Working principle of a dye-sensitized solar cell (DSC). Big white
sphere represent porous TiO,, and the small blue spheres represent dye
molecules. Upon light absorption electrons from the dye HOMO go to the
dye LUMO, and are ultimately transferred to transparent conductor
(TC: FTO/ITO) via TiO,. The dye is regenerated by a redox mediator,
typically 1" /I3~ Inset circle shows an exemplar organic dye used in a DSC.

cation (S*") of the sensitizer (S), and can be explained by the

following equation:>*>°

s M 1g 1% got L Ti0y(e)

The complete charge transfer cycle is explained in Fig. 2.
Conventional DSCs use I' /I;~ as a redox mediator. Many other
redox mediators and hole transporting materials have also
been demonstrated.’® Typically used dyes are made up of metal
complexes or organic absorbers. Metal-based dyes have a
narrow absorption window, are expensive, and available in a
limited number. On the other hand, organic dyes have much
higher absorption coefficients and are available in abundance.
Carotenoids are naturally available, easy to synthesize, and
environmental friendly organic dyes. Their absorptive capability,
and molar extinction coefficients ~1 x 5, make them a suitable
choice for a photosensitizer layer attached to a porous TiO,
surface. Moreover, due to the presence of natural extracts,
carotenoids can prevent electrolyte recombination, improve
dye adsorption, and decrease dye accumulation.’”~®°

In 2000, Gao et al.*® demonstrated that 8'-apo-B-caroten-8'-
oic acid (carotenoid) deposited on a mesoporous TiO, can lead
to a photocurrent upon illumination. By using a mixture of
aqueous 10 mM H2Q (hydroquinone) and 0.1 M NaH,PO,
solution as a redox mediator, they could obtain incident
monochromatic photon-to-photocurrent conversion efficiency
(IPCE) of about 34%. They illuminated a cell area of 0.25
by using 40 monochromatic light at 426 nm and obtain a
short-circuit current (Js.) of 4.6. Thereafter, several attempts
have been made to utilize carotenoids as photosensitizer in dye-
sensitizer solar cells (DSCs). Some of the carotenoid-based
sensitizers (for DSCs) are summarized in Table 1. For some of
the studies mentioned in the table, exact carotenoid composi-
tions were not determined. And therefore, a mixture of carote-
noids can be present. In the table, (a) represents zeaxanthin
dipalmitate (major) and other carotenoids.’® (b) Represents
violaxanthin, antheraxanthin, zeaxanthin, capsanthin, capsorubin
and capsanthin-5,6-epoxide, lutein, and B-cryptoxanthin to be the
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View Article Online

Materials Advances

Carotenoid sensitizer Source Voe (MV) Jse (mA ecm™?) 5 (%)  Ref.
Crocetin (8,8'-diapocarotenedioic acid) Gardenia fruit 430 2.84 0.56 57
Crocin (crocetin-di-gentiobioside) Gardenia fruit 450 0.58 0.16 57
— Kerria japonica 583.9 0.5597 0.22 65
Carotenoid + sugar Kerria japonica 552.6 0.7509 0.29 65
Canthaxanthin Hymenobacter sp. bacteria 435 0.2 0.033 66
Lutein/zeaxanthin Chryseobacterium sp. bacteria 548.8 0.13 0.032 66
Xanthophylls Hymenobacter sp. bacteria 270 0.078 0.008 67
Xanthophylls Hymenobacter sp. bacteria 460 0.127 0.03 67
Lycopene Expressed in E. coli 289 686 0.057 68
Bixin Achiote (Bixa orellana) seeds 570 1.1 0.37 69
Norbixin Achiote (Bixa orellana) seeds 530 0.38 0.13 69
— Musa aromatica 614 0.28 0.21 70
B-Carotene Ivy gourd fruits 644 0.24 0.076 71
Crocin Saffron Crocus Sativa 510 0.17 0.06 72
Zeaxanthin dipalmitate® Fructus lycii 689 0.53 0.17 73
Xanthophyll Yellow rose 609 0.74 0.26 73
Cryptoxanthin and B-carotene” Tangerine peel 592 0.74 028 73
B-Carotene and others” Capsicum 412 0.225 na 75
Xanthophyll and others® Marigold (Tagetes erecta) flower 542 0.51 0.23 73
Lutein and others? Citrus medica var Lemon 460 0.093 0.05 70
Bixin Annatto (Bixa orellana) seeds 410 0.65 0.12 76
Norbixin Annatto (Bixa orellana) seeds 500 1.13 0.28 76
cis-Bixin and ¢rans- and cis-norbixin Achiote seeds 400 8.52 1.61 77
— Mondo-grass (Ophiopogon japonicus) berry 495 0.564 0.2 78
$-6-CA, (MeO)3-¢-6-CA, MeO-¢p-6-CA, Me,N-¢-6-CA 0.4-2.6 79
— Walnuts 304 0.733 0.0104 80
Cucurmin Turmeric (Curcuma longa) 529 0.288 0.03 81
B-Carotene Daucus carota 239 0.016 0.0012 82
Carotene Gardenia yellow 540 0.96 0.32 83
— Clitoria ternatea flowers (blue pea) 372 0.37 0.05 84
Lutein Gardenia blue 440 0.53 0.16 83
— Allamanda cathartica (golden trumpet) 405 0.878 0.40 85
B-Carotene Luffa cylindrica L. 520 0.44 0.13 86
B-Carotene (> 80%)/lutein/lycopene/a-carotene/cis-B-carotene Pumpkin 430 0.13 0.06 87
Carotenoid mixed with anthocyanin Mango 360 0.44 0.15 87
Xanthophyll Green algae (Cladophora sp.) 610 0.104 0.038 88
Xanthophyll, chlorophyll (1:1) Green algae (Cladophora sp.) 619 0.206 0.085 88
-Apo-8’-carotenoic

Acid + pheophytin Co-sensitized adduct 460 6 1.8 89
Crocin + anthocyanins Saffron + black mulberry 530 0.39 0.14 72
Anthocyanin/carotenoid Kapok 360 0.87 0.3 90
— Banana 300 0.78 0.21 87

For a-d, exact carotenoid compositions were not determined, and hence compositions of multiple carotenoids can be present. See text for more

information

possible carotenoids.®” (c) Represents lutein esters (88%), all-cis
and trans isomers of lutein, and all-cis and trans isomers of
zeaxanthin (5%).®> (d) Represents zeaxanthin B-cryptoxanthin,
and B-carotene to be the possible carotenoids.**

Yamazaki et al®” used crocetin (8,8’-diapocarotenedioic
acid) and crocin (crocetin-di-gentiobioside) as photosensitizers
in DSCs. They observed that due to the presence of carboxylic
groups in the molecule, crocetin shows increased binding
affinity to the porous TiO, surface. Increased TiO,-dye binding
results in increased pore-filling and efficient electron injection
from crocetin molecules to TiO,.”"°> Short-circuit photocur-
rents of 2.84 mA and 0.45 mA were reported for the cells based
on crocetin and crocin, respectively. Hemalatha et al. employed
carotenoid extracted from Kerria japonica in dye-sensitizer.®®
Further they treated the carotenoid by sugar molecules. They
obtained solar cell efficiencies of 0.29% and 0.22% with and
without sugar molecules, respectively. They found that the
addition of sugar molecules results in an increased J.

1344 | Mater. Adv, 2022, 3,1341-1358

(from 0.5597 mA cm ™ to 0.7509 mA cm™*) and a reduced V.
(from 583.9 mV to 552.6 mV).

Shanmugam et al. used P-carotene extracted from ivy gourd
fruits as sensitizers for DSCs.”' They obtained poor DSC
efficiency (0.076%), which could be due to poor binding of
B-carotene to the TiO, surface as P-carotene does not have
carboxylic or hydroxyl groups. Poor pore filling and poor
binding of dye molecules to the TiO, surface results in poor
electron injection from the P-carotene dye to TiO,.”"%9
In another study, Eka et al.”® extracted carotenoids from Citrus
medica var. Lemon and Musa aromatica and used them as
photosensitizers for DSCs with TiO, Nanoparticle. They
obtained power conversion efficiencies of 0.21% (Js. = 0.28,
Voe = 0.614 V) and 0.05% (Jsc = 0.093, V,,. = 0.460 V) for the cells
based on Musa aromatica and Citrus medica var. Lemon sensitizers,
respectively. Here, V. represents open-circuit voltage.

Wang et al®® used P-carotene, lycopene and fucoxanthin
carotenoids as electron-donor molecules in organic solar cells.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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They used a fullerene derivative[6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) as electron-acceptor. They obtained
improvement in the photovoltage and the efficiency upon
inclusion of carotenoids. The J,. improvement was ranked as
lycopene > f-carotene > fucoxanthin. While, the increase in
the V,. was ranked as, lycopene < B-carotene < fucoxanthin.
Caloger et al.”” extracted apocarotenoids from the achiote seeds
and used them to fabricate stable DSCs and DSC modules. They
observed incident photon-to-electron conversion efficiency
(IPCE) as high as 33%, resulting in efficiency 5 ~ 1.6%. Most
importantly, they obtained dye-sensitized solar cell modules
exceeding 1000 h of stable performance under 1 sun, producing
a battery capacity of ~46.8 A h. These results are encouraging
towards large scale fabrication of cost-effective, non-toxic,
stable and environmentally friendly DSCs.

Many studies have demonstrated the use of carotenoids as a
sensitizer for DSCs. However, there are more than 700 known
carotenoids, but very few of them have been investigated for
photovoltaic applications. The main reason behind this is that,
most of the carotenoids (studied so far) are not adhesive to the
TiO, surface due to lack of effective functional groups. In
addition, long alkyl chains of the carotenoids present with a
strong steric hindrance prevent the dye molecules from arraying
efficiently onto the mesoporous scaffold of TiO,.>* Further studies
are needed to investigate carotenoids consisting of functional
groups that interact with TiO, and other scaffold such as SnO,,
ZnO, NiO, etc. Moreover, studies are needed to develop artificial
carotenoid derivatives with suitable functional groups and
excellent optoelectronic properties.

2.1 Carotenoids as co-sensitizers

Since the carotenoids have photosensitizing as well as redox
nature, they can be used as co-sensitizers where they serve
two fold purpose. Wang et al. reported use of pheophytin-
carotenoid adduct and pheophytin derivative sensitizers.®’
Upon addition of carotenoid moiety, the cell J;. and 7 increase
from 3.7 and 1.4% to 6 and 1.8%, respectively. In another study,
addition of saffron carotenoids to mulberry anthocyanins
(photosensitizer) was reported to broaden the absorbance
band.”® This results in increased V.. of the cell (0.44 v, 0.51 V,
and 0.53 V for saffron carotenoids, mulberry anthocyanins, and
50:50 mixture of both, respectively).

Lim et al. used a mixture (1:1) of chlorophyll and xantho-
phyll as sensitizer.*® Upon addition of xanthophyll in chlorophyll,
all the photovoltaic parameters were increased. In comparison to
pure chlorophyll (V. = 585 mV, Ji. = 0.145, FF = 0.59, 11 = 0.055%)
and pure xanthophyll (Vi. = 610 mV, J,. = 0.104, FF = 0.54,
n = 0.038%), the mixture resulted in increased V. (585 mV), Js
(0.206), FF (0.60), and # (0.085%) were obtained. Zhuang et al.**
employed lycopene carotenoid aggregates as electron donors and
chlorophyll derivatives as electron acceptors to demonstrate
natural-photosynthesis-inspired photovoltaic cells. In another
study, Petrella et al®® presented a photoelectrochemical study
on bulk and nanocrystalline ZnO films sensitized by carotenoids,
chlorophyll a and their mixture. They found the photoconversion
process to be greatly enhanced upon sensitization with a dye

© 2022 The Author(s). Published by the Royal Society of Chemistry
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mixture, as compared to individual chlorophyll @ and carotenoids.
Along with improved power conversion efficiencies, the carote-
noids prevent oxidation damage of the chlorophyll, leading to
more stable DSCs while employing the mixture.

2.2 Carotenoids as redox spacer

Because of excellent electron transport properties of carote-
noids, they can also be used as redox spacers in DSCs. Wang
et al. used neurosporene (n = 9), spheroidene (n = 10), lycopene
(n = 11), anhydrorhodovibrin (n = 12) and spirilloxanthin
(n = 13) carotenoids as redox spacers in dye-sensitized solar
cells.”® Here, n represents the numbers of conjugated double
bonds in the given carotenoid. The conjugated redox spacer
blocks reverse electron transfer from TiO, to dye, and neutra-
lize the dye radical cation. Using a chlorophyll a derivative as
photosensitizer in conjuction with carotenoid redox spacer,
they reported up to ~30% enhancement in the efficiency in
the presence of carotenoid redox spacers. The current density
increased from 10.1 (no carotenoid) to 11.5 (with spirill-
oxanthin, n = 13). This results in increased efficiency from
3.1% (with no carotenoid) to 4.0%.

Wang et al.”” employed 20% of neoxanthin, violaxanthin,
lutein and B-carotene as Car redox spacers in DSCs with PPB
a sensitizer. These carotenoids consist of 8-10 conjugated
double bonds. They proposed a electron transfer mechanism
from Car to PPB a leading to enhancement of photocurrent
while decreasing the electron-oxidation potential of Car. The
photovoltaic performance parameters are summarized in Table 2.

2.3 Further improvements

There have been efforts to overcome the limitations presented
by the carotenoid sensitizers. Yamanzaki et al.>” presented a
comparative study on crocetin and crocin carotenoids sensiti-
zers on TiO,. They observed that, due to the carboxylic groups
present in crocetin, it shows high binding ability to the TiO,
surface. An improved pore filling and better contact with TiO,
maps into increased charge injection from the crocetin into
TiO,, as compared to crocin.

Wang et al.°® investigated carotenoid conjugated spacers
with number of conjugated double bonds, n = 9-13. They found
spirilloxanthin carotenoid, (n = 13) to be the best spacer. More
spacers should be investigated corresponding to different
sensitizers and mesoporous scaffolds. In another study, Wang
et al.’® fabricated DSCs with carotenoic acids (CA) and retinoic
acid (RA) having 5-13 conjugated double bonds, n. They observed

Table 2 Photovoltaic performance parameters of DSSCs employing PPB
a as the sensitizer and carotenoids (Cars) as redox spacers (by 20%).
Reprinted from ref. 97 with permission from Elsevier, Copyright (2006)
Elsevier B.V.

n PPB a/Car Jse (mA cm™?) Vo (mV) FF 1 (%)
No Car 10.6 (0) 0.54 0.60 3.4

8 +Neoxanthin 11.8 (+1.2) 0.55 0.60 3.9

9 +Violaxanthin 11.4 (+0.8) 0.54 0.61 3.7

10 +Lutein 12.5 (+1.9) 0.54 0.59 4.0

11 +B-Carotene 13.7 (+3.1) 0.53 0.58 4.2
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Fig. 3 (a) DSC efficiency (1) dependence on number of conjugated

double bonds (n) in carotenoic acids and retinoic acid. (b) Efficiency
dependence on CA7 concentration in deoxycholic acid. Figures are
adopted with permission from ref. 98. Copyright 2005 Elsevier B.V.

maximum photocurrent and the PEC for n = 7. The order for
incident photon-to-electron efficiency (IPCE) was observed such
that IPCE profile at 420 nm is maximum for CA7. The IPCE
decreases in the following order: CA7 > CA8 > CA6 > RA5 >
CA9 > CAl11 > CA13, where CA7 is carotenoic acid with
7 conjugated double bonds, and so on. However, the order for
the photocurrent density was found to be: CA7 > CA8 > CA6 >
CA9 > RA5 > CA11 > CA13. This infers that the charge injection
efficiencies are not in the same order as the IPCE. Furthermore,
they studied the role of CA7 dilution with deoxycholic acid. They
found the optimum concentration of CA7 to be about 70%.
Measured efficiencies are shown in Fig. 3.

Adding sugar molecules and other functional groups could
also be helpful in improving the DSCs performance as
reported by Hemalatha et al.®® Another way to develop efficient
carotenoid-sensitized solar cells is to develop carotenoid analogs
with better photophysical properties and bonding with meso-
porous scaffold.”®

One important issue with the DSCs is poor long-term
stability.”>'°° Several metal-complex dyes undergo degradation
in presence of a liquid electrolyte. There are carotenoids obtained
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from thermophilic and extremophilic microorganisms.****
Exploring thermophilic carotenoids for electrochemical and
photovoltaic applications could be a way to develop highly-
stable DSCs.

3 TiO, surface modification

Because of semiconducting, transparency, excellent photo-
catalytic properties, and chemically and biologically inert nature,
titanium dioxide TiO, is one of the most widely used semi-
conductors in electronic, optoelectronic and electrochemical
devices, for oxidation of hazardous chemicals, reduction of heavy
metal ions, photodestruction of bacteria and viruses in water, and
several other environmental applications."?*%®

In semiconductor devices, electron-hole (e-h") recombina-
tion time is a very important parameter in determining charge
injection and charge transport. Higher recombination time
results in less recombination and hence a better charge trans-
port/injection. TiO, exhibit very fast e-h" recombination
(i.e., <10 ns). Moreover, exponential trap tails near the surface
of TiO, can lead to recombination of the charges injected by
other layers.”™' %7 In this case, bulk and surface modification
of TiO, can help to improve charge injection, charge collection,
and charge transport in general.'*>''® Adsorption of functional
molecules that coordinate efficiently to the TiO, surface can
allow efficient charge separation, and hence improve the
photocatalytic properties of Ti0,."°”'*® Carotenoids contain
special functional groups that can be adsorbed by TiO,, and
can block surface trapping sites of photogenerated/injected
charge carriers.

Studies have suggested that OH groups can be replaced by
carboxylate groups at the TiO, surface, followed by chemical
binding of carboxylate groups with Ti atoms. Several carote-
noids contain terminal -CO,H groups that can strongly bind
with the TiO, surface."*™"* Wang et al.°® demonstrated that
CA7 (carotenoic acid with 7 conjugated double bonds) has
carboxylic groups, which can strongly binds to the TiO, surface.
The strong binding results in nearly 100% charge injection
from CA7 to TiO,. They also observed that CA7 intrinsically
generates triplet when electrons accumulate on TiO, surface.

Because of wide bandgap (E, ~ 3.2 eV) nature of TiO,, it
shows optical transparency in the visible light region. Therefore,
TiO, is used as charge transport layer rather than an absorber in
solar cells and photoelectrochemical cells. To use photoactivity of
TiO, in the visible part of solar spectrum, photosensitization
using adsorption of dye molecules is desired which have high
extinction coefficients in the visible light. Konovalova et al.'®”
studied charge separation at the surface of carotenoid-modified
TiO, nanoparticles of 7 nm in size. They employed carotenoid
molecules containing terminal carboxy groups (-CO,H). It was
observed that, strong complexation of (-CO,H) groups with
the nanoparticle surface results in electron transfer from the
carotenoid molecule to the surface trapping sites of TiO,."®” Upon
surface modification by 8'-apo-p-caroten-8’-aldoxime carotenoid,
TiO, absorption spectra changes significantly, as shown in Fig. 4a.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorption spectra of (i) 8'-apo-B-caroten-8'-aldoxime, (ii)

bare TiO, nanoparticles (dashed line) and (iii) 8’-apo-B-caroten-8’-
aldoxime modified TiO,. All the spectra were recorded in acetonitrile
solution. (b) Absorption spectra of 7’'-apo-7’-(4-carboxyphenyl)-pB-
carotene modified TiO, nanoparticles in CH,Cl, (solid line), and solution
of 7'-apo-7’-(4-carboxyphenyl)-B-carotene in CH,Cl, treated with FeCls
(<1equiv.) (dotted line). Figures are adopted with permission from ref. 107.
Copyright 1999 American Chemical Society.

Similarly, a change in TiO, absorption spectra was observed while
employing 7’-apo-7’-(4-carboxyphenyl)-p-carotene as surface
modifier, as shown in Fig. 4b.

In another study by Pan et al., trans-8'-apo-p-caroten-8’-oic
acid (1) was used to attach pheophytin a (2) to help sensitize
nanocrystalline TiO, film immersed in a hydrated ethanol
solution.’** Hydrophilic TiO, surface exhibits weak interaction
with the molecule 2. Self-assembled monolayer of 1 helps 2 to
form a self-assembled carotenoid-pheophytin (Car-Ph) system
attached to the TiO,. The resultant Car-Ph system leads to a
reductive quenching of the pheophytin moiety. Also, formation
of a long-lived charge-separated state is observed suggesting that
the “self-assembling” strategy could be adopted for novel DSCs.

Alwis et al.”® studied photostability of two apocarotenoids,
norbixin and bixin on the surface of semiconductor TiO,
nanoparticles. Both the carotenoids exhibit similar photo-
degradation kinetics upon light exposure. TiO, might act as a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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catalyst for photodegradation process by forming a photo-
chemically induced radical cation of the carotenoids. The
photodegradation rate increases in the presence of O,. Norbixin
based DSCs show the photocurrent conversion efficiency twice
than that of bixin based cells. Further research is needed to
study the degradation process and the ways to mitigate the
degradation. Carotenoid-based surface modification technique
can also be helpful for improving photocatalytic activity,
shifting absorption spectrum and modifying energy levels of
TiO, charge transport layers in photovoltaics, light-emitting-
diodes and photochemical devices.

4 Solar water splitting and other
photoelectrochemical applications

A (water-splitting) photoelectrolytic cell (PEC) is a type of
photoelectrochemical cell that electrolizes water into oxygen
and hydrogen gas by irradiating the anode with light. PCE has
been regarded as a potential way of harvesting solar energy by
hydrogen fuel generation."*™"'® Ever since TiO, was reported to
exhibit the water splitting ability in PEC, there have been
intensive efforts to develop photoelectrode materials for solar
hydrogen production.""®"'"® As mentioned in the previous section,
TiO, is a wide bandgap semiconductor and therefore uses only
a small part of the solar spectrum. Sensitizing TiO, surface
with a photosensitizing dye molecule broadens the absorption
spectrum and therefore can utilize the solar spectrum in a
better manner,'?”110:116

A conventional PEC consists of a working photoelectrode
(such as TiO,) and a counter electrode (i.e., Pt cathode)
immersed in an electrolyte. Upon sunlight absorption, photo-
electrons are generated in TiO, (or dye-sensitized TiO,). Fig. 5
shows a typical water splitting process in a photoelectrochem-
ical cell. The electrons from the TiO, conduction band (CB)
migrate via external circuit to the counter electrode. The
electrons at the counter electrode reduce water molecules into
hydrogen. The photogenerated holes in the TiO, valence band
(VB) oxidize water molecules to oxygen. Ideally, the VB energy
level should be higher than the O,/H,O redox potential, and CB
energy level should be lower than the H'/H, redox potential.
To increase the water-splitting yield, Pt electrode can be
replaced with a semiconductor photoelectrode, and this archi-
tecture is known as bi-photoelectrode PEC.

Carotenoids have shown excellent photochemical properties
attracting their applications in PECs.”>"%""'2° Polyyakov et al.'**
employed B-carotene to improve photocatalytic activity of TiO,
nanoparticles in the visible light. They employed electron
paramagnetic resonance (EPR) spin-trapping technique to
study the photocatalytic response. It was observed that a
water-soluble natural polysaccharide arabinogalactan complex
of B-carotene significantly enhances the yield of the reactive
hydroxyl (OH) radicals. The enhancement could be due to the
decrease in the back electron transfer from the TiO, nanoparticles
to the carotenoid radical cation. The study explains the charge
transfer mechanism and the importance of controlling the back
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Fig. 5 Water splitting scheme in a photoelectrochemical cell. Sunlight
incident on a semiconductor photoanode leads to electron—hole pair
generation. The photogenerated electrons travel to the Pt electrode
(cathode) via an external circuit. The electrons at the cathode reduce H*
ions into H,. The photogenerated holes at the cathode oxidize OH™ ions to
produce O,.

electron transfer. These results are helpful to develop carotenoid
based PCEs with increased efficiency.

Carotenoid based dyad and triads have been used to develop
reaction centers and sensitizers to develop sensitizers and
reaction centers (RCs) to mimic the photosynthesis process.'****°
Some of the carotenoid-based light harvesting complexes and
RCs are summarized in Table 3. A comprehensive review on
light-harvesting systems utilizing carotenoids have been pre-
sented by Hashimoto et al'®” Kodis et al.'®® presented a
carotene-porphyrin-fullerene (triad) model for artificial photo-
synthetic RCs with potential applications in photochemical and
photoelectrochemical devices. They reported that the triad (as
shown in Fig. 6b) undergoes a photoinduced electron transfer
(PET). The PET process is followed by a charge shift to generate
a C*'-P™-Cg,"~ charge-separated state. The overall yield of the
charge transfer and the charge shift approaches unity. Further-
more they found that the state shows a decay time constant of
57 ns and produces about 1 eV of electrochemical potential.
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The stored energy can be used for solar water splitting and
other solar fuel generation,*®*2713

Wilson et al. demonstrated thylakoids based photosystem II
(PSII) extracted from spinach leaves for photosynthetic water
splitting."®* Their absorbance and surface-enhanced Raman
spectra (SERS) suggested the PSII to be consisting of B-carotene
and chlorophyll. They further studied the structural dynamics of
the oxygen evolving complex (OEC) of photosystem II during the
water splitting reaction. By analyzing SERS spectra in conjunction
with density-functional theory (DFT) calculations, they predicted
So-S; intermediates states within catalytic cycle of the OEC.
Wang et al."™*° developed a hybrid solar water splitting system
by combining natural and artificial photocatalysts. They used the
natural PSII from spinach (consisting of p-carotene and chlorophyll)
along with inorganic photocatalysts (i.e., Ru/SrTiO;:Rh). The inor-
ganic photocatalysts were coupled with an inorganic electron shuttle
[Fe(CN)s*~/Fe(CN)*~]. The whole integrated photocatalyst system
was dispersed in aqueous solutions. They obtained the hybrid
photosystem activity to be about 2489 mol H, (mol PSI) * h™*
under visible light irradiation. Upon inclusion of PSII from spinach,
the solar water splitting yield increases up to four times as
compared to the system based on only-inorganic photo-
catalysts. Moreover, polyenes present in B-carotene lead to
quenching of chlorophyll triplet states providing photoprotec-
tion by oxygen damage.*® The charge quenching in chlorophyll-
zeaxanthin carotenoid systems is represented in Fig. 7 as
explained by Park et al.'*?

The carotenoid takes part in nonphotochemical quenching
(NPQ) regulatory mechanism. The quenching process consists
of excitation energy transfer (EET) quenching and charge
transfer (CT). EET takes place when the Chl-Qy state transfers
energy to the Car S; state. Since the Car chS1 state has very
short lifetime (~10 ps) compared to Chl-Qy state lifetime
(>1 ns), the S; state undergoes a rapid de-excitation. In some
cases, a bidirectional Chl-Qy Car < S; energy transfer can take
place. The CT quenching is mediated by a transient state
composed of Chl*~ and Car*'. From the transient state, the
charges then undergo a fast recombination process (>40 ps).

Table 3 Some of the carotenoid-based reaction centers (RCs) and light-harvesting complexes. The table is adapted from ref. 127 with permission from

Elsevier, Copyright (2015) Elsevier Ireland Ltd

Antenna systems from prokaryotes

Name Type of RC Oxygenic/anoxygenic Carotenoids

Heliobacteria Type I (FeS) Anoxygenic Diaponeurosporene

Green sulfur bacteria Type I (FeS) Anoxygenic Isorenieratene

Purple bacteria Type II (quinone) Anoxygenic Spheroidene, spirilloxanthin
Filamentous green bacteria Type II (quinone) Anoxygenic y-Carotene, -carotene
Cyanobacteria PS I (FeS)/PS 1I (quinone) Oxygenic B-Carotene, zeaxanthin
Antenna systems from eukaryotes

Name Carotenoids

Chlorophytes, green algae
Red algae

Dinoflagellates

Cryptophytes
Heterokontophyta, haptophyta

1348 | Mater. Adv,, 2022, 3, 1341-1358

B-Carotene, lutein, neoxanthin, violaxanthin
Zeaxanthin

Peridinin

a-carotene, alloxanthin

Fucoxanthin

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Carotenoid—porphyrin dyad and, (b) carotenoid—porphyrin—
fullerene triad with potential applications in artificial photosynthesis and
photoelectrochemical devices. The figure is adapted with permission from
ref. 127, Copyright (2015) Elsevier Ireland Ltd.
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Fig. 7 Quenching mechanism in mixed chlorophyll-carotenoid (Chl-Car)
systems. Chl-Car EET (A) and Chl-Car CT (B) are possible nonphotochemical
quenching (NPQ) mechanisms responsible for the quenching processes. EET
and CT represent, excitation energy transfer and charge transfer, respectively.
(CT) as possible NPQ mechanisms. The figure is adapted from ref. 133 with
the permission from Proceedings of the National Academy of Sciences
(PNAS).

The CT quenching is then followed by relaxation to the ground
states of Chl and Car.

Petrella et al. presented a photochemical study using colloi-
dal nanocrystal ZnO- and TiO,-modified electrodes sensitized
with carotenoids and chlorophyll.’*° They observed enhancement
in the photosensitization and hence the photoresponse upon
the nanostructured electrodes sensitization by a mixture of
carotenoids and chlorophyll. The improvement was observed
both in the photoelectrochemical potential and the photocurrent.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The potential increases from ~0.35 V (for individual carotenoid
or chlorophyll sensitizers) to ~0.42 V for a mixture, while the
current density increases from ~0.27 pA cm > to ~1.5 pA cm >
Moreover, as compared to the TiO, nanocrystal electrodes,
the dye-sensitized ZnO heterojunctions resulted in a higher
photocurrent. The enhanced photoresponse of nanocrystals
co-sensitized electrode could be due to the combined effect of
the widening of absorption spectra and the photoprotection
role of carotenoids. Antioxidant properties of carotenoids pre-
vent the photo-oxidation damage of chlorophylls. Photoprotec-
tive nature of carotenoids has been studied by several research
groups.29,48,134—137

Nagatomo et al. used B-carotene to modify photocatalytic
water splitting activity of KTa(Zr)0;.'*® For the B-carotene
based sensitizer, the formation rate of H, increased to
360.9 pmol g, ' h™" as compared to 108 pmol g, ' h™* for
without B-carotene sensitization. Despite of increased efficiency
in presence of carotenoids, the reported efficiencies are too
low for commercializing these systems. Further studies are
required to optimize the carotenoid-based sensitization for
water splitting applications. Ravi et al."*° demonstrated biohy-
brid photoelectrochemical transparent tandem cells by using
genetically modified photosynthetic proteins, as shown in Fig. 8.
They employed green and red versions of a bacterial reaction
center/light harvesting protein (RC-LH1) consisting of light
harvesting carotenoids. The red RC-LH1 consisted of a native
red carotenoid spheroidenone (RC-LH1red). The green RC-LH1
(known as RC-LH1red) consisted of carotenoids, such as hydro-
xyneurosporene, neurosporene, and methoxyneurosporene. The
carotenoids feed the central RC module with excited state energy.
Independent RC-LH1green, RC-LH1red, and tandem RC-LH1red/
RC-LH1red, RC-LH1red/RC-LHlgreen and RC-LH1green/RC-
LHigreen device architectures were investigated.

Due to complementary absorption green and red versions of
RC-LH1, the green/red tandem devices demonstrate enhanced
photocurrent. The results obtained by Ravi et al. are shown in
Fig. 9. The individual subcells demonstrate steady-state photo-
currents of ~5 pA cm~? and photovoltages of about 3 mV.
A maximum peak current density of ~58 A cm~> and a steady-
state photocurrent density of ~8.6 uA cm > were observed for
best performing green/red tandem cell. In the steady state, the
tandem photocurrent was about 74% higher as compared to
the photocurrents produced by either the green or the red
subcells. Interestingly, they observed that the cells based on
PEDOT:PSS outperform (12-16 fold enhancement in photocurrent)
the ones based on Pt electrodes. This could be a good move
towards developing cost-effective photoelectrochemical cells.

5 Organic electronics
5.1 Rectification and field-effect transistors

Nanoscale semiconductor devices with controlled rectifying
function are desired in electronic device technology. Carotenoids
are one of the organic molecules that offer semiconducting
properties with rectifying behaviour. Burch et al.**® measured
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Fig. 8 A tandem device architecture consisting of red and green versions
of reaction center/light harvesting complex (RC-LH1). The RC-LH1red and
RCLH1green show complementary absorption in blue to yellow regions,
respectively. The sub-cells were electrically connected in parallel. The light
is incident from the top. The figure is adapted from ref. 139.

field-dependent mobility of five carotenoids, i.e., B-carotene,
bixin, astacene, and torularhodin and isorenieratene. They
observed that bixin and B-carotene show activity as field-
effect semiconductors with p-type mobility in the range of
1x 107 emV?>s tol x 10° ecm V2 s7'. The -V
characteristics of bixin device are shown in Fig. 10. Measured
mobility values for bixin and other carotenoids are summarized
in Table 4. Bixin based devices exhibited (average of 13 samples) a
linear-regime field effect mobility of 3.1 x 1077 cm V> s, and
saturated-regime field-effect mobility of 1.2 x 1077 cm V> s7,
with an average on-off ratio of 13.6. The saturated and field-effect
mobility of B-carotene were found to be 1.13 x 10 * em V> s™"
and 4.3 x 107 cm V> s, respectively. Moreover they found that
increased thickness of bixin and B-carotene results in reduced
mobility.

Aleixo et a presented ab initio quantum mechanics
calculations coupled with non-equilibrium Green function to
study the rectifying behaviour of a two-terminal carotenoid
based device. The molecular device structures consist of mole-
cular drain and source regions with bridge length varying
between 5 and 11 double bonds. They observed that the
molecular devices could be used as bi-directional symmetrical
rectifier. Moreover, by integrating two devices, they proposed a
single integrated device configuration to obtain field-effect-
transistor (FET) and thyristor characteristics. They presented
three models to explain the charge transport in the devices
consisting of carotenoids molecules. Conductivity of these
devices was found to decrease with the size of double bonds.

l 141
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Guedes et al."** studied ballistic electron transport in two
isomeric forms of a retinol (carotenoid) molecules, 11-cis-
retinol and all-trans-retinol molecules. The molecules were
connected between two Au(111) electrodes. Using NEGF-DFT
(non-equilibrium Green’s function - density functional theory)
calculations, they demonstrated that different isomers of
carotenoids result in electron transport varying from ohmic
to rectifier behavior. The 11-cis-retinol shows a symmetrical
current-voltage characteristics, resulting in Ohmic like trans-
port. On the other hand, all-trans device shows diode behaviour
for a voltage range of ~—0.8 V to +0.8 V.

Another study by Glowacki et al. found that B-carotene
can act as an electron donor with a hole mobility of 4 X
107* ecm V2 s . They obtained I-V characteristics of
B-carotene devices under dark and illuminated conditions.
The I-V characteristics of PB-carotene devices are shown in
Fig. 11. The I-V characteristics show the dark rectifying nature,
and illuminated I-V suggesting the carotenoid to be a potential
absorber in solar cells. They also found that the photocurrent
increases by almost two orders when f-carotene is mixed
with[6,6]-phenyl-Cg;-butyric acid methylester.

The rectifying and field-effect mobility characteristics of
carotenoids are helpful for developing organic diodes and
transistor devices. Though the mobilities of these carotenoids
are not high enough to match industrial application, there are
other carotenoids, both natural and synthetic which remains to
be tested for increased mobilities. These are areas which have
high potential for future research on sustainable organics
electronics with low toxicity.

5.2 Carotenoid nanowires

Organic nanowires with n-conjugated double bonds are currently
gaining importance in the field of molecular electronics and
nanotechnology. This is due to the efficient transfer of photo-
generated charge carriers to the electrodes (through m-orbital
overlaps) and favouring longitudinal diffusion of excitons due to
smaller grain boundaries and higher aspect ratio."** There is also
an increasing need to replace metallic wires with flexible, faster
and smaller substitutes."*> Carotenoids are natural polyene con-
ductor molecules with alternating conjugating double bond sys-
tem and thus they have been considered as potential candidates
in nanotechnology for molecular wires.'*® Carotenoids contain
highly localized = electrons and require relatively small energy to
undergo transition to comparatively low energy excited state.’”
Leatherman et al.**® attached carotenoids to a gold electrode and
used conducting atomic force microscopy (AFM) to measure its
electrical properties (see Fig. 12). They artificially synthesized the
carotenoid, (7'-apo-7’-(4-iodomethylphenyl)-B-carotene in toluene
and mixed it with toluene solutions of 1-docosanethiol. The
carotenoid solutions were adsorbed on the gold(111) films which
were flame-annealed on mica and then analysed with the help of
atomic force microscopy (AFM). They found that the carotenoid
molecules in docosanethiol acted as molecular wires with resis-
tance of 4.2 — 0.7 GQ over a range of 1 V range. The conductance
of these wires was over a million times greater than similar chain
length saturated hydrocarbons, though not as conductive as a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Output photocurrent density (J) and open circuit voltages V. of sub-cells and tandem cells under standard AM 1.5 illumination. (a) Photocurrent
density for red and green subcells with either platinum or PEDOT:PSS as back electrodes, a green/red mixture cell and a green/red tandem cell. (b) Vo
from red and green sub-cells and a green/red tandem cell. (c) Photocurrent density from red/red, green/green and green/red tandem cells. (d) Steady-
state photocurrent densities produced by the red and green sub-cells, tandem cells and the mixed green-red cell with mean photocurrents (n = 3 cells;

average =+ standard error). The figure is adapted from ref. 139.

standard quantum wire. Carotenethiol is easily oxidized electro-
chemically, and therefore, it was hypothesized that this enhanced
conductivity of carotenethiol is due to oxidation (hole transport).
Their current-voltage (I-V) data over 1 V were reproducible under
anoxygenic and moisture free conditions. Furthermore, they
modeled the electron-transfer by tunneling in terms of R and A
values, as described by Han et al'*” Considering a potential
difference between the oxidation level and the mean Fermi energy
to be 0.28 V, Fig. 13 summarizes experimentally measured and
modeled current-voltage characteristics.

Similar kind of study was conducted by Ramachandran
et al'*® using 7,7'-bis(4-thiomethylphenyl)-7 and 7’-diapo-
carotene (28C) carotenoids. They obtained carotenoid resistance
of about 5 GQ, similar to Leatherman et al. They also conducted
theoretical modelling and found the experimentally observed
molecular conductance in a good agreement (order of magnitude)
with the ones predicted theoretically. Furthermore, they found
that all-trans carotene is more conductive than the one with two

© 2022 The Author(s). Published by the Royal Society of Chemistry

cissbonds by almost a factor of two. They predicted that the
electron transport through this carotenoid wire is dominated via
electron tunnelling, and the carotenoid conductance is much
higher than an equivalent length saturated n-alkane.

Though the results obtained by Leatherman et al. and
Ramachandran et al. were promising, the studies were limited
in nature; the full nature of the conductance of carotenoid
molecular wires could not be studied due to the unstable
nature of carotenoids. To overcome this problem, Maeng
et al."*® designed a more stable carotenoid molecular wire
system. They devised new carotenoid wires which they named
as 2 and tried to stabilize them by joining aromatic phenyl
groups at C-13 and C13’. These phenyl groups contained
various functional elements (X, such as Me, Br, H and OMe)
at their para-positions. They also synthesized carotenoids 3
for observing the effect of each group on the conductance of
carotenoid 2. Various carotenoid structures employed by
Maeng et al. are summarized in Fig. 14.
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Fig. 10 Measured /-V characteristics for bixin device. Vg, and Vs, repre-
sent the voltages applied between drain—source, and gate—source con-
tacts. /4 represents the drain current. Figure reproduced with permission
from ref. 140. Copyright (2004) Elsevier B.V.

—60

Table 4 Measured carotenoid mobilities presented by Burch et al.

Carotenoid Thickness (nm) Saturated mobility Linear mobility
Bixin 31.2 4+ 4.2 2.75 x 1077 6.41 x 107°
Bixin 11.7 £ 2.5 3.10 x 1077 1.20 x 10°°
B-Carotene 203 + 1.5 1.00 x 107° 5.65 x 10°°
Astacene * ND ND
Torularhodin  * ND ND
Isorenieratene * ND ND

Asterisk (*) mark represents the carotenoid samples deposited by using
0.5 wt% solutions in THF. ND represents ‘“not dependent” on the field
strength. Reprinted with permission from ref. 140. Copyright (2006)
Elsevier B.V.

The carotenoids with phenyl groups were reasonably stable
and they were embedded in methyl (octadecyl)sulfane (which
works as an insulating support) on a gold surface. Interestingly,
similar results were obtained upon measurements in both air
and under inert nitrogen conditions, which was an indicator of
the carotenoid stability. Also, no hysteresis was observed in the
I-V characteristics upon changing the voltage-scan direction.
The measured I-V characteristics are summarized in Fig. 15.

Carotenoid 2 showed symmetrical curves and the carotenoid
3 showed slightly asymmetrical curves. The curves also varied
with the functional group attached. The highest conductance of
33.46 nS was exhibited by carotenoid 2a containing two para-
anisyl (X = OMe) groups. The para-anisyl groups are electron-
releasing groups, therefore help to improve the conductance.
The conductance for 2a was much higher (120 times) than that
of shown by conventional carotenoid wires (1, also used by
Ramachandran et al). Furthermore, it was observed that the
conductance increases with the electron-donating ability of X.
This increase may be due to the increase in the electron density
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Fig. 11 Dark and illuminated J-V characteristics for B-carotene device.
Figure is adopted with permission from ref. 143.

Photodetector

Fig. 12 Schematic representation of the experiment by Leatherman
et al'*® A carotenoid is embedded in 1-docosanethiol (alkanethiol)
attached to a gold surface. A voltage is applied to the gold surface, and
the Pt-coated AFM cantilever is grounded. The cantilever is scanned to
measure the current flow between the gold/carotenoid/cantilever system.
The figure is reproduced with permission from ref. 146, copyright 1999,
American Chemical Society.

of the carotenoid which places its LUMO (lowest unoccupied
molecular level) near to the gold electrode Fermi Level as
compared to the electron-withdrawing substituent."*
Aragones et al.'*® reported that the conductivity of the
carotenoid wires can be increased by twisting the phenyl groups
closer to its plane. He et al.*>® studied the conducting abilities
of several carotenoids by synthesizing their homologues and
found that the conductivity is inversely proportional to the
chain length and the best molecular wires are the conjugated
carotenoid chains. Also, a patent has been filed for a process
to synthesize carotenoids with high electric conductivity, using
B-carotene, canthaxanthene, rhodoxanthene, 3,4-dihydro-
anhydrorhodovibrin, spheroidene, 2,2/, etc.">' The potential
of carotenoids as molecular wires can be further explored by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Maximum current under the tip (Im) as a function of substrate bias
for three different sample preparations (open and closed circles and
crosses). Contact forces are 3 nN (O and X) and 8.5 nN (closed circles).
The error bars are (1 standard error calculated from the measured
distributions. The thick solid line is a best fit to a simple ohmic model.
The dashed and dotted lines are fits to a two-step electron-transfer model
for different values of R and 4. The figure is reproduced with permission
from ref. 146. Copyright 1999, American Chemical Society.
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S 3 a:X=0OMe
b: X=Me
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X d:X=Br X
SO,Ph
2x NN + or Oy X o
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Fig. 14 Conventional carotenoid wire 1, and the novel carotenoids 2
and 3 as a single-molecular wire with conductance control, and their
retro-synthetic method. Figure reproduced from ref. 145 with permission
from Wiley, Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Review

1 (nA)
=
>
[}

o
Z
o

——3d:
—e—2d:

0.2 0 0.2 0.4
Voltage (V)

6 0.8

Fig. 15 |-V curves of the novel carotenoids 2 and 3 showing different
conductance values according to the electron donating or withdrawing ability
of the substituent group X. Figure reproduced from ref. 145 with permission
from Wiley, Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

using different types of carotenoids and by combining different
functional groups.

Apart from molecular wires, carotenoids can also assist
in synthesis of nanowires. Zhang et al. used beta-carotene to
synthesize nanowires of trigonal selenium (t-Se) and nano-
ribbons."** Their method was very novel, simple and eco-friendly
and products formed from the oxidation of carotenoids probably
acted as the template for the synthesis of the nanomaterials. This
method can also be extended to other carotenoids and for the
synthesis of other nanostructures.

5.3 Light-emitting diodes

Light-emitting diodes (LED) are electroluminescent devices
that emit light when the current passes through it. LEDs are
widely used in display devices, sensors, optical communication,
solid-state lightening, indicators and signs, machine vision
systems, biological detection, and many other applications.
Currently the LED technology is dominated by inorganic mate-
rials such as GaAs, GaN, and InGaAs. These inorganic materials
need controlled crystal growth and high thermal budget,
making the fabrication process expensive. There have been efforts
to develop LEDs based on organic-inorganic hybrid perovskite
materials, but their poor stability and hazardous-lead content
remain a bottleneck in their commercialization."**™>° Organic
semiconductors offer solution processability, flexibility, trans-
parency and excellent luminescent transport properties and
making them a suitable choice for organic light emitting diodes
(OLEDs).'?7158

Unlike several organic semiconductors, much less work has
been done on carotenoid based LEDs. Ohtani et al.'*” fabricated
OLEDs using chlorophyll and carotenoids in the active region.
It was observed that the OLEDs consisting of carotenoids
exhibited much longer light-emission (electroluminescent signals
longer than one minute) than that without carotenoids (less
than five seconds for the chlorophyll-OLEDs). Because of the
antioxidant properties of carotenoids, the carotenoid rich OLEDs
are resistant to the oxidation damage.
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Fig. 16 Photoconversion and dark recovery presented by Wilson et al. (A) Isolated OCP® and OCP". OCP" was obtained by illuminating the isolated
protein with a blue-green light at 740-photons for 2 at 12. (B) Absorbance spectra of the light red form (OCP"; red) and dark orange form (OCP®; black).
(C) Darkness red OCP" to orange OCP® conversion (decrease of the absorbance at 580 nm) and (D) OCP® to OCP" conversion upon exposure of
350-photon blue-green light intensity (increase of the absorbance at 580 nm) at different temperatures: 32 (violet), 28 (rose), 24 (blue), 19 (green),
15 (red), and 11 (black). (E) OCP" accumulation at 11 and different light intensities: 20 (black), 50 (red), 120 (green), 210 (blue), 350 (rose), 740 (orange), and
1200 (violet)-photons of blue-green (400-550 nm). The figure is reproduced from ref. 159, with the permission from Proceedings of the National

Academy of Sciences (PNAS). Copyright (2008) National Academy of Sciences, U.S.A.

5.4 Light sensor

Since the photoactive protein containing carotenoids act as
photoresponsive chromophores, they could be employed in
light detection systems. Orange carotenoid protein (OCP) is
a protein that uses a carotenoid in photoprotection in diverse
cyanobacteria."®® Wilson et al'® studied photoresponsive
behavior of OCP for a potential application in light sensing.
They illuminated OCP with a blue-green light source, and
found that OCP transforms from dark stable orange to a red
“active” form (Fig. 16). The transformation was reversible, as
the red ‘“active” form transforms back to orange form in the
dark. These results point to the photoinduced structural
changes in both the carotenoid and the protein. The structural
changes can be quantified to measure the photosensitivity of
the system to develop a light sensor.

6 Conclusion

Carotenoids are semiconductors with excellent photophysical,
photochemical and electrochemical properties for potential
application in solar harvesting. Because of their excellent
photoresponse and adhesivity to TiO,, there have been several

1354 | Mater. Adv,, 2022, 3,1341-1358

reports on using carotenoids pigments in dye-sensitized solar
cells and photoelectrochemical cells. Moreover, their semi-
conducting nature makes them a suitable candidate for elec-
tronic devices. They are naturally available and low temperature
and solution processable; therefore they can be used for cheap,
lightweight, flexible, biodegradable and biocompatible electronic
devices.

In solar cell devices, the carotenoids can be used not only as
pure absorber, but also as redox spacer and co-sensitizers.
Moreover, optimizing number and lengths of conjugated
bonds, using of various carotenoid analogous, and different
mesoporous scaffolds can be a way forward to obtain high
efficiency naturally-inspired carotenoid-sensitized solar cells.
Similarly, exploring various reaction-center complexes and TiO,
surface modifier carotenoids can help in developing high
efficiency solar-water splitting system to push renewable energy
applications.

With the ever-increasing use of electronic devices, electronic
waste management is becoming a challenge. Most of the
currently used electronic devices (such as, mobile phones,
computers, CCDs, LEDs, sensors, and controllers) consist of
electronic components made up of inorganic semiconductors
at high temperatures. Recycling and disposal of these devices is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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not easy and environmentally friendly. Therefore, to have a
sustainable development, more research is needed to develop
electronic devices by using naturally-inspired and biodegrad-
able semiconductors.

There have been proof of concept demonstration of carote-
noid based rectifiers, transistors, thyristor, molecular nano-
wires, LEDs, and light sensors. However, among more than 700
available carotenoids, only a few of them have been studied for
electronic and optoelectronic applications. New studies should
focus on studying other natural and synthetic carotenoids, and
to improve the existing carotenoid-based devices by incorpor-
ating or exchanging functional groups, optimizing solvent
conditions and compositions of adjacent materials.
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