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Abstract Solar energy is one of the most important renewable and sustainable
forms of energy. Different technologies have been developed to harness this free
energy and contribute to the world economy, especially in countries with no sea-
sonal variations in solar radiation. Dye-sensitized solar cells (DSSCs) are simply
used to collect solar energy and convert that visible light into electricity. This
depends on the photosensitization of wide band-gap metal oxide semiconductors.
The photoelectrode spectral sensitivity needs specific chemical dyes for the lower
energy photons collection. Significant research efforts for identifying new organic
dyes from natural sources have been carried out. Higher plants contain many natural
pigments well-known to interact with solar radiation. The fruit of the Opuntia spe-
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cies contains a particular type and unique pigment called betalain. This type of
compound has an interesting conjugation system with nitrogen atoms forming an
unusual natural dye. Betalain has a potential interest in the photosensitization
process when added to the DSSCs system. This chapter provides a review on the
structural features and potential applications of the betalain pigments in the photo-
sensitization solar cells.

Keywords Solar energy - Photovoltaic cell - Counter electrode - Green
nanotechnology - Dye-sensitized solar cells - DSSC - Betalain pigments

Abbreviations

CE Counter electrode

DSSCs  Dye-sensitized solar cells

FTO Fluorine-doped tin oxide

HOMO Highest occupied molecular orbital
HTMs  Hole transport materials

ITO Indium-doped tin oxide

LUMO lowest unoccupied molecular orbital
OPV Organic solar cells

PCE Power conversion efficiency

Ru Ruthenium

1 Solar Cells

Solar energy is the most basic energy source that is free, clean, renewable, and an
abundant alternative to reducing real-time dependency on traditional fossil fuels
(Buscaino et al., 2008; Ammar et al., 2019). Over the past decade, the development
of different types of solar cells has been deliberated. These cells were shaped to
convert the visible light into electricity through the photovoltaic effect. Recently,
different solar cells have been used extensively for various industrial applications
and national domestic use (Dang et al., 2018; Schindler et al., 2018).

The solar cells are generally characterized based on their material composition
into different types such as organic solar cells (OPV) (Steim et al., 2010); dye-
sensitized solar cells (DSSCs) (Jamalullail et al., 2018); gallium arsenide based
solar cell (Abdin et al., 2013), amorphous, multiple crystals or polycrystalline, and
single-crystal silicon solar cells; where they reveal different efficiency values. The
traditional solar cell is usually made of a silicon crystal material despite its high cost
compared to OPV and DSSCs solar cell types (Adedokun et al., 2016). DSSCs are
attracting great interest in terms of fabrication cost, design simplicity,
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environmental friendliness, and performance (Abdel-Latif et al., 2013). However,
their large-scale applications’ operation is still limited due to long-term stability
issues, which will also be covered with future improvement efforts.

1.1 Organic Solar Cell (OPV)

Organic solar cells (photovoltaic cells) are promising cells that received much atten-
tion due to cheap cost architecture, characteristics, wide applications, and signifi-
cant improvement in power conversion efficiency. Organic bilayer solar cells were
reported for the first time in 1986 by Tang using complementary electron donor and
acceptor organic molecules, exhibiting a power conversion efficiency close to 1% in
sunlight (Abdulrazzaq et al., 2013). OPV revealed a substantial increase in stability,
with reports providing evidence of the stabilities of 7 years. Compared to inorganic
solar cells, OPV has the additional advantage that they can be processed at a modest
temperature from solution, without the need of a vacuum, and by fast roll-to-roll
processes. The organic photoactive materials used in organic solar cells show high
absorption coefficients, which implies that only a very thin photoactive layer (100
to 200 nm) is required to absorb sufficient light. The recent developments give
increasing credence that OPV can be a viable alternative technology to the present
inorganic solar cells (Cao & Xue, 2014).

1.2 Construction and Working Principle of Organic
Solar Cells

Organic photovoltaic solar cells reveal a heterostructure of two different semicon-
ductor types. The heterostructure is sandwiched between two functional electrodes
for collecting the electrons and holes separately and is seated on a thin substrate of
glass or PET. All devices need to be encapsulated to eliminate water and oxygen
exposure (Cao & Xue, 2014; Kippelen & Brédas, 2009; Mazzio & Luscombe,
2015). The interaction of the photovoltaic cells with the light creates an excitonic
cell. The electron is stimulated in either the donor or the acceptor from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) (Osman, 2017). Orbitals bandgap energy defines the possible light
wavelength(s) that can be absorbed.

OPYV cells have a limitation in the large scale production attributed to the devices’
stability and lifetime in addition to the power conversion efficiency (PCE) (Scharber
& Sariciftci, 2013). The PCE could be enhanced by increasing the absorption of
light. However, there is a limitation on the absorption due to the active layer’s thick-
ness control up to 100 nm maximum. That thickness restriction comes from the
short lifetime of the excitons and the conducting layer’s low mobility. Metallic
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nanoparticles have been used to enhance the absorption without increasing the
active layer thickness (Kour & Mehra, 2017; Scharber & Sariciftci, 2013).

2 Dye-Sensitized Solar Cell (DSSC)

DSSCs are unique photovoltaic third-generation devices known as Gritzel cells.
O’Regan and Gritzel (1991) reported the DSSC for the first time through sensitiz-
ing titanium dioxide NPs films with ruthenium bipyridyl complex (Jamalullail et al.,
2018). It is commonly well known as low-cost cells due to their materials composi-
tion and low fabrication cost. These new solar cell types mainly convert solar energy
(photons) into electrical energy through the sensitization of a wide-band-gap semi-
conductor (Sharma et al., 2018). Different parameters, such as voltage, current den-
sity, and conversion efficiency, are highly considered for the solar cell electrical
performance. That performance relies totally on the solar cell dye type, which is
generally categorized into inorganic and organic dyes (Jamalullail et al., 2018). One
of the most common inorganic dyes with a high energy conversion efficiency
(11-12%) in DSSCs is ruthenium complexes (Qin & Peng, 2012). Ruthenium (Ru)
is one of the rare transition noble metals belongs to the platinum group metals. In
addition to Ruthenium’s high price (Gunn, 2013), its toxicity limits its use in many
fields. Even though the Ru complex dyes and others like osmium complexes reveal
high stability and efficiency, their toxicity, rarity, and fabrication cost eliminate their
use in the DSSCs. A new research study on green extracted organic (natural) dyes
has received much attention recently (Mansour, 2018). Many reports confirmed the
efficiency of different natural dyes such as betalain (Isah et al., 2015; Ramamoorthy
etal., 2016; Zhang et al., 2008), anthocyanin (Ramamoorthy et al., 2016), and chlo-
rophyll (Arof & Ping, 2017; Syafinar et al., 2015), in supporting the DSSC electrical
performance. Using such natural pigments is attracting much interest from an eco-
nomical and environmental aspect.

2.1 Structure of DSSCs

DSSCs have a different basic structure compared to other PV solar cells, which rely
on solid-state semiconductor materials, while DSSC rely on a combination of solid
and liquid phases. The DSSC consist of transparent and conductive substrates (to
allow sunlight to reach the cells), working electrodes (a semiconducting oxide, e.g.,
Ti0O,), dye (photosensitizer; to absorb the light), an electrolyte, and a counter elec-
trode (CE). To understand the DSSC structure, a general working concept of the
DSSC could be summarized as soaking a specific working electrode with a dye and
sealing it to the counter electrode soaked with a thin layer of electrolyte (Sharma
et al., 2018).
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2.1.1 Transparent and Conductive Substrate

Based on the DSSC components, the DSSC mainly has two electrodes. One elec-
trode should use a transparent substrate for the visible light and be considered an
anode (Bauer et al., 2002). That transparent electrode should also have a high con-
ductivity characteristic to eliminate the loss of the transferred energy. The most
commonly used conductive substrates are fluorine-doped tin oxide (FTO, SnO,: F)
and indium-doped tin oxide (ITO, In,O5: Sn). These transparent conductive oxides
are usually used to cover the glass. While, FTO reveals ~75% transmission effi-
ciency, the ITO shows >80% transmittance in the visible solar light (Hug et al.,
2014; Ludin et al., 2014).

2.1.2 Working Electrode Construction

FTO or ITO transparent conductive substrates are used as a base for further deposi-
tion of thin layer oxide semiconducting material with a wide band-gap. That layer
has a typical thickness of 10pum with a 50% porosity. Different oxides could be
used, however TiO,, ZnO, and Nb,Os are the preferred photo-electrodes (Jose
et al., 2008).

2.1.3 Dye (Photosensitizer)

The dye is the third component in the DSSC structure, which plays a vital role in
absorbing solar light and its conversion to electrical energy. The DSSC’s perfor-
mance depends on the dye type that acts as a sensitizer (Suganya & Jaisankar, 2019).
According to Qin and Peng (2012), any selected dyes for DSSC should have the
following specific physical and chemical properties:

1. High absorption performance of the light under both the ultraviolet-visible (UV-
vis) and near-infrared region (NIR)

2. High adsorption ability to the semiconductor surface (TiO,) of the working
electrode

3. High ability for efficient injection of the electrons into the conduction band of
the semiconductors

4. Have characteristic luminescent properties

5. Have a hydrophobic property to enhance the DSSC stability by reducing the
contact between the anode and electrolyte

6. Electro and photo-chemically stable.

Moreover, to the previous features, for more efficient stability, additional co-
absorbents such as chenodeoxycholic acid and alkoxysilyl- (Fung et al., 2003), car-
boxylic- (Hagberg et al., 2008), and phosphoric acids groups (Zaban et al., 1998)
should be placed between the dye and the semiconductor layer (e.g., TiO,) to avoid
dye aggregation above that layer and decrease the recombination response between
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the electrons and electrolyte (Neale et al., 2005). Accordingly, dyes were catego-
rized into two types: inorganic and natural organic dyes.

3 Electrolyte

The electrolyte has an essential role in charge transfer between the anode and the
counter electrode and should also enhance the connectivity between them. It con-
tains a redox couple, solvent, additives, ionic liquids, and cations. High dielectric
properties, low viscosity, high boiling temperature, non-corrosive, non-volatility,
chemical, thermal, and electrochemical stability are properties for the optimum
electrolyte (Gorlov & Kloo, 2008). The electrolyte spectra should not overlay the
dye spectra, while the redox couple, such as [-/I—, should restore the oxidized dye
efficiently (Sharma et al., 2018).

4 Counter Electrode (CE)

The counter electrode is an essential part of the DSSC structure since it is respon-
sible for transferring the electrons from the external circuit back to the redox couple
electrolyte. It collects the holes from the hole transport materials (HTMs). It should
therefore have a conducting capability to transport the current through the DSSC
solar cell. Counter electrodes are mainly made of platinum (Pt) or carbon (C).
However, Pt is the most effective material due to its high performance in I-/I — 3
liquid electrolyte reduction process (Adedokun et al., 2016).

5 Dye Types
5.1 Inorganic Dyes

The most important feature for determining DSSC efficiency is the rate of absorp-
tion efficiency of the solar light and dye anchorage to the semiconductor working
electrode cell (Lee & Yang, 2011). The best example is ruthenium complexes, which
showed good light-harvesting efficiency (around 12%), outstanding stability, good
electrochemical properties, and a wide range of light absorption (Hernandez-
Martinez et al., 2012).
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5.2 Natural Organic Dyes

Natural dyes are eco-friendly, cheap, non-toxic, widely available, and biodegrad-
able with a high ability to reduce noble metals instead of using chemical reducing
agents (Calogero et al., 2013). Therefore, they have received attention for use as
photosensitizers in the DSSC fabrication as an alternative to the synthetic ones.
Different natural dyes can simply be extracted from the plant’s different parts
(Adedokun et al., 2016). The nature of these pigments can impact their conversion
efficiency performance (Narayan, 2012). Several studies reported the ideal condi-
tions of DSSC operation and the possible useful dyes from different plants (Godibo
etal., 2015).

Different natural dyes such as anthocyanin, betalain, betaxanthin, bixin, carot-
enoid, chlorophyll, crocetin, crocin, cyanine, flavonoid, lutein, mangostin, neoxan-
thin, rutin, violaxanthin, and tannin were tested (Hug et al., 2014; Ludin et al., 2014;
Calogero et al., 2015; Ghann et al., 2017; Atli et al., 2019; Garcia-Salinas & Ariza,
2019; Kabir et al., 2019; Sreeja & Pesala, 2019; Duan et al., 2020; Ishak et al., 2020
Onah et al., 2020; Sabagh et al., 2020; Zhang et al., 2020). Among those different
tested natural dyes, betalains, anthocyanins, and chlorophylls were the most prom-
ising natural dyes for DSSCs.

6 Betalains

Betalains are nitrogen-containing plant pigments classified under alkaloids and dif-
ferent from the commonly known plant pigments anthocyanins. These pigments are
divided into two main structural groups, betacyanins (red-violet pigments) and
betaxanthins (yellow pigments) (Fig. 45.1). Betalains are found in the plant leaves,
flowers, stems, and bracts (Gandia-Herrero et al., 2016) of certain families of flow-
ering plants such as Cactaceae. Both betacyanins and betaxanthins possess a
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Fig. 45.1 Structure of betanin and indicathanthin
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dihydropyridine moiety attached via a vinyl group to another nitrogenous group.
The basic chromophore of the betalain pigments is the 1,7-diazaheptamethinium
system (Clement et al., 1994). Opuntia genus belongs to the Cactaceae family and
is considered to be the most promising source of betalains (Castellar et al., 2008;
Calogero et al., 2010).

Betalains are water-soluble pigments that absorb the light in the visible region
(Ludin et al., 2014). It has a strong solar absorption efficiency in the range of
400-600 nm. Betacyanins absorb the light at A,,,,, = 536 nm, and betaxanthins absorb
at wavelength A, = 480 nm (Miguel, 2018). These two structures are easily found
in Opuntia (mainly Opuntia ficus indica), the dragon fruits from Hylocereus cacti
(mainly Hylocereus polyrhizus), the Swiss chard, and red beetroots (Beta vulgaris)
(Azeredo, 2009; Rodriguez-Amaya, 2018). Due to the hydrophilic characteristic of
betacyanins and betaxanthins, betalains are accumulated in the epidermal and sub-
epidermal plant tissues (Wink, 1997).

Betalain binds easily to the semiconductor layer (TiO,) of the working electrode
through its carboxylic group. As much as the dye molecules are attached to the TiO,
layer, the DSSC will equally gain higher energy conversion efficiency. Betalain can
also effectively interact with the redox couple in the electrolyte (iodine/iodide)
(Sandquist & McHale, 2011).

6.1 Betalain for DSSC

Zhang et al. (2008) reported the efficiency of using the betacyanin in DSSC, where
it reveals the energy conversion efficiency of around 0.67%. Calogero et al. (2010)
did a comparative study between the betalain and the synthetic Ru-complex com-
mon dye, N719. The study revealed a 1.7% energy conversion efficiency for beta-
lain, which was less than the Ru dye. The thermal stability of the natural pigment
was confirmed under solar irradiation. However, no confirmation was reported on
the long term stability and the lifetime of the betalain sensitized solar cell (Calogero
etal.,2010). A better energy conversion efficiency of betalain based DSSC of 2.06%
was obtained using betalains from wild Sicilian prickly pear (Calogero et al., 2012).
An electrochemical and optical study of betalain as a sensitizer in the DSSC revealed
the interaction effect of the carboxylic acid functional group of betalain with the
semiconductor layer, which enhanced the conductivity of the cell. That effect of the
functional group of the dye was demonstrated later in 2016 by Ramamoorthy et al.,
where betalain and anthocyanin were extracted from Opuntia dillenii and
Tamarindus indica for DSSC fabrication. Both dyes revealed a sensitized effect to
the semiconductor layer (TiO,) (Ramamoorthy et al., 2016). For betalain pigments,
its carboxylic acid group connected to the hydroxyl group in the TiO, layer, facili-
tating electron transfer by a coupling effect (Hernandez-Martinez et al., 2011),
while for anthocyanin pigment, its carbonyl and hydroxyl groups attached to the
TiO, layer. Both dyes showed a UV absorption band at 525 nm. The betalain based
DSSC revealed a higher energy conversion efficiency (0.47%) than anthocyanin
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based DSSC (0.14%), attributed to their functional group’s sensitizer effect. In com-
parison, the dye mixture in a 1:1 ratio showed a 0.20% energy conversion efficiency,
which is higher than that of anthocyanin based DSSC and lower than betalain
based DSSC.

Isah et al. (2015) extracted betalain dye from Bougainvillea glabra flower for
DSSC fabrication. The effect of pH on the betalain dye as a sensitizer in the DSSC
was tested under different pH values (1.2, 3.0, and 5.7). The results indicated that
the best conversion efficiency of 0.9% was achieved at pH 3. When the pH was 1.2,
the efficiency was very low (~0.2%), which could be due to betalain’s degradation
process at high acidity. Meanwhile, at a pH of 5.7, the efficiency was 0.57%, which
was also less than the efficiency obtained at pH 3 due to lack of absorption of beta-
lain on the TiO, layer (Isah et al., 2015). Gokilamani et al. (2015) reported betalain
pigments ‘effect in sensitizing the TiO, annealed thin film in the DSSC. The beta-
cyanin from Basella alba var. rubra spinach leaves was extracted and used to pre-
pare a DSSC, which exhibited 0.70% energy conversion efficiency. This was
attributed to the effective sensitive nature of the day and the thin film crystalline
structure (Gokilamani et al., 2015).

The co-sensitization effect of a mixture of two natural dyes on the DSSC semi-
conductor layer was tested by Kumar et al. (2016). It has been described as an effec-
tive strategy for harvesting more solar light effectively. Among different tested
extracts, cactus (Opuntia ficus indica) and Bermuda grass (Cynodon dactylon) co-
sensitized DSSC showed a 1.1% power conversion efficiency, which was higher
compared to their mono sensitized DSSC (Bermuda ~0.1%, and cactus ~0.6%).
Almost the same result as for the cactus dye was achieved by Ganta D. 2017, where
cladodes of Opuntia ficus indica was tested as a sensitizer of DSSC. A comparison
between Aloe vera dyes extract, and cladodes extract reveals a high conversion effi-
ciency of about 0.74%, corresponding to cladodes dyes extract (Ganta et al., 2017).
This is attributed to the adhesion of chlorophyll dye to the TiO, layer resulting in
better charge transfer. Interestingly, a side-by-side alignment of the two dyes, which
was reported to reduce the mixing of dyes, demonstrated a 0.50% conversion effi-
ciency (Ganta et al., 2017).

In contrast, two different betalain sources (Opuntia ficus indica and Beta vul-
garis) displayed low conversion efficiency compared to Hylocereus undatus, the
source of anthocyanin dye (Suganya & Jaisankar, 2019). Purushothamreddy et al.
(2020) extracted the betalain from Opuntia ficus indica grown in Western Ghats
Mountain in the southern part of Taminadu, India. They characterized the prickly
pear fruit extract for its optical properties using UV-Vis and FTIR to confirm the
presence of betacyanin and explore its promising characteristics as a photosensitizer
for use in DSSC (Purushothamreddy et al., 2020). They further fabricated a DSSC
with a conversion efficiency (1) of 0.56% with the highest fill factor (FF) of 0.85,
open-circuit voltage (Voc) of 0.56 V, and short circuit-current density (Jsc) with
1.17 mA/cm?.
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7 DSSC Stability Challenge

DSSCs are of great interest due to their fabrication simplicity, eco-friendliness, flex-
ible design with a good energy conversion efficiency. They also open a new com-
mercial window for a sustainable, cheap, and useful product that can compete with
other types of solar cells. However, the main problem with this type of solar cell is
the stability issues and purification process. DSSCs show less stability than the
synthetic inorganic-complex-based cells, i.e., natural DSSCs show less efficiency in
contrast with the artificial ones, which is mainly attributed to the weak binding with
the TiO, semiconductor layer, wherein the dye structure impact the cell performance
(Ammar et al., 2019). Some natural dye structures may reduce contact with the
semiconductor layer and efficiently inhibit the array of the molecules on the semi-
conductor layer. This negatively affects the number of electrons reaching the con-
duction band in the TiO, layer, decreasing the light absorption intensity, and hence
the solar cell’s performance. The stability of DSSC is based on its components, such
as the dye sensitizer, semiconductor layer, counter electrode, electrolyte, and the
working electrode (Sharma et al., 2018). This is in addition to other parameters such
as the semiconductor layer thickness, extraction solvent, the electrolyte, and the
active area ratio (Ammar et al., 2019). Enhancing the long term stability of the
DSSC is one of the exciting topics for motivating this new type of solar cell. The
DSSC cell should be stable and at an acceptable performance level for around
20 years. However, the natural dyes degrade upon exposure to UV radiation. UV
filters can cover the outer anode as an initial step for protection and filtration of the
UV radiation to enhance the stability.

The stability of the redox electrolyte is also an essential parameter in the DSSC
performance. Preventing the decomposition of the redox couple will enhance DSSC
stability. Even the extraction solvent for the natural dye could impact the light
absorption and stability of the DSSC (Aduloju et al., 2011). Besides, the effect of a
fast injection and intense light absorption for DSSC performance enhancement has
been reported (Aduloju et al., 2011). All these variable parameters are concerned
with the stability issues of the DSSC and represent a real research challenge for its
industrial applications.

8 Conclusion

Natural dyes are promising alternatives to synthetic dyes considering their natural
origin and economic value. The low-cost production, simple preparation techniques,
eco-friendliness, and availability of natural dyes are important features. Among dif-
ferent tested natural dyes, betalain revealed a high potential efficiency in DSSC,
whereas Opuntia spp. is the most promising betalain source. Although the natural
dyes’ efficiency in the DSSC looks promising, low stability is one of the major
issues for this type of technology.
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