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1.CHAPTER
INTRODUCTION

SOLAR CELL

A solar cell or photovoltaic cell which is based on the photoelectric effect, is
an electrical device that converts light energy directly into electricity. When a
solar cell is exposed to light, its electrical properties such as voltage,
resistance, current etc. changes significantly. Solar cells are the basic
functional devices which constitute the solar panels. The voltage produced by
a typical single junction silicon solar cell in an open circuit is typically from
0.5 volts to 0.6 volts.

Irrespective of the light source used for illumination i.e. whether it is natural
or artificial, the solar cells are classified as photovoltaic. Apart from producing
energy, the photovoltaic cells are also used as a photo detector near the visible

range of EM radiation.
A solar cell must have three basic characteristics in order to function:

1 Generation of hole — electron pair (also known as excitons) by
absorbing the light.
2 Separation of hole — electron pair.

3 Extraction of hole — electron pairin an external circuit
CONSTRUCTION OF SOLAR CELL

A solar cell is basically a junction diode ; however it is constructed
differently from traditional p-n junction diodes. On a thicker n-type
semiconductor, a very thin layer of p-type semiconductor is formed. On top of

the p-type semiconductor layer, we place a few finer electrodes .
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Fig 1 Photo electric effect of PV cell
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The thin p-type layer is not obstructed by these electrodes. A p-n junction
exists just under the p-type layer. A current collecting electrode is also
provided at the bottom of the n-type layer. To protect the solar cell from
mechanical shock, we encase the complete unit in thin glass. The thin p-type
layer is not obstructed by these electrodes. A p-n junction exists just under the
p-type layer. A current collecting electrode is also provided at the bottom of
the n-type layer. To protect the solar cell from mechanical shock, we encase

the complete unit in thin glass.
WORKING PRINCIPLE OF SOLAR CELL

When light reaches the p-n junction, photons can readily pass through the thin
p-type layer and into the junction. The photons in the light energy supply the
junction with enough energy to build a number of electron-hole pairs. The
incident light breaks the thermal equilibrium condition of the junction. The
depletion region's free electrons can quickly reach the n-type side of the

junction.

Similarly, depletion holes can quickly reach the p-type side of the junction.
The newly created free electrons cannot cross the junction once they reach the

n-type side due to the junction's barrier potential.

Similarly, as the newly created holes reach the p-type side of the junction, they
become of the same barrier potential as the junction. The p-n junction will
behave like a tiny battery cell when the concentration of electrons increases on
one side, i.e. the n-type side of the junction, and the concentration of holes
increases on the other side, i.e. the p-type side of the junction. A photo voltage
voltage is produced. A modest current will flow through the junction if we
attach a small load across it.

MATERIALS USED IN SOLAR CELL

The materials which are used for this purpose must have band gap close to
1.5ev. Commonly used materials are-

Si Silicon.

Gallium arsenide (GaAs)

Cadmium telluride (CdTe)

Copper Indium Selenium (CulnSey)



Criteria for Materials to be Used in Solar Cell

Must have band gap from lev to 1.8ev.

It must have high optical absorption.

It must have high electrical conductivity.

The raw material must be available in abundance and the cost of the material

must be low.

» ADVANTAGES OF SOLAR CELL

No pollution associated with it.
It must last for a long time.
No maintenance cost.
» DISADVANTAGES OF SOLAR CELL
It has high cost of installation.
It has low efficiency.
The energy cannot be produced on cloudy days, and we will not receive solar
energy at night.
» USES OF SOLAR GENERATION SYSTEMS

It may be used to charge batteries.
Used in light meters.
It is used to power calculators and wrist watches.

It can be used in spacecraft to provide electrical energy.
WHAT IS DSSCS

Dye-sensitized solar cells (DSSCs) absorb incoming sunlight with an organic
dye, which produces excited electrons and energy, which is then transferred to
a cheap substance like titanium dioxide (TiO2). The energy is gathered on a
transparent conducting surface after that.Carmine, santalin are two natural
dyes, were chosen as potential sensitizers for dye-sensitized solar cells.
Natural dyes' power conversion efficiency was about 0.5 percent compared to
LEG4's (5.6 percent) under identical conditions, owing to lower open circuit
potentials and photocurrent densities.

> ADVANTAGES
Cost effectiveness ease of manufacture,

simple manipulation



» ADVANTAGES OF ADOPTING DSSCS.
They perform better under greater temperature circumstances and diffused
light than conventional solar cells. The efficiency of DSSC conversion for
various dyes and metal oxides.

» DISADVANTAGES

The major disadvantage to the DSSC design is the use of the liquid electrolyte,
which has temperature stability problems. At low temperatures the electrolyte
can freeze, halting power production and potentially leading to physical
damage.

DSSCs (dye-sensitized solar cells) have emerged as a technically and
economically viable alternative to p-n junction photovoltaic. It was found in
the 1960s that electricity may be created illuminated organic dyes in
electrochemical cells. Chlorophyll was isolated from spinach (photosynthesis)
at the University of California in Berkeley. In 1972, the first chlorophyll-
sensitized zinc oxide (ZnO) electrode was made. For the first time, photons
were transformed into electricity by injecting electrons from excited dye
molecules into a semiconductor with a wide band gap.[1]. ZnO-single crystals
have been the subject of a lot of research.[2]However, the dye-sensitized solar
cells' efficiency was poor, since the monolayer of dye molecules could only
absorb around 1% of incident light. As a consequence, the efficiency was
improved by improving the porosity of the fine oxide powder electrode, which
increased dye absorption over the electrode and, as a result, increased light
harvesting efficiency (LHE). Nano porous titanium dioxide (TiO2) electrodes
with a rough factor of around ca.1000 were discovered as a result, and DSSCs
with a 7 percent efficiency were created in 1991. [3] Such cells, also known
as Gratzel cells, were co-invented by Michael Grétzel Brian O'Regan and at
UC Berkeley in 1988 and [3] further developed by the same scientists at EPEL
(Ecole Polytechniques Federale de Lausanne) until 1991. Michael Grétzel and
Brian O'Regan and created a device based on a 10-um-thick, high-surface-
area, optically transparent TiO2 nanoparticle film that was sensitised for light
harvesting with a monolayer of a charge transfer dye with ideal spectral
characteristics. The device harvested 46% of the incident solar energy flow

and had extremely high efficiency, even exceeding 80% for the conversion of
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incident photons to electrical current. In simulated solar light, the overall
incident photon to current conversion efficiency (IPCE) yield was 7.1-7.9%,
while in diffuse daylight, it was 12%. The practical use was made possible by
a substantial short circuit current density Jsc (more than 12 mAcm),
outstanding stability (at least five million turnovers without decomposition),
and cheap cost.[3] Gratzel et al. reported a 9.6% cell efficiency in 1993, and
then a 10% efficiency in 1997 at the National Renewable Energy Laboratory
(NREL). As stable adsorption onto the semiconductor substrate, sensitizers are
commonly constructed with functional groups such as -COOH, -POsh,, and -B
(OH),.[4,5] Costa et al. reported an efficiency of 8.75 percent for hybrid dye-
titania nanoparticle-based DSSC for enhanced low temperature performance in
2018.[6] Si has two purposes in a conventional solar cell: it operates as a
source of photoelectrons and it producing an electric field to separate the
charges and produce a current. In DSSCs, however, the bulk of the
semiconductor is only utilized as a charge transporter, with photosensitive
dyes providing the photoelectrons. The power conversion efficiency (PCE) of
DSSCs was theoretically projected to be about 20% [7,8] As a result,
substantial research has been conducted on DSSCs over the years in order to
increase their efficiency and commercialisation. However, throughout the last
few decades, numerous studies have been conducted to increase the
performance of DSSCs. For example, if one examines the review articles or
papers published between 1920 and 1921, one may see a significant change in
the performance and construction of these cells. A few review papers are
addressed below, with the purpose and primary results displayed in each
article to get an understanding of how the performance of these cells has been
enhanced and, as a consequence, how DSSCs became a hot issue for

researchers.

Anandan reviewed the advancements and emerging problems in dye-
sensitized solar cells up to 2007.[9] Light harvesting inorganic dye molecules,
p-CuO nanorod counter electrodes, and self-organization of electro active
polymers were the primary components of his review work, and he
demonstrated how these materials behave in a rationally constructed solar cell.

The maximum IPCE, on the other hand, is

In the review paper on naphthyridine, 7% was examined.Ru complex that is

well-coordinated [10]this was satisfactory until 2007, but pales in comparison
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to the efficiency shown in later research. The present status and advances in
the field of photo electrode, photosensitizer, and electrolyte for DSSCs till
2015 were the major focus of the review paper published by Bose et al. [11]
they included an intriguing study that compared the performance of the DSSc
module to that of the Si-based module using the graph presented in Fig. 1 [12],
concluding that the DSSC module's performance is considerably superior to
that of the Si module. In addition, the maximum efficiency stated in this
review study for N719 dye-based DSS was 11.2 per cent.

Sensitizers, such as ruthenium complexes metal-free organic dyes, quantumn
dot sensitizer, perovskite-based sensitizer, mordant dyes, and natural dyes,
were highlighted by Shalini et al. [13]. However, while this article covers a lot
of knowledge about to different types of sensitizers, it leaves out information
on other important DSSC components. Apart from covering all of the many
components of DSSCs, Jihuai Wu et al. [14] focused on the counter electrode
element of the device.They spoke about studying several forms of counter
electrodes based on transparency and andlexibility, metals and alloys, carbon
materials, conductive polymers, transition metal complexes, and hybrids. In
the review paper, the maximum efficiency of 14.3 percent was described for
the DSSC fabricated with Au/GNP as a counter electrode, Co as a redox
couple, and LEG4 + ADEKA-1 as a sensitizer [15]- Similarly, Yeoh et al. and
Fan et al. [16, 17] have provided a brief overview of the DSSC photoanode.
They divided photoanode modification into three categories: interfacial
modification such as through blocking and scattering layers, compositing,
doping with non-metallic anions and metallic cations, interfacial engineering,
and replacing conventional mesoporous semiconducting metal oxide films
with 1-D or 2-D nanostructures.

Percentage of Power at 25°C

140
Si Cell STI Titania Cell
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120

110

100
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FIG.1 THE PERFORMANCE OF DYE PV MODULES INCREASES WITH TEMPERATURE,
CONTRARY TO S-BASED MODULES

Construction and working of DSSCs

A DSSC's four key parameters are the working electrode, sensitizer (dye),
redox-mediator (electrolyte), and counter electrode. DSSC is a combination of
a working electrode soaked in a sensitizer or dye and a counter electrode
soaked in a thin layer of electrolyte bound together with a hot melt tape to
prevent electrolyte leakage (as shown in Fig. 2). The components of DSSCs,

as well as their construction and operation, are describe below.

([

v BT

FIG. 2 CONSTRUCTION AND WORKING PRINCIPLE OF THE DYE-SENSITIZED
NANOCRYSTALLINE SOLAR CELLS

The main components of DSSCs are

. Transparent and Conductive Substrate
Il. Working Electrode

Il Photosensitizer or Dye

\V3 Electrolyte

V. Counter

VI. Electrode

TRANSPARENT AND CONDUCTIVE SUBSTRATE

DSSCs are usually made up of two sheets of conduction-transparent materials

that serve as a substrate for the deposition of the semiconductor and catalyst



while simultaneously acting as current collectors [18, 19] The following are

the features of a substrate utilised in a DSSC:

To begin with, the substrate must have more than 80% transparency in order
for optimal sunlight to reach the cell's effective area. Second, it should have a
high electrical conductivity for efficient charge transfer and low energy loss in
DSSCs. Indium-doped tin oxide (ITO, IngO: Sn) and fluorine-doped tin oxide
(FTO, SnO,: F) are commonly used as conductive substrates in DSSCs. Soda
lime glass is covered with layers of indium-doped tin oxide and fluorine doped
tin oxide to create these substrates. ITO films have a transmittance of > 80%
and a sheet resistance of 18 Q/cm? whereas FTO films have a lower

transmittance of 75% in the visible area and a sheet resistance of 8.5 Q/cm?.
WORKING ELECTRODE (WE)

The working electrodes (WE) are formed by depositing a thin layer of oxide
semiconducting materials over a clear conducting glass plate composed of
FTO or ITO, such as TiO,, Nb,0s, ZnO, SnO,, and Nio (n-type) and Nio (p-
type). The energy band gap of these oxides ranges from 3-3.2 eV. Although
alternative wide band gap oxides such as ZnO and Nb,Os have also shown
promise in DSSCs [22,23] the application of an anatase allotropic form of
TiO, is more commendable in DSSCs than the rutile form due to its higher
energy band gap of 3.2 eV versus the rutile form's band gap of about 3 eV
[20,21] TiO, is commonly employed as a semiconducting layer because it is
non-toxic, inexpensive, and readily available. However, because these
semiconducting layers absorb only a small fraction of UV light, these working
electrodes are then immersed in a mixture of a photosensitive molecular
sensitizer and a solvent. Following the soaking of the film in the dye solution,
Covalent bonds form between the dye and the TiO, surface. Because of the
electrode's porous shape and vast surface area, a significant number of dye
molecules adhere to the Nano crystalline TiO, surface. As a result, light

absorption rises at the semiconductor surface.
PHOTOSENSITIZER OR DYE

Dye is the component of the DSSC that is responsible for the highest
absorption of incident light, and any material that is dye should have the

following photo physical and electrochemical properties:

a) The dye must be luminous



b)

d)

f)

The dye's absorption spectra should include ultraviolet-visible (UV-vis) and
near-infrared (NIR) wavelengths.

The highest occupied molecular orbital (HOMO) should be placed far away
from the surface of the TiO, conduction band, while the lowest unoccupied
molecular orbital (LUMO) should be placed as close to the TiO, surface as
possible, and thus should be higher in relation to the TiO, conduction band
potential.

The HOMO should be lower than the redox electrolyte value.

To improve the long-term stability of cells, the dye's periphery should be
hydrophobic, since this results in less direct contact between electrolyte and
anode ; otherwise, water-induced dye distortion from the TiO2 surface may
develop, reducing cell stability.

. To avoid the dye from aggregating on the TiO, surface, co-absorbents such
as chenodeoxycholic acid (CDCA) and anchoring groups such as alkoxy-silyl
[24] gtphosphoric acid [25] and carboxylic acid group [26, 27] were placed
between the dye and the TiO; surface.

As a result, dye aggregation is prevented, and the recombination process [28]
between the redox electrolyte and electrons in the TiO, nanolayer is limited, as

well as the development of stable linkage.

ELECTROLYTE

An electrolyte (such as I'/1I" 3Br/Br; [29], SCN/SCN; [30], and Co(ll)/Co(llI)
[31] has five main components, i.e., redox couple, solvent, additives, ionic
liquids, and cations. The following properties should be present in an

electrolyte:

The redox couple must be able to efficiently regenerate the oxidised dye.
Chemical, thermal, and electrochemical stability should be long-term.

With DSSC components, it should be non-corrosive.

Allows rapid dispersion of charge carriers, improves conductivity, and ensures
effective contact between the working and counter electrodes.

An electrolyte's absorption spectra should not overlap with a dye's absorption

spectra.

Although I'/I'3 has been shown to be a very efficient electrolyte [32], its use in

DSSCs has certain drawbacks. 17173 electroyte corrodes glass and TiO/Pt; it is

9



b)

very volatile and causes photodegradation and dye desorption, as well as
having poor long-term stability [33, 34]. Acetonitrile (ACN), N-
methylpyrrolidine (NMP), and solvent mixes like ACN/valeronitrile have been
employed as high-dielectric-constant solvents. TBP is primarily employed as
an additive to push the conduction band of TiO, upwards, resulting in a higher
open circuit voltage (V,c), lower cell photocurrent Osc, and lower injection
driving force. Through reverse transfer to an electrolyte, TBP on a TiO;
surface is believed to reduce recombination [35]. . The major disadvantage of
ionic liquids, however, is their leakage issue. As a result, solid-state
electrolytes have been designed to overcome the disadvantages of ionic liquid
(IL) electrolytes [36],Long-term light soaking studies on sealed cells have also
developed significantly over the years to assess the failure of the redox

electrolyte or the sealing under long-term illumination [37].
COUNTER ELECTRODE (CE)

CE in DSSCs is usually made from platinum (Pt) or carbon (C). The working
and counter electrodes are then sealed together, and an electrolyte is then filled
using a syringe. The reduction of I'/I3 liquid electrolyte is catalysed by the
counter electrode, which collects holes from the hole transport materials
(HTMs). Pt is mostly utilised as a counter electrode because of its better
efficiency. [38], however because to its increased cost and scarcity, a
substitute for Pt was urgently required. As a result, numerous alternatives have
emerged to replace Pt in DSSCs, including carbon [39], carbonylsulfide (CoS)
[40], Au/GNP [15], alloy CEs such FeSe [41], and CoNig.2s [42], although
Jihuai Wu et al. [14] discuss the various types of CEs.

WORKING PRINCIPLE

The incident light (photon) is absorbed by a photosensitizer, and electrons are
promoted from the ground state (S*/S) to the excited state (S*/S*) of the dye as
a result of the photon absorption. The absorption for most dyes is in the range
of 700 nm, which corresponds to photon energy of almost 1.72 eV.

Now, excited electrons with nanosecond lifetimes are injected into the
conduction band of nanoporous TiO,, an electrode that falls below the dye's
excited state and absorbs a tiny percentage of solar photons from the UV area
[43]. The dye oxidises as a result.

10



c)

d)

The injected electrons travel between TiO, and nanoparticles before diffusing
back to the back contact transparent conducting oxide (TCO).Electrons reach
the counter electrode through the external circuit.

Electrons at the counter electrode reduce I'3 to I'; resulting in dye regeneration
or regeneration of the dye's ground state due to electron acceptance from the |
ion redox mediator, and 1 is oxidised to | “3. (oxidized state)

The oxidised mediator (I3) diffuses back to the counter electrode and is
reduced to | ion.

EVALUATION OF DYE-SENSITIZED SOLAR CELL
PERFORMANCE

The performance of a dye-sensitized solar cell can be evaluated using incident
photon to current conversion efficiency (IPCE, per cent), short circuit current
jsc, mAcm®), open circuit voltage (Vo V), maximum power output [Pmad,
overall efficiency [n, percent], and fill factor [FF] (as shown in Fig. 3) at a
constant light level exposure as shown in Eg. 1 for a constant light level
exposure[44].

When the negative and positive electrodes of a cell are short circuited at a zero
mV voltage, current is produced. The potential difference between the
conduction band energy of semiconducting material and the redox potential of
electrolyte is defined as Vo (V) across negative and positive electrodes in
open circuit at zero milliampere (mA) current. Pyax is the DSSC's maximum
efficiency in converting sunlight into electricity. FF is the ratio of the
maximum power output (jmp X Vimp) and the product (VocX Jsc).

_Area A _ jmp XVmp

" AreaB Jsc XVoc

Also, the total efficiency (percent) is the percentage of solar energy (shining
on a photovoltaic [PV] device) converted into electrical energy, where
grows as Jsc decreases and Voc FF and molar coefficient of dye increase,
accordingly.

__jsc XVoc XFF
Pin

(%) D)

The ratio of the number of electrons flowing through the external circuit to the
number of photons incident on the circuit is known as external quantum
efficiency (also known as IPCE).At any wavelength A, cells surface. It is given

as follows
11



Jsc

IPCE%()) =1240 X2 . 2)

Pin A

IPCE values are also related to LHE, pE1, and nEC. As

Shown in Eq. 3 [45],

IPCE (A, nm) = LHEQEInEC (3)  ....... 3)

where LHE is the light harvesting efficiency, ¢E1 is electron injection

quantum efficiency, and nEC is the efficiency of collecting electrons in the

external circuit

area B

areaA
Pc&%‘/ﬁ B A

Current (A)

Fig. 3 I-V curve to evaluate the cells performance

VARIOUS TECHNIQUES FOR INCREASING THE
EFFICIENCY OF DSSCS

To increase the efficiency and stability of DSSCs, the focus must be on
fundamental fabrication processes and materials, as well as how these systems
function. Few techniques to enhance the efficiency of solar cells are briefly
described below:

By depositing a homogeneous thin layer or under layer of 'Ti0, nanoparticles
over the conduction glass plate, the development of the dark current is reduced
or prevented. As a result, the electrolyte does not make direct contact with the
FTO or back contact, and as a result, the collector electrons do not decrease
the electrolyte, limiting the generation of dark current.

. Co-sensitization is another way to optimize the Performance of DSSC. In co-
sensitization, two or more sensitizing dyes with different absorption spectrum

ranges are mixed together to broaden the spectrum response range [46]

12



3. By inserting phosphorescence or luminescence chromophores, such as
applying rare-earth doped oxides into the DSSC [47-49], coating luminescent
layer on the glass of the photoanode [50-51] i.e., using plasmonic phenomenon
[52] and adding energy relay dyes (ERDs) to the electrolyte [53, 54, 55].

4. By using various types of materials in the manufacturing of electrodes like
nanotubes, nanowires, grapheme etc., the efficiency of these cells can be

increased.

5. The efficiency of DSSC can also be increased by using various types of
electrolytes instead of a liquid one like gel electrolyte and quasi-solid

electrolytes.

6. The careful pre and post treatment of the working electrode like anodization
pre-treatment and TiCl, treatment is also very useful in increasing the
efficiency of DSSC [14].

7.By developing hydrophobic sensitizers, the performance as well as the

efficiency of these cells can be strongly improved
Previous And Future Improvements in DSSCs,

New materials that are light weight, thin, low cost, and easy to synthesis are
needed to build low cost, more flexible, and stable DSSCs with higher

efficiencies.

As a result, this section covers both historical and future advancements in the
field of DSSCs. This section provides a summary of the work done by several

researchers during the previous 10-12 years, as well as the results they have

discovered for various cells.

COUNTER ELECTRODES AND WORKING

Grétzel and co-worker, the performance of DSSCs was dramatically
improved At EPFL [3, 26], they demonstrated efficiency of 7-10% under AM
1.5 irradiation using a novel Ru bipyridyl complex as a sensitizer and an ionic
redox electrolyte, as well as a nanocrystalline nc) TiO, thin-film electrode
with nanoporous structure and large surface area. The conduction band level
of TiO,, electrode, and the redox potential of I'/I" 3 have been assessed as -0.7
V saturated calomel electrode (SCE) and 0.2 V versus SCE [56,57 ]. In 2014
[58], a binary oxide photoelectrode was developed using coffee as a natural
dye.When DSSCs with graphite-P25 composites as photo anodes were

compared to P25 alone, Hu et al. found that the performance of the DSSCs
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with graphite-P25 composites as photo anodes was 30 percent better. Apart
from Titanium dioxide, (Tioy) carbon and its various allotropes are frequently
used in DSSCs to fulfill future demand and have emerged as an ideal surrogate
material for DSSC. According to several studies, including hydrothermal or
chemical synthesis of carbon nanotubes (CNTSs) in TiO2 The performance of
the cell was considerably enhanced using sol-gel techniques [59-61] Aside
from TiO2, carbon and its many form To meet future demand, allotropes are
widely used in DSSCs and have emerged as a perfect substitute material.for
the DSSC According to several studies, including hydrothermal or chemical
synthesis of carbon nanotubes (CNTSs) in Tio, The performance of the cell
was greatly improved using sol-gel techniques According to Sun et al.,
DSSCs with graphene in TiO2 photoanode had a PCE of 4.28 percent, which
was 59 percent greater than those without graphene.[62] Sharma et al. [63]
demonstrated that employing modified TiO2 (G-TiO,) photoanode instead of
pure TiO, photoanode improved the PCE value of the co-sensitized solar cell
from 7.35 to 8.15 percent. The electrically and catalytically functioning carbon
fabric was proven to operate as a permeable and flexible counter electrode for
DSSC in 2014 [64]. The TiN nanotube arrays and TiN nanoparticles supported
on carbon nanotubes demonstrated strong electrocatalytic activity for the
reduction of triiodide ions in DSSCs, according to the researchers [65,66]. Sun
et al. used single-crystal CoSe, nanorods as an efficient electrocatalyst for
DSSCs in 2014 [67].

Calogero et al. created a transparent and low-cost counter electrode using
platinum nanoparticles prepared from the bottom up. They showed that the
observed solar energy conversion efficiency with such a cathode was the same
as that obtained with a platinum-sputtered counter electrode and even
exceeded 50% with a standard electrode generated by chlorine platinum acid
thermal decomposition in similar working conditions [68]. They improved the
performance of a counter electrode based on platinum sputtering by 4.75
percent under 100 mWcm™ (AM 1.5) of simulated sunshine by employing an
unique back-reflecting layer of silver. They found that the platinum
nanoparticle-based cathode electrode (CE) prepared by Pt sputtering
deposition method appeared more transparent than the platinum CE prepared
by Pt acid thermal decomposition method for optical transmittance at different

wavelengths of platinum-based films, i.e., Pt nanoparticles, Pt thermal
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decomposition, and Pt sputtered deposited onto FTO glass. However, when
using the Pt nanoparticle deposition technique, the transmittance was very

poor (as shown in Fig. 4).
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FIG 4 OPTICAL TRANSMITTANCE OF PLATINUM-BASED FILMS

(Pt nanoparticles, Pt thermal decomposition, Pt sputtered) deposited onto FTO glass)

DSSCs using zirconia-doped TiO,, nanoparticle, and nanowire composite
photoanode films were described by Maheswari et al. They found that the
combination of a zirconia-doped photoanode with a hafnium oxide (HfO,)
blocking layer results in the highest y = 9.93 percent, and that the combination
of a zirconia-doped photoanode with a blocking layer effectively restrains the
recombination process and increases the PCE of the DSSCs [69]. Many
concepts, on the other hand, do not attain high efficiency right away, but they
do incorporate many ideas and elements for the synthesis of new materials.
Shejale et al., for example, obtained a =1.98 percent for DSSC employing
carbon-coated stainless steel as a CE (97). In 2018, a study was conducted to
determine the effect of microwave exposure on photoanode efficiency, and it
was discovered that the cell's efficiency increased after exposure. A Lil
electrolyte, Pt cathode, TiO2 photoanode, and Alizarin red as a natural
sensitizer were utilised to make the DSSC. The cell had an efficiency of 0.144

percent when the photoanode was exposed to microwaves for 10 minutes [70].

Similarly, as previously noted, various materials are synthesised as CE for
efficient DSSCs. Guo et al. synthesised an Iny77S4@conductive carbon
(In2.7754@CCP hybrid CE via a two-step method last year and achieved = 8.71
percent for the DSSC with superior electrocatalytic activity for the reduction
of triiodide, that was also comparable to the commercial Pt-based DSSC that
showed PCE of 8.75 percent, respectively [71]. Tsai et al. examined the
doping of an organic acid, 1S-(+)-camphorsulfonic acid, with the conductive
polymer polyfo-methoxyaniline) to form a hybrid (CSAPOMA) and its use in
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DSSCs as CE. Surface roughness, impedance, and crystallinity were all
increased with this CE [72]. Liu et al. [73] developed DSSCs with Co(bpy)s
12 a* as the redox couple and carbon black (CB) as the CE in 2017. The
electrocatalytic activity of a well-prepared CB film was found to be superior to
that of standard sputtered Pt. Cu,0 has also been used as a CE in DSSC [74]
due to the flexibility of Cu foil substrates. [74] has reported the fabrication of
various samples by varying the sintering temperature of the CEs and achieving
a maximum efficiency of 3.62 percent at 600 °C. The V characteristics and

IPCE curves of DSSCs using various Cu,O CEs are shown in Figure 5
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Fig 5 The a current density-voltage -) and b incident monochromatic photon-to-current
conversion efficiency (PCE) Curves of DSSCs using various Cu,,O CE [102]

. In 2013, an increase in the value of FF and n was discovered by replacing the
FTO with Mo as the counter electrode conductor [75]. Due to the dissimilarity
of the sheet resistance between FTO (8.2 Q/sq) and Mo(0.16 Q/sq), the EIS
Nyquist plots (as shown in Fig 6)
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Fig 6 Nyquist plots of the Device FTO and Device Mo. The inset indicates an equivalent

circuit model used for the devices [103]
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revealed a difference in R between the devices employed FTO (15.11 Qcm?)
and Mo (7.25 Qcm?). The higher redox reactivity of Pt on Mo than on FTO
resulted in a reduction in the Rey value from 6.87 to 3.14 Qcm?® when FTO
was replaced with Mo.

Maiaugree et al. produced DSSCs using carbonised mangosteen peel (MPC)
as a natural counter electrode and a mangosteen peel dye as a sensitizer in the
process of developing new materials [76]. In carbonised mangosteen peels,
they discovered a typical mesoporous honeycomb-like carbon structure with a
rough nanoscale surface, achieving the greatest value of n = 2.63 percent.
They discovered a broad D-peak (130.6 cm™ of FWHM) at 1350 cm™
indicating strong disorder of sp® carbon, and a narrower G peak (68.8 cm™ of
FWHM) at 1595 cm™, which correlated with a graphite oxide phase described
in 2008 [77] by evaluating the Raman spectra (shown in Fig. 7).
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Fig. 7 Raman spectra of mangosteen peel carbon [104]
Thus, the graphite oxide from MPC was determined to be a highly organised
sp2 hexagonal carbon oxide network. In addition, table 1 summarises the 1-V
characteristics of DSSCs using various WE and CE.
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WE/CE Voc (mV) Jsc (mAcm™ %) FF (9) 1 (%)

WE: TiO, doped with tungsten 730 1510 67 742
WE: TiO; doped with scandium 752 1910 68 960
WE: TiO; doped with indium 716 1697 61 748
WE: TiO, doped with boron 660 7.85 66 344
WE: TiO; doped with fluerine 754 1 76 631
WE: TiIO, doped with carbon 730 2038 57 855
WE: ONT/FTO 700 1065 70 532
WE: G-TiO, NPs/TiO, NTs 690 16.59 56 629
WE: TiO; doped with Cu 591 6.84 56 228
WE: 7.5% SnO; doped TiO, 790 1453 58 6.7
WE: TiO2Y ) aeEug 1 WO, 757 123 43 39
WE: Nb205 738 6.23 683 315
WE: Nanographite-TiO, 720 169 35 044
CE: PtCo 7 1696 66 7.64
CEPt+5LGO 670 79 65 34
CE: PtMo 697 1548 62 6.75
CE: PtCryps 739 1307 Al 688
CE: CoNig s 706 1802 66 839
CE: Ni-PANI-G 719 1156 64 532
CE: PANI nanoribbons 720 17.92 56 7.23
CE: Pdy75e15 700 1632 65 745
CE: PtCuNi 758 1830 69 966
CE: g-GiNy/G 723 1491 66 713
CE: FeN/N-doped graphene 740 1883 78 10.86
CE: MoS; nanofilm 740 16.96 66 828
CE: Nig33C0g475¢ microsphere 789 17.29 67 901
CE: Tubular orthorhombic mn 17.35 70 9.34
CoSe,

CE: Co5e, 809 1765 il 1017
CE: Iny 7754@CC 750 17.34 67 871
CE: Electrochemically deposited Pt 750 17.16 60 7.72
CE: Fe;0.@RGO-NMCC 760 17.00 70 904
CE: CB-NPs/s-PT 764 17.21 69 9.02
CE: AC/MWCNTS 753 1607 83 1005
CE NiCos54 1486 298 558 024
CE: S5:Graphene 524 146 26 198
CE: RuD.335% 722 17.86 679 876
CE:5% Ag-doped 5nS; 740 16.7 70 870
CE: Cu0 680 11.35 47 362

Table 1 Photovoltaic parameters of DSSCs employing different types of WEs and CE
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2. CHAPTER

ELECTROLYTE

Different electrolytes, such as gel electrolytes, quasi-solid-state electrolytes,
ionic liquid electrolytes, and others, have been used as mediators to improve
and research the performance of DSSCs so far. Adding energy relay dyes to
the electrolyte, on the other hand, has started a new trend to improve the

performance of DSSCs.
1). LIQUID ELECTROLYTE

lodide/triiodide redox couple and high dielectric constant organic solvents
like ACN, 3-methoxypropionitrile (MePN), propylene carbonate (PC), y-
butyrolactone (GBL), N-methyl-2-pyrrolidone (NMP), ethylene carbonate
(EC), and counter ions of iodides, where solvents are the key component of a
liquid electrolyte, can improve the cells efficiency through. Organic solvents
can be classified as imidazolium, < picolinium, < alkylpyridinium based on
their stability. Among the many solvent properties such as donor number,
dielectric constants, and viscosity, the donor number has a significant impact
on the Voc and /sc of DSSCs. The cell performance is greatly improved by
adding a tiny amount of electric additives such as N-methylbenzimidazole
(NMBI), guanidinium thiocyanate (GuSCN), and TBP. A coab sorbent, like
solvents, plays an important role in the functioning and performance of an
electrolyte. Organic solvents can be classified as imidazolium, < picolinium,
< alkylpyridinium based on their stability. Among the many solvent
properties such as donor number, dielectric constants, and viscosity, the donor
number has a significant impact on the Voc and /sc of DSSCs. The cell
performance is greatly improved by adding a tiny amount of electric additives
such as N-methylbenzimidazole (NMBI), guanidinium thiocyanate (GuSCN),
and TBP. A coab sorbent, like solvents, plays an important role in the
functioning and performance of an electrolyte. The addition of coabsorbents to
an electrolyte reduces charge recombination between photoelectrons in the
semiconductor and the electrolyte's redox shuttle. Second, a coabsorbent
dicing may change the position of the band edge of the TiO,-conduction band,
resulting in an increase in the cell's V. value. This prevents dye aggregation
on the TiO, surface, resulting in the cell's long-term stability and a rise in VVoc
. Despite the fact that iodide/triiodide as a redox pair for a liquid electrolyte
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has the best regeneration of the oxidised dye, its feature of severe corrosion for
many sealing materials results in poor long-term durability of the DSSC. For
iodide/as a redox couple for a liquid electrolyte, regeneration of the oxidised
dye is seen; nevertheless, its feature of severe corrosion for many sealing

materials leads in poor long-term durability of the DSSC.

In a liquid electrolyte, ionic liquids (I L) or room temperature ionic liquids
(RTIL) act as a stand-in for organic solvents. Despite their many advantages ,
including as low flammability, high electrical conductivity at room
temperature (RT), and a large electrochemical window, they are less suitable
for DsSCs. The reduced transport speed of iodide/triioide in solvent-free IL
electrolytes limits the restoration of oxidised dye due to their higher viscosity.
Thus, by altering the TiO,, dye interface, i.e., by lowering the vapour pressure
of the electrolyte's solvent, the performance of dye-sensitized solar cells can

be improve

In 2017,Puspitasari et al. investigated the effect of mixing dyes and
solvent in electrolyte and fabricated a variety of devices as a result. For
assessing the lifetime of DSSC, they employed two types of gel electrolyte
based on PEG that were blended with liquid electrolyte. They also improved
the efficiency of the electrolyte type Il by using different solvents such as
distilled water (type 1) and ACN (type I) with the addition of Kl and iodine

concentrations [78].

2). SOLID-STATE ELECTROLYTE (SSE)

(SSE) is a solid electron-insulating material and ionic conductor and and it is
the characteristic component of the solid-state battery, It use for electrical
energy storage (EES) as a liquid electrolyte replacement, particularly in
lithium-ion batteries. And advantages is that absolute safety, no harmful
organic solvent leakage issues, low flammability, non-volatility, mechanical
and thermal stability, easy processability, low self-discharge, higher attainable
power density, and cyclability are the key benefits. This allows the e.g is use
of a lithium metal anode in a practical device.

The SSE is divided into two categories

A. Hole Transport Materials
B. SSE Containing lodide/Triiodide Redox Couple
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A) HOLE TRANSPORT MATERIALS :- (HTMs) are solid-state
electrolytes, which means they are utilised as a medium. Because
iodine/iodide electrolytes are very chemically aggressive by nature and easily
erode other materials, especially metals, these materials have set a significant
milestone in DSSCs and are successfully applicable in cells. Although the
results are still unmatched with those obtained for iodine/iodide redox
electrolytes due to the following rationale, most HTMs are chemically less

aggressive inorganic solids, organic polymers, or p-conducting molecules.

The high frequencies of charge recombination from

TiO,, to HTMs

Incomplete penetration of solid HTMs within a nanoporous TiO,-layer results
in poor electronic interaction between HTMs and the dye due to their solid
nature. As a result, dye regeneration is incomplete.

HTM result in a drop in V. because the recombination rate of electrons in CB
with HTM is higher than in iodine/iodide redox electrolytes.

The addition of organic hole conducting molecules raises the cell's series
resistance because organic HTMs have lower hole mobility than IL
electrolytes.

Low intrinsic conductivities of HTMs.

B.) SSE CONTAINING LODIDE/TRIIODIDE REDOX
COUPLE

The interfacial contact properties of these solid-state electrolytes are better
than those of HTMs, they have a wider range of applications. The fabrication
of a DSSC based on solid-state electrolyte was reported, with an overall light-
to-electricity conversion efficiency of 4.2 percent for the cell under irradiation
of AM 1.5100 mWcm 2 [79]

3.) QUASI-SOLID-STATE ELECTROLYTE (QSSE)

QSSE is made up of a polymer host network swelled with liquid electrolytes,
it has a hybrid network structure that exhibits both solid (cohesive property)
and liquid (diffusive transport property) properties at the same time. Thus, ILs
such as 1-propargyl-3-methylimidazolium iodide, bis(imidazolium) iodides, 1-
ethyl-1-methylpyrrolidinium  and polymer  gel-like  PEO, and
polyvinylidinefluoride) and polyvinyl acetate containing redox couples are
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commonly used as QSSEs to overcome the volatilization and leakage
problems of liquid electrolytes [80,81], Sun et al. fabricated a DSSC using a
wet-laid polyethylene terephthalate (PET) membrane electrolyte in 2015. PET
is a textile fibre utilised as a matrix for an electrolyte in the form of a wet-laid
non-woven fabric. According to their findings, this membrane can absorb
electrolyte more efficiently, forming a quasi-solid that provides excellent
interfacial contact between the DSSC and DSSC electrodes, preventing a short
circuit. At 100 mWcm, the PCE of the quasi-solid-state DSSC assembled with
an optimised membrane was 10.248 percent. They plasmatreated the
membrane separately with argon and oxygen to increase the absorbance,
which resulted in the electrolyte being retained, preventing evaporation, and a
15 percent longer lifetime of the DSSC compared to liquid electrolyte
[82]. Figure 8shows thepolarization curves of DSSCs with various electrolytes
under simulated AM 1.5 global sunlight (1 Sun,100 mWcm™)
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FIG 8 POLARIZATION CURVES OF DSSCS WITH VARIOUS ELECTROLYTES UNDER
SIMULATED AM 1.5 GLOBAL SUNLIGHT (1 SUN 100 MWCM?)[138]

HOLE-CONDUCTING POLYMERS

For pure organic solar cells, an IPCE of 3.5 percent was attained by using a
C60/polythiphene derivative in DSSCs [83]. However, this field is progressing
slowly because solid polymer does not penetrate the TiO,, nanoporous layer,
making deposition by traditional methods (such as CBD) difficult. As a result,
just a few groups are used in DSSCs as conducting polymers.Using a fluorene-
thiophene copolymer, Ravirajan et al. established a monochromatic efficiency
of 1.4 percent at 440 nm.[84] .Researchers have been working hard to develop
new electrolyte materials. According to Jeon et al., adding alkylpyridinium

iodide ions to electrolytes improved the performance of dye-sensitized solar
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cells. They observed that the cell using EC6PI (pyridinium salts) had better J-
V characteristics, with 7.92 percent efficiency with Voc=0.696 V, Jsc = 17.74
mAJ/cm, and FF= 0.641, as opposed to EC3Iml (imidazolium salts), which had
= 7.46 percent with Voc= 0.686 V, Jsc = 16.99 mA/cm, and FF= 0.64
[85] They added UV spectra for C6lml as a comparison and observed that the
higher quantum efficiencies from the cell with EC6PI were obtained
throughout a wide range of wavelengths from 460 to 800 nm The quantum
efficiencies were virtually identical in the shorter wavelength range, which
could be attributable to C6PI's capacity to absorb more incident light than
C3Iml at shorter wavelengths. Despite this, the absorption coefficients for
C6PI were higher than those for C6lml throughout the whole range, but the
cell efficiencies were very similar (as shown in Fig. 11). [85]
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Fig 9 UV-vis spectroscopy selected pyridinium and imidazolium salts. The inset is the
IPCE data for the cells with EC3Iml and EC6PI, which are the best cells among each
series [85]

Lee et al. created and used conjugated polymer electrolytes (CPES) having
quaternized groups in polymer solution and gel electrolytes for DSSCs, such
as MPF-E, MPCZ-E, MPCF-E, and MPCT-E. They discovered that when the
polymer concentration in the electrolyte solution increased, the
electrochemical impedance for cells based on CPE including polymer solution
electrolytes increased as well, however PV performance decreased [86]. The
FF and efficiencies for the DSSCs using various dyes and mediators are shown
in Table 2.
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Dye Redox couple (RC)—(a)/HTM—(b} FF (96) n (%)

LEG4 + ADEKA-1 @ cptt 77 143
D358 Tetra-n-propyl ammonium iodide 60 237
N719 @ 71 835
Y123 @ ot 74 881
EosinY @ Colbpy)s 72 385
¥D2-0-C8 @ co* 68 897
Kojic acid-Azo 4 @ 75 154
N719 @ 72 857
N719 @ coP 71 1042
N719 @ 67 788
N719 @ 72 996
C106 T 70 7,60
C106TBA @ 74 954
YA422 @ gt 74 1065
SM315 @ Co*t 78 13
¥123 @ coP 71 10.30
2907 @ T 72 7.90
N3 @ 71 925
¥123 @ coP 78 990
FNE29 @ ot 70 824
CYC-B11 @ 67 9
2-TPA-R @ 72 23
m @ 60 573
PTZ-1 @ 653 54
¥123 (0D} ) Spiro-OMeTAD 76 7.2
N719 © 3 43 0075
7907 ® As37 62 248
N3 ) pentacene 49 08
D102 (OD) © 4d 32 054
5Q (OD) © Tyt 64 019
D102 (OD) ® ymsco 38 047
N719 PET membrane 83 1024
N719 LC-5% doped 61 461
Mangosteen PEG: liquid electrolyte (Type |) 27 0015
Mangosteen PEG: liquid electrolyte (Type ) 145 0.010

TABLE 2 EFFICIENCIES FOR DIFFERENT DYES AND ELECTROLYTE
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3. CHAPTER DYES
DEVELOPMENTS IN DYE SYNTHESIS

Dyes play such an important role in DSSCs,
1. Numerous inorganic organic

2. Metal-free dyes

3. Natural dyes

Likes N3, N719 , N749 (black dye) , K19, CYC-B11, C101, K8,
D102 , SQ, Y123, Z907 Mangosteen [78], and of them will be discussed
below briefly:

METAL COMPLEX

Metal complexes are made up of a central metal atom or ion surrounded by
several atom, which include atoms, ions, or molecules called ligands . Ligands
are ions or molecules that can exist independently of the central metal atom or
ion and are attached to it. Halide ions, carbon monoxide, ammonia, cyanide

ion, and other ligands are examples.

Metal complex dyes made from heavy transition metals, such
as ruthenium (Ru), osmium (Os), and iridium (Ir), have been widely used as
inorganic dyes. dSSCs have been used in a variety of applications. Because of
their extended excited lifetimes, highly efficient metal-to-ligand charge
transfer spectrum, and strong redox characteristics, M is a metal, L is a ligand
such as 2,2'-bipyridyl-4,4-dicarboxylic acid, and X is a halide, cyanide,
thiocyanate, acetyl acetonate, and thiocarbamate or water substituent group
[87]. The ruthenium polypyridyl complexes show the best efficiencies and
have been widely used because to their thermal and chemical stability and

wide absorption spectrum from visible to near-infrared.
RUTHENIUM (RU) COMPLEXES

The black dye (ruthenium) [3]. They later reported an efficiency of roughly
10% using Ru-based dye (N749), which has given this problem a new
perspective. Most Ru complexes are composed of Ru(ll) atoms coordinated by
polypyridyl ligands and thiocyanate moieties in octahedral geometry, and they

have a moderate absorption coefficient of 18,000 M-1 cm-1 due to metal to
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ligand charge transfer (MLCT) transitions. Ru (Il) complexes cause the inter
crossing of excited electrons into the long-lived triplet state, resulting in an
increase in electron injection. Bipyridyl moieties can also be replaced by
carboxylate polypyridine Ru dyes, phosphate Ru dyes, and poly nuclear
bipyridyl Ru dyes to improve the absorption and emission of Ru complexes as
well as their electrochemical properties. The molecular structure, absorption
spectra, and photoelectric performance of DSSCs based on various metal
complex [polypyridyl (Rul)] dyes are shown in Table 3 and Figure 12.

TABLE 3 ABSORPTION SPECTRA AND PHOTOELECTRIC PERFORMANCE FOR
DSSCS BASED ON DIFFERENT METAL COMPLEX

Absorption coefficient € (10°m*mo PCE ( mACH
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FIG 10. MOLECULAR STRUCTURE OF RUTHENIUM COMPLEX BASED DYE
SENSITIZERS

N3/N719/N712 DYES

Nazeeruddin et al. reported DSSC in 1993 using a Ruthenium (Ru)-complex

dye called N3 dye cis-di(thiocyanato)bis(2,2-bipyridine-4,4-

dicarboxylate)ruthenium, which contained one Ru centre and two thiocyanate

ligands (LL’) with additional carboxylate groups as anchoring sites and

absorbed up to 800 nnm radiations [26]. They achieved a 10.3% efficiency
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with a system containing N3 dye and TBP treatment of the dye-covered film.
This dye had maximum absorption spectra at 518 and 380 nm wavelengths,
with extinction Since the start of the illumination, the dye has maintained a 60
ns excited state lifetime for more than 10 turnovers without significant
decomposition [26]. Furthermore, by substituting ligands such as thiocyanate
ligands and halogen ligands, the dye's absorption can be extended into the red
and NIR. A device containing acetylacetonate, for example, demonstrated
efficiency of = 6.0 percent [152], followed by a pteridinedione complex with
3.8 percent efficiency [88] and a diimine dithiolate complex with 3.7 percent
efficiency [89]. coefficients of 1.3 x 104 M-1 cm-1 and 1.33 x 104M-1cm-1,

respectively.
II-SYSTEM EXTENSION (N945, 2910, K19, K73, K8, K9)

Standard Ru complexes have a substantially lower absorption coefficient than
other organic dyes, necessitating a thick layer of TiO,, resulting in a larger
electron recombination risk. Two carboxylic acid groups in N3 can thus be
substituted by ligands containing conjugated t-systems to improve absorption
and cell efficiency at the same time. The n-system extension in dyes is used to
make sensitizers with greater molar extinction coefficients (e), allowing the
dye's LUMO to be tweaked for directionality in the excited state and the
introduction of hydrophobic side chains that repel water and triiodide from the
TiO, surface. Rawashdeh et al. recently obtained a 0.45% efficiency by using
a graphene-based transparent electrode sensitised with 0.2 mM N749 dye in

ethanolic solution as the photoanode [90].
METAL-FREE, ORGANIC DYES

Despite their potential to produce highly efficient DSSCs, Ru dyes are only
suited for DSSCs since Ru is a rare and expensive metal that is not suitable for
cost-effective, environmentally friendly PV systems. As a result, new metal-
free/organic dyes and natural colours must be developed and applied. The
efficiency of DSSCs with organic dyes has grown dramatically in recent years,
with Ito and colleagues reporting a 9 percent efficiency [91]. Table 4 and Fig.

16 exhibit the molecular

structure and efficiency of DSSCs based on several metal-free organic dyes.
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Table 4The efficiency for DSSCs based on different metal-free organic dyes

Dye Derivative Efficiency (96)
NKX-2311 Coumarin 56
NKX-2753 Coumarin 6.7
NKX-2677 Coumarin 74
D5 TPA 5.1
D149 Indole 8
DPI-T BPI 1.28
D149 Indole 9.0
ZnTPPSCA Porphyrin 4.2
n2 Porphyrin 48
Zn3 Porphyrin 56
2TPA-R TPA 23
RD-Cou Coumarin 4.24
IK3 Indole 6.3
LD4 Zinc porphyrins 10.06
L2 TPA 3.08
MXD 7 TPA 6.18
Y123 TPA 10.3
T2-1 PTZ 55
PTZ-| PTZ 54
S2 Carbazole 6.02
DPP-l DPP core 414

Thus, metal-free organic dyes are rapidly evolving to overcome the limits
discussed above, with the fast learning curve holding particular promise for
the future synthesis of novel materials with greater stability and, as a result,
the design of highly efficient DSSCs at considerably lower costs. Though the
efficiency of these dyes is less than that of Ru dyes, their applicability is broad
since they are theoretically very cheap due to the integration of rare noble
metals in organic dyes; hence, their cost is primarily determined by the
number of synthesis steps involved. In comparison to Ru complexes, organic
dyes have structure variations, low cost, a simple preparation process, and are
environmentally friendly; additionally, the absorption coefficient of these

organic dyes is typically one order of magnitude higher than Ru complexes,
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allowing for the thin TiO, layer. As a result, there is a huge demand for new

pure organic dyes to make DSSC commercialization easier.
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Fig 11Molecular Structure of metal-free organic dyes
A good electron injection is one of the requirements for DSSCs,
cyanoacetic acid and cyanoacrylic acid are commonly used as acceptor units
because of their great electron withdrawing capacity. Yu et al included
cyanoacrylic acid as a strong electron acceptor for D-n-A-based dyes because
the dye incorporating cyanoacrylic acid as an electron acceptor produced the
best results, and the DSSC achieved n=4.939 percent [92] due to the

maximum absorption spectrum and the highest molar excitation coefficient.

COUMARIN DYES

Dyes Coumarin is a natural chemical present in many plants, including tonka
bean, woodruff, and bison grass (molecular structure in Fig. 18a). Gratzel et
al. discovered efficient electron injection rates of 200 fs from C343 into the
TiO2 conduction band in 1996, when transient investigations on a coumarin
dye in DSSCs were undertaken for the first time [93]. However, the device's
conversion efficiency was reduced due to C343's limited absorption
mspectrum, or lack of absorption in the visible range.[94] This can be changed
by adding more methane groups, which results in the n-conjugation linkers
enlarging and the DSSC [95 ] being more efficient. Giribabu and colleagues
synthesised RD-Cou sensitizers with a conversion efficiency of 4.24 percent

using liquid electrolyte, in which the coumarin moiety was bridged to the
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pyridyl groups by thiophene, resulting in extended n-conjugation and
broadening of the metal-to-ligand charge transfer spectra [96]. The absorption
spectrum of RD-Cou dye was discovered to be centred at 498 nm with an e=
16,046 M"cm. Despite the lower efficiency of these cells, the dye showed
thermal stability of up to 220 °C during thermal study, showing that they are

viable.

Coumarin Indole

FIG 12 MOLECULAR STRUCTURE OF (A) COUMARIN AND (B) INDOLE
INDOLE DYES

Indole is found naturally in the amino acid tryptophan, as well as several
alkaloids and colours (molecular structure shown in above Fig. b). These dyes
have shown good potential as a sensitizer when substituted with an electron
withdrawing anchoring group on the benzene ring and an electron donating
group on the nitrogen atom. As sensitizers, these dyes have shown to be
effective. In general, an indole dye's D-A structure has an indole moiety acting
as an electron donor and a rhodanine group acting as an electron acceptor. The
absorbance in the infrared (IR) region of the visual spectra, as well as the
absorption coefficient of the dye, can be greatly increased by inserting
aromatic units into the core of the indoline structure [97]. With D102 dye, an
efficiency of 6.19 percent was demonstrated, and by optimising the
substituents, an efficiency of 8% was achieved with D149 dye [98]. Another
dye, "D205," was created by regulating the aggregation of dye molecules, as
an indoline dye with an n-octyl substituent on the rhodasubstitution improved
the V. without revealing too much CDCA. However, the CDCA increased the
Vo of D205 by roughly 0.054 V, but had minimal effect on D149[99], which
only increased by 0.006 V. However, combining CDCA and the n-octyl chain
(D205) enhanced the VVoc by up to 0.710 V, which was 0.066 V higher (by
10.2%) than D149 with CDCA.
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Wau et al. demonstrated n= 9.4 percent in 2012, with Jsc = 18 mAcm™?, Vo=
0.69 V, and FF =0.78, by using indoline as an organic dye in the respective
DSSC [100]. Suzuka et al. created a DSSC sensitised with indoline dyes in a
quasi-solid gel form of the electrolyte, using highly reactive but resistant
nitroxide radical molecules as redox mediator. At 1sun, they had an
appreciable efficacy of 10.1 percent. They used lengthy alkyl chains that
interact particularly with the radical mediator to represent a charge-
recombination process at the dye contact [101]. Irgashev et al. recently
synthesised a novel push-pull thieno[2,3-b]indole-based metal-free dye and
explored its use in DSSCs [230]. They created IK 3-6 dyes based on the
thieno[2,3-b]indole ring system with several aliphatic substituents, including
the nitrogen atom as an electron-donating component, multiple thiophene units
as an m-bridge linker, and 2-cyanoacrylic acid as an electron-accepting and
anchoring group. Under simulated AM 1.5 G irradiation (100 mWcm), the
DSSCs  using  2-cyano-3-15-[8-(2-ethylhexyl)-8H-thieno[2,3-b]indol-2-
yl]thiophen-2-ylacrylic acid (IK 3) had a 6.3 percent efficiency, but the dyes
IK 5 and IK 6 had lower values of y=1.3 percent and 1.4 The LUMO energy
levels of all four dyes are more negative than the TiO, conduction edge (-3.9
eV), and their HOMO energy levels are more positive than the I'/l3” redox
couple (-4.9 eV), allowing regeneration of oxidised dye molecules after
injection of ex cited electrons into TiO, electrode (as shown in Figure 19)
[102]. The intermolecular n-stacking and aggregation activities on the photo

anode surface contributed to the lower efficiency of other dyes.
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Fig 13 HOMO and LUMO energy level diagram of dyes IK 3-6
TRIARYLAMINE DYES

The triarylamine group is frequently used as an HTM in various electronic
devices because to its high electron and transporting capabilities, as well as its

unique propeller starburst molecular structure with a nonplanar orientation.
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Triarylamine derivatives distribute T-T stacking, improving cell performance
by lowering charge recombination, eliminating dye aggregation, and
increasing the organic dye's molar extinction coefficient [103,104,105]. The
structural alteration of triarylamine derivatives could be accomplished by
adding alkyl chains or donating groups [106,107,108]. By easily binding
donor replacements on the n-linker of the dye [109], the performance of a
basic D-n-A organic dye can be improved. As a result, Prachumrak and
colleagues have developed three new molecularly designed D-m-A dyes,
notably T2-4, which consists of TPA as a donor, terthiophene with various
numbers of TPA substitutions as an n-conjugated linker, and cyanoacrylic acid
as an acceptor [109]. To reduce electron recombination between the redox
electrolyte and the TiO, surface while also increasing electron correction
efficiency, electron donating TPA replacements on the n-linker of the D-T-A

dye can play a beneficial role, leading to increased Vo and Jsc [110].

In 2006, Hagberg et al. released a report on TPA-based D5 dye [110],
demonstrating that the overall PCE for D5 dye was 5.1 percent, compared to
6.40 percent for standard N719 dye under similar manufacturing conditions.
As a result, D5 arose as a foundation structure for the next series of TPA
derivatives. By systematically increasing the conjugation of TPA-based
organic dyes, a series L0-L4 was disclosed in 2007[111]. The molar extinction
coefficients and absorption spectra of LO-L4 were improved by increasing the
n conjugation. The observed IPCE spectra for LO and LI dyes were high, but
the spectra of these dyes were not broad; as a result, lower conversion
efficiencies were obtained for LO and L1, whereas the broad absorption
spectrum as well as the broad IPCE was obtained for L3 and L4 by
augmentation of linker conjugation, but the efficiencies observed were less
than for LO and LI due to the amount of dye loading, i.e., with an increase in
the size As a result, the decreased IPCE for longer L3 and L4 could be
attributed to poor TiO, surface binding. Solar cells based on LI and L2, with
efficiencies of 2.75 and 3.08 percent, respectively, achieved higher
efficiencies. Baheti et al. [112] made DSSCs using nanocrystalline anatase
TiO and simple triarylamine-based dyes with fluorene and biphenyl linkers.
They found that the fluorene-based dyes outperformed the biphenyl

counterparts in solar cell characteristics.
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Lu et al. published a paper in 2011 detailing the synthesis, photo physical
lelectrochemical characteristics, and application of three functional
triarylamine organic dyes (MXD5-7) in dye-sensitized solar cells. They
employed the nonplaner structures of bishexapropyltruxeneamino as an
electron donor [113] and looked at the effect of adding chenodeoxycholic acid
(CDCA) to the dyes, finding that MXD5-7 without CDCA had lower photo
current and efficiency than MXD5-7 with 3 mM CDCA. Under conventional
global AM 1.5 sun conditions, the best efficiency of 6.18 percent was
observed for MXD7 (with 3 mM CDCA) with electron lifetime (1) = 63 ms

(molecular structure shown in Table 4).
PHENOTHIAZINE (PTZ) DYES

Phenothiazine is a heterocyclic molecule with electron-rich sulphur and
nitrogen heteroatoms that has a non-planar and buttertly shape in the ground
state, which can prevent molecular aggregation and the production of
intermolecular excimers. As a result, PTZ emerges as a promising hole
transport semiconductor in organic devices, with distinct electrical and optical
features [114].

Tian and work mates investigated the effect of PTZ as an electron-donating
unit in DSSCs, and they discovered that sensitizers based on PTZ performed
better than those based on TPA [115] because PTZ has a stronger electron-
donating tendency than TPA (0.848 and 1.04 V vs. the normal hydrogen
electrode (NHE) [116]. T2-1 to T2-4, a new family of PTZ-based dyes, were
demonstrated in 2007 [251]. The PTZ unit served as an electron donor in these
dyes, while cyanoacrylic acid or rhodanine-3-acetic acid served as an electron

acceptor, and alkyl chains were employed to boost solubility.
CARBAZOLE DYES

It's a non-planar chemical that can boost materials' hole carrying ability while
also preventing dye aggregation development [117].This molecule has been
used as an active component in solar cells due to its unique optical, electrical,

and chemical properties [118,119].

The thermal stability and glassy state durability of organic molecules were
greatly increased with the addition of the carbazole unit to the structure
[120,121]. Tian et al. reported a 6.02 percent efficiency for DSSCs using S4

dye as a sensitizer and an additional carbazole moiety to the outside of the
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donor group, and discovered that the additional moiety facilitated charge
separation, lowering the recombination rate between conduction band

electrons and the oxidized sensitizer [122].

Koumura et al. reported a series of MK-1, MK-2, and MK-3 dyes based on
carbazole, where MK-1 and MK-2 have alkyl groups while MK-3 does not.
They found that the presence of alkyl groups increased electron lifespan and
therefore v oc in mk-1 and mk-2 [123,124,125], and that the absence of alkyl
groups could be responsible for the recombination process between
conduction band electrons and dye cations in MK-3. New structural dyes, such
as DA- n -A type and D-D- n -A-type organic dyes, have been produced by
adding a subordinate donor-acceptor such as 3,6-ditert-butylcarbazole-2,3-
diphenylquinoxaline to ease electron movement, reduce dye aggregation, and

improve photostability [126].
NATURAL DYES

Due to the intrinsic features of Ru(Il)-based dyes, new dye materials are also
being researched extensively, and in order to replace these uncommon and
expensive Ru(l) complexes, natural dyes are being used as an alternative
[127].

Natural colours are inexpensive and safe for the environment. Anthocyanin
[127], chlorophyll [128], flavonoid [129], carotenoid [130], and other natural
colours have been utilised as sensitizers in DSSCs. The availability and colour

ranges of these dyes are listed in Table 5.

Sensitizer Availability Color range

Anthocyanin Flowers, fruits, leaves, roots, tubers, and stems Purple red
of the plant

Carotenoid Fruits, flowers of plants, and microorganisms (a) Red, yellow, and orange colors to flowers and fruits
(b) Yellow to orange petal colors

Chlorophyll Leaves of mostly green plants, algae, and Green
cyanobacteria

Flavonoid Plants including angiosperms, gymnosperms, Various colors of flavonoids are determined by the degree of oxidation
ferns, and bryophytes of the C-ring

TABLE 5 AVAILABILITY AND COLOUR RANGE FOR THE NATURAL DYES (ANTHOCYANIN,
CAROTENOID, CHLOROPHYLL, AND FLAVONOID)

MOLECULAR STRUCTURE
» Anthocyanin; Figure 14

a depicts the molecular structure of anthocyanin. The carbonyl and hydroxyl

groups of anthocyanin molecules are attached to the semiconductor (TiO,)
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surface, stimulating electron transfer from the sensitizer (anthocyanin
molecules) to the conduction band of porous semiconducting (TiO;) film.
Anthocyanin absorbs light and transfers it to the anthocyanin pair in the
photosystem's reaction center via resonance energy transfers [131].

Flavonoid; As illustrated in Fig. 14b [132], flavonoid is a vast collection of
natural dyes with a carbon framework (C6-C3- Co) or, more specifically, the
phenylbenzopyran activity. It has 15 carbon atoms, with two phenyl rings
joined by three carbon bridges to form a third ring, the colour of which is
determined by the degree of phenyl ring oxidation (C-ring). It quickly adsorbs
to a mesoporous TiO2 surface by displacing an OH counter ion from Ti sites,

which then combines with a proton provided by the flavonoid [133].

Carotenoids;  Andanthocyanin, flavonoids, and carotenoids are frequently
found together in the same organs [134]. Carotenoids are naturally occurring
chemicals that contain eight isoprenoid units (as shown in Fig. 14c). In dark
and bright settings, beta-carotene dye has the highest photoconductivity of 8.2
x10™ and 28.3 x10™ (Q.m), respectively, [135] and has tremendous potential
as energy harvesters and sensitizers for DSSCs [136].

Chlorophyll; Chl a is the most common kind of chlorophyll pigment
among the six that exist. Depending on the Chl type, it has a chlorine ring with

a Mg centre, as well as varied side chains and a hydrocarbon trail.
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Other materials that could be used in DSSCs include os, Fe, and Pt complexes
[137,138,139]. Apart from being highly poisonous, Os complexes are used as
a sensitizer in DSSCs due to their high absorption (o 8llnm = 1.5 x 103 M-I
cm-1) and the use of spin prohibited singlet-triplet MLCT transtion in the
NIR. In this spectral region, higher IPCE values were obtained, but the overall
conversion efficiency was only 50% of that of a normal Ru dye. The
solvatochromism of complexes like [FellL2(CN)2] can be used to adjust their
ground and excited state potentials and increase the driving force for electron
injection into the semiconductor conduction band or for regeneration of the
oxidised dye by the electrolyte couple [139], which is very interesting due to
the vast abundance of the metal and its non-toxicity.

LATEST APPROACHES AND TREND

However, a new trend has emerged to improve the performance of DSSCs by
including  energy.introducing electrolyte relay dyes (ERDs) [57,
140];chromophores with phosphorescence or luminescence, such as using
rare-earth doped oxides in the DSSC [58-60];and applying a luminous layer to
the window glass[50,51] Photoanode The ERDs are being added now.Some
highly luminous fluorophores must be added to the electrolyte or the HTM.
The  fluorescence  (Forster) resonance energy transfer (FRET)
[141]phenomenon is used by ERD molecules in DSSCs to absorb light that is
not in the primary absorption spectrum region of the synthesis dye and then
transmit the energy non-radiatively to the sensitising dyes. Siegers and
colleagues [142] observed a 5 to 10% increase in external quantum efficiency
in the spectral region 400 to 500 nm. Lin et colleagues. recently reported
doping of a 1,8-naphthalimide (N-Bu) derivative fluorophore directly into a
TiO, mesoporous filament with N719 for use in DSSCs [143], in which the N-
Bu served as the FRET donor and transferred energy to the N719 molecules
via spectral down-conversion (FRET acceptor).At 1 sun (AM 1.5)
illumination, the cell improved the PCE from 7.63 to 8.13 percent. Prathiwi et
al. created a DSSC in 2017 by mixing a synthetic dye with a natural dye
containing anthocyanin (from red cabbage) [144]. They made anthocyanin dye
in a 10 ml volume and combination dyes in an 8 ml (anthocyanin): 2 ml (N719
synthetic dye) volume. They observed a 125 percent increase in conversion
efficiency since the solo anthocyanin dye had a conversion efficiency of 0.024

percent, but the combination dye had a conversion efficiency of 0.054 percent.
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Because of the higher light absorption, this augmentation was considered.As a
result, more photons were absorbed, and the number of electrontrons in the
excited state grew, boosting the photocurrent. thus, cocktail dyes are
becoming a new fad in DSSCs. When chlorophyll dye (from wormwood) and
anthocyanin dye (from purple cabbage) as natural dyes were mixed together at
a volume ratio of 1:1, Chang et al. achieved a 7 = 147 percent conversion
efficiency [145], although the individual dyes had lower conversion
efficiencies. Puspitasari et al. created various DSSCs by combining three
natural dyes: t The mixture of the three dyes had the maximum efficiency of
0.0566 percent, with the absorbance peak of the mixed dyes being detected at
300 nm and 432 nm 106. When mixing the chlorophyll and xanthophyll dyes
together, Lim and colleagues produced a 0.085 percent efficiency [146]. In
2018, Konno et al. investigated the PV properties of DSSCs by mixing
different dyes and found that the combination dye "D358 +D131" had the
greatest n=3.03 percent [147]. Figure 24 depicts the IPCE of single and

blended pigments. urmeric, mangosteen, and chlorophyill.
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FIG 15 IPCE OF MIXED PIGMENT AND SINGLE PIGMENTS, WHERE SINGLE PIGMENT WERE EOSIN Y, D131, AND

D358 AND MIXED PIGMENTS WERE D358 AND EOSIN Y; D358 AND D131; D131 AND EOSIN Y [311]

APPROACH

The plasmonic effect is one method of improving the performance of DSSCs.
SPR is a resonant oscillation of conduction electrons at the border between

negative and positive permittivity materials that is stimulated by incoming
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light. Gangishetty and colleagues created core-shell NPs in 2013 that included
a triangular nanoprism core and a variable-thickness silica shell. For the
nanoprism Ag particles, an SPR band centred at 730 nm was discovered,
which closely overlapped the N719 absorption spectrum's edge. They
discovered that adding nanoprism Ag particles to the photoanode of DSSCs
increased the overall PCE by 32% [148]. Hossain et al. investigated the effect
of SiO2-encapsulated Ag nanoparticles in DSSCs using the plasmonic
phenomena with varying numbers of silver nanoparticles (Ag NPs) coated
with a Si0, layer pre prepped as core shell Ag@siO2 [Silver and
silicacoatedsilvernanoparticles] (Ag@SiO2 nanoparticles (Ag@siO
NPs). They discovered that a photoanode incorporating 3 wt percent Ag@SiO
had the highest PCE of 6.16 percent, which was 43.25 percent greater than a 0
wt percent Ag@sio, NP photoanode [149]. However, for 4 wt percent
Ag@SiO2 and 5 wt percent Ag@SiO, a simultaneous decrease in efficiency
with additional increases in the wt percent ratio was seen. The decrease in
excess quantities of Ag@SiO2 NPs was related to three factors: (i) a reduction
in the films' effective surface area, | less dye absorption, and (ii) an increase in
charge-carrier recombination [150]. Following an examination of the nyquist
plots (as shown in Fig. 25), They discovered that when the Ag@SiO, NP
content climbed to 3 wt%, the diameter of Z2 reduced monotonically, and R2
decreased from 10.4 to 6.64 Q for the normal DSSC to the 3 wt% Ag@iO2
NPs containing DSSC. Jun et al. created plasmonic effects in DSSCs using

quantum-sized gold NPs (151).
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Fig 16 Nyquist plots obtained from the EIS of DSSCs with varying Ag@sio, content (inset shows
the equivalent circuit). B) R2 ohm with respect to the Ag@sio2 NPs content[ 313]
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CONCLUSION

The main goal of this research was to conduct a complete analysis of new
materials for photoanodes, counter sensitizers, electrodes and electrolytes ,
in order to develop DSSCs that are low-cost, flexible, environmentally
sustainable, and simple to make. Even so, a brief explanation has been
provided to better understand the working and composition of this article,
which aims to establish a link between the photosensitizer structure, interfacial
charge transfer reactions, and device performance, all of which are important
to understand when developing new metal and metal-free organic dyes. In
order to address the low stability provided by DSSCs, this work focused on
two primary issues: low intrinsic stability and electrolyte sealing.We have two
best conceivable alternatives for meeting the massive demand for electricity
and power: nuclear fission or the sun. Even said, nuclear fission, which is
anticipated to be the greatest option, has significant environmental concerns as
well as waste management issues. As a result, the second option is preferable.
DSSCs were created as a low-cost alternative, however their efficiency in the
field is insufficient. As a result, we must conduct extensive research into all
areas of DSSCs. New photosensitizers based on metal complexes of Ru or Os
organic metal-free complexes/natural dyes; and new electrolytes based on
imidazolium salts/pyridinium salts/conjugated polymers, gel electrolytes,
polymer electrolytes, and water-based electrolytes were presented.

In conclusion, extensive studies have been conducted to address
individual challenges associated with working electrodes, dyes, and
electrolytes separately; thus, a comprehensive approach is required to address
all of these issues by selecting appropriate electrolyte conditions (both in
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terms of material and structure), optimum dye, and the most stable electrolyte
that provides better electron transportation capability.In terms of commercial
applications, a DSSC must last for more than 25 years in building-integrated
modules to avoid causing disruption to the building environment during repair
or replacement, and a lifespan of 5 years is sufficient for portable electronic
chargers integrated into apparel and accessories [152]. However, because of
their sandwiched glass construction, DSSSs are extremely bulky; however,
flexible DSSCs (described elsewhere) that may be processed using roll-to-roll
technologies may be a viable alternative, though they must accept a reduced
lifespan. Although, as previously said, the encapsulation and sealing of a
DSSC are more likely to determine its stability and lifespan. Aside from the
use of expensive glass substrates in the case of modules and panels, one of the
most difficult challenges is producing glass that is flat at the 10 jum length
scale over regions much greater than 30 x 30 cm [153] and humidity. Another
problem is determining which metal interconnects in the cells are more or less
corroded by the electrolyte, as well as maintaining a high level of cell-to-cell
reproducibility to produce the same current and/or voltage for all of the cells
in the module. If the above problems are overcome, the commercial
applications of DSSCs, which have been limited to an amicable ex tent, will
no longer be a bottleneck. In 2007, G24i launched a 25 MW DSC module
production line in Cardiff, Wales (UK), with ambitions to expand to 200 MW
by the end of 2008, and numerous DSSC demonstration modules are now
available. However, the maximum Outdoor aging test of DSSCs is reported
for 2.5 years up to now [154].
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