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Abstract

One possible technological development in solar cells is thought to be dye-sensitized solar cells
(DSSCs). The energy-producing method employed by DSSCs is similar to that of plant cells and is based
on the photo-electrochemical moments of electrons that are brought about by the interaction of photon
energy and chemical reaction. Synthetic dyes that are employed as sensitizers in DSSCs have higher
efficiency and longer endurance, but they also have drawbacks such the use of rare metallic components
that are vulnerable to environmental degradation. As a result, researchers are experimenting with
natural alternative sensitizers that are biocompatible. Plant pigments like carotenoids, flavonoids,
anthocyanins, and chlorophyll are in charge of the chemical reactions in these natural sensitizers.
Therefore, it is relatively easy to extract dyes containing this pigment from natural sources such as
flowers, seeds, and leaves, among others. The structure and functioning of DSSCs are the main topics of
this review. This review focuses on the structure and operations of DSSCs. Components of DSSCs
photosensitizers, photo-anodes and counter electrodes and their functions have been outlined. Detailed
summary of synthetic dye based DSSCs carried out by different groups, have also been reviewed.
Details of numerous plant pigments found in plant-based products that are employed as sensitizers in
DSSCs have been collated and explained. Open circuit voltage (Vq), short circuit current (lg), fill factor
(FF), and efficiency (n) based on both synthetic and natural dye have also been reported as DSSC
performance metrics. Leveraging on the photosensitizers and maximizing on the working electrodes and
counter electrodes, DSSCs would serve as the best alternative to meet the world energy demand.
Keywords: photosensitizer, natural dye, synthetic dye, photoanode, counter electrode, electrolyte

1.1. Introduction to Solar Cells these non-renewable sources are carbon—based

Increased growth in human population has led to
increased need for consumption of energy in
various form™ . Non-renewable energy sources
like natural gases, coal, and petroleum are
exhaustible and unsustainable®". Furthermore,

fossil fuels which emit greenhouse gases resulting
to global warming posing great danger to the
world as well as human beings. Seventy five
percent of world’s total energy is obtained from
non-renewable sources of energy which cannot be
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recycled and leads to environmental poIIution[5].
This has aroused more research to be focused on
renewable energy-based conversion devices.
Renewable energy resources available include
biomass, solar, wind, hydroelectric, ocean energy
among others. Among these resources, solar
energy is important since it is available throughout
and inexhaustible in nature. Radiation harnessed
from sunlight, produces heat and light causing
photochemical reaction that generate electricity 61,
Approximately 3.8 EJ of energy are provided
when sunlight strikes the earth’s surface and this
can meet the energy demand for the whole world
for one year [,

Though the sun provides over 10,000 times more
energy than world’s requirement[s], expensive
technologies are involved in its conversion and
storage. Scientists have been exploring various
techniques of solar energy harvesting since 18"
century with the aim to have a simple conversion
device. In 1839, Edmond Becquerel discovered
the photovoltaic (PV) phenomenon while looking
for a practical way to gather solar energy.

In an effort to seek an effective method of solar
harvesting, the photovoltaic (PV) effect was
discovered by Edmond Becquerel in 1839,

Solar photovoltaics (PV), converts light energy
from the sun to electricity via photovoltaic effect,
using a p-n semiconductor junction device®" 1%,
The combination of the n-doped and p-doped is
depicted in Figure 1. When the n-doped layer is
exposed to radiation, the excited electrons travel
to the conduction band. Following the circuit, they
enter through an external circuit and reach the p-
doped layer. The energy levels will cause the
electrons to once more shift to the n-type layer.
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Figure 1: A silicon (Si) solar cell schematically
illustrated !,

1.1.1. Generations of Solar Cells

Three generations can be distinguished in
photovoltaic technology. The various
classifications of solar cell technologies are shown
in Figure 2. The first generation was produced on
Si wafers. This generation of solar cells is of two
types namely: the single (mono) crystalline solar
cells and the multi (poly) crystalline solar cells.
Czochralski process is used to manufacture the
mono crystalline solar cell Y. The Si crystals are
cut from the big sized Si ingots. Polycrystalline
PV modules have various crystals, all of them put
together in one single cell ™. Polycrystalline Si
solar cells are more affordable than single-
crystalline cells because of their manufacturing
process, which involves chilling a graphite mold
that contains molten silicon to generate various
crystal forms.'2. This makes polycrystalline
modules to be cheaper in fabrication compared to
monocrystalline modules but at the same time
their efficiency is slightly compromised. Some of
the undoing’s of the first generation, and has led
to a continuous search for better solar cells
includes the Shockley- Queisser limit which
affects the performance of silicon solar cells
(discussed in section 1.1.2. ) and a high cost of
production due to the high demand for energy
during the purification of silicon. Through
continued research, more economical second
generation of solar cells have been developed [3],
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Figure 2: Classification of solar cell

Materials used in second-generation includes
indium tin oxide (t-Si), amorphous silicon (a-Si),
and cadmium indium selenide (CIS)*. Thin-
layered solar cells are produced at low
temperatures with the integration of cell insulation
and a high degree of automation in order to lower
the cost of solar cell manufacture. Thin layer
technology uses flexible substrates. This property
enables these cells to be of great use in energy
conversion sectors while opening other areas of
applications such as textile industries™. Although
thin film solar cells are of great use, they have
limited stability as they suffer from Staebler-
Wronski effect which is the initial degradation
experienced by solar cells when exposed to
outdoor conditions resulting to low power
conversion efficiency as can be seen in Figure 18.
With efficiency above 25%, the second generation
of solar cells has been the most successful
generation. Amorphous silicon, micromorphous
silicon, copper indium gallium diselenide, and
cadmium telluride (CdTe) are a few of the
materials that have been adopted frequently in this
generation. Other materials includes the Group
I11-V semiconductors have been used to produce
solar cells and registered highest efficiencies in
any photovoltaic technology so far. Examples of
these materials are Gallium Indium Phosphorous

(GalnP) and Gallium Arsenide (GaAs). For
instance, a thin sheet of cadmium telluride (CdTe)
in a cadmium telluride solar cell absorbs sunlight
and turns it into energy. In comparison to CIGS
and A-Si technologies, CdTe technology costs
30% less™®, making it to be more popular but has
the downside that cadmium is toxic if released to
environment. Other direct band gap materials that
have been employed includes the Copper indium
gallium selenide (CIGS) which have attained the
highest efficiency of (~20%) among thin film
materials. The amorphous photovoltaic cell is
usually made of a p-i-n junction with a
microcrystalline silicon. The amorphous silicon
cells have gained a lot of popularity due to the
various advantages over the CdTe counterparts
which includes:-

1. It uses nontoxic materials when compared to
the CdTe cells making it safe for human use and
environmentally friendly,

2. The processing temperature of these devices is
usually low and this makes it possible for the
production of these devices to take place on glass
substrates,

3. It uses glass substrates that are of low cost and
flexible.

The above mentioned advantages of the
amorphous silicon solar cells has made it to gain a
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lot of popularity over the CdTe solar cells*™. The
photo electrically active material of amorphous
silicon made of a very thin layer of which makes it
have a high rate of light absorption compared to
the other crystalline cells. However, due to its
amorphous nature, high levels of inherent
disorder, and dangling links, it performs poorly as
a conductor for charge carriers. Amorphous
silicon has a band gap energy of 1.7 eV, which is
larger than that of crystalline silicon's 1.0 eV, and
is primarily responsible for light absorption in the
visible portion of the solar spectrum®.
Third-generation  technologies  have  been
developed and are continuously being investigated
in an effort to enhance the electrical performance
of the second generation of solar cells while still
reducing the cost of production. The mode of
operation of these cells is different from all the
others since they do not require the p-n junction
that is traditionally used by the other
semiconductor silicon cells. Additionally, this
generation has a wide application in polymer
solar cells™ nanocrystalline cells, and dye-
sensitized solar cells (DSSCs) !,

DSSCs have gained a lot of interest and
researchers are continually inventing new ways of
improving their performance. Use of new dyes
that are ecofriendly, variation of the choice of the
electrolyte and maximizing on the electrodes by
trying different photo anodes and counter
electrodes are some of the areas of interest. For
example,”| co-sensitized alkoxysilyl-anchor and
carboxy-anchor organic dyes and reported an
improvement of PCE of up to 4.53 %.

1.1.2. Shockley-Queisser Limit (SQ)
Initially, #4 estimated the (SQ) limit by equating
the photon fluxes entering and leaving a device
under open circuit. A theoretical framework based
on the concept of precise balancing was used to
determine a single junction’s solar cell limiting
efficiency®!. A graph of efficiency against
bandgap energy of a single junction cell is
illustrated in Figure 3 and lists a few
semiconductors that are commonly utilized in
second-generation photovoltaics.

50% -
CuInSez; cSi GaAs
40% - LN [asi
I
? 30% | | Ultimate efficiency
% InP| |CdTe Maximum
E 20% concentration
One sun
10% -
OO/O T T 1
0 1 3 4 5

Bandgap (eV)
Figure 3: The bandgaps of the semiconductors CulnSe2, InP, cSi, GaAs, CdTe, and aSi that are usable in
second generation photovoltaics. At temperatures of 6000 K for the incident light beam and 300 K for the
emission, the black-body spectrum is present. Figure obtained from 2.

In search for highly efficient solar cell candidates,
materials that are good absorbers and radiators are
required®®®. Evaluation of solar cell is done basing
on two properties; strength of light absorption and

secondly, whether the created charge carriers
reach the electrical contact successfully[24]. Photon
dynamics are important to be engineered in high
efficiency solar cell. About 100% external
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luminescence is required for SQ limit so as to
balance the incoming sunlight at open circuit. The
SQ model integrates different methods for
controlling and capturing light, including photon
recycling, optical concentration, and emission
angle restriction. When photons with a larger band
gap energy impact the surface of a semiconductor,
they release photons with a lower energy, creating
electron-hole pairs'®. The produced carriers must
all be collected as current in the leads or
recombined, generating one photon for each pair
of electron-hole pairs, in order to achieve the
highest possible cell efficiency®. Another way of
improving solar cells” efficiency to nearly
attaining the SQ limit is by Substitution of Cu+
with Ag+27.

Fundamental and technical limitations are
experienced in search of efficient low cost
solutions for the solar energy conversion!??,
Fundamental limitations, also known as intrinsic
limitations, are losses resulting from the PV cell's
inability to utilize photons with energies below the
band gap ! B thermalization of charge carriers,
which results from the absorption of photons with
energies above the band gap of the PV material
B B2 and losses resulting from the
recombination of the light-generated charge
carriers®? B3 Technical limitations also known
as extrinsic limitations such as low absorption
efficiency of the PV material, can be enhanced by
ensuring that the cell is properly designed %,
Approaches such as combining the incoming
radiations into propagating modes within the cell
texturing and randomly texturing the surface of
the cell improves extrinsic limitations 2. Despite
modifying PV cell, even the ideal one have a
maximum intrinsic efficiency of 33 % °, for the
standard solar illumination of 1000 W/m2 and air
mass of 1.5 G energy spectrum B Continued
research approaches have developed designs that
go beyond the S-Q limit for single junction PV
cells 1. These approaches include; intermediate—
band and engineering multiple junction solar cell
which aids in elimination of thermalization losses
37 Research has revealed that the intrinsic

thermodynamic efficiency limit can be raised by
down converting a high-energy photon into two or
more lower-energy photons, which reduces
thermalization losses () %91,

Another strategy for creating very effective solar
energy converters with a theoretical efficiency
limit of over 85% involves coupling thermal and
photovoltaic converters %1, The utmost efficiency,
though, can only be achieved in unfeasible
circumstances, such as temperatures above 2500
K, maximum optical concentration, an infinite
ratio of the intermediate absorber's emitting to
absorbing surface area, and a narrow band
transmission  filter®.  The  aforementioned
conditions force all the suggested designs to rely
on three key elements: a large emitter to absorber
area ratio, high operating temperatures of about
2000 K, and a high level of optical
concentration. .

The efficiency limit of PV cells especially those
with large bandgaps can be improved through
electronic up-conversion of low energy photon
3] This method uses a lower-lying metastable
state to sequentially excite a PV cell
semiconductor. Theoretically, efficiency of the
ideal up-conversion enhanced PV cell can reach
63 % M1 Commonly, used-up convey systems
have limiting factors such as low absorption
efficiencies and high non-radiative recombination
rates “*). Recently, studies on broadband up-
conversion have shown some promising efficiency
improvement M. The SQ limit maximizes the
efficiency of a single p-n junction solar cell with a
band gap of 1.1 eV, using AM 1.5 solar spectrum
to about 30% 7, see Figure 3.

1.2.  Introduction to Dye sensitized solar cells
(DSSCs)
Due to their ease of manufacture and high power
conversion efficiency, dye-sensitive solar cells
(DSSCs), which are third-generation solar cells,
are the most potential silicon solar cell substitutes
(20 The first dye sensitized nanocrystalline solar
cell was built by “8. This led to a remarkable
progress in solar cell invention with a
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photoelectric energy conversion of 7.1%®. The
research on DSSCs as an alternative source of
energy is increasingly becoming more popular
over the expensive silicon solar cells. DSSCs uses
a relatively cost-effective method of production
and although its efficiency is relatively low
compared to the silicon solar cells, it’s easy to
fabricate!®. Additionally, DSSCs rides over the
crystalline silicon cells due to their high
sensitivity to the visible light and light that is
incident at shallow angles®™”. Therefore, in areas
that receive low light intensities, DSSCs would
be an ideal power source®!. DSSCs employs a
photo-electrochemical process that imitates the
concept of plants photosynthesis. The basic
component of a DSSC includes the photo anode
which is covered by a dye sensitizer. In a DSSC,
the dye sensitizer absorbs light, yielding charge
carriers that are subsequently transferred to the
wide band gap nanocrystalline semiconductor.

1.3.  Structure of the DSSCs

In terms of design and functionality, DSSCs are
very different from conventional solar cell
technologies. Typical DSSC configurations
combine liquid and solid phases BY. The
configuration of a DSSCs typically includes two
transparent glass substrates which serves as the
electrodes (the photo anode and the counter
electrode), onto which a conductive oxide layer of
either fluorine-doped tin-oxide or indium-doped
tin oxide has been deposited. The photo anode is
made of a mesoporous semiconductor metal-oxide
of either TiO, or ZnO layer is immersed in a dye
where a monolayer of dye molecules are adsorbed.
Standard practice calls for coating the counter
electrode with platinum and injecting an
electrolyte comprising a redox pair of iodide/tri-
iodide electrolyte between the photo anode and
the counter electrode.t! [ B B2 The
specifications and purposes of each component,
which are schematically depicted in Figure 4 are
highlighted in Table 1.

Table 1: specification and functions of DSSCs component

Component Specification References
Transparent Made up of plastic or glass substrate. Its transparency enables solar rays to %I P4
conducting  glass be absorbed by the photo anode.
(Substrate) The photoanode and the counter electrode conductive materials are
deposited on its surface.
Provides good electrical conductivity while serving as a current collector.
Mostly used TCO substrates include F-doped or In-doped tin oxide and
aluminium —doped zinc oxide.
Mesoporous Comprises of a semiconductor metal oxide that provide surface area for dye ~°} 41571
photoanode adsorption.
Dye sensitizer Stimulated as a result of absorbing the sunlight. 131 1541, 1571, 157
Some of the frequently used photosensitizers includes: Ru-based
sensitizers, metal-free organic sensitizers and natural sensitizers.
Electrolyte Redox couple salt that is injected between photo anode and the counter °®
electrode. Its main work is to regenerate the oxidized dye.
Inorganic ionic liquids composed of salts or salt mixtures, 1-/1-3_in organic
solvents, and solid electrolytes like spiro-meotad are all frequently used
electrolytes.
Counter electrode It is a thin layer of catalyst material, usually platinum, that has been placed ! 1°*!
(CE) over a substrate made of transparent conductive glass.
Njeru, Elosy Gatakaa et al www.ijetst.in Page 8005



Figure 4: Schematic diagram of a dye sensitized solar cell structure

1.4, Operation of DSSCs which dye molecule are adsorbed absorbs the
DSSCs  significantly  differs  from  other solar light. In the second step, the absorbed light
generations of solar cells in the way they operates. in turn excites the electrons from the valence band
They closely mimic the natural photosynthesis to the conduction band resulting to a flow of the
carried out by plants. In this process light is electric current. This current flows through the
absorbed by different substances and charge outside circuit and is gathered by the counter
carries are also different. By means of an electrode’s transparent conductive substrate.
electrochemical process, when sunlight is shone Thirdly, the electrolyte solution plays a key role of
on the organic dyes electricity is generated. The regenerating the oxidized dye via the redox
first electrode to be employed in DSSCs was system in the electrolyte solution and lastly,
coated with ZnO. Through the injection of excited through a counter electrode the redox system is
dye molecules into a semiconductor with a large generated. The operation principle can also be
band gap, it was sensitized with chlorophyll, and summarized as shown in Figure 5 whereby the
photons were then converted to electricity B, following process are involved:
Working principle of DSSCs involves four steps absorbing light, separating charges, and collecting
[611. 821 First, semiconductor photo anode on to charges ™.
................ )
P— Counter electrode
Electrolyte O glass
B
l—————v—-
= = Maximum
: " /'%
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Figure 5 : Schematic diagram of the working principle of DSSCs ™
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The organic hole conductor or the redox
electrolyte are in touch with the mesoscopic
semiconductor oxide sheet. The dye sensitizer
monolayer is adhered to the nanocrystalline film's
surface. Under sunlight irradiation, the dye
sensitizer absorbs photon and thereafter the
absorbed energy excites the electron from highest
occupied molecular orbital (HOMO) to lowest
unoccupied molecular orbital (LUMO) level of the

1To/FT0o Photoanode

dye molecule and become photo excited ©%. In
other words, as depicted in Figure 6, the dye's
HOMO will release an excited electron, S*, at the
LUMO in response to the absorption of light.
Charge separation occurs across the dye and TiO;
interface. Electrons are therefore injected by the
adsorbed dye molecules from LUMO level of dye
into the conduction band of the mesoporous TiO,
photoanode.

Cathode ITO/FTO

| L
, Q-
: . [ )
S
i |
A
Pt/Au o
@ e

Figure 6: Schematic diagram of the working principal of a dye sensitized solar cell 4,

The S* will subsequently be excited by light and
transferred to the photo anode (conduction band),
as illustrated in equation 1 °® The S* will then
transfer an electron, and S™ will flow via the outer
circuit to the cell's cathode, as shown in equation
2 [ According to equation 3 8 the
regeneration process is carried out by a redox
reaction in which S* oxidizes the liquid iodide
electrolyte, 1., to produce tri-iodide, I3., which then
neutralizes the state of the sensitizer, S. The
electron also lowers the | in equation 4 at this
time. This mechanism is shown below

Photo anode:

s+ hv-os* 1

s* - st + e (TiO,) 2

st+21"+e 5s+213 3
2 2

At the cathode

13 + 2e~(Pt|Au) - 31~ 4

Charge collection occurs when the electrons that
were passed through the porous TiO, network get
to the back contact of the working electrode.
Extracted charge returns to the counter electrode,
where platinum is deposited on an FTO glass
substrate, and also performs electrical work in an
external circuit. Oxidized platinum (+2) from the
electrolyte receive electron from the external
circuit thereby reduced to platinum (0). By
donating an electron to the electrolyte once more,
platinum is oxidized. Redox process takes place in
the iodine electrolyte, which produces the
dye molecules. In the electrolyte, the iodine
molecule and iodine ion combine to form the
triiodide ion. This ion then takes an electron from
the counter electrode, reduces, and eventually
splits into three iodide ions. lodide ions are once
more converted to triiodide ions by giving
electrons to the dye. The oxidized dye is then
reduced by the liquid redox electrolyte, which
completes the circuit. The difference between the
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fermi-level of the electrons in the solid and the
electrode's redox potential correlates to the
voltage produced during irradiation as seen in
Figure 7 [,

F=]
conta

o

-

=]
hole contact

gl

Figure 7: Diagram of voltage injection of
electrons and holes in a DSSC recombination
process. Additionally displayed are the Fermi
levels of electrons and holes, their transport
energy levels, the potential V applied between
contacts, and the potential VF related to the
separation of Fermi levels .

The process of electron transfer that takes place in
a Ru-complex DSSCs whose photoanode is TiO,,
using an iodide/tri-iodide couple, and a platinum
counter electrode, is depicted in Figure 8.
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Emphasis on the process of electron transfer and
the various energy levels are shown'®®. The
DSSCs' electron transport mechanism is depicted
in equations 5-10.

TiO2/S + Photon (hv) —
s * (Excitation process) 5

TiOyS* + TiO, — TiO /5" *+€cn (Injection
process) 6

TiO2S" + 31" — Ti02/25+ 15 €cp) (Regeneration)
7

I 3+ 2e — 31 (Reduction) 8

I3+ 2e — 31 (Re — caption in dark reaction)
9

TiO2/5" +¢€cs— TiO¥S (Recombination in dark
reaction) 10

COUNTER
ELECTROLYTE g, ecTRODE

L)

Figure 8: Electron transfer mechanism and energy level diagram of DSSCs [66]

The electron life time 7,, in a DSSC is a central
factor in determining the recombination dynamics
of a solar cell. It can be determined by V. decay
method. The reciprocal of the open-circuit voltage
decline, normalized to the thermal voltage, is used
to calculate the lifetime of an electron.

-1
_ _Ks (dVoc) 1
T = q \ dt

Where Kg is the Boltzmann’s constant, T is the
temperature and q is the elementary charge *°].

Njeru, Elosy Gatakaa et al

www.ijetst.in

Page 8008




Another parameter that sheds light on the
recombination characteristics of DSSCs is
recombination resistance.

_ l a]rec)_1
Reee = (G0 12

Where Jic IS the recombination current and A is
the area of the cell.

A good solar cell performance should have shorter
carrier extraction time compared to recombination
time.

The electron lifetime t, compared to the
characteristic transport 14 relates the electron
diffusion coefficient, D, and the active film
thickness L as

LZ

= 13
Dy

Tq

Diffusion length is another way that can be
compared with the film thickness,

L, = +/DpTy 14

Given that the diffusion length, L,, measures the
typical distance that a carrier diffuses before
dissipating due to recombination, a high collection
efficiency is attained when L,>L [65]. The inverse
relation between the electron lifetime and the
steady-state carrier density is a clear indication
that the probability of electron recombination
depends on the concentration of electrons and
holes. There is a direct relationship between the
open circuit voltage V.. and the separation
distance the Fermi levels of holes and electrons
(Ef, and Eg,) respectively. This relation is given
by:-

—qVoc = Efn — Egp 15

In DSSC devices V. is taken to be the upper limit
difference in energies between the HOMO and the
LUMO. At these high energies, there is no
possible split of Fermi density of states and thus,
the V. can be expressed in terms of the band gap
energy and the charge present.

E

Voo & ;g 16
Where
Eg = Exomo — ErLumo 17

This is the effective (electrical) band gap of the
dye 71,

The semiconductor’s band gap energy plays a
pivotal role in the photoelectric conversion of a
solar cell. Photo corrosion frequently occurs in
semiconductors that use small band gaps to absorb
visible light. Other semiconductors, such TiO, and
Nb,Os, show stability under solar illumination and
have a large bandgap to efficiently correct visible
light. Using visible-light sensitive dye molecules,
dye sensitized solar cells address this issue by
surface-modifying semiconductors 2.

In an effort to maximize the efficiency of DSSCs,
many researchers are seeking new dyes and
electrolytes as well as trying to improve on the
available electrodes (photo anodes and counter
electrodes) 1%,

1.5. Components of DSSCs

The ability of a DSSC to convert light photons
into electricity involves various processes which
includes sensitization of large band gap
semiconductors, onto which a light sensitive dye
has been adsorbed on the photo-electrode. An
appropriate counter electrode and a suitable
electrolyte are of consideration for an effective
DSSC B,

1.6.  Electrodes used in DSSCs

1.6.1. Conventional Electrodes (Photo

Anode and Counter Electrode)

Dye sensitized solar cells uses semiconductor
oxides as their electrodes (see
Table 2 and Error! Reference source not found.
for the conventional electrodes used in natural
DSSCs and synthetic DSSCs respectively). The
anatase form of TiO, is the commonly used
semiconductor oxide . Other semiconducting
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oxides have also been utilized in DSSC, such as
zno ™ and sno, " ,Ce0,, CuO, and CdO,
although their performance was inferior to that of
cells made using TiO2 [73]. The TiO, is a wide
bandgap semiconductor, Eg ~ 3.2 eV. The TiO,
has advantages over the other semiconducting
counterparts such as not being toxic, cheap, as
well as being easily available making it to n be
best suited for DSSC applications,. The TiO, is
used as a photoanode in DSSCs applications .
Due to its excellent electrical conductivity and
stability, platinum (Pt) is frequently utilized for
applications.

Materials used for counter electrode applications
are desired to poses good electrical conductivity
and stability. Platinum (Pt), besides manifesting
these qualities, it is also the preferred material for
this application due to its favorable
electrochemistry  with iodide/triiodide redox
electrolytes. Another crucial factor to consider in
determining a cathode material for DSSC device
is the charge transfer resistance (RCT) since it
regulates the transfer of electrons between the
electrode and the electrolyte "],

The RCT corresponds to the transfer resistance of
electrons at the interface of the counter electrode

and the electrolyte. The counter electrode is
crucial in that it serves as both a catalyst for the
redox couple's regeneration in the electrolyte and
the recipient of electrons from the photoanode

The counter electrode plays the important role of
collecting electrons from the photoanode and acts
as a catalyst for the regeneration of the redox
couple in the electrolyte . Counter electrode
plays a major role, in that the reduction of
mediator takes place there BY 1t enables electron
transfer back to the redox electrolyte which comes
from the external circuit. It also serves to carry the
photo-current over the width of each solar cell.

1.6.2. Graphene as an Electrode
One of the most promising materials in the field of
solar cell technology is graphene, an allotrope of
carbon. Carbon atoms with sp? hybridization are
crammed into a 2D nanostructure to form the
transparent layer of graphene, which is only one
atom thick. At ambient temperatures, few-layer
graphene (FLG) has carrier mobilities of 10,000
cm?/Vs I® Figure 9 shows other related structures
which includes fullerene, carbon nanotubes, and

graphite.

Figure 9: The base of all graphites serves as a 2D building block for all other carbon-based compounds. It

can be formed into thick OD balls, thin 1D nanotubes, or stacked 3D graphite.

Measured optical transparency for a single layer
graphene was reported to as 97.7% ["®. This was
found to be decreasing as the number of graphene

[77]

layers were increased. Each additional graphene
layer added 2.3% opacity.

Researchers have observed sheet resistance values
of 2.1 kQ/sq for a single layer of graphene and
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350 Q/sq for a four-layer structure with 90%
optical transparency at a wavelength of 550 nm
[ Therefore, as the number of graphene layers
rises, the optical transparency and resistance of
graphene decrease. Thus, while choosing a
material for solar cell applications, high carrier
mobility, low sheet resistance, and high optical
transparency are crucial considerations. Graphene
fulfills this description of a transparent conductive
electrode (TCE) material admirably.

Research has shown that graphene is one of the
strongest materials with a Young's modulus of
1.02 tera pascals (TPa) . A thermogravimetric
analysis (TGA) of graphene oxide (GO) revealed
that graphene first undergoes reduction at 100 °C
where absorbed water molecules are extracted,
and a subsequent 30% weight loss occurs between
110 and 230 °C due to the removal of oxygen
functional groups from the GO surface ®Y. The
removal of oxygen functional groups boosts the
thermal stability of rGO, which only loses 2% of
its weight at 700 °C in a nitrogen atmosphere, as
demonstrated by TGA on rGO®. Graphene is
suited for application in DSSCs due to the distinct
electrical, mechanical, thermal, chemical, and
optical properties it possesses as a result of its 2D
characteristics. The unique electrical, mechanical,
thermal, chemical, and optical qualities that
graphene possesses as a result of its 2D features
make it suitable for use in DSSCs.

Dye sensitized solar cells uses titanium dioxide as
the photoanode. To enhance the DSSCs'
efficiency, changes in the electrodes are
inevitable. Graphene has excellent properties such
high electron mobility 1500cm?Vs™, high specific
surface area of 2.675m?g™, as well as being easily
dispersed in polymers and solvents, high Young’s
modulus and being transparent. These properties
can be utilized to improve the performance of the
DSSCs ",

Graphene-based materials such as graphene oxide
and rGO materials are being explored as new
counter electrode materials for DSSCs because of
their excellent characteristics which includes
electrochemical  catalytic  activities,  high
conductivities, high surface areas, corrosion
resistance, low weight, and low cost of
production. Various factors which affect the
photovoltaic performance of DSSCs, includes the
materials used for photoanode and counter
electrode 3.

Graphene and graphene-based materials plays a
crucial role in the photoanode as well as in the
counter electrode in as far as the PCEs of DSSCs
Is concerned.

Table 2 summarizes the photovoltaic performance

of DSSCs in terms of short-circuit photocurrent
(Isc, open-circuit voltage (Voc), fill factor (FF),

and power conversion efficiency (PCE; n).

Pure graphene functions as eeesaimetalcsinge it

Dye Used

Voc (V) Isc(mA/cm2) Vmax(V) Imax

Fill Factor (FF)

nlen ar ClegtRde(CE (mA/cm2)
has no bandgap. In order torgpake—angrtiictadr —oiender fiowers 0387 1539 0230 1.230 047
i i -1 Oliender flowers 0.423 2411 0.239 2.038 0.47
bandgap n graphene WhICh @o‘% &%Clal E‘eed fOf 1. Coccinea 0.316 0.750 0.175 0.567 0.41
the production of electronic ntiemr@es researchers I. Coccinea 0457  1.784 0265 1514 0.49
E.Variegata 0.434 1.394 0.274 1.101 0.49
are investigating novel chemégaboand thysmal E.Variegata 0489 1847 0279 1534 047
e- 2 N719 0.669 12.5 - - 0.660
methods that can be empﬁﬂ?ﬂ‘ tt (598” Up 719 0.684 9475 0.405
graphene’s band gap Througpohydrogen%tlon bF¥ N719 0.704  8.769 - - 0.720
O Amaranthus dye 0.3547 1.0042 0.2490 0.5528 0.3864
the creation of sp® C-H bomais, mde«bamdg&po Henna dye 0.5478 0.4236 03265 02737 03851
2/rGO Roselle dye 0794 1.2 0.542 0.479 77.93
semiconductor was created ﬁ@m(;gero quandgap N719 0668  0.95 0266 044 52 62
[83] Pomegranate 0.39 12.20 0.23 85 0.41
graphene Openmg[;j]p graﬁ@ne band gaggézvas Black berry 0.47 11.16 0.20 6.98 0.26
successfully done by u3|n1Tg31r (111) Suhostrate  Cranberry 041 678 027 431 0.42
02 Graphite Blue berry 0.42 2.72 0.25 1.78 0.38
under controlled hydrogenaﬂoeroThls FTQRIBRS withN719 624  10.80 031 6.46 03
idal hite
significantly changeo[l ']tS physigal, chemﬁ&@ withN719 066  6.87 037 433 0.35
coIIO|daI graphite
electrical propertles Graphene-TiO2 Pt N719 0.77 3.70 - - 0.59
TiO2 Pt Raspberries 0.429  0.269 - - 64.8
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Shami berries 0419 0.195 58.6
Grapes 0.340  0.091 61.1
Hibiscus flowers 0.388  0.161 60.0
Combination of dyes 0.4200 0.600 - - 60.2
Spinach 0.59 0.41 0.46 0.309 58.75982
Red Onion 0.48 0.24 0.34 0.158 46.63194
Red cabbage 0.51 0.21 0.32 0.156 46.61064
Malus domestica (apple) 0.28 2.44 - - 0.75
Punica 0.29 3.68 0.59
granatum(pomegranate)

Raphanus sativus  (red0.28 2 0.63
radish)

Solunum melongea (egg0.28 3.85 0.62
plant)

Phoenix dactylifera(date) 0.29 2.45 0.63
Malus domestica(apple) 0.32 4.48 0.59
Punica granatum0.32 4.5 0.70
(pomegranate)

Raphanus  sativus  (red0.33 3.12 0.71
radish)

Solunum melongea (egg0.33 4,51 0.74
plant)

Phoenix dactylifera(date) 0.33 4.21 0.58
sweet potato leaf 0.65 1.23 49
Blue berries 0.67 0.532 61
Purple cabbage 0.64 0.642 55
Grape 0.71 0.503 45
Sweet potato and blue0.69 0.42 28
berries

Sweet potato and purple0.645  0.534 60
cabbage

Sweet potato and grape  .0675  0.508 54
Lemon leaves 0592 1.08 0.1
Red Bougainvillea 0.492 0.335 0.25
Orange Bougainvillea 0.465  0.32 0.06
Morulamorula 0.472  0.059 0.05

was the best suitable graphene ratio, increasing
eff|C|ency by 22% above that of the conventional

a2

DSSC. [146]

mediators, the reduced species regenerates the dye
while the oxidized species is reduced at the
cathode. Redox species reduction rate must be
slow at the anode and rapid at the cathode, dye
regeneration from reduced species must occur
more quickly than from the semi-conducting
scaffold, and these requirements must all be met
for the system to work properly. A material that is
more catalytic is desirable at the cathode to lower
the excess voltage needed to reduce the mediator
species. Due to their simple manufacture and high
activity, notably for the iodide/triiodide mediator,
FTO’s coated with platinum have extensively
been used as cathodes 7.

Few layers of graphene (FLG) were introduced
into the counter electrode (CE) in [88]. According
their findings, the placement and the number of

graphene layers in the CEs had a significant

Table 3: Synthetic dyes in DSSCs demonstrates
how adding graphene or rGO to the TiO,
photoanode boosted the power conversion of the
manufactured dye-sensitive solar cell. Similarly,
when graphene or reduced graphene oxide is used
as a counter electrode in place of platinum, the
power conversion efficiency of the cell improved.
In their study, [ showed that few layered
graphene (FLG)/TiO, nanocomposites exhibited
superior photovoltaic properties Compared to
TiO, nanoparticles (NPs) and other FLG/MO
(CeOy, Cu0, Sn0,, CdO, Zn0,) nanocomposites.

Reference ¥ incorporated graphene in TiO,
photoanode with various weight ratios of
graphene. According to their findings, three layers
of nanocomposites coated on electrodes
outperformed one or two layers of graphene and
sped up electron transit. It was showed that 0.005

impact on how well DSSCs converted energy and
reduced the need for Pt. The CEs in two graphene
regions were investigated: (1) The interface
between Pt and fluorine doped tin oxide (FTO) to
improve contact at the Pt/FTO junction, and (2)
the interface between Pt and electrolyte to
enhance the device's electrocatalytic capabilities.
Figure 10 illustrates the CEs with the various
graphene and Pt layer sequences that were
employed, including (1) Pt over graphene
(Pt/graphene) and (2) graphene over Pt
(graphene/Pt). They discovered 8% improvements
in short-circuit current density (Jsc) and 12.5%
improvements in power conversion efficiency
(PCE) for Pt/FLG devices, while a 21% reduction
in contact resistance was achieved when FLG was
used at the point where Pt and FTO meet.
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Pt
graphene
FTO glass

(a) Pt/graphene

graphene
Pt

FTO glass

(b) graphene/Pt

Figure 10: Two different ways of incorporating graphene in a CEs: (a) the Pt/graphene CEs and (b) the

graphene/Pt CEs (8.

1.7.  Photosensitizers (Dye)

Solar energy harvesting in a DSSC is performed
by the photosensitizing dye. Sensitizers play a
very important role of absorbing the solar photons
besides injecting the photo excited electrons into
the conduction band of the n-type material %. In
order to operate effectively in a DSSC, dye
sensitizers must meet a number of criteria,
including having a broad absorption spectrum
because the maximum photon absorption ranges
from the visible to the near infrared region, the
capacity to generate photo-excited electrons, and
effective charge infusion into the semiconductor
layer's conduction band P,

A suitable sensitizer should have both the
carboxyl and hydroxyl groups necessary for strong
interaction with the mesoporous semiconductor,
should have maximal absorbance within the
visible range to the near infrared region of solar
radiations, and should not degrade quickly .
Photosensitizers that have been explored for
DSSC applications include the metal complex
sensitizers which have been found to have
limitations such as use of rare metals that are
costly and are unfriendly to the environment.
Other metal free organic sensitizers that have been
used was reported to have low power conversion
efficiency and the process of synthesis for the
sensitizers is complicated. Other available
sensitizers are the natural dyes that are
environmental friendly and easily biodegradable.
Natural dyes can be readily obtained and extracted
from the fruits, flowers, leaves, and roots of a
variety of plants. [*%

The functional groups in a dye determines its
molecular structure for DSSC applications.
Excellent adhesion  between the TiO,
semiconductor surface is well achieved when the
dye is acidic nature than when it is alkaline (%
B4 To ensure that electrons are effectively
injected from the dye to the conduction band of
the semiconductor, the dye should have a higher
energy in  comparison to the n-type
semiconductor. Other requirements include that
the photosensitizers have good photo-stability and
that their HOMO should be below the energy level
of the redox mediator in order to enhance dye
regeneration P8 Synthetic photosensitizers as
well as natural dyes have been studied for
applications in DSSCs.

1.7.1. Synthetic Dyes
Many synthetic sensitizers have been developed
based on the ruthenium element for use in DSSCs.
These ruthenium complexes include N3
(‘red’dye), N749 (‘black’ dye), N719 and Z907
complexes ¢\ The dye sensitized solar cells
developed by & used ruthenium (I1)-bipyridyl
complex as the sensitizer. This dye demonstrated
high stability and light-to-electric  energy
conversion efficiencies of up to 7.9% " |n 7]
developed several other ruthenium (Il) complexes
also known as N3 dye that proved to be the most
interesting photo sensitizers absorbing up to 800
nm with a Power conversion efficiency of up to
10% with Lithium lodide/triiodide as a redox
couple [ Other ruthenium  complexes
surrounded by bidentate ligands have also been
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developed and used as photoactive dyes. Error!
Reference source not found. gives a summary of
various synthetic dyes that have been developed
and used DSSC applications with their highest
attained efficiencies. For example, preparation and
characterization of ruthenium complexes (5-8A)
with different backbone structure for DSSC
application yielded power conversion efficiency
(PCE) of 0.64-2.25 % 1*°],

Due to their strong charge-transfer absorption
across the whole visible spectrum and effective
metal-to-ligand charge transfer, ruthenium dyes
have been utilized as efficient sensitizers. Besides
possessing these qualities, they have a number of
limitations, including a difficult synthesis process,
pose a significant threat to life and the
environment due to their presence of heavy metals
that are deemed carcinogenic, and are not cost-
effective (1%,

Organic solvents have also been employed as an
alternative  sensitizer but they have their
challenges as well such as being explosive hence
it’s an environmental hazard. Materials used to
fabricate DSSCs that imitate photosynthesis in
actual leaves are not friendly to the environment.
The process of synthesizing the complex
compounds is not only complicatedbut also costly.
Other commercial dyes and natural dyes can as
well be used as an alternative. Although they are
inexpensive and simple to prepare, natural and/or
synthetic organic dyes like cyanine dyes, xanthene
dyes, and coumarin dyes perform poorly in
DSSCs due to their weak binding energy with
TiO, layer and low charge-transfer absorption
throughout the whole visible range %%,

Natural dyes have various merits over the
synthetic dyes since they are available in
abundance, their extraction process requires
minimal chemical procedures, they have large
absorption coefficient, they have low cost and are
easily biodegradable 14 Researchers are
therefore leveraging on natural dyes as an
alternative sensitizer since they can be used can be
employed with adequate efficiency for the same
purpose.

1.7.2. Natural Dyes

Regarding dye-sensitized solar cells, natural dyes
are being looked at as promising photosensitizers
due to their low cost, resource reproducibility,
non-toxic environmental impact, and wide
distribution. Because of their low cost, resource
repeatability, non-toxic environmental impact, and
widespread use, natural dyes are viewed as viable
photosensitizers in DSSCs. The primary benefit of
natural-based dyes is that, even with heavy usage,
they are never in danger of going extinct. Some
plants' flowers, leaves, and fruits can be simply
utilized to extract the pigments that make up
natural dyes (see

Table 2 for a list of plants from which natural dyes
can be produced). Each component of a natural
plant has a distinctive pigment hue. Natural dyes
that are commonly used in DSSCs have natural
compounds such as chlorophyl, anthocyanin, beta-
carotene, flavonoids and carotenoid ™ B%! The
absorption range of natural sensitizers is 400—700
nm (visible region range) .

1.7.2.1.  Flavonoids
The word flavonoid defines a large group of
natural product including Cg-C3-Cg carbon
structure or specifically phenylbenzopyran Y.
Flavone is made up of two benzene rings
connected by y a ring that sets one flavonoid
chemical apart from another. Only a few
flavonoids can effectively absorb light in the
visible spectrum. M. Figure 11 is the chemical
composition of a flavonoid

Figure 11: Chemical structure of a flavonoid *°®
Thousands of naturally occurring flavonoids that
have successfully been distinguished from plant
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extracts and classified as flavonols, flavones,
flavanones, isoflavones, catechins, anthocyanin,
and chalcones based on their chemical
composition ™. Flavonoids mainly occurs in
fruits as well as in flowers where insect pollinators
are attracted Y. Flavonoids' charge transfer,
which requires less energy for the shift from
HOMO to LUMO, energizes the pigment
molecules when exposed to light, creating a broad
absorption band in the visible spectrum. %€ A
proton is given by the flavonoid when it quickly
adsorbes at the surface of TiO,, displacing an OH-
counter ion from the Ti (IV) site. The flavonoid
group's anthocyanins are what give most flowers,
fruits, and leaves their various colors, which range
from pink to red and violet to dark blue 2.
Studies have shown that flavonoids are useful in
DSSCs by the adsorption of flavonoids on TiO,
nanoparticles or commercial TiO, electrodes
leading to the development a broad absorption
band extending to about 550 nm 1),

1.7.2.2.  Carotenoids
They are pigments that are extracted from
chloroplast and chloromoplast of plant as well as
in photosynthetic organism ™2 M08t has a
backbone made of Cy4 hydrocarbons, which causes
structural and oxygenic alteration as depicted in
Figure 12

Figure 12 : Structure of Carotenoid ™)

Depending on their chemical structure,
carotenoids can be categorized in to two "% The
first structure of carotenoids contain carbon and
hydrogen in their structure whereas the second
structure contains carbon, hydrogen and oxygen.
Additionally, they can be divided into primary and
secondary groups. While secondary carotenoids

are concentrated in fruits and flowers, primary
carotenoids are essential for plants' ability to
perform photosynthesis. Light with a wavelength
between 400 and 550 nm is absorbed by all
carotenoids.

Studies that report the use of Carontenoids in
DSSCs includes Bl SHIT among others.
These studies conclude that due to the
anthocyanin  dye  aggregation on  the
TiO, surface, Anthocyanin-based DSSC should
have higher efficiency and a longer lifetime.

1.7.2.1.  Anthocyanin

The anthocyanin group is actively researched as a
natural sensitizer, and its extracts exhibit maximal
absorption between 510 and 548 nm, depending
on the fruit or solvent utilized. ™8, Anthocyanin
belong to the flavonoid class of natural pigments
that are responsible for various color pigments
which includes the shiny orange, red, pink, violet
and blue colors found in flowers and fruits.
Anthocyanin content and composition in plants
are influenced by both hereditary and ecological
factors. The basic structures of the anthocyanins
are called anthocyanidins (agylycons), and they
consist of an aromatic ring (A) attached to a
heterocyclic ring (C) that has oxygen, as seen in
Figure 13 1],

Figure 13: An aromatic hydrocarbon (A), an
aromatic hydrocarbon (B), and a heterocyclic ring
(C+) that make up anthocyanin's basic structural
components !

Based on a C15 backbone, anthocyanins are
essentially chemically substituted salts of phenyl-
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2-benzopyrilium .
atomic structure.

Figure 14 illustrates its

Figure 14: Anthocyanin chemical structure: R

could be replaced with either H, OH or OCH3
[106]

There are 17 known anthocyanin structures which
are classified depending on the number of sugar
molecules which form compound such as
monosides, biosides among others 2%, Attractive
colors in flowers, fruits, leaves as well as in
mosses and fern are due to anthocyanin. Another
role played by anthocyanin is modifying the
quality and quantity of light incident on the
chloroplast ™24, The anthocyanin molecule
attached to the TiO, semiconductor surface has
both carbonyl and hydroxyl groups. This helps to
excite and transmit electrons from the anthocyanin
molecule to the porous TiO, film's conduction
band. %8I,

Raspberries, Shami berries, grapes, hibiscus,
chlorophyll, and a dye mixture were all studied in
relation to various anthocyanin-containing natural
colors 31 Using the Sol-Gel process, thin film
components FTO/TiO,/Natural Dye/Electrolyte/
Pt/FTO were prepared, and the performances of
various natural dye kinds were evaluated. In
comparison to other single dyes, they found that
DSSC made using a combination of natural dyes
(raspberries, hibiscus, and chlorophyll) in the ratio
(1:1:1) had greater photovoltaic performance. The
prepared DSSC had an efficiency of = 3.04%, a
fill factor of 60%, a cell area of 4 cm? a short

circuit current of 0.6 mAcm™, and an open circuit
voltage of 0.42 volts.

Other studies that have shown the performance of
Anthocyanin in DSSCs include!*®! 1191 [122). [123]
Overall, it has been demonstrated that using a
single anthocyanin results in lower efficiency; as a
result, several improvements have been made,
including the use of copigmentation and dye
mixture “?? extending the working electrode's
time in the dye solution ™%, and lowering the pH
of the dye liquid % These techniques
successfully raise the DSSC's efficiency.
Anthocyanin dye is a potential alternative to
synthetic dye based on the ruthenium complex
since it is readily available in nature, simple to
produce, and non-toxic.
1.7.2.2.  Chlorophyll

It is a substance that is also known as a chelate
and is made up of a big organic molecule attached
to a central metal ion in addition to hydrogen and
carbon ™. In order for carbon dioxide to be
converted into carbohydrates and water to be
converted into oxygen during photosynthesis, it
must first absorb the energy necessary for these
reactions. Chlorophyll has two types, a and b, as
depicted in Figure 15.

CH,CH; CH,

HaC \\/\ AN pel
\gN N= CO,CH,
Chlorophyll a

H,C=CH /g)w
CH 10H ;00 ,CH,CH=C(CH ,CH,CH, CH) (CH,

H CH
3
CH3 CH,

CH,CH; CHj

Chlorophyll b

H,C=CH )
CH 2CH,CO,CH,CH= C(CH2CH2CHZCH) CHy

H™ ‘CHy CH CH3

Figure 15: Chemical structure of two types of
chlorophyll a and b

Due to their beneficial light absorption tendancy,
derivatives of chlorophyll are utilized in DSSCs as
dye sensitizers ™. As an efficient compound,
chlorophyll acts as photosensitizer in the visible
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light and have a maximum absorption at
wavelength of 670 nm. Chlorophyll-a with
composition CssH7,OsN4Mg which is responsible
for photosynthesis in plants has absorption peaks

at 430nm and 662 nm. The absorption peaks of
chlorophyll-b, which has the chemical formula
CssH700sN4Mg are at 453 nm and 642 nm.

1.5

Absorbance

0 : 1 i —
350 400 450 500

550 600 650 700

660 nm

Wavelength (nm)
Figure 16: Chlorophyll a (blue), Chlorophyll b (green), -carotene (orange), and anthocyanin (red)

absorption spectra of freshly isolated pigments

According to studies, mixing the aforementioned
dyes frequently leads to higher photoconversion
efficiencies since there are more functional groups
available to connect the dye to the TiO2
semiconductor surface. This increases dye
adsorption and coverage and leads to the
formation of an efficient organic passivation layer
that inhibits back carrier recombination [l
enhanced visible-light  photo-electrochemical
performance and light stability ™! among
others. Other research, such as that in **, which
combined five different plant extracts from
Amaranthus caudatus, Bougainvillea spectabilis,
Delonix regia, Nerium oleander, and Spathodea
companulata, has revealed that combined plant
extracts dont always exhibit synergistic

[127]

photosensitization in comparison to the separate
extracts.

In the past, most of the plants that have been
researched on as the sources of natural sensitizers
such as the flavonoids, carotenoids, anthocyanins,
and chlorophyll are food related as shown in

Table 2 and hence exert pressure to the energy-
food-water nexus. These plant as shown in Tabke
2 include Shami berries, Grapes, Hibiscus flowers,
Spinach, Red Onion, Red cabbage and Malus
domestica (apple). Alternative plants such as the
weeds that are easily available, ecofriendly and
don’t exert pressure to energy-food-water nexus
such as Tithonia diversifolia, Tagetes minuta and
Bidens pilosa are an alternative source that is
expolorable (see Figure 17)
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Figure 17: Naturally occuring weeds a) Tithonia diversifolia, b) Tagetes minuta and c) Bidens pilosa

1.7.2.3. Tithonia diversifolia (Mexican
Sunflower/ Tree Marigold)

The T.diversifolia is a common shrub that is
commonly used on field boundaries and glass
lands. It is an invasive weed that often grows in
tropical ecosystems and is well-suited to a variety
of situations. It has the benefit of being able to
occupy diverse degraded regions due to its ability
to adapt to different environmental circumstances
(climate and soil), and it quickly outcompetes
local species. 4.

Sesquiterpene lactones, flavonoids, and trans-
cinnamic acid are some of T. diversifolia's
chemically active components. The flavonoids are
of great use as sensitizers in the DSSCs due to the
presence of the hydroxyl and carboxyl groups.
The UV spectrum of the flavonoids has two peaks
with band 1 ranging at 300-400 nm while band 2
ranges at 240-280 nm 2,

1.7.2.4. Tagetes minuta (Mexican
Marigold)
Tagetes minuta (Mexican marigold) is an invasive
weed that grows well in disturbed areas and
cultivated beds. It contains active chemical
ingredients such as acyclic monoterpene,
sesquiterpene, flavonoids, thiopenes, chlorophyl

and carotenoids ™*%. The flavonoids, carotenoids
and chlorophyl are of great use as photosensitizers
in Dye sensitized solar cells. The UV-Vis
spectrum of the dyes ranges between 280 to 360
nm [134].

1.7.2.5. Bidens Pilosa (Black Jack)

Bidens pilosa (black jack) is a perennial herb that
is globally distributed across the temperate and
tropical regions. Its major chemical ingredients
include polyacetylenes, flavonoids and triterpenes.
Flavonoids and phenolics as well as their
derivatives are usually found on the leaves stems
and roots of the plant **1. The UV-Vis Spectrum
of dyes ranges between 200 nm to 400 nm 3,
The roots reveal a higher absorption spectrum
compared to the stem while the leaves have the
lowest absorption spectrum ®*7.

1.8.  Solar Cell Performance Parameters
Various cell metrics such as the open circuit
voltage (Voc), short circuit current (ls), fill factor
(FF), maximum voltage (Vmax), and maximum
current (Imax), are used to assess the performance
of dye sensitized solar cells (DSSCs) PY. See
Table 2 and Error! Reference source not found.
for some of the parameters determined in both
natural and synthetic DSSCs)
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1.8.1. Open circuit voltage
At the solar cell's open terminals, the open circuit
voltage (Vo) is specified. The V. drops as the
cell's temperature rises. Equation 18 represents the
cell's Voc.

Voo = Veln {(2) + 1} 18
V; is the terminal voltage of the cell [91].

1.8.2. Short circuit current
The short circuit terminals of the cell are used to
compute the short circuit current (lsc). AS
temperature rises, the short circuit current
increases as well [138].
The I, is expressed:

e = 1+ I, (exp (V/V) - 1 19

1.8.3. Fill factor
The ratio of the actual power (the product of the
maximum voltage, Vmax, and the maximum
current, Imax) to the dummy power (the product of
Vo and lg) is known as the fill factor (FF) of the
solar cell [139].

FF — Vmaxlmax 20
VOCISC

1.8.4. Efficiency
The ratio of electrical power to optical power
incident on the cell is used to define the efficiency
of the solar cell. It is written as follows:
n = FF.Voc.Isc/Incident optical power 21
where;

n is the solar cell efficiency .
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Table 2: A comparison of various natural and ruthenium dyes in DSSCs applications

Photoanode  Counter Dye Used Ve (V) e (MAICM?)  Viad(V) e Fill Factor (FF) Efficiency(n) Reference
electrode(CE) (mA/cm?)
TiO, Pt Oliender flowers 0.387 1539 0.230 1.230 0.47 0.33 [140]
TiO,-rGO Pt Oliender flowers 0423 2411 0.239 2.038 0.47 0.57
TiO, Pt 1. Coccinea 0.316  0.750 0.175 0.567 0.41 0.11
TiO-rGO Pt 1. Coccinea 0.457 1.784 0.265 1.514 0.49 0.47
TiO2 Pt E.Variegata 0.434  1.394 0.274 1.101 0.49 0.35
TiO-rGO Pt E.Variegata 0.489  1.847 0.279 1.534 0.47 0.50
Graphene-TiO, Pt N719 0.669 125 - - 0.660 5.52
TiO, rGO N719 0.684  9.475 - - 0.405 2.622 [141]
TiO, Pt N719 0.704 8.769 - - 0.720 4.446
TiO, Graphene FTO  Amaranthus dye 0.3547 1.0042 0.2490  0.5528 0.3864 0.14 [142]
TiO, Graphene FTO  Henna dye 0.5478 0.4236 0.3265  0.2737 0.3851 0.09
TiO/rGO Pt Roselle dye 0.794 1.2 0.542 0.479 77.93 0.743 [143]
TiO,/rGO Pt N719 0.668  0.95 0.266 0.44 52.62 0.334
TiO, Graphite Pomegranate 0.39 12.20 0.23 8.5 0.41 2.0 [144]
TiO, Graphite Black berry 0.47 11.16 0.20 6.98 0.26 1.4
TiO, Graphite Cranberry 0.41 6.78 0.27 431 0.42 1.2
TiO, Graphite Blue berry 0.42 2.72 0.25 1.78 0.38 0.4
TiO2/rGO FTO painted withN719 6.24 10.80 0.31 6.46 0.3 2.02 [145]
colloidal graphite
TiO2 FTO painted withN719 0.66 6.87 0.37 4.33 0.35 1.61
colloidal graphite
Graphene-TiO, Pt N719 0.77 3.70 - - 0.59 2.56 [86]
TiO, Pt Raspberries 0.429  0.269 - - 64.8 1.50 [93]
TiO, Pt Shami berries 0.419  0.195 - - 58.6 1.50
TiO, Pt Grapes 0.340  0.091 - - 61.1 0.38
TiO, Pt Hibiscus flowers 0.388  0.161 - - 60.0 0.75
TiO, Pt Combination of dyes 0.4200 0.600 - - 60.2 3.04
TiO, Pt Spinach 0.59 0.41 0.46 0.309 58.75982 0.171253 [146]
TiO, Pt Red Onion 0.48 0.24 0.34 0.158 46.63194 0.064723
TiO, Pt Red cabbage 0.51 0.21 0.32 0.156 46.61064 0.060145
Zn0O Graphite Malus domestica (apple) 0.28 2.44 - - 0.75 0.51 [147]
ZnO Graphite Punica 0.29 3.68 - - 0.59 0.63
granatum(pomegranate)
ZnO Graphite Raphanus  sativus  (red0.28 2 - - 0.63 0.35
radish)
ZnO Graphite Solunum melongea (egg0.28 3.85 - - 0.62 0.67
plant)
ZnO Graphite Phoenix dactylifera(date) 0.29 2.45 - - 0.63 0.45
TiO, Graphite Malus domestica(apple) 0.32 4.48 - - 0.59 0.85
TiO, Graphite Punica granatum0.32 45 - - 0.70 1.008
(pomegranate)
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TiO, Graphite Raphanus  sativus  (red0.33 3.12 - - 0.71 0.73
radish)
TiO, Graphite Solunum melongea (egg0.33 451 - - 0.74 1.10
plant)
TiO, Graphite Phoenix dactylifera(date) 0.33 421 - - 0.58 0.81
TiO, Pt sweet potato leaf 0.65 1.23 - - 49 0.391 [148]
TiO, Pt Blue berries 0.67 0.532 - - 61 0.218
TiO, Pt Purple cabbage 0.64 0.642 - - 55 0.226
TiO, Pt Grape 0.71 0.503 - - 45 0.16
TiO, Pt Sweet potato and blue0.69 0.42 - - 28 0.08
berries
TiO, Pt Sweet potato and purple0.645  0.534 - - 60 0.207
cabbage
TiO, Pt Sweet potato and grape  .0675  0.508 - - 54 0.185
TiO, Carbon Lemon leaves 0592 1.08 - - 0.1 0.036 [149]
TiO, Carbon Red Bougainvillea 0.492 0.335 - - 0.25 0.023
TiO, Carbon Orange Bougainvillea 0.465  0.32 - - 0.06 0.005
TiO, Carbon Morulamorula 0.472  0.059 - - 0.05 0.0008
Table 3: Synthetic dyes in DSSCs
Photo anode Counter Dye Used Ve (V) I (mA/em?) Vinax(V)  Imax Fill Factor (FF) H Refference
electrode(CE) (mA/cm?)
TiO, Pt on FTO glass 2907 731 13.9 - - 0.69 7.0 [150]
TiO, Pt on FTO glass K51 730 14.8 - - 0.72 7.2
TiO, Pt on FTO glass K68 762 14.4 - - 0.69
TiO, - MXD10 635 15 - - 0.68 6.47
TiO, - YS-1 0.66 13.01 - - 0.69 5.94
TiO, - YS-2 0.69 14.08 - - 0.63 6.44 [151]
TiO, - YS-3 0.70 15.90 - - 0.62 6.91
TiO, - YS-4 0.68 14.72 - - 0.66 6.63
TiO, - YS-5 0.64 15.40 - - 0.66 6.60
TiO, - Z907 0.68 14.16 - - 0.66 6.36
TiO, - N719 0.71 15.17 - - 0.66 7.13
TiO, FTO substrate OD1 0.62 1.82 - - 71 0.8 [152]
TiO, FTO substrate OD2 0.64 3.88 - - 71 1.76
TiO, FTO substrate OD3 0.58 6.87 - - 68 2.72
TiO, FTO substrate  N719 0.68 17.48 - - 74.7 8.89
TiO, FTO substrate 5T 0.62 17.15 - - 72 7.64
TiO, FTO substrate 6T 0.67 16.85 - - 62.8 7.07
TiO, FTO substrate  Y-1 0.5352  0.4865 - - 73.19 0.191
TiO, FTO substrate  Y-2 0.5281 0.4558 - 72.95 0.176
TiO, FTO substrate  Y-3 0.5319  0.4344 - - 73.06 0.169
TiO, FTO substrate  S-1 0.5132  0.2974 - - 73.26 0.113
TiO, FTO substrate  S-2 0.5132  0.3508 - - 73.25 0.131
TiO, FTO substrate  S-3 05172 0.3247 - 73.39 0.123
TiO, FTO substrate  B-1 0.4645  0.2221 - - 66.09 0.068
TiO, FTO substrate  B-2 0.4666  0.2089 - - 65.78 0.064
TiO, FTO substrate  B-3 0.4694  0.2011 - - 65.29 0.062
TiO, FTO substrate
Tio, - SM 315 0.91 18.1 - - 0.78 13 [153, p. 13]
nanoparticles
ZnO FTO substrate /7/PFg 0.503 1.68 - - 48.3 0.4
ZnO FTO substrate  /8/PFg 0.492 2.7 - - 60 0.8
ZnO FTO substrate D149 0.668 8.383 - - 35 2
TiO, FTO substrate 14A-25D 0.5285 4.8 - 0.412 59.35 15
TiO, FTO substrate  12A-45D 0.648 10.8 - 0.418 63.64 45 [154]
TiO, FTO substrate N3 0.7258 148 - 0.466 69.97 7.5
TiO, FTO substrate  XS10 0.621 6.2 - - 0.67 2.6 [155]
TiO, FTO substrate  XS10° 0.611 45 - - 0.68 1.9
TiO, FTO substrate  XS11 0.640 7.6 - - 0.64 3.1
TiO, FTO substrate  XS12 0.615 7.4 - - 0.66 3.0
TiO, FTO substrate  XS13 0.642 9.8 - - 0.63 4.0
TiO, FTO substrate  N719 0.714 14.8 - - 0.63 6.4
TiO, - RD-I 0.742 9.31 - - 0.72 5 [156]
TiO, - RD-II 0.746 13.94 - - 0.68 7.11
TiO, - CA-I 0.789 8.23 - - 0.72 4.69
TiO, - CA-II 0.804 11.34 - - 0.70 6.39
Al,O3 FTO substrate  Np-TiO,-perylene 0.54 4.37 - - 0.49 1.15 [157]
dye/polymer
Al,O; FTO substrate  Np-TiO,-perylene 0.61 6.45 - - 0.54 2.13
dye/polymer
Al,O3 FTO substrate  Np-TiO,-perylene 0.65 8.92 - - 0.59 3.42
dye/polymer
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1.9.  Conclusion

In this review paper various generations solar cells
have been discussed, the Shockley-Quisser limit
that limits the maximum achievable efficiency of
solar cells has been well discussed with an
emphasis to DSSCs. The working electrode,
counter electrode, and numerous dye sensitizers
utilized in DSSCs—both synthetic and natural
dyes—have all been explored in relation to the
structure and operation of DSSCs. A detailed
discussion on the DSSC electrodes (the
photoanode and the counter electrode) together
with the limitations and various modifications that
can be made to improve the cell efficiency has
been discussed. These modifications, which utilize
carbon-based materials like graphene and reduced
graphene oxide in the electrodes, have been
studied. Various plant pigments employed as
sensitizers in DSSCs have been examined in detail
and tabulated. Detailed summary of synthetic dye
based DSSCs carried out by different groups, have
also been reviewed. Finally, the performance
parameters of DSSCs have been discussed.
Consequently, it is recommended to maximize the
usage of DSSCs as a substitute source of energy
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