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Abstract. The increasing concern for worldwide energy production is the result of global industrialization and decreasing energy resources.
Despite the cost factor, solar energy continues to become more popular due to its long-term nature as a resource and growing conversion effi-
ciency. A dye-sensitized solar cell converts visible light into electricity. The efficient use of dye as a sensitizer is the critical factor in enhancing
the performance of the dye-sensitized solar cell. Natural dyes are found in abundance in leaves, flower petals, roots, and other natural resources.
Due to the advantages of natural dyes such as cost-effectiveness, the simpler extraction process, and being environmentally friendly, etc.,
researchers are working extensively to replace synthetic dyes with natural ones. This paper highlights the various types of natural dyes and

their effect on the efficiency of the dye-sensitized solar cell.
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1. INTRODUCTION

As the global population is growing, energy resources are
depleting at a similar pace. Although fossil fuels are the most
abundant source of energy, by the next century, these fuel
sources will have been depleted [1]. For a green and healthy
environment, renewable energy resources are emphasized.
Renewable resources such as solar and geothermal energy,
wind power, etc. have been explored to satisfy the demand for
energy. By the photosynthesis process, the sun is proven as the
most efficient resource of energy for all living creatures. If
approximately 1% of the earth’s surface is covered with solar
cells with 10% efficiency, then it will provide twice as much
energy as required [2]. Solar cells are widely used in small-scale
devices and power panels.

The photovoltaic effect was observed while inserting light on
silver chloride during photography. The first photovoltaic cell
was developed in 1839 by Becquerel using a liquid electrolyte
and an electrode. Modern solar cells are very dissimilar from
this first cell and use a solid-state junction between p and n-type
semiconductors to convert light into electrical power. The first
advanced solid-state solar cell was built by D.C. Chapman at
Bell Labs in 1954. The silicon-based crystalline solar cells are
fabricated by the Czochralski method. The efficiency of these
cells is dependent on the temperature [3]. The second-gener-
ation solar cells such as Cadmium telluride (CdTe), Copper
indium gallium selenide (CIGS) and amorphous silicon (a-Si)
use solar cells as thin film and powder form. Although these
cells are flexible and portable, efficiency is the critical param-
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eter [4]. Thin-film solar cell based on a multinary compound
Cu(In, Ga)Se2 has an efficiency of 20% [5].

A dye-sensitized solar cell belongs to third-generation solar
cells, which have higher efficiency than a thin film-based
solar cell. It was introduced by Gratzel and O’Regan in 1991.
Michael Gratzel was awarded the 2010 Millennium Technology
Prize for his contribution in the field of solar cells [6]. The basic
structure of the dye-sensitized solar cell is made up of semi-
conductor coated photoanode electrode, sensitizer, electrolyte,
and counter electrode [7].

Dye-sensitized solar cells are a subgroup of photoelectrochem-
ical solar cells since they both depend on an electrolyte. They
have a couple of additional features like an organic or organome-
tallic dye sensitizer and a nanoparticulate semiconductor rather
than a solid crystal semiconductor. They are a potentially signifi-
cant development in solar technology, with efficiencies up to 11%
reported in the literature [8]. But later, 15% solar cell efficiency
as a prototype was introduced [9]. When the zinc-oxide nanorods
are deposited, the quantum efficiency is enhanced [10].

While dye-sensitized solar cells do not have as high effi-
ciency as their conventional silicon counterparts, there are
already advantages for this new technology. The first and most
obvious advantage is their low cost. Due to cheaper starting
materials, ease of production, dye-sensitized solar cells are
comparatively much less expensive to prepare in comparison
with silicon crystal solar cells. Also, their overall production is
less detrimental to the environment than the output of conven-
tional silicon cells [11]. Furthermore, dye-sensitized solar cells
have considerable flexibility in shape, colour, transparency, and
performance also under diffuse light [12, 13]. Dye-sensitized
solar cells could be incorporated into massive varieties of prod-
ucts, e.g. hand baggage, building assimilated photovoltaics for
walls of buildings or windows [14—16].

© 2021 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The performance of the dye-sensitized solar cell depends
on the dye used in that cell. This article reviews various dyes
used for the fabrication of dye-sensitized solar cells along with
their efficiency.

2. WORKING OF DYE-SENSITIZED SOLAR CELL

In general, the dye-sensitized solar cells work on the pure phe-
nomena of photoelectrochemical reaction, i.e. when sunlight
or light from any source which has potential more significant
than the threshold energy of the electrons in the dye, illuminates
the cell, then the dye molecule within the cell disintegrates
to impart an electron which moves towards the cathode and
the remaining dye molecule reaches the electrolyte layer and
recharges itself [17, 18]. A deficiency is created in the elec-
trolyte, which is completed by the electron released from the
anode, and thus the circuit completes, and the current moves
within the circuit as shown in Fig. 1.

2.1. Steps to generate electrical energy from sunlight

The following steps convert photons (sunlight) to current (elec-

trical energy) [19]. Figure 2 shows the pictorial view of sunlight

to electrical energy conversion.

1. Photo sensitizers absorb photons that are adsorbed on the
TiO, surface.

2. Metal Ligand Charge Transfer (MLCT) transition is re-
sponsible for the excitation of the photosensitizers from the
ground state (S) to the excited state (S*). Oxidation of the
photosensitizer (S*) takes place due to the injection of the
excited electron into the conduction band of the TiO, pho-
toanode.

e Excitation process:

S+ hv— S* @)
e Charge Injection:

S* — ST+ e (Ti0,). ©)

Fig. 1. Schematic representation of working of dye-sensitized solar
cell [16]
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Fig. 2. Sunlight to electrical energy conversion

3. Consequently, the injected electron in the conduction band of
TiO, diffused through TiO, particles toward the back-contact
glass substrate and successively reached the charged elec-
trode through the external load and wiring
e Transportation of charge:

e (Ti0,) — e (CE). 3)

Here, CE is the charged electrode.

4. When the electron is accepted by oxidized photosensitiz-
er (S*) from the I" ion redox mediator regeneration of the
ground state (S) takes place, and the I™ is oxidized to the oxi-
dized state, I3 (equation 4). Nevertheless, two main (undesir-
able) recombination reactions decrease the overall efficiency
of DSSC. The excited electron in titania can straightway re-
combine with the oxidized dye sensitizer or with the oxidized
iodide redox couple in the electrolyte [20] (equation (5)).

e Regeneration of dye:

287431 - 28+ I5. 4)
e Recombination:
ST+ e (Ti0,) — S. (5)
5. After diffusing toward the counter electrode, the oxidized
redox mediator I3 is reduced to I™ ions.
e Regeneration of iodine:
Iy +2e — 31, (6)
Generally transfer of an electron to I3 can happen either

at the boundary between titania and electrolyte or at areas
of the anode contact (mostly TCO layer on glass) that are

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319
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exposed to the electrolyte [21]. The efficiency of DSSC is

governed by the following energy sections

e The excited state of the dye photosensitizer.

e The ground state of dye photosensitizer.

e The Fermi level of the titania electrode.

e The redox potential of the mediator (I'/I3) in the elec-
trolyte [22].

The speedy retrieval of the dye sensitizer is significant for

achieving longer stability in order to maintain an enduring

separation of charge which is critical for the performance of

the dye-sensitized solar cell.

2.2. Performance parameters for a dye-sensitized solar cell
When the light is switched on in a dye-sensitized solar cell con-
taining the circuit system, open-circuit voltage Voc and short
circuit current Isc may be obtained [23]. The ratio between
maximum output power received at the output to the sunlight
power is known as the overall efficiency of solar energy. The
fill factor, overall conversion efficiency are the essential per-
formance parameters of the dye-sensitized solar cell are [24]:

2.2.1. Open circuit voltage

The voltage of the cell is known as the open-circuit voltage
when the cell is stated as open-circuited, and the output current
is nil [25].

Voc = VtIn {(%) + 1} (7

2.2.2. Short circuit current (Isc)

The cell is stated as short-circuited when the output voltage is
nil. The short circuit current is equivalent to the conversion of
the total number of photons to hole-electron pairs [26].

Isc =1+ 1o {exp (%) — 1} ()

Here, V1 is the threshold voltage, and Io is the output current

2.2.3. Fill factor (FF)

It is a vital parameter for the determination of the efficiency
of the cell. At a potential somewhere between an open circuit
and short circuit, the maximum output power (P.) can be
obtained, where the cell delivers the highest power output with
the voltage (V) and current (I, ).

FF — Vmax.Imax )

Voc.Isc

2.2.4. Conversion efficiency (n)

This parameter is associated with the overall performance of
the cell. It is stated as the ratio of maximum power obtained
by the cell (Pp.) to the power of the incident radiation on the
illustrative area of the cell (Py,).

Fill Factor.Voc.Isc
Incidental Optical Power

Efficiency = (10)
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It depends on the temperature of the cell, quality of the illu-
mination, and the spectral distribution of the intensity, due to
which, a standard measurement condition is used for the testing
of solar cells [27].

3. COMPONENTS OF A DYE-SENSITIZED SOLAR CELL
The dye-sensitized solar cell consists of vital components such
as conductive glass substrates, metal oxide semiconductor coat-
ing, the dye, the redox electrolyte, and the counter electrode [6].
Each component is essential for the conversion of sunlight into
the current [28-30] (Fig. 3).

Charge Collectors

Photoanode )

Electrolyte )
/ DSSC

Components

Fig. 3. Components of dye-sensitized solar cell

The conductive glass substrates used for the dye-sensitized
solar cell serve as a backbone of the cell. This solid surface
provides structural support for the dye-sensitized solar cell, and
most importantly, it provides a complete path through which
current can enter and leave the dye-sensitized solar cell when
in a circuit [31]. It allows the light to pass into the cell with
limited optical attenuation and also a surface to which the TiO,
is bonded. Various types of organic or organometallic dye mol-
ecules can be used as a sensitizer for dye-sensitized solar cells,
where incoming light interacts with the dye molecule, excit-
ing an electron to a higher energy state [32]. The electrolyte in
a dye-sensitized solar cell is the electron donor for the dye. It
is composed of a redox couple that acts as a charge transport
medium between the dye on the electrode and the counter elec-
trode. Finally, the counter-electrode is a second TCO coated
slide with catalyst deposited and heated onto the surface. It
helps in the transfer of electrons into the redox electrolyte, and
therefore the very little amount of catalyst is required for the
cell [2]. The various components of a dye-sensitized solar cell
are shown in Fig. 3.
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3.1. Charge collectors

The dye-sensitized solar cells are typically assembled with two
sheets of transparent conductive oxides acting as charge col-
lectors and a substrate for the deposition of the semiconductor
and catalyst [33, 34]. Transparent conducting oxides (TCO)
are metal oxides coated on the soda lime (generally) glass sub-
strate to make it electrically conductive. To reduce the energy
loss, its electrical conductivity should be kept as high [35].
Generally, TCO coating is either of fluorine-doped tin oxide-
FTO (SnO;,: F, FTO) or indium-doped tin oxide-ITO (In,O5: Sn,
ITO). Nowadays, FTO coated glass is used in dye-sensitized
solar cells in place of ITO coated glass due to its better thermal
stability at high temperatures. The transmittance of the substrate
is a deciding factor to select the TCO substrate. Recently alu-
minium-doped zinc oxide (AZO) has also been explored [36].
Table 1 shows the difference between various TCO coatings.

3.2. Photo anode
The photoelectrode (or photoanode) in a dye-sensitized solar
cell is prepared from a skinny layer of sensitized semiconduc-
tor material (usually TiO,, ZnO, SnO,, etc.) with an extensive
bandgap, deposited onto the TCO substrate [33]. High light-har-
vesting efficiency (LHE) is achieved if the semiconductor layer
offers a vast surface area (high roughness) in order to get a con-
siderable amount of sensitizer molecules adsorbed [37].
Titanium dioxide (TiO,) is the most efficient material
among the several choices of wide-bandgap semiconductors for
dye-sensitized solar cell and have attracted considerable atten-

tion because of its lower cost, non-toxicity, availability in the
market, biocompatibility and has excellent chemical stability
[38]. The method to prepare TiO, nanoparticles film is very easy,
and no vacuum is needed. Generally, photoelectrode thin films
encompass mesoporous structured titania, obtained after sinter-
ing of a TiO, thin film at a temperature higher than 400°C [39].
Based on the annealing temperature, it is present in three crys-
talline structures, namely anatase, rutile, and brookite [40—42].
Rutile is stable while anatase and brookite are metastable.

As brookite is very difficult to synthesize, for photocatalytic
activity, only rutile and anatase polymorphs are considered vital
[43]. However, pure anatase displays an advanced photocata-
lytic activity than pure rutile [44].

3.3. Dye sensitizer

A dye is stated to be a substance which imparts colour and
which has a specific affinity towards the substrate it is being
applied upon. There has been a prodigious number of dyes that
have been used to prepare efficient polymer solar cells [45].

3.3.1. Characteristics of dye

Some of the stringent characteristics a dye should possess for
being coated on a dye-sensitized solar cell substrate are as fol-
lows:

e Since more than 50% of solar energy is emitted in the region
from 400-800 nm, dyes that absorb in this region are pre-
ferred as a broad absorption spectrum helps in capturing as
much of the solar radiation as possible.

Table 1
Difference between various TCO coatings

Sr. Parameter Indium-doped Fluorine-doped Aluminium-doped
No. Tin Oxide Coated Glass Tin Oxide Coated Glass Zinc Oxide coated Glass
1 | Temp (°C) 350°C 600°C 600°C
UV reflectivity is high, and
2 | Transparency Medium in visible light Better to visible light transparency to visible light is
better
3 | Resistance Resistance rises with temperature Resistance is c:)nstant up to Ideal for temperature-sensitive
600°C polymer substrates
4 | Thermal stability Lower Excellent Excellent
5 | Conductivity Moderate conductivity Good conductivity Excellent conductivity
6 | Tolerance Moderate High High
. ITO coated on the passivation On a glass surface, FTO is Using etching, patterning of films
7 | Coating . . .
layer of the glass surface coated directly is more facile
8 | Molecular structure Cubic structure Tetragonal structure Hexagonal structure
Reflectance in . .
9 the IR zone Lower Higher Higher
10 Sp?m.fl?d Sheet <10 ohms/sq <10 ohms/sq <10 ohms/sq
resistivity
11 | Transmittance occurs 550 nm — >83% 550 nm — >85% 400-1000 nm = 82-83%
12 | Film thickness 18002000 A 18002000 A 8000-8500 A

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319
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e The extinction coefficient of the dye molecule should be
high over the whole absorption spectrum. This assists in the
absorption of most of the light within a monolayer of the dye
because an increase of the optical density of the electrode
deteriorates the photovoltage and also causes diffusion prob-
lems in the electrolyte at high current densities.

The dye should be soluble in a particular solvent for adsorp-
tion onto the electrode and should not be absorbed by the
electrolyte.

The bonding of the dye with the substrate (affinity) should
be of remarkable strength, and it should get adsorb strongly
on the surface of the semiconductor to make sure that the
electron is injected efficiently into its conduction band and
to avoid regular leakage from the electrolyte [46].

The electron released should have enough excitation energy
when it moves through the cell to meet the electrode.

The dye should be able to transfer the electron to the TiO,
rapidly in order to avoid undesirable recombination to the
ground state of the dye [47].

A redox electrolyte may be used for regeneration of the dye
(such a dye should be used) [45]. Also, the oxidized state of
the dye must have a more positive potential than the redox
couple in the electrolyte. The dye should stay stable in its
oxidized form, allowing it to be reduced by an electrolyte.

3.3.2. Classification of dyes

There are broadly two general classifications of the dyes nat-
ural and synthetic (human-made). Synthetic dyes require the
usage of scarce elements in their making and are challenging
in treating, while natural dyes are easily processed able and can
be made out of just any natural material like peels of fruits,
barks of trees, leaves, fruit juices, fruit pulps, etc. Moreover, as
a substitute to the noble Ru complex sensitizers, organic dyes
show many advantages like easily designable molecular struc-

tures, natural synthesis, cost-effectiveness, lesser environmental
issues, and higher molar extinction coefficients [48]. So, they
can be considered a better substitution of synthetic, once they
attain higher efficiency.

Some functional groups that are present in the dyes main-
tain the affinity with the electrode they have been coated on,
thus enhancing the charge transfer. Natural dyes are generally
used with titanium dioxide (TiO,) (nanoparticles) coating as an
electrode, as this material exists in abundance and shows higher
affinity with the dyes. Associativity is a significant issue with
these natural dyes, as the proper functional groups needed to
enhance it is known as an anchoring group, which should make
bonds with the titania via surface hydroxyl groups. The carbox-
ylic group and its derivatives are generally part of this group.
Hydroxy groups also show the tendency of binding onto TiO,
[49]. Furthermore, sulfonate and silane have also been used.
Structures of efficient sensitizers containing binding groups
(phosphonic acid) were first established by Pechy et al. [50].

The difference between natural dyes and synthetic dyes are
shown in Table 2. Due to the stability problem and colour fad-
ing issues, natural dyes are less efficient. The synthetic dyes
have a maximum absorption range in the solar spectrum. There-
fore, these sensitizers produce better output than natural dyes.

3.3.3. Review of various dyes for dye-sensitized solar cell
The different natural dyes that are used for the fabrication of
dye-sensitized solar cells are reviewed and summarized in tabu-
lar form, as shown in Table 3. The performance of the dye-sen-
sitized solar cell is evaluated by using various parameters such
as open-circuit voltage, short circuit current, fill factor, and
efficiency [51]. The plant pigmentation can be understood by
maximum wavelength (A,,,,). The comparative performance
parameters of the natural dye-based dye-sensitized solar cell,
with semiconductor electrode TiO,, are shown in Table 4.

Table 2
Difference between natural dye and synthetic dye
S.No | Parameter Natural dye Synthetic dye
1 Fabrication Simple chemical procedure Requires multi procedures, which are costly
Process and time-consuming

2 Availability Natural dye is 100% available

Long term availability of man-made dyes is a problem

3 Efficiency
the efficiency is lower

As the degradation of natural dye is higher,

The efficiency of synthetic dyes is higher

4 Cost Natural dyes are cheap, as they are naturally Synthetic dyes are costly due to their production process
available and require fewer chemical procedures
5 Stability Less stable due to the degradation process More stable
6 Environmental Environmentally friendly because of its natural Due to its chemical nature, its effects are harmful to the
effect occurrence environment

7 Absorption rate

400-700 nm range of the solar spectrum

up to 800nm range of the solar spectrum

8 Reproduction

Reproduction of the same shades is difficult

Easy to reproduce

9 Variety Limited range of colours

Wide range

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319
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Table 3
Review of different dyes used and their performance as a sensitizer
I\SI;) Dye used Result obtained Reference
The photovoltaic performance is reduced due to dye aggregation and intermolecular energy
! Blueberry transfer. The efficiency achieved is 1.13% [53-55]
) Dragon fruit, The voltage and current of dye-sensitized solar cells increase with light, the efficiency of [56]
cabbage and grape dragon fruit, red cabbage, and grapes are 0.015%, 0.006%, and 0.011% respectively
The basella alba seeds extracted dye is applied on nanocrystalline photoelectrode titanium
3 Basella Alba Seeds | oxide, which is further deposited on tin oxide 48.5% film factor and 0.115% efficiency is [57]
achieved
4 Calotropis With the dye extracted from Calotropis, better v1s1l?le absorption and better temperature [58]
response at an enhanced temperature range are achieved
5 Olive leaves, red Numerical modelling has been studied using MATLAB. It has been shown that the [59]
hibiscus photovoltaic performance of olive leaves is higher than red hibiscus flowers
6 Plant pigmentation Efficiency is thlmlzed (up to 50%) by using a source measure unit, due to irradiation time [60]
and dye stability
7 Blackbe Without any polymer electrolyte, efficiency is 0.076%, the efficiency increases up to 0.242% [49, 54,
Ty when PAN liquid is used 61-63]
The efficiency of five Chlorophyll dyes extracted are Fig (0.49%), Black Tea (0.08%), Green
8 | Plantl d . RS 64
ant Jeaves dyes tea (0.03%), Henna (0.05%), Schinus terebinthifolius (0.73%) [64]
9 Ziziphus jujuba The efficiency is 1.077%. It has been reported that the dye structure is highly connected with [7, 64]
leaves the TiO, surface ’
10 | Lemon leaves dye The efficiency reported using 1§rr}on leaves dye is 0.03.6%..The efficiency is low because of [65]
poor dye absorption, which inhibits charge transfer to titanium
. Hibiscus enhances electron transfer, as it is ascribed to anthocyanin and adheres to TiO, [16, 53, 61,
11 | Hibiscus dye . .
surface. The efficiency is 1.19% 62, 66, 67]
Red Sicilian orange | For optical activity, cyanine and delphinidin are the responsible pigments.
12 | ey . [49, 58]
juice dye The efficiency is 1%
13 Flower based dye: The dye-sensitized solar cell exhibited open voltage of 0.52 V, short circuit current [68]
Luffa cylindrica L 0.44 mA cm™ 2, fill factor of 0.60, efficiency of 0.13% and IPCE ~30% (at 2 = 430 nm)
14 Wild Sicilian The existence of carboxylic groups similar to that of Ru poly-pyridyl complexes offers the [69-71]
prickly pear dye benefits of better interaction between the dye. The efficiency is 2.06%
15 Seed based dye: It has been reported that while using lithium iodide as an electrolyte, the conversion [64]
Eruca Sativa seeds | efficiency becomes double. 0.725% of efficiency is reported
16 | Purple cabbage Anthocyanlns gpsorb l9ng-wavelength lights and are water-soluble in nature. The 0.75% 53, 72]
conversion efficiency is reported using purple cabbage extracted dye
This article is focused on developing dye as a precursor. The red cabbage extracted dye is
17" | Red cabbage used, and the efficiency reported is 2.90% [67, 73]
18 | Begonia Anthocyanin in Begonia dye extract was stable till 150°C. The efficiency is 1.86% [74]
19 | Pomegranate ORAC and VIS techn919gy are used to study the anthocyanin property or pomegranate seed [7,75-77]
extracted dye. The efficiency is 1.15%
. The efficiency reported, using spinach dye, is 4%, the visible absorption range [53,72,75,
21 | Spinach leaves dye is 422-659 nm 78, 79]
22 | Redrose petals dye | The efficiency reported with red rose dye is highest, i.e. 0.81% [80]
23 | Red turnip The efficiency reported is 1.7%, which is 50% than the N179 base cell [81]
24 | Bggplant Due to variable factors such as light intensity, and TiO, linkage, eggplant extracted dye (64,69, 71]

produces different results. The efficiency reported is 0.64%

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319
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I\SI;) Dye used Result obtained Reference
Delphinidin-based dyes are more used than Cyanidine and pelargonidin-based dyes, due to the
26 | Strawberry potential of embedding titania and transferring photons. Strawberries are rich in pelargonidin | [55, 82, 83]
and blackberries and blueberries in cyanidin. The efficiency is 0.62%
27 | Wormwood wdvanced spteaton of dyes over hesubstte e (72, 84]
28 | Wakame The 4.6% efficiency is reported, and dye-substrate affinity was high [85]
29 Turmeric (Curcumin | As compared to deprotonated curcumin dye, K,COs is stabilized more and has an efficiency [53, 83, 86]
Dye) 0f 9.9%
30 | Papaya leaf dye I{l::; epf;i)cai;;lclza(;fetxlltfr:accilisi% fizigr;;itly related to HUMO and LUMO,; the efficiency reported 87]
1| Calotmopisleaves |4t o and effieney inereasd f00.21 4% thn 01085 fo el withot power | (59
32 xz)liliicsi;nic The efficiency using Mexican pre-Hispanic dyes is reported as 0.24% [89]
33 | Areca catechu The energy conversion rate is high, with an efficiency of 0.38%. The fill factor is 62.9% [90]
Table 4
Performance parameters of natural dye-based dye-sensitized solar cell
Dye Solution Reference Pigment Amax (nm) Isc (mA) Voc FF n(%)
Rhododendron [101] Anthocyanin 0.530 0.689 0.585 60.9 0.57
Yellow rose [101] Xanthophyll 487 0.600 0.554 57.1 0.270
Rosella (Hibiscus sabdariffa L.) [102, 103] Anthocyanin 520 1.630 0.400 0.57 0.370
Erythrina variegata [48, 104] Chlorophyll 451492 0.780 0.480 0.55 -
Hibiscus surattensis [105, 106] Anthocyanin 545 5.450 0.390 0.54 1.140
Raspberries [107, 108] Betacyanin 560 0.090 0.340 61.10 0.380
Cherries [7, 109, 110] Betacyanin 500 0.460 0.300 38.30 0.180
Wild Sicilian prickly pear [81] Betalin 465 8.200 0.380 0.38 1.190
Ivy gourdfruits [111, 112] B — Carotene 458480 0.240 0.640 0.49 0.990
Bitterleaf [113, 114] Chlorophyll 400 0.070 0.340 0.81 0.690
Spinach [75] Chlorophyll 437 0.470 0.550 0.51 0.130
Festuca ovina [115] Chlorophyll 420660 1.180 0.540 0.69 0.460
Red cabbage [116] Anthocyanin 537 0.500 0.370 0.54 0.130
Pomegranate [117] Anthocyanin 412 665 2.050 0.560 0.52 0.590
Shiso [101] Chlorophyll 440 600 3.560 0.550 0.51 1.010
Botuje [118] Flavonoid 400 0.690 0.050 0.87 0.120
Henna [119] Anthocyanin 518 1.870 0.610 0.58 0.660
Ficus retusa [120] Chorophyll 670 10.900 0.500 0.27 1.490
Anethum graveolens [121] Chlorophyll 666 0.960 0.570 40.00 0.220
Madder [122] Anthraquinone 540 0.540 0.389 0.69 0.100
Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319 7
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Dye Solution Reference Pigment Amax (nm) Isc (mA) Voc FF n(%)
Yemenihenna [123] Chlorophyll - 0.407 0.306 28.1 0.117
Sumac/Rhus [124] Anthocyanin 650 0.930 0.394 0.41 1.500
Tageteserecta [125] Xanthophyll 465 2.891 0.475 0.61 0.800
Morinda lucida [126] Anthocyanin 440 1.150 0.350 0.63 0.250
Gardenia yellow [127] Carotene 450 0.960 0.540 0.62 0.320

4. SUMMARY OF NATURAL DYES FOR DYE-SENSITIZED

SOLAR CELL
As the literature depicts, many researchers are working on
enhancing the efficiency of natural dyes. The conversion effi-
ciency of the dye-sensitized solar cell is dependent on many
other vital parameters [52].

It has been observed that, out of all plant pigments, anthocy-
anins are preferred because their absorption spectrum range is
broader, i.e. gamut of red to purple [91]. Secondly, the energy
absorption is enhanced in the case of chlorophyll, as it has two
absorptive peaks. Another plant pigment like betalin also has
a good absorption range.

The best results with natural organic dyes come from spinach
with 4% efficiency [53, 72, 75, 79], red beetroot 2.71% [78, 92]
and red cabbage 2.9% [93, 94]. These natural entities are rich in
anthocyanin, betalains, and chlorophyll, or any such strong light
sensitizers. Currently, numerous organic dyes have been used to
produce output as perfect as the inorganic dyes, but the result
seems to falter and would not achieve the maximum laid down
by the inorganic dyes [95]. Thence, a fair amount of research
work is being inputted in determining the perfect environment
for the lasting and efficient functioning of the solar cells [96].

4.1. Problems associated with natural dyes

For enhancing the stability and efficiency of the dye-sensitized
solar cell, many researchers are working rigorously. But still,
the efficiency of natural dyes is less as compared to the human-
made dyes, for dye-sensitized solar cells [66, 97-100]. Some
problems with natural dyes are listed here:

e In the presence of sunlight, the dye causes instability issues
in the dye-sensitized solar cells. The human-made dye such
as ruthenium has less degradation in the presence of sunlight,
so it shows more excellent stability.

e In dye-sensitized solar cells, there is a problem of poor
absorption in the solar spectrum, especially in the red part.
Due to poor absorption, a limited current is generated, which
limits the output efficiency of the cell. Natural dyes are poor
absorber than human-made dyes.

If inhaled, ingested, or absorbed through the skin, natural
dyes can cause harmful effects, for example, logwood has
further ingredients such as haematein and hematoxylin can
cause irritation or inflammation.

Availability of raw material may depend on season or spe-
cies, which can be problematic for researchers, whereas
human-made dye can be produced in the laboratory through-
out the year.

5. CONCLUSION

Over the past few years blackberries, blueberry, hibiscus and
spinach-based dyes were frequently used. The high anthocy-
anin content of blackberry and blueberry and high chlorophyll
concentration in spinach is a reason for their frequent usage.
It should also be noted that a significant amount of research
has been put into improving the efficiencies of red beetroot,
red cabbage, and red turnip—this review article emphasizes
natural dye and performance parameters of the dye-sensitized
solar cell. The vital point for an efficient dye-sensitized solar
cell is cost-effectiveness, abundance, and its environmentally
friendly nature. Further research on natural dyes for increas-
ing the stability and efficiency of dye-sensitized solar cells is
encouraged. An alternative to increase stability and absorption
range is hybrid dyes, which is a mixture of natural and human-
made dye, such as mixing of chlorophyll dye and anthocyanin
dye boosts up the efficiency. The sensitizer should have high
life and high extinction coefficient, which proves sufficient
binding between semiconductor and sensitizer. The hydroxyl
and carboxyl groups should be present in the dye. The addition
of graphene with natural dye extract may enhance the efficiency
of nature dye-based dye-sensitized solar cell.

REFERENCES

[1] S.M. Sze and K.K. Ng, Physics of semiconductor devices. John
Wiley & Sons, 2006.

[2] G.P. Smestad, Optoelectronics of Solar Cells,. SPIE press, 2002.

[3] D.M. Tobnaghi, R. Madatov, and D. Naderi, “The effect of tem-
perature on electrical parameters of Solar Cells,” Inte. J. Adv. Res.
Electr. Electron. Instrument. Eng., vol. 2, no. 12, pp. 6404-6407,
2013.

[4] G. Dennler, M.C. Scharber, and C.J. Brabec, “Polymer-fullerene
bulk-heterojunction Solar Cells,” Adv. Mater., vol. 21, no. 13,
pp. 1323-1338, 2009.

[5] M. Igalson and A. Urbaniak, “Defect states in the CIGS Solar
Cells, by photocapacitance and deep level optical spectroscopy,”
Bull. Pol. Acad. Sci. Tech. Sci., vol. 53, pp. 157-161, 2005.

[6] N.A. Ludin, A.A.-A. Mahmoud, A.B. Mohamad, A.A.H. Kad-
hum, K. Sopian, and N.S.A. Karim, “Review on the development
of natural dye photosensitizer for dye-sensitized Solar Cells,”
Renew. Sustain. Energy Rev., vol. 31, pp. 386-396, 2014.

[7] S.A. Taya, T.M. El-Agez, K.S. Elrefi, and M.S. Abdel-Latif,
“Dye-sensitized Solar Cells, based on dyes extracted from dried
plant leaves,” Turk. J. Phys., vol. 39, no. 1, pp. 24-30, 2015.

[8] F. Gao et al., “A new heteroleptic ruthenium sensitizer enhances
the absorptivity of mesoporous titania film for a high efficiency
dye-sensitized solar cell,” Chem. Commun.,no. 23, pp. 2635-2637,
2008.

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319



(9]

(10]

(18]

[19]

Bull

www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

Use of natural dyes for the fabrication of dye-sensitized solar cell: a review

J. Burschka et al., “Sequential deposition as a route to high-per-
formance perovskite-sensitized Solar Cells,” Nature, vol. 499,
no. 7458, pp. 316-319, 2013.

K. Gwozdz et al., “Si/ZnO nanorods with Ag nanoparticles/AZO
heterostructures in PV applications,” Bull. Pol. Acad. Sci. Tech.
Sci., vol. 64, no. 3, 2016.

A. Mbonyiryivuze et al., “Natural dye sensitizer for Gritzel cells:
Sepia melanin,” Phys. Mater. Chem., vol. 3, pp. 1-6, 2015.

A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson,
“Dye-sensitized Solar Cells,” Chem. Rev., vol. 110, no. 11,
pp. 6595-6663, 2010.

H.C. Weerasinghe, F. Huang, and Y.-B. Cheng, “Fabrication of
flexible dye sensitized Solar Cells, on plastic substrates,” Na-
no-Energy, vol. 2, no. 2, pp. 174-189, 2013.

B.P. Jelle, C. Breivik, and H.D. Rekenes, “Building integrated
photovoltaic products: A state-of-the-art review and future re-
search opportunities,” Sol. Energy, Mater. Solar Cells, vol. 100,
pp. 69-96, 2012.

L.P. Heiniger et al., “See-Through Dye-Sensitized Solar Cells,:
Photonic Reflectors for Tandem and Building Integrated Photo-
voltaics,” Adv. Mater., vol. 25, no. 40, pp. 5734-5741, 2013.

H. Hug, M. Bader, P. Mair, and T. Glatzel, “Biophotovoltaics:
natural pigments in dye-sensitized Solar Cells,” Appl. Energy,
vol. 115, pp. 216-225, 2014.

J.G. Loépez-Covarrubias, L. Soto-Muiioz, A.L. Iglesias, and L.J.
Villarreal-Gomez, “Electrospun nanofibers applied to dye solar
sensitive cells: A review,” Materials, vol. 12, no. 19, p. 3190,
2019.

S.A. Abrol, C. Bhargava, and P.K. Sharma, “Fabrication of DSSC
using doctor blades method incorporating polymer electrolytes,”
Mater. Res., Express, vol. 8, no. 4, p. 045010, 2021.

S. Fukurozaki, R. Zilles, and 1. Sauer, “Energy payback time
and CO2 emissions of 1.2 kWp photovoltaic roof-top system in
Brazil,” Int. J. Smart Grid Clean Energy, vol. 2, pp. 164—169,
2013.

K. Solangi, M. Islam, R. Saidur, N. Rahim, and H. Fayaz, “A re-
view on global Sol. Energy, Policy,” Renew. Sustain. Energy
Rev., vol. 15, no. 4, pp. 2149-2163, 2011.

M.A. Albrecht, C.W. Evans, and C.L. Raston, “Green Chemis-
try and the health implications of nanoparticles,” Green Chem.,
vol. 8, no. 5, pp. 417-432, 2006.

K. Hara et al., “Influence of electrolyte on the photovoltaic per-
formance of a dye-sensitized TiO, solar cell based on a Ru (II)
terpyridyl complex photosensitizer,” Sol. Energy Mater. Solar
Cells, vol. 85, no. 1, pp. 21-30, 2005.

P.K. Samanta and N.J. English, “Opto-electronic properties of
stable blue photosensitisers on a TiO, anatase-101 surface for ef-
ficient dye-sensitised Solar Cells,” Chem. Phys. Letters, vol. 731,
p- 136624, 2019.

L. Srinivasan, K.V. Ramanathan, G. Gopakumar, S.V. Nair, and
M. Shanmugam, “RF-sputtered tungsten enabled surface plas-
mon effect in dye sensitised Solar Cells,” /IET Optoelectron.,
vol. 14, no. 5, pp. 274-277, 2020.

J.M. Bridges, “Integrated electronics in defense systems,” in
Proc. IEEE, Washington DC, 14 December, 1964.

A. Goodrich ef al., “A wafer-based monocrystalline silicon pho-
tovoltaics road map: Utilizing known technology improvement
opportunities for further reductions in manufacturing costs,” Sol.
Energy, Mater. Solar Cells, vol. 114, pp. 110-135, 2013.

Y. Zhou, J. Lu, Y. Zhou, and Y. Liu, “Recent advances for dyes
removal using novel adsorbents: a review,” Environ. Pollut.,
vol. 252, pp. 352-365, 2019.

. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319

(28]

[29]

[31]

[32]

[33]

[34]

[35]

[36]

[39]

[40]

[41]

[42]

[43]

[44]

M. Kutraleeswaran, M. Venkatachalam, M. Saroja, P. Gowtha-
man, and S. Shankar, “Dye sensitized Solar Cells,—A Review,”
J. Adv. Res. Appl. Sci., vol. 4, pp. 26-38, 2017.

S.A. Abrol, C. Bhargava, and P.K. Sharma, “Material and its
selection attributes for improved DSSC,” Mater. Today: Pro-
ceedings, vol. 42, pp. 1477-1484, 2021.

S.A. Abrol, C. Bhargava, and P.K. Sharma, “Electrical proper-
ties enhancement of Liquid and Polymer Gel based electrolytes
used for DSSC applications,” Mater. Res. Express, vol. 7, no. 10,
p. 106202, 2020.

S.K. Das, S. Ganguli, H. Kabir, J.I. Khandaker, and F. Ahmed,
“Performance of Natural Dyes in Dye-Sensitized Solar Cell as
Photosensitizer,” Trans. Electr. Electron. Mater., vol. 21, no. 1,
pp- 105-116, 2020.

N. Kumara, A. Lim, C.M. Lim, M.I. Petra, and P. Ekanayake,
“Recent progress and utilization of natural pigments in dye sen-
sitized Solar Cells,: A review,” Renew. Sustain. Energy Rev.,
vol. 78, pp. 301-317, 2017.

A. Andualem and S. Demiss, “Review on dye-sensitized Solar
Cells, (DSSCs),” Edelweiss Appl. Sci. Tech., vol. 2, pp. 145-150,
2018.

S.A. Abrol, C. Bhargava, and P.K. Sharma, “Reliability analy-
sis and condition monitoring of polymer based dye sensitized
solar cell: a DOE approach,” Mater. Res. Express, vol. 8, no. 4,
p- 045309, 2021.

U. Mehmood, S.-U. Rahman, K. Harrabi, I.A. Hussein, and
B. Reddy, “Recent advances in dye sensitized Solar Cells,” Adv.
Mater. Sci. Eng., vol. 2014, pp. 1-12, 2014.

N. Patni, P. Sharma, M. Parikh, P. Joshi, and S.G. Pillai, “Cost
effective approach of using substrates for electrodes of enhanced
efficient dye sensitized solar cell,” Mater. Res. Express, vol. 5,
no. 9, p. 095509, 2018.

B. O’regan and M. Gritzel, “A low-cost, high-efficiency so-
lar cell based on dye-sensitized colloidal TiO, films,” Nature,
vol. 353, no. 6346, pp. 737-740, 1991.

M. Wu, X. Lin, Y. Wang, L. Wang, W. Guo, D. Qi, X. Peng,
A. Hagfeldt, M. Gritzel, and T. Ma, “Economical Pt-free cata-
lysts for counter electrodes of dye-sensitized Solar Cells,” JACS,
vol. 134, no. 7, pp. 3419-3428, 2012.

A. Kargar, “Semiconductor Nanostructures for Solar Water Split-
ting and Hydrogen Production: Design, Growth/Fabrication,
Characterization, and Device Performance,” UC San Diego,
2015.

J.C. Jamieson and B. Olinger, “Pressure-temperature studies of
anatase, brookite rutile, and TiO, (II): A discussion,” Am. Min-
eral.,: J. Earth Planet. Mater., vol. 54, no. 9-10, pp. 1477-1481,
1969.

A. Kumar, R. Jose, K. Fujihara, J. Wang, and S. Ramakrishna,
“Structural and optical properties of electrospun TiO, nanofi-
bers,” Chem. Mater., vol. 19, no. 26, pp. 6536-6542, 2007.

S.J. Smith, R. Stevens, S. Liu, G. Li, A. Navrotsky, J. Boe-
rio-Goates, and B.F. Woodfield, “Heat capacities and thermo-
dynamic functions of TiO, anatase and rutile: Analysis of phase
stability,” Am. Mineral., vol. 94, no. 2-3, pp. 236-243, 2009.
F.-L. Toma et al., “Microstructure and environmental function-
alities of TiO,-supported photocatalysts obtained by suspension
plasma spraying,” Appl. Catal. B Environment., vol. 68, no. 1-2,
pp. 74-84, 2006.

L. Liu, H. Zhao, J.M. Andino, and Y. Li, “Photocatalytic CO,
reduction with H,O on TiO, nanocrystals: Comparison of ana-
tase, rutile, and brookite polymorphs and exploration of surface
chemistry,” ACS Catal., vol. 2, no. 8, pp. 1817-1828, 2012.



[56]

[57]

[59]

[60]

10

www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

C. Bhargava and P.K. Sharma

N. Rawal, A. Vaishaly, H. Sharma, and B.B. Mathew, “Dye sen-
sitized Solar Cells,: the emerging technology,” Energy Power
Eng.-Eng. Sci. EPES, vol. 2, no. 2, pp. 46-52, 2015.

N. Robertson, “Optimizing dyes for dye-sensitized Solar Cells,”
Angew. Chem. Int. Ed., vol. 45, no. 15, pp. 2338-2345, 2006.
S.A. Haque et al., “Charge separation versus recombination in
dye-sensitized nanocrystalline Solar Cells,: the minimization of
kinetic redundancy,” JACS, vol. 127, no. 10, pp. 3456-3462,
2005.

S. Hao, J. Wu, Y. Huang, and J. Lin, “Natural dyes as photosen-
sitizers for dye-sensitized solar cell,” Sol. Energy, vol. 80, no. 2,
pp. 209-214, 2006.

G. Calogero, A. Bartolotta, G. Di Marco, A. Di Carlo, and F. Bo-
naccorso, “Vegetable-based dye-sensitized Solar Cells,” Chem.
Soc. Rev., vol. 44, no. 10, pp. 3244-3294, 2015.

P. Péchy et al., “Preparation of phosphonated polypyridyl ligands
to anchor transition-metal complexes on oxide surfaces: applica-
tion for the conversion of light to electricity with nanocrystalline
TiO, films,” J. Chem. Soc., Chem. Commun., no. 1, pp. 65-66,
1995.

H. Tian et al., “Dye-sensitised Solar Cells,” in Sol. Energy Cap-
ture Mater., 2019, pp. 89-152.

AM. Ammar, H.S.H. Mohamed, M.M K. Yousef, G.M. Ab-
del-Hafez, A.S. Hassanien, and A.S.G. Khalil, “Dye-Sensi-
tized Solar Cells, (DSSCs) Based on Extracted Natural Dyes,”
J. Nanomater., vol. 2019, p. 1867271, 2019/04/18 2019, doi:
10.1155/2019/1867271.

R. Syafinar, N. Gomesh, M. Irwanto, M. Fareq, and Y. Irwan,
“Potential of purple cabbage, coffee, blueberry and turmeric as
nature based dyes for dye sensitized solar cell (DSSC),” Energy
Procedia, vol. 79, pp. 799-807, 2015.

AN.B. Zulkifili, T. Kento, M. Daiki, and A. Fujiki, “The basic
research on the dye-sensitized Solar Cells, (DSSC),” J. Clean
Energy Technol., vol. 3, no. 5, pp. 382-387, 2015.

F. Teoli, S. Lucioli, P. Nota, A. Frattarelli, F. Matteocci, A. Di Car-
lo, E. Caboni, and C. Forni, “Role of pH and pigment concen-
tration for natural dye-sensitized Solar Cells, treated with an-
thocyanin extracts of common fruits,” J. Photochem. Photobiol.
A-Chem., vol. 316, pp. 24-30, 2016.

E. Maulana and S.H. Pramono, “Dye-Sensitized Solar Cell
Based on Anthocyanin Natural Dye,” in 2018 12th South East
Asian Technical University Consortium (SEATUC), 2018, vol. 1,
pp. 1-5.

M. Al Emran, A. Amin, and M.F. Hossain, “Fabrication and Per-
formance Test of Dye-Sensized Solar Cell Using Natural Dye
Extracted from Basella Alba seeds,” in 2018 10th International
Conference on Electrical and Computer Engineering (ICECE),
2018, pp. 365-368.

D. Zhang et al., “Efficiency and high-temperature response of
dye-sensitized Solar Cells, using natural dyes extracted from
Calotropis,” in 2018 5th International Conference on Renew-
able Energy,: Generation and Applications (ICREGA), 2018,
pp. 183-187.

A. Aboulouard et al., “Numerical simulation of dye-sensitized
Solar Cells, performance for local natural dyes,” in 2020 I[EEE
6th International Conference on Optimization and Applications
(ICOA4), 2020, pp. 1-4.

A.M.A. Zakar, S.A. Naman, and S.M. Ahmed, “Improvement of
the Efficiency of Dyed Mono Crystalline Silicon Solar Cell by
Covering it with Natural Plants Pigments,” in 2019 Internation-
al Conference on Adv. Sci., and Engineering (ICOASE), 2019,
pp. 230-235.

[61]

[71]

R. Adel, T. Abdallah, Y. Moustafa, A. Al-sabagh, and H. Talaat,
“Effect of polymer electrolyte on the performance of natural
dye sensitized Solar Cells,” Superlattices Microstruct., vol. 86,
pp. 62-67, 2015.

C.C.-V. Pablo, R.-R. Enrique, A.R.-G. José, M.-P. Enrique, L.-H.
Juan, and N. A.-M. Eddie, “Construction of dye-sensitized Solar
Cells, (DSSC) with natural pigments,” Mater. Today Proceed-
ings, vol. 3, no. 2, pp. 194-200, 2016.

M. Sokolsky, M. Kusko, M. Kaiser, and J. Cirak, “Fabrication
and Characterization of Dye-sensitized Solar Cells, Based on
Natural Organic Dyes,” Elektroenergetika, vol. 4, no. 2, 2011.
M.S. Abdel-Latif, M.B. Abuiriban, T.M. El-Agez, and S.A. Taya,
“Dye-sensitized Solar Cells, using dyes extracted from flowers,
leaves, parks, and roots of three trees,” Dye-sensitized Solar
Cells, vol. 5, no. 1, 2015.

K. Maabong et al., “Natural pigments as photosensitizers for
dye-sensitized Solar Cells, with TiO, thin films,” Int. J. Renew.
Energy Res. (IJRER), vol. 5, no. 2, pp. 501-506, 2015.

E.LL Elsay, M.D.A. Allah, A.A.M. Fadol, and S.A.E. Ahmed,
“Determination of Energy Gap & Efficiency in Dye Polymer Solar
Cells,” Int. J. Current Eng. Technol., vol. 5,no. 4, pp. 2713-2715,
2015.

A. Pamain, T.P. Pogrebnaya, and C.K. King’ondu, “Natural dyes
for solar cell application: UV-Visible spectra and outdoor pho-
tovoltaic performance,” Res. J. Appl. Sci. Eng Technol., vol. 3,
no. 5, pp. 332-336, 2014.

I.C. Maurya, P. Srivastava, and L. Bahadur, “Dye-sensitized solar
cell using extract from petals of male flowers Luffa cylindrica L.
as a natural sensitizer,” Opt. Mater., vol. 52, pp. 150-156, 2016.
G. Calogero and G. Di Marco, “Red Sicilian orange and purple
eggplant fruits as natural sensitizers for dye-sensitized Solar
Cells,” Sol. Energy Mater. Solar Cells, vol. 92,no. 11, pp. 1341—
1346, 2008.

G. Dimarco, S. Caramori, S. Cazzanti, R. Argazzi, A. Dicarlo,
and C.A. Bignozzi, “Efficient Dye-Sensitized Solar Cells, Using
Red Turnip and Purple Wild Sicilian Prickly Pear Fruits,” /nt. J.
Mol. Sci., vol. 11, no. 1, pp. 254-267, 2010.

G. Calogero, J.-H. Yum, A. Sinopoli, G. Di Marco, M. Grit-
zel, and M.K. Nazeeruddin, “Anthocyanins and betalains as
light-harvesting pigments for dye-sensitized Solar Cells,” Sol.
Energy, vol. 86, no. 5, pp. 1563-1575, 2012.

H. Chang, M.-J. Kao, T.-L. Chen, C.-H. Chen, K.-C. Cho, and
X.-R. Lai, “Characterization of natural dye extracted from worm-
wood and purple cabbage for dye-sensitized Solar Cells,” Int. J.
Photoenergy, vol. 2013, pp. 159502, 2013.

Y. Li, S.-H. Ku, S.-M. Chen, M. A. Ali, and F.M. AlHemaid,
“Photoelectrochemistry for red cabbage extract as natural dye to
develop a dye-sensitized Solar Cells,” Int. J. Electrochem. Sci.,
vol. 8, no. 1, pp. 12371245, 2013.

L.K. Singh, T. Karlo, and A. Pandey, “Begonia dye as an efficient
anthocyanin sensitizer,” J. Renew. Sustain. Energy, vol. 5, no. 4,
p. 043115, 2013.

H. Chang, H. Wu, T. Chen, K. Huang, C. Jwo, and Y. Lo, “Dye-sen-
sitized solar cell using natural dyes extracted from spinach and
ipomoea,” J. Alloys Comp., vol. 495, no. 2, pp. 606-610, 2010.
M. Bazargan, M.M. Byranvand, A.N. Kharat, and L. Fatholahi,
“Natural pomegranate juice as photosensitizers for dye-sensi-
tized solar cell (DSSC),” J. Optoelectron. Adv. Mater. Rapid
Commun., vol. 5, no. 4, pp. 360-62, 2011.

S.A. Hasoon, R.M. Al-Haddad, O.T. Shakir, and I.M. Ibrahim,
“Natural dye sensitized solar cell based on zinc oxide,” Int. J.
Sci. Eng. Res., vol. 6, no. 5, pp. 137-142, 2015.

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319


https://doi.org/10.1155/2019/1867271

(78]

[88]

(89]

[90]

[92]

(93]

Bull

www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

Use of natural dyes for the fabrication of dye-sensitized solar cell: a review

X.-F. Wang et al., “Effects of plant carotenoid spacers on the
performance of a dye-sensitized solar cell using a chlorophyll
derivative: enhancement of photocurrent determined by one elec-
tron-oxidation potential of each carotenoid,” Chem. Phys.Letters,
vol. 423, no. 4-6, pp. 470-475, 2006.

A.U. Bhanushali, A.A. Parsola, S. Yadav, and R.P. Nalini, “Spin-
ach and beetroot extracts as sensitizers for ZnO based DSSC,”
Int. J. Eng. Sci. Manage. Res., vol. 2, pp. 37-42, 2015.

N. Gokilamani ef al., “Dye-sensitized Solar Cells, with natural
dyes extracted from rose petals,” J. Mater. Sci. Mater. Electron.,
vol. 24, no. 9, pp. 3394-3402, 2013.

G. Calogero et al., “Efficient dye-sensitized Solar Cells, using
red turnip and purple wild sicilian prickly pear fruits,” /nt. J.
Mol. Sci., vol. 11, no. 1, pp. 254-267, 2010.

D. Zhang, N. Yamamoto, T. Yoshida, and H. Minoura, “Natural
dye sensitized Solar Cells,” Trans. Mater. Res. Soc. Jap., vol. 27,
no. 4, pp. 811-814, 2002.

A.A. Mohammed, A.S.S. Ahmad, and W. A. Azeez, “Fabrication
of dye sensitized solar cell based on titanium dioxide (TiO,),”
Adv. Mater. Phys. .Chem., vol. 5, no. 09, p. 361, 2015.

J. Aguilar-Hernandez and K. Potje-Kamloth, “Evaluation of the
electrical conductivity of polypyrrole polymer composites,” J.
Phys. D: Appl. Phys., vol. 34, no. 11, p. 1700, 2001.

X.-F. Wang, C.-H. Zhan, T. Maoka, Y. Wada, and Y. Koyama,
“Fabrication of dye-sensitized Solar Cells, using chlorophylls
cl and c2 and their oxidized forms cl’ and ¢2’ from Undaria
pinnatifida (Wakame),” Chem. Phys. Letters, vol. 447, no. 1-3,
pp. 79-85, 2007.

S. Yoon et al., “Deprotonated curcumin as a simple and quick
available natural dye for dye sensitized Solar Cells,” Energy
Sources Part A, vol. 38, no. 2, pp. 183-189, 2016.

S. Suyitno, T. J. Saputra, A. Supriyanto, and Z. Arifin, “Stabil-
ity and efficiency of dye-sensitized Solar Cells, based on papa-
ya-leaf dye,” Spectrochim. Acta Part A Mol. Biomol. Spectr.,
vol. 148, pp. 99-104, 2015.

M. Tawalbeh, A. Alami, A. Taieb, D. Zhang, A. Alhammadi,
and K. Aokal, “Assessment of Calotropis natural dye extracts
on the efficiency of dye-sensitized Solar Cells,” Agronomy Res.,
vol. 16, no. 4, pp. 1569-1579, 2018.

M.A. Sanchez-Garcia, X. Bokhimi, S. Veldzquez Martinez, and
A.E. Jiménez-Gonzalez, “Dye-sensitized Solar Cells, prepared
with Mexican pre-hispanic dyes,” J. Nanotechnol., vol. 2018,
p. 1236878, 2018.

M.A. Al-Alwani, H.A. Hasan, N.K.N. Al-Shorgani, and A.B.S.
Al-Mashaan, “Natural dye extracted from Areca catechu fruits as
a new sensitiser for dye-sensitised solar cell fabrication: Optimi-
sation using D-Optimal design,” Mater. Chem. Phys., vol. 240,
p. 122204, 2020.

J. Zha and M. A. Koffas, “Anthocyanin production in engineered
microorganisms,” in Biotechnology of natural products. Spring-
er, 2018, pp. 81-97.

C. Sandquist and J.L. McHale, “Improved efficiency of bet-
anin-based dye-sensitized Solar Cells,” J. Photochem. Photobiol.
A-Chem., vol. 221, no. 1, pp. 90-97, 2011.

K. Wattananate, C. Thanachayanont, and N. Tonanon, “ORAC
and VIS spectroscopy as a guideline for unmodified red—purple
natural dyes selection in dye-sensitized Solar Cells,” Sol. Energy,
vol. 107, pp. 3843, 2014.

N. Li, Y. Lei, L. Guo, T. Yan, and J. Lin, “Remaining useful life
prediction based on a general expression of stochastic process
models,” IEEE Tran. Ind. Electron., vol. 64,no. 7, pp. 5709-5718,
2017.

. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319

[95]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

Y. Kubota, K. Kimura, J. Jin, K. Manseki, K. Funabiki, and M.
Matsui, “Synthesis of near-infrared absorbing and fluorescing
thiophene-fused BODIPY dyes with strong electron-donating
groups and their application in dye-sensitised Solar Cells,” New
J. Chem., vol. 43, no. 3, pp. 1156-1165, 2019.
S.-J. Young and K.-W. Yuan, “Self-powered ZnO nanorod ultra-
violet photodetector integrated with dye-sensitised solar cell,” J.
Electrochem. Soc., vol. 166, no. 12, p. B1034, 2019.
J.-H. Yum, E. Baranoff, S. Wenger, M.K. Nazeeruddin, and
M. Gritzel, “Panchromatic engineering for dye-sensitized Solar
Cells,” Energy Environ. Sci., vol. 4, no. 3, pp. 842-857, 2011.
D.W. Ayele and W.-N. SU, “Organometallic compounds for dye
sensitized solar cells, (DSSC),” Adv. Organomet. Chem. Catal.
2014, p. 503.
R. Kumar, A.K. Sharma, V.S. Parmar, A.C. Watterson, K.G. Chit-
tibabu, J. Kumar, and L.A. Samuelson, “Flexible, dye-sensitized
nanocrystalline Solar Cells, employing biocatalytically synthe-
sized polymeric electrolytes,” Chem. Mater., vol. 16, no. 23,
pp. 4841-4846, 2004.
C.-Y. Chien and B.-D. Hsu, “Optimization of the dye-sensitized
solar cell with anthocyanin as photosensitizer,” Sol. Energy,
vol. 98, pp. 203-211, 2013.
H. Zhou, L. Wu, Y. Gao, and T. Ma, “Dye-sensitized Solar
Cells, using 20 natural dyes as sensitizers,” J. Photochem. Pho-
tobiol. A-Chem., vol. 219, no. 2-3, pp. 188194, 2011.
A. Michael, B. Adenike, O. Surukite, A. Ibrahim, and B. Henry,
“Construction of Dye Sensitized Solar Cell with Bouganvilla,
Cordia Sebestena and Talinium Triangulare Flower,” J. Nat.
Sci. Res., vol. 3, no. 5, pp. 13-24, 2013.
R. Griinwald and H. Tributsch, “Mechanisms of instability in
Ru-based dye sensitization Solar Cells,” J. Phys. Chem. B,
vol. 101, no. 14, pp. 2564-2575, 1997.
K. Prabu, P. Anbarasan, and S. Ranjitha, “Natural dye-sensitized
Solar Cells, (NDSSCs) from opuntia prickly pear dye using
ZnO doped TiO, nanoparticles by sol-gel method,” Int. J. Eng.
Res. Appl., vol. 4, no. 7, pp.140-149, 2014.
S. Ananth, P. Vivek, T. Arumanayagam, and P. Murugakoothan,
“Natural dye extract of lawsonia inermis seed as photo sensi-
tizer for titanium dioxide based dye sensitized Solar Cells,”
Spectrochim. Acta Part A Mol. Biomol. Spectr., vol. 128,
pp. 420426, 2014.
K. Wongcharee, V. Meeyoo, and S. Chavadej, “Dye-sensitized
solar cell using natural dyes extracted from rosella and blue
pea flowers,” Sol. Energy Mater. Solar Cells, vol. 91, no. 7,
pp. 566571, 2007.
K.-H. Park et al., “Light harvesting over a wide range of wave-
length using natural dyes of gardenia and cochineal for dye-sen-
sitized Solar Cells,” Spectrochim. Acta Part A Mol. Biomol.
Spectr., vol. 128, pp. 868-873, 2014.
M. Alhamed, A.S. Issa, and A.W. Doubal, “Studying of natural
dyes properties as photo-sensitizer for dye sensitized Solar Cells,
(DSSC),” J. Electron Dev., vol. 16, no. 11, pp. 1370-1383,
2012.
E.P. Enriquez and A.C.M. San Esteban, “Graphene—anthocyanin
mixture as photosensitizer for dye-sensitized solar cell,” Sol.
Energy, vol. 98, pp. 392-399, 2013.
K.E. Jasim, S. Al-Dallal, and A.M. Hassan, “Natural dye-sen-
sitised photovoltaic cell based on nanoporous TiO,,” /nt. J.
Nanopart., vol. 4, no. 4, pp. 359-368, 2011.
S. Casaluci, M. Gemmi, V. Pellegrini, A. Di Carlo, and F. Bo-
naccorso, “Graphene-based large area dye-sensitized solar cell
modules,” Nanoscale, vol. 8, no. 9, pp. 53685378, 2016.

11



[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

12

www.czasopisma.pan.pl P N www.journals.pan.pl
=

POLSKA AKADEMIA NAUK

C. Bhargava and P.K. Sharma

V. Shanmugam, S. Manoharan, S. Anandan, and R. Murugan,
“Performance of dye-sensitized Solar Cells, fabricated with
extracts from fruits of ivy gourd and flowers of red frangipani
as sensitizers,” Spectrochim. Acta Part A Mol. Biomol. Spectr.,
vol. 104, pp. 35-40, 2013.

W. Yang et al., “Construction of efficient counter electrodes for
dye-sensitized Solar Cells,: Fe,O3 nanoparticles anchored onto
graphene frameworks,” Carbon, vol. 96, pp. 947-954, 2016.
H. Tributsch, “Reaction of excited chlorophyll molecules at elec-
trodes and in photosynthesis,” Photochem. Photobiol., vol. 16,
no. 4, pp. 261-269, 1972.

A. Hernandez-Martinez, S. Vargas, M. Estevez, and R. Rodri-
guez, “Dye-sensitized Solar Cells, from extracted bracts bou-
gainvillea betalain pigments,” in /st International Congress on
Instrumentation and Applied Sciences, 2010, vol. 1, p. 15.

A. Dumbrava et al., “Dye-sensitized Solar Cells, based on nano-
crystalline TiO2 and natural pigments,” J. Optoelectron. Adv.
Mater., vol. 10, no. 11, pp. 2996-3002, 2008.

H. Chang and Y.-J. Lo, “Pomegranate leaves and mulberry fruit
as natural sensitizers for dye-sensitized Solar Cells,” Sol. En-
ergy, vol. 84, no. 10, pp. 1833-1837, 2010.

S.A. Hussain, “Development of dye sensitized Solar Cells, us-
ing Botuje green leaves (Jathopha Curcas Linn),” Sci. J. Phys.,
vol. 2013, 2013.

K.A. Aduloju, M.B. Shitta, and J. Simiyu, “Effect of extracting
solvents on the stability and performances of dye-sensitized
solar cell prepared using extract from Lawsonia Inermis,” Fun-
damental J. Modern Phys., vol. 1, no. 2, pp. 261-268, 2011.

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

R. Singh, N.A. Jadhav, S. Majumder, B. Bhattacharya, and
P.K. Singh, “Novel biopolymer gel electrolyte for dye-sensi-
tized solar cell application,” Carbohydr. Polym., vol. 91, no. 2,
pp. 682-685, 2013.

S.A. Taya, T.M. El-Agez, H.S. El-Ghamri, and M. S. Abdel-La-
tif, “Dye-sensitized Solar Cells, using fresh and dried natural
dyes,” Int. J. Mater. Sci. Appl., vol. 2, no. 2, pp. 37-42, 2013.
K. Moustafa, M. Rekaby, E. El Shenawy, and N. Khattab,
“Green dyes as photosensitizers for dye-sensitized Solar Cells,”
J. Appl. Sci. Res., vol. 8, no. 8, pp. 4393-4404, 2012.

M. Al Amin and M. Hossain, “Fabrication, characterization and
performance analysis of dye-sensitized solar cell using natural
dye,” 1991.

S. Suhaimi, M.M. Shahimin, Z. Alahmed, J. Chysky, and A. Re-
shak, “Materials for enhanced dye-sensitized solar cell perfor-
mance: Electrochemical application,” Int. J. Electrochem. Sci,
vol. 10, no. 4, pp. 2859-2871, 2015.

A.R. Hernandez-Martinez, M. Estevez, S. Vargas, F. Quintan-
illa, and R. Rodriguez, “Natural pigment-based dye-sensitized
Solar Cells,” J. Appl. Res.Technol., vol. 10, no. 1, pp. 3847,
2012.

A.K. Alaba, “Utilization of Natural Morinda lucida as photo-
sensitizers for dyesensitized solar cell,” Arch. Appl. Sci. Res.,
vol. 4, no. 1, pp. 419425, 2012.

K.H. Park et al., “Photochemical properties of dye-sensitized
solar cell using mixed natural dyes extracted from Gardenia
Jasminoide Ellis,” J. Electroanal. Chem., vol. 689, pp. 21-25,
2013.

Bull. Pol. Acad. Sci. Tech. Sci. 69(6) 2021, e139319



