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Production of green energy by using environment friendly and cost-effective components is attracting the attention of the research
world and is found to be a promising approach to replace nonrenewable energy sources. Among the green energy sources, dye-
sensitized solar cells (DSSCs) are found to be the most alternative way to reduce the energy demand crises in current situation.
The efficiency of DSSCs is dependent on numerous factors such as the solvent used for dye extraction, anode and cathode
electrodes, and the thickness of the film, electrolyte, dye, and nature of FTO/ITO glasses. The efficiency of synthetic dye-based
DSSCs is enhanced as compared to their counterparts. However, it has been found that many of the synthetic sensitizers used
in DSSCs are toxic, and some of them are found to cause carcinogenicity in nature by forming a complex agent. Instead, using
various parts of green plants such as leaves, roots, steam, peel waste, flowers, various spices, and mixtures of them would be a
highly environmentally friendly and good efficient. The present review focuses on and summarizes the efficiency affecting
factors, the various categories of natural sensitizers, and solvent effects. Furthermore, the review work assesses the
experimentally and computationally obtained values and their progress in development.

1. Introduction

Energy is an important and basic pillar of life activities
across the globe. Basically, it exists in different forms, from
burning woods to obtain fire in prehistoric times to produc-
ing electricity in modern society. But it has been found that
the original sources of energy that people used to harvest in
their day-to-day activities have shown signs of deficiency
due to the rapid growth in industrialization, overgrowth in
population size, the advancement of infrastructure, and
humans’ basic need improvement [1]. Due to uprising con-
cerns about the energy crisis, climate change, shortages in
fossil fuels, and current environmental issues are motivating
the researcher to focus on clean, sustainable, and renewable
energy resources that will help to predict future sustainabil-

ity. Previously, it has been reported that energy produced
from nonrenewable products had contributed to almost
one-third of global greenhouse gas emissions [2, 3].

Nonrenewable energy products from fossil fuels, petro-
leum liquids, coal, and natural gas have been considered as
the dominant source of energy production for the world
economy in the past century. However, in view of nonre-
newable energy sources such as the fossil fuel crisis, the ris-
ing per barrel cost of crude oil, and the rejection of
pollution-causing energy sources, sustainable forms of
energy are becoming the center of attention worldwide
[4–6].

1.1. Renewable Sources of Energy. The common conventional
sources of energy based on oil, coal, and natural gas have
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proven to be highly efficient and effective product for eco-
nomic progress but they might result in damaging the natu-
ral ecosystem and human health too. The fast depletion of
fossil fuels and climate change issues and renewable energy
sourced from solar, wind, geothermal, hydroelectric, bio-
mass, nuclear power, and tide are some of the examples that
are available in common throughout the world [7]. Renew-
able energy sources can provide sustainable energy service
based on the use of routinely available starting materials
and indigenous resources, which is available within the nat-
ural environment with minimum cost [8–10]. Solar energy
provides a clean, renewable, and cheaper energy source for
the human race. These concepts were supported by the
world’s energy consumption history projections covering
the years from 1990 to 2040. From this projection, more
than 60% of energy is dominated by solar energy in the years
between 2090 and 2100 [11]. So, Figure 1 describes some
common categories of both renewable and nonrenewable
energy sources.

Energy from sunlight is capable of producing heat and
light, causes photochemical reactions, and generates electric-
ity. When sunlight strikes the earth’s surface, it provides 3.8
million EJ of energy a year (i.e., collecting the total solar
energy in one hour would satisfy human energy demand
for one year) [12]. Light energy conversion applications are
divided into three categories: photovoltaics for direct con-
version of sunlight into electricity, as well as concentrating
solar power systems and solar thermal collectors, employing
solar thermal energy. All of this energy was modeled in an
attempt to produce an efficient power output [11]. Photovol-
taic (PV) technology has sparked a lot of interest due to the
benefits of lower manufacturing costs and environmental
safety. Its panel efficiency strongly depends on the surface
temperature of the cell, and its efficiency decreases with
increasing temperature [13].

Up to now, commercially available PV technologies are
based on inorganic materials, which require high costs and
highly energy-consuming preparation methods. In addition,
several of those materials are toxic and have low natural
abundance. Organic PV can be used to avoid those prob-
lems. However, the efficiencies of organic-based PV cells
are still, at the moment, a long way behind those obtained
with purely inorganic-based PV technologies. Hence, the
benefit and significance of solar energy is that sunlight can
be directly harvested into solar energy with the use of small
and tiny PV solar cells [14]. Among silicon-based polymer,
quantum dots, dye-sensitized solar cells, and perovskites
are some of them and attract the researchers worldwide
[15, 16]. Figure 2 demonstrates the classification of solar
cells based on the materials on which they are made.

2. Dye-Sensitized Solar Cells (DSSCs)

Before dye-sensitized solar cells (DSSCs), silicon-based solar
cells were found to be the most popular and dominant
source of energy [18]. These solid-state junction devices
dominated the photovoltaic industry. O’Regan and Grätzel
[19] developed DSSCs, a new type of third-generation solar
cell in year 1991 and also known as green alternative energy

due to its potential applications and cost-effectiveness.
Moreover, this class of energy involves the use of green alter-
native solvents during its fabrication and does not result in
the formation of pollution to the natural environment such
as greenhouse gases, and the source by itself is uniformly
distributed as compared to other forms of energy. One of
the most operational technologies in this generation is its
long-term stability and environmentally friendly energy that
belongs to thin-film solar cell group [19, 20]. DSSCs are thus
considered as one of the most promising next-generation
devices for future energy demand and environmental reme-
diation solutions. Its basic components include porous semi-
conductor materials loaded with sensitizer on a glass
substrate (FTO/ITO), redox couple electrolyte, and counter-
electrode [21, 22].

One form of modification made by previous researchers
and reporters in the working electrodes is to add metal and
metal-based oxide materials to semiconductors such as
metals like Cr, Zr, Ni, Fe, Cu, Ag, CuO, ZnO, and TiO2
[23, 24]. In addition to this, there are a number of factors
limiting the performance of DSSCs. As such, the absorp-
tion of a large fraction of incident solar light by the photo-
active layer of a dye-sensitized photoanode, the use of wide
light absorption bands, and cosensitization of the photoa-
node are important for achieving high-performance and
efficient device. Ragoussi and Torres also reported on the
molecular orbital levels, absorption coefficients, morphol-
ogy of the layers, and molecular diffusion lengths as the
other main factors that affect certified power conversion
efficiency [25].

Figures 3(a) and 3(b) illustrate the fundamental opera-
tional principle of DSSCs and the resulting charge transfer
process between the sensitizer and the photoelectrode sys-
tem. As described in Figure 3(a), sensitizers may achieve
charge injection with the corresponding photoelectrode by
both direct and indirect sensitization, as shown in
Figure 3(b), thereby rendering it more panchromatic in
response [26], and this showed the charge collection proper-
ties of DSSCs, which, in turn, altered the photocurrent den-
sity, photovoltage, and solar energy conversion efficiency by
optimizing cell size without affecting environmental safety
[27]. However, it has not yet come to fruition; pure direct
sensitization protocol should be adapted, since it could
increase DSSC efficiency by eliminating the electron injec-
tion overpotential. It indicates the energy loss due to ther-
malization from the excited state of the dye (D∗) in the
other process (indirect technique) [28].

Previously, much scientific research work was reported
on the fabrication and assembly of DSSCs using their vari-
ous components such as working electrode, counterelec-
trode, sensitizers/dyes (natural, organic metal free dye, and
metal complex dyes/inorganic dyes), and the corresponding
cell performance [30–34]. This is due to its best performance
under solar irradiation diffusion, having low-cost
manufacturing, fabrication simplicity, and environmental
friendliness incorporated materials. But the low energy con-
version and short-term operational stability are still a chal-
lenge for commercial use as compared with silicon-based
solar cells, which have been commercialized [35].
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However, to the knowledge of the researchers, there is no
scientific report that summarizes and shows the effect of var-
ious components of the cell. Moreover, the novelty of this
review work also focuses on showing and focusing on the
different types of natural products as green, environmentally
friendly, and cost-effective sensitizers for DSSCs. Further-
more, the work intends to summarize the effect of solvent
on the extraction of dye and the effect and nature of the dif-
ferent parts of natural plants, such as roots, flowers, stems,
and leaves, due to their having various bioactive photosensi-
tive molecules [24, 36]. Hence, the aim of this review is to
focus on performance affecting parameters, to show the
recently achieved solar cell efficiency, to propose future sci-
entific directions on the way to use DSSCs for homemade

applications, and to extend their industrializations as well
as its assessment on how to optimize the device for commer-
cialization at large-scale production.

3. Basic Elements of DSSCs

In the old generation of photoelectrochemical solar cells
(PSCs), photoelectrodes were fabricated from bulky semi-
conductor materials such as Si, GaAs, or CdS. But these
kinds of photoelectrodes are highly affected by photocorro-
sion, which results in poor stability of the photoelectrochem-
ical cell [37]. Instead, sensitized wide band gap
semiconductors derived from metal oxides such as TiO2,
ZnO, niobium oxide, carbon materials, bilayer-assembled,
and their composites have been used as a major photoelec-
trode in DSSCs, as shown in Figure 4 [38, 39]. So, the next
section discussed the basic structure of DSSCs, which is
composed of different layers as compared to conventional
solar cells based on silicon, such as photoanode/photoelec-
trode/working electrode (WE), counterelectrode (CE), elec-
trolyte, and sensitizer (both synthetic/complex and natural
dyes) [35, 38, 40, 41].

3.1. Photoanode. The WE, or indicator, is the most impor-
tant component that has the function of absorbing radiation.
As a criterion, the electrode consists of a dye-sensitized layer
of nanocrystalline semiconductor metal oxide having a wide
band gap and being transparent enough to pass light to the
sensitizer. Many semiconductor materials, either in the form
of nano or bulk, were used as a photoelectrodes, such as
TiO2, Al@TiO2, TiO2-Fe, ZnO, SiO2, Zn2SnO4, CeO2,
WO3, SrTiO3, and Nb2O5 were used as scaffold materials
in DSSCs [26]. However, reports showed that TiO2 and
ZnO and their composite/doped-based photoelectrodes were
found to be the most widely common photoanode materials
due to their high band gap energy, inexpensiveness, nontoxi-
city nature, accessibility, and photoelectrochemical stability.
Their methods of preparation are too simple and achievable
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with environmentally friendly materials in the presence of
green solvents and show a promising high efficiency as com-
pared to the counterparts. Recently, TiO2 has become the
most popular metal oxide semiconductor in DSSCs after
ZnO and SnO2 [38].

Rajendhiran et al. [42] have reported the green synthe-
sized TiO2 nanoparticles by the sol-gel method using Plec-
tranthus amboinicus leaf extract, and the prepared
nanoparticles have been coated over an ITO substrate by
using the doctor blade approach. So, the assembled DSSCs
have exhibited higher solar to electrical energy conversion
efficiency, reaching 1.3% by using Rose Bengal organic dye

sensitizer due to the surface modification of the synthesized
nanoparticles. In addition, to support TiO2 in the photoa-
node, substrates such as fluorine-doped tin oxide (FTO)
and indium-doped tin oxide (ITO) [9], due to scarcity, rigid-
ity, and brittle properties of ITO, an alternative with low-
cost FTO and graphene, have been chosen due to their
unique structural defect with a rough surface that enables
it to solve problems in short circuits and leakage current
[39, 43].

Low and Lai [44] designed an efficient photoanode from
reduced graphene oxide- (rGO-) decorated TiO2 materials.
It has been found that the UV-Vis diffuse reflection spectra
shows an inconstant absorption with increasing duration
of TiO2 deposited on rGO in the ultraviolet (from 200 to
400 nm) and visible light (from 400 to 700nm) regions.
From the observed spectra, rGO/TiO2 samples with a spin-
ning duration of 30 seconds exhibited an optimum light-
absorbing ability, as shown in Figure 5(a). As shown in
Figure 5(b), the performance of the electrochemical param-
eters such as JSC, VOC, FF, and η was dependent on the spin-
ning durations. The efficiency (η) of the assembled DSSCs
increases from 10 to 30-second spinning duration (4.74-
9.98%, respectively). This is due to surface area and photo-
electrochemical stability modification, which in turn enables
us to adsorb more dye molecules, followed by absorbing
more light on the surface of the composite photoanode. So,
it could be noticed that, after 30 seconds of optimized spin-
ning duration, the best efficiencies of the device were
22.01mAcm-2, 0.79V, 57%, 9.98% in JSC, VOC, FF%, and η
%, respectively.

Furthermore, Gao et al. [45] also developed a nitrogen-
doped TiO2/graphene nanofiber (G-T-N) as an alternative
green photoelectrode and evaluated the different
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photovoltaic parameters of the device’s performance, as
shown in Figure 6. While nitrogen doping can prevent the
in situ recombination of electron-hole pairs, graphene dop-
ing first increases the surface area of TiO2 fibers and also
increases the dye adsorption active sites, with more electrons
injected into the semiconductor conduction band from the
excited state of the dye, thereby improving the photoelectric
conversion efficiency. The open circuit voltage (VOC), short
circuit current density (JSC), fill factor (FF), and η value for
the TiO2/graphene and N@TiO2/graphene nanofiber
photoelectrode-based DSSCs were found to be 0.66, 17.48,
0.35, and 3.97 and 0.71, 15.38, 0.46, and 5.01, respec-
tively [46].

3.2. Counterelectrode. The counterelectrode (CE, cathode)
is where the redox mediator reduction occurs. It collects
electrons from the external circuit and injects them into
the electrolyte to catalyze the reduction of I3

− to I− in the
redox couple for dye regeneration [47]. The pillar and the
primary major function of CE in the DSSC system plays
as catalyst to promote the completion of the process, since

the oxidized redox couple is reduced by accepting electrons
at the surface of the CE, and the oxidized dye is again
reduced by collecting electrons via the ionic transport
materials. The second ultimate role of CE in DSSCs is to
act as a positive electrode; it collects electrons from the
external circuit and transmits them into the cell. Addition-
ally, CE is used as a mirror, since it reflects the unabsorbed
light from the cell back to the cell to enhance the utilization
of sunlight [40].

The most commonly used CE material is Pt on a con-
ductive ITO or FTO substrate, owing to its excellent electro-
catalytic activity for I3

− reduction, high electrical
conductivity for efficient electron transport, and high elec-
trochemical stability in the electrolyte system. Hence, most
of the research work uses expensive platinum as a CE, but
this limits the employability of large-scale production.
Therefore, to address these limitations, several materials
derived from inorganic compounds, carbonaceous materials,
and conductive organic polymers, have been investigated as
potential alternatives to replace or modify the Pt-based cath-
odes in DSSCs. To improve this, less-expensive copper was

rGO

300

Ab
so

rb
an

ce
 (a

.u
.)

400 500

Wavelength (nm)

600 700

30s
40s
10s
20s
50s

rGO/TiO2

(a)

rGO

0.20.0

5

10

15

20

25

30

Cu
rr

en
t d

en
sit

y, 
Jsc

 (m
A

/c
m

2 )

0.4 0.6

Voltage, Voc (V)

0.8

30s

40s

10s

20s

50s

(b)

Figure 5: UV-Vis diffuses reflectance spectra (a) and J-V curves of the photoanode-based pure rGO and rGO/TiO2 with spinning duration
of 10 s, 20 s, 30, 40, and 50 s (b) [44].

800

IP
CE

400

0.00

0.04

(I) G-T
(II) G-T-N

0.08

0.12

0.16

500

Wavelength (nm)

600 700

(a)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(I) G-T
(II) G-T-N

18

15

FTO
TiO2

FTO

A
Pt

N719

12

9

6

3

0

Voltage (V)

Cu
rr

en
t d

en
sit

y 
(m

A
/c

m
2 )

(b)

Figure 6: IPCE curves (a) and J-V curves of DSSCs with different photoanodes and the illustration in (b) [45].

5Journal of Nanomaterials



used as the CE in large-scale industrial applications [39].
Huang et al. [48] have worked on biochar from lotus leaf
by one-step pyrolysis as a flexible CE to replace platinum.
From their studies at the same photoanode, a maximum
value of 0.15% power conversion efficiency (PCE) was pro-
duced in the presence of lotus leaf extract as a photosensi-
tizer, while 0.36% of PCE was produced. In the same
manner, 0.13% of PCE was produced when graphite was
used as CE while lotus leaf extract photosensitizer-
modified TiO2-FTO photoanode [48]. It can be concluded
that graphite presents feasible potential as an alternative to
platinum due to its affordable cost and performance output
due to having more than 0.0385% efficiency than FTO glass
and platinum by using Strobilanthes cusia photosensi-
tizer [49].

Kumar et al. [50] designed and fabricated a new cost-
effective, enhanced performance CE using a carbon material
produced with the organic ligand 2- methyl-8-
hydroxyquinolinol (Mq). The carbon-derived Mq CE-
based DSSCs show a short circuit current density of
11.00mAcm-2, a fill factor of 0.51, and an open circuit volt-
age of VOC 0.75V with a conversion efficiency of 4.25%. As a
reference, Pt CE was used and provides a short circuit cur-
rent density (Jsc) of 12.40mAcm-2, a fill factor of 0.68, and
an open circuit voltage of 0.69V, having a conversion effi-
ciency of ≈5.86%. As supported in Figure 7(a), the low cell
performance of carbon-derived Mq CE could be attributed
to the high electrostatic interactions between the carbon
atom and I- or I3

- with a higher concentration of mediator
anions in proximity to the carbon surface, which results in
an increase of the regeneration and recombination rates
[50]. Due to their low surface area, low stability, and low cat-
alytic behavior, single material-based CE has lower device
performance than composites and doped CE-based DSSCs.
To improve this, Younas et al. [51] prepared the high meso-
pore carbon-titanium oxide composite CE (HMC-TiO2) for
the first time and investigated the various cell photovoltaic
parameters. The report shows that Jsc of 16.1mAcm-2, FF
of 68%, and VOC of 0.808V have a conversion η of
≈8.77%. As the different parameters of the DSSC value
obtained show, the HMCs-TiO2 composites display high
electrocatalytic activity and could be taken as a promising
CE. In addition, Song et al. [52] discuss the role of iron
pyrite (FeS2), in the presence and absence of NaOH basic
solution, as one of the most promising counterelectrode
materials for dye-sensitized solar cells. FeS2 CE-based DSSCs
without NaOH addition provides a PCE of 4.76%, a JSC of
10.20mAcm-2 with a VOC of 0.70V and a FF of 0.66. In
the presence of NaOH, the FeS2 CE-based DSSCs had a
JSC of 12.08mAcm-2, a VOC of 0.74V, a FF of 0.64, and a
PCE value of 5.78%. As a control, Pt CE were also investi-
gated and shows JSC of 11.58mAcm-2, VOC of 0.74V, FF
of 0.69, and resulting PCE of 5.93%. The improvement in
the photovoltaic parameters of DSSCs, shown in
Figure 7(b), indicates that more electrons are generated in
the device due to the presence of NaOH, and this is found
to be consistent with JSC [53].

3.3. Electrolyte. A good electrolyte should have high electrical
and ionic conductivity, good interfacial contact with the nano-
crystalline semiconductor and counterelectrode, not degrade
the dye molecules, be transparent to visible light, noncorrosive
property to the counterelectrode, high thermal and electro-
chemical stability, a high diffusion coefficient, low vapor pres-
sure, appropriate viscosity, and ease of sealing, without
suppressing charge carrier transport [54, 55]. Liquid electro-
lytes, solid-state electrolytes, quasisolid electrolytes [30], and
water-based electrolytes [56] are common redox mediators
(electrolytes) found in DSSCs. Liquid electrolytes are also
organic (redox couple, a solvent, and additives) and are char-
acterized by ionic liquid. Quasisolid electrolytes are good can-
didates for DSSCs due to their optimum efficiency and
durability, high ionic conductivity, long-term stability, ionic
conductivity, and excellent interfacial contact property like
the liquid electrolytes. The most important components are
redox couples such as I-/I3-, Br-/Br3-, SCN-/(SCN)2, Fe
(CN)6

3/4, SeCN-/(SeCN)2, and substituted bipyridyl cobalt
(III/II) [57], which are directly linked to the VOC of DSSCs.

Due to the better solubility, fast dye regeneration process,
low light absorption in the visible region, appropriate redox
potential, and very slow recombination rate between the nano-
crystalline semiconductor injected electrons and I3

-, I-/I3
- is

the most popular redox couple electrolyte [40]. Since a good
solvent is responsible for the diffusion and dissolution of I-/
I3
- ions, among these solvents, acrylonitrile, ethylenecarbo-

nate, propylene carbonate, 3-methoxypropionitrile, and N-
methylpyrrolidone are common. A solvent with a high donor
number can increase theVOC and decrease the JSC by lowering
the concentration of I3

-. As a result, the lower I3
- concentration

helps to slow the recombination rate, and as a result, it
increases the VOC. The second type of liquid electrolyte is
the ionic liquid electrolyte, such as pyridinium, imidazolium,
and anions from the halide or pseudohalide family. These elec-
trolytes show high ionic conductivity, nonvolatility, good
chemical and thermal stability at room temperature, and a
negligible vapor pressure, which are favorable for efficient
DSSCs [30, 58]. Since, DSSCs are affected by evaporation
and leakage found in liquid electrolyte. To overcome these
drawbacks, novel solid or quasisolid state electrolytes, such
as hole transportation materials, p-type semiconductors, and
polymer-based gel electrolytes, have been developed as poten-
tial alternatives to volatile liquid electrolytes [59].

A quasisolid electrolyte is a means to solve the poor con-
tact between the photoanode and the hole that transfers
material found in solid-state electrolytes. This electrolyte is
composed of a composite of a polymer and liquid electrolyte
that can penetrate into the photoanode to make a good con-
tact. Interestingly, this has better stability, high electrical
conductivity, and especially, good interfacial contact when
compared to the other types of electrolyte. However, the
quasisolid electrolyte has one particular disadvantage: it is
strongly dependent on the working temperature of the solar
cell, where high temperatures cause a phase transformation
from gel state to solution state. Selvanathan et al. [60] have
used starch and cellulose derivative polymers as quasisolid
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electrolytes and contributing to an optimized efficiency of
5.20% [60].

Saaid et al. [61] prepared a quasisolid-state polymer elec-
trolyte by incorporating poly (vinylidene fluoride-co-hexa-
fluoropropylene) (PVdF-HFP) into a propylene carbonate
(PC)/1, 2-dimethoxyethane (DME)/1-methyl-3-propylimi-
dazolium iodide (MPII) and dealing with the dependency
of photovoltaic parameters on the fabricated electrolyte
shown in Figure 8(a). It has been observed that the cell pho-
tovoltaic parameters are found to be dependent on the
amount of the added PVdF-HFP polymer. Before the addi-
tion of any PVdF-HFP polymer, the corresponding Jsc,
VOC, FF, and η were found to be 11.24mAcm-2, 619mV,
70%, and 4.88%, respectively. While followed by the addition
of 0.1, 0.2, 0.3, and 0.4 g of PVdF-HFP polymer, the cell per-
formance was found to be (9.53, 9.53, 7.54, and 6.57) mA
cm-2Jsc, (638, 641, 679, and 684) mV of VOC, (67, 66, 64,
and 61) % of FF, and (4.09, 3.70, 3.27, and 2.73) % of η,
respectively. It was demonstrated that as the amount of poly-
mer in the cell increases, the performance of the cell
decreases gradually. Moreover, Lim et al. [62] have also
designed a new quasisolid-state electrolyte using coal fly
ash-derived zeolite-X and -A as shown in Figure 8(b) and
achieves a VOC of 0.74V, JSC of 13.7mA/cm2, and FF of
60% with η of 6.0% and 0.73V, 11.4mA/cm2, 60% FF,
respectively. But it has been found that zeolite-X&AF
quasisolid-state electrolyte-based DSSCs show VOC of
0.72V, JSC of 11.1mA/cm2, and FF of 61% and η of 4.8%.
The enhancement in cell photovoltaic parameters in the case
of zeolite-XF12 quasisolid-state electrolyte could be attrib-
uted to the high crystallinity nature, high light harvesting
efficiency, the reduction of resistance at the photoanode/
electrolyte interface, and the decrease in charge recombina-
tion rate. As a control, nanogel polymer was used as an elec-
trolyte and possessed 0.66V, 10.3mA/cm2, 56% of FF, and
3.8% η.

3.4. Photosensitizer. Other core components of DSSCs are
photosensitizers that play a great role in the absorption of

solar photons. That is, dyes play a prominent role in harvest-
ing the incoming light (absorbing) and injecting the photo-
excited electrons into the conduction band of the
semiconducting material to convert solar energy to electrical
energy (i.e., which is responsible for absorbing the incident
solar energy and converting it into electrical energy) [63,
64]. This enables us to produce renewable power systems
and manage power sustainability and to achieve a reliable
and stable network output power distribution [58]. It is
chemically bonded to the porous surface of the semiconduc-
tor material and determines the efficiency and general per-
formance of the device [47]. The possibilities of some
organic dyes, polymer dyes, and natural dyes have been
reported with great relative cost-effective potential for indus-
trialization [11]. To be effective, photosensitizer should have
a broad and intense absorption spectrum that covers the
entire visible region, high adsorption affinity to the surface
of the semiconducting layer, excellent stability in its oxidized
form, low-cost, and low threat to the environment. Further-
more, its LUMO level, i.e., excited state level, must be higher
in energy than the conduction band edge of the semiconduc-
tor, for efficient electron injection into the conduction band
of the semiconductor. Also, its HOMO level, i.e., oxidized
state level, must be lower in energy than the redox potential
of the electrolyte to promote dye regeneration .

The most commonly used photosensitizers are catego-
rized into three groups. These are metal complex sensitizers,
metal-free organic sensitizers [65], and natural sensitizers.
Metal complex sensitizers provide relatively high efficiency
and stability due to having both anchoring and ancillary
ligands. The modifications of these two ligands to improve
the efficiency of the solar cell performance have been
reported. These ligands facilitate charge transfer in metal-
to-ligand bonds. The metal complex-based photosensitizers
are ruthenium and its cosensitized configurations [56] based
complexes owing to their wide absorption range, i.e., from
the visible to the near-infrared region, which renders them
with superior photon harvesting properties. However, these
complexes require multistep synthesis reactions (i.e., they
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Figure 7: J-V spectra of HMC-TiO2 (a) and FeS2; (A: without NaOH, B: with NaOH, and C: Pt CE-based DSSCs) (b) [50, 52].
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require long synthesis and purification steps), and they con-
tain a heavy metal, which is expensive (i.e., it needs high pro-
duction costs), scarce, and toxic. However, these problems
can be overcome by applying metal-free organic dyes in
DSSCs instead of metal complex sensitizers. Trihutomo
et al. [66] explained that using natural dye as a photosensi-
tizer has the problem of producing lower efficiency than sil-
icon solar cells due to the barrier of electron transfer in the
TiO2 semiconductor layer.

A donor acceptor-substituted-conjugated bridge (D-π-
A) is used in the design of a metal-free organic sensitizer
[30, 47]. The properties of a sensitizer vary with the
electron-donating ability of the donor part and the
electron-accepting ability of the acceptor part, as well as with
the electronic characteristics of π bridge. At present, most of
the π-bridge conjugated parts in organic sensitizers are
based on oligoene, coumarin, oligothiophene, fluorene, and
phenoxazine. The donor part has been synthesized with a
dialkyl amine or diphenylamine moiety while using a car-
boxylic acid, cyanoacrylic acid, or rhodanine-3-acetic acid
moiety for the acceptor part. As shown in Figure 9 [30],
the sensitizer anchors onto the porous network of nanocrys-
talline TiO2 particles via the acceptor part of dye the mole-
cule. However, metal-free organic sensitizers (organic dyes)
have the following disadvantages: strong π-stacked aggre-
gates between D-π-A dye molecules on semiconductor sur-
faces, which reduces the electron-injection yield from the
dyes to the conduction band of nanocrystalline semiconduc-
tor, low absorption bands compared to metal-based sensi-
tizers, which leads to a reduction in light absorption
capability, low stability due to the sensitizer’s tendency to
decay with time, and a long anode lifetime [30, 67].

In brief, the 3.2 eV energy band gap of the TiO2 semicon-
ductor is responsible for absorbing ultraviolet light (i.e., the
absorption of visible light is weak). As a result, natural dyes
increase the overall DSSCs for sunlight absorption rate [68].

The light-absorbed efficiency by TiO2 is also enhanced by
cosensitization, which enables better light harvesting across
the solar spectrum [69]. Ananthakumar et al. [70] have also
reviewed more on the energy transfer process from donor to
acceptor through the Forster resonance energy transfer pro-
cess (FRET) for improved absorption. So, cosensitization is
effectively achieved through the FRET mechanism, in which
the dipole-dipole attraction of two chromophoric compo-
nents occurs via an electric field. In this process, absorption
of light causes the molecular excitation of the donor, and
this is transferred to a nearby acceptor molecule having
lower excitation energy through the exchange of virtual pho-
tons. Here, the donor molecule nonradiatively transfers exci-
tation energy to an acceptor molecule through an exchange
of photons, as shown in Figure 10 [70].

To solve problems found in both metal-based complex
and metal-free organic dyes, researchers have focused on
natural plant pigment-based photosensitizer [71]. As a
result, metal-free dyes, such as natural dyes (natural pig-
ments) from different plant sources such as fruits, roots,
flowers, leaves, wood, algae, and bacterial pigments [72,
73], coupled with their organic derivatives, have attracted
considerable research interest, owing to their low-cost, sim-
ple synthesis procedure, abundance in nature, nontoxicity,
and high molar absorption coefficient [35, 74]. An efficient
photosensitizer for DSSCs should possess several essential
requirements [64]:

(i) A high molar extinction coefficient and a high pan-
chromatic light absorption ability that extends from
visible to near-infrared

(ii) Anthocyanin pigment from Eleiodoxa conferta and
Garcinia atroviridis fruit, for example, contains
hydroxyl and carboxylic groups in the molecule that
can effectively attach to the surface of a TiO2 film [75]
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(iii) Good HOMO/LUMO energy alignment with
respect to the redox couple and the conduction
band level in the semiconductor, which allows effi-
cient charge injection into the semiconductor, and
simultaneously efficient regeneration of the oxidized
dye

(iv) The electron transfer rate from the dye sensitizer to
the semiconductor must be faster than the decay
rate of the photosensitizer

(v) Stability under solar light illumination and continu-
ous light soaking [76–78]

It is important to note that the stable natural plant pig-
ments extracted by effective solvents can absorb a broad
range of visible light [79, 80], because the two most signifi-
cant drawbacks of DSSCs are their narrow spectral response
and short-term stability. Therefore, in this review work, dif-
ferent natural plant pigments are extracted from different
plant parts such as leaves, roots, steam, parks, peel waste,
flowers, various spices, and a mixture of them with various
solvents, and their stability and various experimental factors
are effectively discussed.

3.4.1. Natural Plant Pigment Photosensitizers in DSSCs. The
highest efficiency ever recorded for a DSSCs material was
about 12% using Ru (II) dyes when its material and struc-
tural properties were optimized. However, this efficiency is
less when compared to the efficiencies of the first and second
generations of solar cells (thin-film solar cells and first gen-
eration (Si-based) solar cells), whose efficiencies were about
20-30% [11]. A ruthenium-based dye and platinum are the
most common materials used as photosensitizer and coun-
terelectrode, respectively, in the production of the DSSCs,
the third generation of photovoltaic technologies. However,
their expensive cost, the complexity and toxicity of ruthe-
nium dye, and the scarcity of platinum sources preclude
their use in the DSSCs [49]. Thus, an alternative way to pro-
duce cost-effective dyes on a large scale is by extracting nat-
ural dyes from plant sources. The colors are due to the
presence of various pigments that have been proven to be
efficient photosensitizers. Meanwhile, colors and their trans-
mittance by themselves could affect energy generation per-
formance. Based on this, DSSCs currently being produced
have better power generation efficiency as the visible light
transmittance lowers, and the power generation efficiency

is good in the order of red > green > blue [81]. It is reported
that extracts of plant pigments also have a simultaneous
effect as photosensitizers and reducing agents for nanostruc-
ture synthesis, which is useful in photoanode activity in solar
devices (e.g., TiO2) [82].

In order to improve the energy conversion efficiency of
natural photosensitizers, blending of different dyes, copig-
mentation of dyes, acidifying of dyes, and other approaches
have been conducted by researchers, resulting in appreciable
performance [83]. Based on the types of natural molecules
found in plant products, such photosensitizers are classified
as carotenoids, betalains, flavonoids, or chlorophyll struc-
tural classes [30, 65, 83, 84]. For stable adsorption onto the
semiconductor substrate, sensitizers are typically designed
with functional groups such as -COOH, -PO3H2, and
-B(OH)2 [20]. These biomolecules have functional groups,
such as carboxyl and hydroxyl that can easily react with
the surface of nanostructured TiO2 that enables them to
absorb sunlight. In particular, hydroxyl or carboxyl func-
tional groups are strongly bound on the surface of TiO2 [85].

The enchantment of efficiency from extraction of dyes
from fresh purple cabbage (anthocyanin), spinach leaves
(chlorophyll), turmeric stem (betaxanthin), and their mix-
ture as a photosensitizer, with nanostructured ZnO-coated
FTO substrates as a photoanode-based DSSCs. The photon
to electrical power conversion efficiencies of purple cabbage,
spinach, turmeric, and their mixed dyes are explored as
0.1015%, 0.1312%, 0.3045%, and 0.602%, respectively, under
the same simulated light condition. The mixed dye reveals
the stable performance of the cell with the highest conver-
sion efficiency due to the absorption of an extensive range
of the solar spectrum and well-suited electrochemical
responses due to the fast electron transportation and lower
recombination loss with longer electron lifetime found on
mixed dyes [86].

(1) Flowers. In DSSCs, the red/purple pigment in various
leaves and flowers has been used as a sensitizer. Notably,
an abundantly available organic dye is easily extracted from
flowers and leaves, mainly responsible for light absorption in
DSSCs [39]. The natural color pigments originated from
organic dyes impart an anthocyanin group present in the
different parts (e.g., flowers, leaves) of the plant. Hibiscus
rosa-sinensis, a red pigment-containing flower with a higher
concentration of anthocyanins, is used as a natural DSSC. In
fact, theMalvaviscus penduliflorus flower is closely related to
the Hibiscus family. However, potential research based on
M. penduliflorus flower extracted dye in DSSCs is still lack-
ing. The broader absorption of Hibiscus-extracted dye within
400-500 nm can further be enhanced using either concen-
trated dye solution or operating the sensitization process at
an elevated temperature [39].

Natural dyes from flowers can decrease the charge trans-
fer resistance and are helpful in the better absorbance of
light as well as enabling them to show absorption near to
the red region. Therefore, efficient DSSCs using natural dyes
are less toxic, disposed of easily, cost-effectively, and more
environmentally friendly compared to organic dyes. Which
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Dye/senstizer Semiconductor

TiO2𝜋 Bridge

hv

e– e–
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Figure 9: Designed structure of a metal-free organic dye [30].
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is considered beneficial for future biosolar cell technology
[87]. The performance of the DSSCs can be compensated
by introducing a scattering layer or interfacial modification
in the photoanode and concomitantly improving the
broader spectrum wavelength range of light absorption to
make it suitable for outdoor applications [39]. the presence
of a series of conjugated double bonds from flower extracts
helped to increase efficiency improvement. Raguram and
Rajni [88] demonstrated that a flavanol pigment from the
Allamanda blanchetti flower is responsible for red, purple,
and blue colors, whereas a carotenoid pigment from the
Allamanda cathartica flower is responsible for bright red,
orange, and yellow colors and a series of conjugated double
bonds [88]. Table 1 summarizes flower-based photosensi-
tizers for efficiency improvement in DSSCs. From this, the
performance is highly dependent on the type of the plant
flower type.

(2) Leaves. The advantages of mesoporous holes in TiO2 are
that they provide the surface of a large hole for the higher
adsorption of dye molecules and facilitate the penetration
of electrolyte within their pores. Absorbing light in an
extended range of wavelengths by innovative natural dyes
followed by increasing surface areas of the photoanode with
a TiO2 nanostructure-based layer on the glass substrate
improves DSSC technology [74]. Khammee et al. [89] have
reported a natural pigment photosensitizer extracted from
Dimocarpus longan leaves. According to the report, the
methanol extract pigment was composed of chlorophyll-a,
chlorophyll-b, and carotene components [89]. The func-
tional group found on the leaves of natural plant pigment
can bind with TiO2, which is then responsible for absorbing
visible light [54]. Chlorophyll, which is found in the leaves of
most green plants, absorbs light from red, blue, and violet
wavelengths and obtains its color by reflecting green. Chlo-
rophyll exhibits two main absorption peaks in the visible
region at wavelengths of 420 and 660 nm [85]. Experimental
results show that the absorption peaks of those dyes are
mainly distributed in the visible light regions of 400-
420nm and 650-700nm. So, chlorophyll was selected as
the reference dye [94]. Therefore, chlorophyll and other

related extract-based photosensitizes are given in both
Tables 1 and 2.

(3) Fruits. The plant-extracted natural dyes are observed to
be more prospective owing to their abundance and eco-
friendly characteristics. They are environmentally and eco-
nomically superior to ruthenium-based dyes because they
are nontoxic and cheap. However, the conversion efficiency
of dye-sensitized solar cells based on natural dyes is low
[95]. Substations of natural dyes as sensitizers were shown
to be not only economically viable and nontoxic but also
effective for enhancing efficiency up to 11.9% [96]. Sensi-
tizers for DSSCs need to fulfill important requirements such
as absorption in the visible and near-infrared regions of the
solar spectrum and strong chelation to the semiconductor
oxide surface. Moreover, the LUMO of the dye should lie
at a higher energy level than the conduction band of the
semiconductor, so that, upon excitation, the dye could intro-
duce electrons into the conduction band of the TiO2 [95].
Considering this, Najm et al. [97] used abundant and cheap
Malaysian fruit, betel nut (Areca catechu) as a photosensi-
tizer in DSSCs due to the presence of tannins, polyphenols,
gallic acid, catechins, alkaloids, fat, gum, and other minerals.
Provided that, gallotannic acid, a stable dye, is the main pig-
ment (yellowish) of A. catechu and is responsible for the
effective absorption of visible wavelengths and used in
DSSCs [97, 98]. So, fruit extract as a photosensitizer and nat-
ural extracts from other sources are summarized in Table 3
and 4, respectively.

The narrow spectral response and the short-term stabil-
ity found in DSSCs are the two major drawbacks. These lim-
itations are improved by using natural plant pigment dyes as
an effective sensitizer on the photoanode of the device. So,
using these natural pigments improved the efficiency of
DSSCs by forming broad spectral absorption responses. To
improve this, DeSilva et al. have investigated good photosen-
sitizers from Mondo-grass berry and blackberry. As a result,
the device efficiency improvement, with better stability on
Mondo-grass berry dye, was observed when compared with
that of blackberry. This is the reason that a Mondo-grass
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Figure 10: Schematic diagram of FRET process (a) and its mechanism (b) [70].
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Table 1: Flowers as photosensitizers in DSSCs.

Image Plant
Class of

biomolecules
Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF
(%)

η
(%)

Ref

Salvia — Methanol TiO2-FTO 0.168 0.461 40.0 0.152 [87]

Spathodea — Methanol TiO2-FTO 0.201 0.525 41.2 0.217 [87]

Malvaviscus penduliflorus — Ethanol
TiO2/

MnO2-FTO
6.02 0.38 40.38 0.92 [39]

Allamanda blanchetti
Flavonoids
(flavanol)

Ethanol TiO2-FTO 4.1366 0.4702 60 1.16 [88]

Allamanda cathartica
Carotenoids
(lutein)

Ethanol TiO2-FTO 2.1406 0.4896 28 0.30 [88]

Canna-lily red Anthocyanins Methanol TiO2-FTO 0.44 0.57 45 0.14 [90]

Canna-lily yellow Anthocyanins Methanol TiO2-FTO 0.43 0.56 40 0.12 [90]

Beta vulgaris L. ssp. f. rubra Beta carotene Hot water
TiO2
surface

0.44 0.55 51 0.41

Brassica oleracea L. var.
capitata f. rubra

Anthocyanin Hot water
TiO2
surface

1.88 0.54 56 1.87
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Table 2: Leaves as photosensitizers in DSSCs.

Image Plant
Class of
extracted dye
pigments

Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF (%) η (%) Ref

Lagerstroemia
macrocarpa

(i)
Carotenoids
(ii)
Chlorophyll-a
(iii)
Chlorophyll-b

Methanol TiO2-FTO 0.092 0.807 53.71 1:138 ± 0:018 [74]

Spinach leaves
(i)
Chlorophyll

Acetone TiO2-FTO 0.41 0.59 58.75982 0.171253 [26]

Strobilanthes
cusia

(i)
Chlorophyll-a
(ii)
Chlorophyll-b

Methanol,
ethanol,
acetone,

diethyl-ether,
dimethyl-
sulphoxide

TiO2-FTO 0.0051833 0.306 46.2 0.0385 [49]

Galinsoga
parviflora

(i)
Chlorophyll
group

Distilled water
and ethanol

TiO2-FTO 0.4 (mA) 0.3 46.7 1.65 [91]

Amaranthus
red

(i)
Chlorophyll
(ii) Betalain

Distilled water,
ethanol,
acetone

TiO2-FTO 1.0042 0.3547 38.64 0.14 [54]

Lawsonia
inermis

(i) Lawsone
(ii)
Chlorophyll

Distilled water,
ethanol,
acetone

TiO2-FTO 0.4236 0.5478 38.51 0.09 [54]

Cordyline
fruticosa

(i)
Chlorophyll

Ethanol
TiO2
surface

1.3mA 0.616 60.16 0.5 [85]

Euodia
meliaefolia

(Hance) Benth

(i)
Chlorophyll

Ethanol TiO2-FTO 2.64 0.58 70 1.08 [92]

Matteuccia
struthiopteris
(L.) Todaro

(i)
Chlorophyll

Ethanol TiO2-FTO 0.75 0.60 72 0.32 [92]

Corylus
heterophylla

Fisch

(i)
Chlorophyll

Ethanol TiO2-FTO 0.68 0.56 69 0.26 [92]
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Table 2: Continued.

Image Plant
Class of
extracted dye
pigments

Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF (%) η (%) Ref

Filipendula
intermedia

(i)
Chlorophyll

Ethanol TiO2-FTO 0.87 0.54 74 0.34 [92]

Pteridium
aquilinum var.
latiusculum

(i)
Chlorophyll

Ethanol TiO2-FTO 0.74 0.56 73 0.30 [92]

Populus L
(i)
Chlorophyll

Ethanol TiO2-FTO 1.25 0.57 37 0.27 [92]

Euphorbia sp. (i) Quercetin Hot water
TiO2
surface

0.46 0.40 51 0.30

Rubia
tinctoria

(i) Alizarin Hot water
TiO2
surface

0.65 0.48 63 0.65

Morus alba (i) Cyanine Hot water
TiO2
surface

0.44 0.45 57 0.38

Reseda lutea (i) Luteolin Hot water
TiO2
surface

0.50 0.50 62 0.52

Medicago
sativa

(i)
Chlorophyll

Hot water
TiO2
surface

0.33 0.55 56 0.33

Aloe
barbadensis

miller

(i)
Anthocyanins

Ethanol TiO2-FTO 0.112 0.676 50.4 0.380 [93]

Opuntia ficus-
indica

(i)
Chlorophyll

Ethanol TiO2-FTO 0.241 0.642 48.0 0.740 [93]
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berry contains a mixture of two or more chemical com-
pounds belonging to both the anthocyanin and carotenoid
families, as proved by thin layer chromatography [105].

4. Photoinduced Electron Transfer Rate
Efficiency in Natural Plant Pigment DSSCs

Anthocyanin coupled with TiO2 is cheap, readily available,
and innocuous to the environment, with high economic
advantages over other types of photovoltaic devices, but it
has yet to become a commercially viable product due to its
low conversion efficiency and life span [11]. In addition,
TiO2 photoelectrode properties favor natural pigments as
sensitized DSSCs because the conduction band of TiO2
photoelectrode coincides well with the excited level LUMO
of natural pigments (especially with anthocyanins) [106].

The interaction between TiO2 and dye molecule could lead
to the transfer of excited electrons from the dye molecules,
to the conduction band of TiO2 [85] as shown in Figure 11.

For good photovoltaic efficiency of a DSSC, an electron
from the electronically excited state of the dye must be
injected effortlessly into the conduction band of the semi-
conductor. The electron transfer kinetics of natural dye mol-
ecules can be appraised in terms of the photoinduced
electron transfer (PET) theory. The theory implies that the
logarithm of the electron transfer rate is a quadratic function
with respect to the driving force, −ΔG ° . The simplified form
of the rate constant of ET, kET, is given as follows:

kET = A exp
−ΔGo + λð Þ2
4λRT

" #
, ð1Þ

Table 2: Continued.

Image Plant
Class of
extracted dye
pigments

Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF (%) η (%) Ref

Cladode and
aloe vera

(i)
Anthocyanins
and
chlorophyll

Ethanol TiO2-FTO 0.290 0.440 40.1 0.500 [93]

Lotus leaf
(i) Alkaloid
and flavonoid

Ethanol TiO2-FTO 14.33 0.44 23 1.42 [48]

Brassica
oleracea var

(i)
Anthocyanin

Distilled water,
methanol, and
acetic acid

TiO2-FTO 0.49 0.43 51 0.054 [55]

Wrightia
tinctoria R.Br.
(“Pala indigo”
or “dyer’s
oleander”)

(i)
Chlorophyll

Cold
methanolic
extract

TiO2-FTO 0.53 0.51 69 0.19 [94]

(i)
Chlorophyll

Acidified cold
methanolic
extract

TiO2-FTO 0.21 0.422 66 0.06 [94]

(i)
Chlorophyll

Soxhlet extract TiO2-FTO 0.49 0.495 69 0.17 [94]

(i)
Chlorophyll

Acidified
Soxhlet extract

TiO2-FTO 0.31 0.419 65 0.08 [94]
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Table 4: Other natural pigment sources as photosensitizers in DSSCs.

Image Plant Class
Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF
(%)

η
(%)

Ref

Juglon regia shell (i) Juglon Hot water
TiO2
surface

0.43 0.47 56 0.38

Malabar spinach seeds — Distilled water TiO2-ITO 510 (μA) 0.710 48.7 9.23 [102]

Rhamnus petiolaris seed (i) Emodin Hot water
TiO2
surface

0.20 0.50 55 0.18

Iridaea obovata algae
(i)
Phycoerythrin

Ethanol TiO2-FTO 0.136 0.40 43 0.022 [103]

Delesseria lancifolia algae
(i)
Phycoerythrin

Ethanol TiO2-FTO 0.243 0.40 46 0.045 [103]

Plocamium hookeri algae
(i)
Phycoerythrin

Ethanol TiO2-FTO 0.083 0.53 63 0.027 [103]

Mangosteen pericarp
(mangosteen peels)

(i)
Anthocyanin

Ethanol TiO2-FTO 0.38mA 0.46 48 0.042 [55]

Ataco vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.06 0.48 66 0.018 [104]

Achiote vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.06 0.45 50 0.013 [104]

Berenjena vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.04 0.40 56 0.008 [104]
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where ΔG ° is the driving force, λ is the reorganization
energy, R is the gas constant, and T is the temperature. In
the region of driving force smaller than the reorganization
energy (the normal region), the electron transfer rate
increases as driving force increases. The electron transfer
rate attains a maximum value at ΔG ° = λ. When the driving
force for reaction is greater than λ, inverted region kinetics
are observed, and the electron transfer rate decreases as the
driving force increases .

The driving force for electron transfer between a photo-
sensitizer and semiconductor nanoparticles can be dictated
by the energy difference between the oxidation potential of
the photosensitizer and the reduction potential of semicon-
ductor nanoparticles. The Rehm-Weller equation can be uti-
lized to determine the driving force energy changes for the
PET process. This equation gives the driving force energy
changes between a donor (D) and an acceptor (A) as [108]:

ΔGo = e EOxi: Dð Þ − ERed: Að Þ½ � − ΔE∗, ð2Þ

where e is the unit electrical charge, EOxi:(D) and ERed:(A)
are the oxidation and reduction potentials of electron donor

and acceptor, respectively. ΔE ∗ is the electronic excitation
energy that corresponds to the energy difference between
the ground and first excited states of donor species .

This is followed by regeneration of the dye by the
redox mediator, transport of electrons in mesoporous
TiO2 and redox mediators in the electrolyte, and finally,
reduction of the oxidized redox mediator at the counter-
electrode, since dyes in the DSSCs are adsorbed as a mono-
layer onto the mesoporous TiO2 electrode [107].
Historically, ruthenium and volatile organic-based molec-
ular sensitizers were used, but due to the presence of vari-
ous pigments as well as environmental friendliness, which
avoids the use of expensive rare metals with toxic volatile
organics, much research work is now devoted to natural
plant-based photosensitizers. Akin et al. [108] have
designed and tested DSSCs sensitized by natural dyes hav-
ing several pigments with various anchoring groups such
as carbonyl, hydroxyl, and alkyl chains to clearly under-
stand the photoinduced electron injection kinetics of these
natural DSSCs. As a summary, the photoinduced electron
transfer mechanism from plant extract photosensitizer is
shown in Figure 12.

Table 4: Continued.

Image Plant Class
Solvent for
extraction

Photoanode
Jsc

(mA cm-

2)

Voc
(V)

FF
(%)

η
(%)

Ref

Flor de Jamaica vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.382 0.478 58 0.109 [104]

Mora vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.28 0.48 51 0.069 [104]

Mortiño vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.557 0.484 66.4 0.175 [104]

Rabano vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.07 0.39 55 0.015 [104]

Tomate de arbol vegetable
(i)
Anthocyanins

Ethanol TiO2-FTO 0.10 0.44 52 0.023 [104]
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5. Efficiency Optimization of Natural Plant
Pigment-Based DSSCs

Ananthakumar et al. [70] showed that when a photoanode is
functionalized by dyes containing organic dyes, it helps
absorb more incident light. In order to increase the efficiency
of solar cell devices further, the photoanode has been
improved by low-cost transition metal oxide nanomaterials
containing quantum dots. In addition, the cosensitization
process also enhances light harvest efficiency. Thus, accord-
ing to the review, 14% of efficiency was successfully reported.
Hence, a sensitizer that is supported by a photoanode could
successfully help to absorb visible light (enhance light har-
vesting capability) [109].

Al-alwani et al. [85] have optimized three different pro-
cess parameters such as the nature of organic solvent based
on their boiling point (ethanol, methanol, and acetonitrile),
pH (4-8) and extraction temperature (50-90°C) for chloro-
phyll extraction from Cordyline fruticosa leaves by using
response surface methodology. The optimal extraction con-
ditions were a pH of 7.99, an extraction temperature of
78.33°C, and a solvent boiling point of 78°C. Therefore, at
this optimal condition, the extracted pigment was used as a
photosensitizer, and 0.5% of maximum solar conversion η
was achieved [85]. Chien and Hsu [110] have reported an
optimized anthocyanin photosensitizer extracted from red
cabbage (Brassica oleracea var. capitata f. rubra), and best
light-to-electricity conversion ƞ was obtained when the pH
and the concentration of the anthocyanin extract were at
8.0 and 3mM, respectively, and when the immersion time
for fabricating sensitized TiO2 film was 15min [111].

IK and Uthman [99] have reported an ethanol and dis-
tilled water-based extraction effect on doum palm fruit pho-
tosensitizer. From their report, the absorption transition
between the dye ground state and excited states and the solar
energy range absorbed by the dye are different. This differ-
ence is due to the existence of chromophores, which repre-
sent the chemical group that is responsible for the color of
the molecule that is its ability to absorb photons. In detail,
doum water extract has two absorption peaks at 350 nm
and 400nm, while the absorption peak of the doum ethanol
extract adsorbed on TiO2 was only at one absorption peak of
353nm. It can be seen that after TiO2 nanoparticles were
added to doum pericarp extract, its absorption intensity
decreased from 440 to 350nm. Finally, the conversion effi-
ciency for the ethanol extract was 0.012%, and water extract
was up to 0.033% under the same light intensity [99].

Gu et al. [8] have suggested that the absorption proper-
ties of natural dyes are strongly dependent on the types
and concentration of pigments. According to their study,
the photoelectric performance of different natural dyes from
spinach, pitaya pericarp, orange peel, ginkgo leaf, purple
cabbage, and carrot were measured as shown in Figure 13.
They suggested that the VOC of these dyes showed a similar
value, corresponding to about 0.524V, except for carrot,
which showed only 0.276V. The fill factors of these DSSCs
are mostly higher than 0.5, which proves that a better con-
version capability of photoelectric energy was obtained. For
the short-circuit photocurrent density (JSC), the values of
these DSSCs based on different natural dyes are JSC ðpurple
cabbageÞ > JSC ðorange peelÞ > JSC ðspinachÞ > JSC ðginkgo
leafÞ > JSC ðpitaya pericarpÞ > JSC ðcarrotÞ, and they arrive at
0.594, 0.325, 0.152, 0.111, 0.100, and 0.086mA/cm2, respec-
tively. Meanwhile, the purple cabbage showed higher photo-
electric conversion efficiency and reached 0.157% [8].

Optimization of the photoanode (TiO2 nanostructure) is
necessary for developing the high solar efficiency of DSSCs
[74]. It is important that the thicker TiO2 layers would also
result in a dwindling transmittance and reduce the pigment
dyes’ absorption of light intensity. Also, the resistance to
charge transfer might increase when the thickness of TiO2
electrode layers increases [112]. García-Salinas and Ariza
[113] have tried to optimize solvent extraction, method,
pH, dye precursor, and dye extract stability. They focused
on betalain pigments present in bougainvillea and beetroot
extracts, and anthocyanins in eggplant extracts. Of these,
beetroot extract showed 0.47% cell efficiency [113]. Later,
they demonstrated improved power conversion of 1.3% by
using roots of Kniphofia schemperi sensitizer in the presence
of TiO2 NPs biosynthesized in a (3 : 2) volume ratio due to
effective surface modification, which enabled them to absorb
an incident light [114, 115].

Norhisamudin et al. [116] have fabricated DSSCs using
anthocyanin or chlorophyll natural dye extracts coming
from Roselle (Hibiscus sabdariffa) and green tea leaves
(Camellia sinensis). Both pigments were extracted using dif-
ferent alcohol-based solvents, namely, ethanol, methanol,
and mixed (ethanol + methanol) to identify whether the dif-
ferent solvents had an effect during the dye extraction.
According to their study, using a mixed solvent from meth-
anol and ethanol and their mixture extraction system was
done, and their mixture showed efficiency improvement.
Thus, the comparison between Roselle (anthocyanin) dye

Electron transfer

Figure 12: Photoinduced electron transfer mechanism in natural
dye extracted plant [108].

Counter electrode/back contact

Charge transfer mediator

Transparent conducting substrate
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–

+
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Figure 11: Configuration of a traditional dye-sensitized solar
cell [107].
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extracts and green tea (chlorophyll) dye extracts shows that
Roselle has higher efficiency and higher photosensitized
performance.

Sensitization time and the number of natural dye coat-
ings are the other big factors which affect DSSC perfor-
mance. For example, in the betanin, indigo, and lawsone
solar cells systems, 6, 12, 24, 36, and 48 hour sensitization
times were tested. The time 24 hour was found to be an opti-
mal time for sensitization in the case of betanin and lawsone
solar cells, and 36 hour was observed to be optimum in the
case of indigo solar cells. The optimal time of sensitization
for the best performance of a particular dye is dependent
on the rate of dye anchoring. lawsone and betanin have
higher dipole moments, favoring the dipole-dipole interac-
tion with TiO2; moreover, they possess more favorable func-
tional groups (-COOH and -OH) compared to indigo (with
=CO groups), which will enable a higher rate of anchoring.
Akin et al. reported the effects of anchoring groups on the
photoinduced electron injection dynamics from natural
dye molecules to TiO2 nanoparticles. According to their
report, nine different natural dyes having various anchoring
groups were extracted from various plants and used as pho-

tosensitizers in DSSC applications. From these extracts, the
long-hydroxyl and carbonyl-chain bearing anthocyanin,
with the maximum electron transfer rate (kET), has shown
the best photosensitization effect with regard to cell output.
Despite the fact that their performance in DSSCs is some-
what lower or close to the metal complexes, these metal-
free natural dyes can be treated as a new generation of sen-
sitizers. It was reported that upon illumination, the dyes
absorb light; an electron in a HOMO state is excited to
LUMO state and further injected into a conduction band
of TiO2. Related to the physical adsorption, chemical
adsorption is a more effective way to enhance the conversion
efficiency, and usually, -OH, -COOH, C=O, -SO3H, and
-PO3H2 in the pigment were used as the effective groups
and bonded with TiO2, forming a chemical adsorption, just
as shown in Figure 14. This action can facilitate the transfer
of electrons from the dye to TiO2. Therefore, according to
Gu et al. report, the photoelectric conversion efficiency of
dyes was η ðpurple cabbageÞ > η ðorange peelÞ > η ðspinachÞ
> η ðpitaya pericarpÞ > η ðginkgo leafÞ > η ðcarrotÞ and
reached 0.157, 0.071, 0.054, 0.031, 0.030, and 0.010%,
respectively, which is attributed to the synergistic reaction
between the absorptive properties and molecular structure
of natural dyes [8].

It is reported that the increase in the dye layer obstructs
the charge transfer from the conduction band of the TiO2
surface to the FTO electrolyte [69]. For the aforementioned
reasons, the number of coatings in betanin-, indigo-, and
lawsone-based solar cell configurations proved detrimental
to the solar cell performance, possibly because of dye
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aggregation. In addition, doping agents are also the other
factor which affects the efficiency of DSSCs in natural plant
pigment containing dyes. For example, Bekele et al. [114]
have reported that when TiO2 nanoparticles are doped by
Mg2+ ion and coated on an FTO glass substrate, they form
Mg2+-TiO2-FTO photoanode. When this photoanode was
immersed in methanol-extracted henna (Lawsonia inermis)
leaf dye, its efficiency of light-to-electricity conversion was
increased by generating the highest Jsc, from 0.66 to 1.28
(mAcm-2), representing a 93% increase over the undoped
TiO2 group [117].

As seen from Figure 15(a), the short-circuit photocur-
rent density JSC increases from 0.23 to 0.38mAcm-2 when
the TiO2 thin film is coated by the doctor blade and spin-
coated techniques, respectively. The results indicate that
the recombination rate increases in spin-coated TiO2 thin
film photoanodes. From the J-V curve, the highest values
of JSC and VOC of the DSSCs were observed at
0.38mAcm-2 and 0.41V, respectively. The maximum ƞ
obtained was 0.13% for spin-coated TiO2 thin film elec-
trodes and 0.08% for doctor blade method-coated electrodes.
Figure 15(b) shows the power versus potential curves, and
the corresponding power (Pmax) obtained from spin-coated
TiO2 thin film DSSCs was 36.4μWcm-2, while the maxi-
mum power for the doctor blade method-coated electrode
was 23.6μWcm-2 [100].

6. Computational Studies of Natural Plant
Pigment-Based DSSCs

The computational calculation principle on extracts from
natural plant-based pigments has provided a valuable refer-
ence for predicting precise protocols about the structure and
photoelectrical property relationships between molecules
using the Gaussian 09 package. The model enabled to iden-
tify essential electronic and structural attributes that quan-
tify the molecular prerequisites of certain classes found in

the natural dye, which are responsible for high power con-
version efficiency for DSSCs [118, 119].

In detail, the dye structure properties’ ground state could
be optimized using DFT with the B3LYP functional at a 6-
31G(d) basis set, while excited states were calculated using
TD-DFT with different functionals, including Cam-B3LYP,
MPW1PW91, and PBEPBE, at the same basis set calculation
method [92]. To clarify this, Maahury and Martoprawiro
[120] have studied the computational calculations of antho-
cyanin, which is evaluated as a basic reference biomolecule
and used as the main photosensitizer in DSSCs [83]. Their
geometry optimization calculations showed that the struc-
tures of anthocyanin compounds are not planar and their
single point calculations for excited states showed that their
absorption wavelength was shorter than experimental data
(i.e., its difference was between 7.3% and 8.3%). The calcula-
tions were computed by DFT with B3LYP functional and 6-
31G (d) for ground state optimization and TD-DFT for
excited states based on a single point calculation sys-
tem [120].

Ghann et al. [98] reported that the computational calcu-
lation on delphinidin, which is an anthocyanin derivative
that is found in pomegranate fruit, resulted in HOMO and
LUMO values of -8.71 eV and -6.27, respectively. This makes
effective electron transfer of charge possible from the LUMO
of the pigment into the conduction band of TiO2. To sup-
port this, the HOMO and LUMO surfaces and their orbital
energy diagrams are shown in Figures 16(b) and 16(c),
respectively. For this electron transfer, the blue and red
regions represented the positive and negative values of the
orbitals, respectively. The regeneration of the dye caused
by the redox electrolyte (I-/I3

-) coupling increases the life-
time of the dye itself. Also, the narrower band gap of delphi-
nidin dye, with a value of 2.44 eV, increases the
intramolecular electronic transition probabilities [98]. From
these and other literature studies, it is summarized that the
electronic transition computational protocols are composed
of six main steps. These are (i) engineering band gaps, (ii)
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photoabsorption spectrum of dyes, (iii) adsorbed dyes onto
the anode surface, (iv) short-circuit current density, JSC,
(v) open-circuit photovoltage, VOC, and (vi) photocurrent-
photovoltage curve, and fill factor, FF [121]. Based on this
fact and for simplicity, Mohankumar et al. [119] explained
that twelve novel dye molecules developed from D-π-A-
based triphenylamine (TPA) were studied to evaluate their
suitability for applications in DSSCs by using DFT and
TD-DFT. The optimization effects of flavone and isoflavone
on TPA-based dyes were successfully studied using B3LYP
and CAM-B3LYP density functionals combined with 6-
311G (d, p) basis set in their computational study.

Ndiaye et al. [122] studied the experimental and compu-
tational behavior of chrysanthemin (cyanidin 3-glucoside)
pigment in DSSCs. Its theoretical study of chrysanthemin
was performed with the GAUSSSIAN 09 simulation. A bet-
ter energy level alignment was found for partially deproto-
nated molecules of chrysanthemin, with the excited
photoelectron having enough energy in order to be trans-
ferred to the conduction band of TiO2 semiconductor in
DSSCs. Experimentally, an aqueous extract of Roselle (Hibis-
cus sabdariffa) calyces was considered as the source of chry-
santhemin, and the extracts having various pH values were
tested in DSSCs. The detailed analysis of HOMO and
LUMO of the cyaniding 3-glucoside molecule deprotonated
in positions 1, 2, 3, bound to the TiO2 surface shows a large
electron density on the deprotonated anchor groups, which
favors the electron transfer from the excited molecule to
the semiconductor as shown in Figure 17 [122].

The analysis of the molecular orbitals showed that the
probability distribution of electron density at the HOMO
and LUMO levels is predominantly around the NH and
C=O groups in the molecule. The two nonbonding electrons
on the N atom participate in the delocalization of the π-elec-
trons of the conjugated systems that correspond to the
HOMO energy levels (see Figure 18(a)) and the antibonding
π ∗ orbitals arise from the LUMO level of indigo as shown in
Figure 18(b). The photoexcitation of the nonbonding elec-
trons coming from the electron donor NH group to the anti-
bonding π ∗ orbital in the electron acceptor C=O group
forms the n⟶ π ∗ electronic transitions. The C=O group

helps the pigment anchor with TiO2. The electron density
map that is shown in Figure 18(c) indicates the distribution
of charge on the indigo molecule (green and red colors rep-
resent electropositivity and electronegativity, respectively).
As the molecule is symmetric, the net dipole moment is neg-
ligible and is equal to 0.0053 D [69]. It is known that hyper-
icin is a naphthodianthrone, a red-colored anthraquinone
derivative, a photosensitive pigment, which is one of the
principal active constituents of St. John’s wort (Hypericum
perforatum). As a result, this pigment exhibited good
adsorption onto a semiconductor surface, a high molar
absorption coefficient (43700 L mol-1 cm-1) and favorable
alignment of energy levels and provided a long lifetime of
electrons (17.8 ms) on the TiO2 photoanode surface [123].

The probability distribution of the electron density cor-
responding to the HOMO and LUMO levels are located to
both benzoid and quinoid moieties, respectively
(Figures 18(d) and 18(e)). The first absorption peak at 338
nm is primarily caused by HOMO to LUMO transitions
within the C=C (π⟶ π ∗) and C=O (n⟶ π ∗) regions
of the lawsone quinoidal ring. The absorption peak seen in
the visible region at 410 nm arises from the n⟶ π ∗ tran-
sitions localized mainly around the oxygen atom of the qui-
noidal ring. So, Figure 18(f) shows the distribution of charge
on the lawsone molecule. From this pigment, the carbonyl
carbons of C=O groups could be observed to be highly elec-
tropositive, showing a net dipole moment equal to 5.78 D,
indicating the strong electron-withdrawing nature of the
C=O group anchors the lawsone molecule onto TiO2 [69].

Cosensitizing pigments with a complementary absorp-
tion spectra increase the absorption band and are an attrac-
tive pathway to enhance the efficiency in DSSCs [124].
Ramirez-Perez et al. [104] reported that the predominance
of hydroxyl groups on the aromatic skeleton of anthocyanin
gives rise to an intense blue color, while a red color is
observed in methoxyl functional groups [104]. In brief, law-
sone solar cells displayed better performance, showing aver-
age efficiencies of 0:311 ± 0:034%, compared to indigo solar
cells showing efficiencies of 0:060 ± 0:004%. So, the betanin/
lawsone cosensitized solar cell reflected a higher average effi-
ciency of 0:793 ± 0:021% as compared to the 0:655 ± 0:019%
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Figure 17: Cyanidin 3-glucoside structure (a) and labeling of the deprotonation sites (b) [122].
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obtained for the betanin/indigo cosensitized solar cell. An
11.7% enhancement in efficiency (with respect to betanin)
was observed for the betanin/indigo solar cell, whereas a
higher enhancement of 25.5% was observed for the beta-
nin/lawsone solar cell. Impedance spectroscopy improved
that the higher efficiency can be attributed to the higher elec-
tron lifetime of 313.8ms in the betanin/lawsone cosensitized
solar cell compared to 291.4ms in the betanin/indigo solar
cell (Figure 19) [69].

The computational analysis and experimental verifica-
tion of photosensitizers and their efficiency performances
done by Liu et al. [92] have reported that the simulated

absorption spectra of chlorophyll were extracted from six
different leaves by using ethanol solvent. To compare with
the experimental results, the excited state properties of chlo-
rophyll was investigated via the TD-DFT method with dif-
ferent functionals at a 6-31G(d) basis set based on the
optimized ground state structure of chlorophyll. The choice
of chlorophyll pigment was due to the fact that it accounts
for the largest proportion of the green plant leaves. The
charge different density results showed the distribution of
charge during the light absorption step (Figure 20). As
stated, for the sixth excited state, a red electron is moved into
the semiconductor, and a hole is resided in the porphyrin
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Figure 19: Illustration of the device showing the complementary absorption by the cosensitized pigments of betanin and indigo (a) and
betanin and lawsone (b) [69].

(a) (b)

Figure 20: Charge difference density (CDD) for chlorophyll/TiO2. S6 (a) and S9 (b) [92].

26 Journal of Nanomaterials



ring. Previously, chlorophyll, natural porphyrin, and its
derivatives have been studied using DFT approaches to
explore their spectroscopic properties and their future appli-
cations in DSSCs [125]. As a result, this state is a charge
transfer (CT) state, and a similar CT process can be found
in the ninth excited state, where more electron migration
into the semiconductor benefits electron transport for exter-
nal circuit. The calculated excitation energies (E, eV), for the
sixth excited state (S6) and the ninth excited state (S9) were
2.6161 eV and 2.9989 eV, respectively. This confirmed the
existence of electron transfer into the semiconductor during
photoexcitation.

As a summary, both experimental and computational
modeling (relative energy calculations of HOMO and
LUMO of natural plant pigment extraction) allowed electron
injection ability elucidation of the extracted plant pigments
[126]. These investigations, when the natural plant pigments
are highly aggregated on the TiO2 surface, affects the DSSCs’
performance [127, 128].

7. Performance Characterization
Parameters in DSSCs

7.1. Characterization Using Photocurrent Density-Voltage (J-
V). The general performance of the assembled DSSCs pre-
pared using their components could be evaluated by differ-
ent parameters such as JSC, η, Vmax, Pmax, VOC, and FF.
Bekele et al. [114] reported on synthesis of TiO2 nanoparti-
cles within three different volume ratios as 2 : 3, 1 : 1, and 3 : 2
in the presence of Kniphofia schemperi root ethanol extract
both as a capping and reducing agent and also as a natural
sensitizer. Synthesized 2 : 3, 1 : 1, and 3 : 2 photoelectrodes
show VOC performance of 63, 48, and 161mV, respectively.
The 3 : 2 photoelectrode shows best VOC as compared to the
remaining electrodes, and this improvement could be attrib-
uted to the improved absorption of light in the presence of
Kniphofia schemperi root sensitizer, and this is due to the
more improved surface morphology of the photoelectrode.
This photoelectrode provides enhanced efficiency (≈1.30%)
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as compared to the remaining ratio photoelectrode due to its
small average crystalline size, which enables it to adsorb
excess dye molecules on its surface [129]. The corresponding
JSC and FF values for each of the different volume ratios of
TiO2 photoelectrode-based DSSCs were estimated as 1:29
× 10−3, 6:05 × 10−3, and 2:46 × 10−2 mA/cm2, and the resul-
tant FF was 42, 40.3, and 32.8% for the TiO2 (2 : 3), TiO2
(1 : 1), and TiO2 (3 : 2) photoelectrodes, respectively. TiO2
(3 : 2) outperforms the other two green prepared photoelec-
trodes due to the better catalytic property of the photoelec-
trode, which was achieved by using less extract during
synthesis.

Senthamarai et al. [82] reported on the green synthesis of
TiO2 nanostructure photoelectrodes prepared via the green
route using the fruit extracts of pineapple, orange, and
grapes as reducing and stabilizing agents, for DSSC applica-
tion in the presence of fruit skin ethanol extract of Murraya
koenigii sensitizer. The grape-mediated synthesized TiO2
photoelectrode shows the maximum solar cell efficiency
(1.78%). In the presence of Murraya koenigii natural sensi-
tizer, pineapple-templated TiO2 and orange-templated
TiO2 photoelectrodes shows solar cell efficiency of 1.61%
and 1.52%, respectively, in the presence of fruit skin extract.
The corresponding VOC values for the grape-TiO2, orange-
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TiO2, and pineapple-TiO2 photoelectrodes were found to be
0.628, 0.626, and 0.576mV, respectively.

Moreover, reports show that ZnO-TiO2-Fe2O3 nano-
composites were synthesized and used as an alternative
photoelectrode in the presence of ethanol-extracted Guizotia
scabra and Salvia leucanta flower sensitizers [130]. It has
been found that the obtained conversion efficiencies for the
ethanol extracts of Guizotia scabra and Salvia leucantha
were estimated at 0.0013% and 0.0017%, respectively.
According to Cho et al. [131], the ethanol extract of the
mixed sweet potato leaf and blueberry sensitizer at a weight
concentration of 40% (1 : 1) volume ratio was used to coat
the TiO2 photoanode, and the report shows that 0.61V,
4.75mA/cm2, 53%, and 1.57% of VOC, JSC, FF, and η were
achieved, respectively. But the individual single sensitizers
of sweet potato leaf sensitizer show 0.645V, 1.23mA/cm2,
49%, and 0.391%, and blueberry flower sensitizer-based
DSSCs provide 0.67V, 0.532mA/cm2, 61%, and 0.218% of
VOC, JSC, FF, and, η, respectively.

Safie et al. [78] reported on the use of mengkulang and
rengas wood and their mixed ratios (60 : 40, 40 : 60, and
50 : 50) in the presence of TiO2 nanoparticle photoelectrode.
The report proves that the cell performance was found to be
0.53V, 0.40mA/cm2, 75.98%, 0.16%, and 0.50V, 0.30mA/
cm2, 72.88%, and 0.11% of VOC, JSC, FF, and η for the meng-
kulang and rengas wood sensitizer-based DSSCs, respec-
tively, while the different mixed ratios of those sensitizers
based on DSSC performance were found to be 0.54V,
0.60mA/cm2, 63.28%, 0.21%, 0.53V, 0.90mA/cm2, 61.78%,
0.29%, 0.53V, 0.90mA/cm2, 62.16%, and 0.30% for the
50 : 50, 40 : 60, and 60 : 40 volume ratios of mengkulang and
rengas wood sensitizer, respectively. Figures 21(a)–21(c) dis-
play the effect of the photoelectrode on the performance of
the photovoltaic parameters of DSSCs. Figure 21(b) depicts
the J-V curve of green synthesized TiO2 NP photoelectrode
within different volume ratio-based DSSCs in the presence
of ethanolic root extract of Kniphofia schemperi, while
Figure 21(c) shows the J-V curve of mengkulang and rengas
wood and their mixed sensitizers in the presence of TiO2
nanostructured photoanode. When TiO2 nanoparticles are
layered with graphitic carbon nitride structure by forming
composites, it decreases the energy barrier of electron trans-
port and improves the injection efficiency of photogenerated
electrons from the photoanode [132].

Najihah and Tan [133] designed and reported on the
methanol, ethanol, and acetone extracted from Costus wood-
sonii leaves as a natural sensitizer for DSSCs. It has been
found that the short circuit current density, open circuit
voltage, fill factor, and efficiency of methanol-extracted Cos-
tus Woodsonii leave sensitizer-based DSSCs shows 0.63,
0.60, 0.61, and 0.23, respectively. The ethanol-extracted Cos-
tus woodsonii leave sensitizer-based DSSCs are 0.85, 0.63,
0.69, and 0.37, respectively. In addition, as can be seen in
Figure 21(c), acetone-extractable sensitizer shows 1.35,
0.57, 0.62, and 0.48, respectively, which is the best perform-
ing solvent. The report proves the effect of the solvent and,
in turn, its influence on the performance of the various pho-
tovoltaic parameters. The light absorption capability of the

sensitizer-coated photoelectrode is directly correlated to the
concentration of the natural dye in an extraction solvent
[78, 133]. Among the three solvents, acetone-extracted
sensitizer-based DSSCs provide better efficiency relative to
the corresponding counterparts.

7.2. Characterization Using Incident Photon to Current
Conversion Efficiency (IPCE). The IPCE, also known as the
external quantum efficiency, is the percentage of incident
photons converted to electric current (collected charge car-
riers) when the device is operated in a short circuit. As
reported by Al-Alwani et al. [134], the incident photon to
current conversion efficiency of DSSCs is found to be depen-
dent on the nature of the photoanode and also the light
absorption and capacity behavior of natural sensitizers, as
shown in Figures 22(a)and 22(b). As supported in
Figure 22(b), the IPCE value of Kniphofia foliosa ethanolic
root extract in the presence of various volume ratios (2 : 3,
1 : 1, and 3 : 2) of green-synthesized TiO2 photoelectrode
was found to be altered with the variation in the volume
ratio of the photoanode. As could be provided in
Figure 22(b), relatively maximum IPCE% (≈8.11%) value
was obtained in the presence of TiO2 photoelectrode formed
within the volume ratio of 3 : 2 and was located at a wave-
length scan of 340nm, while the TiO2 (1 : 1) photoelectrode
provides an IPCE of 2.66%, which occurs at around 500 nm.

DSSC is an efficient photovoltaic technology in wireless
sensors and indoor light due to its low cost and material
abundancy in nature. However, Kokkonen et al. [32] have
reviewed the possible scaling up of fabrication methods at
industrial manufacturing level for high-performance stabil-
ity and high photovoltaic efficiency under typical indoor
conditions. Hence, a significant research effort has been
invested in exploring the new generation of photovoltaic
devices as alternatives to traditional silicon- (Si-) based solar
cells [135]. Moreover, the efficiency and its research chal-
lenges towards DSSCs have been clearly reviewed [136]. To
solve such problems, recently, the discovery of new mate-
rials, such as 2D and high selectivity catalysts, have been
emerged as promising materials, and their identifications
have been identified by machine learning data-driven
approach [137]. Especially, indoor solar cell is a strong pos-
itive influence on the ecology of the Internet of Things
(IoTs). This IoT contained communication devices, actua-
tors, remote, and distributed sensors. Particularly, smart
IoT sensors have the potential of performing control func-
tions and mass monitoring, which is driven by an indoor
power gathering system [138, 139].

8. Conclusion and Future Outlook

8.1. Conclusion. It has been observed from the review work
that DSSCs and their various components were fabricated
via different protocols. The CE and the photoanode of
DSSCs were fabricated via various chemical and green
methods. It has been observed that even if the electrodes of
DSSCs prepared via chemical methods were to provide effi-
cient efficiency as compared to the electrodes prepared via
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green method, the electrodes fabricated via green technique
is found to be cost effective, environmentally friendly, and
also able to provide a high surface area to volume ration,
which makes them available for harvesting much of the sun’s
light on their surface. Using numerous green and medicinal
parts of natural plants such as leaves, roots, steams, barks,
flowers, and other medicinal green plants as photosensitizers
is the most preferable option.

8.2. Future Outlook. In order to achieve the real utilization of
natural pigment-based conversion of solar light energy to
electricity in the near future, the scientific community
should be addressing and solving the problem of the less effi-
cient properties of DSSCs. This could be possible by improv-
ing the major components of the device via numerous
modification protocols. In order to articulate a best-
performing device and enhance the efficiency, the device
must be assembled by considering those parameters. This
enables the device to achieve enhanced cell performance
and efficiency.
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