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Abstract

This review covers recent developments in dye-sensitized solar cells, focusing on natural
pigments, nanostructures in photoanodes, and modifications to electrolytes, which all
relate to the enhancement of device performance. Anthocyanins, chlorophyll, and
carotenoids are some natural dyes that are under investigation as alternatives to
ruthenium-based synthetic dyes. However, they still have some drawbacks due to their
restricted absorption spectra and low stability. Enhanced extraction methods have
realized 30% gains in dye performance. The design and composition of the photoanode
play a significant role in DSSC efficiency. The latest progress in doping TiO, with
materials like silver and graphene, adding other semiconductors such as ZnO and MoS,,
has established efficiencies as high as 10.35% for DSSCs. Moreover, interface modification,
especially the use of alternative electrolytes, replacing the conventional iodide/triiodide
system with cobalt, copper complexes, has attained higher efficiencies up to 14.4%.
However, stability in volatile solvents remains a challenge. This review considers DSSCs
to become one of the practical renewable energy technologies, yet some important
limitations, together with ways for future research, are emphasized.
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1. Introduction

The pioneering work by Michael Gratzel and Brian O'Regan on the use of nanoscale porous TiO; film electrodes in
dye-sensitized solar cells marked the start of the development of sensitized solar cells. Dye dye-sensitized solar cell
operates through the conversion of sunlight to usable electricity by the photoelectric effect [1] [2]. These cells use the
photoelectric effect, acting as energy converters that change sunlight into electrical power [1] [2]. These cells have gained
a lot of attention due to their simple fabrication process and are low in cost with minimum environmental impact
compared to silicon-based photovoltaic technologies. However, the pervasive use of ruthenium in dye components
creates significant challenges in increasing the overall production cost of this technology. In view of this consideration,
it is an urgent need to explore other alternative dye materials that are both more efficient and economically viable [3].

While the efficiency achieved so far by DSSC is about 13%, it holds great promise for clean, renewable energy
applications [4]. Commercial dyes containing heavy transition metals, especially ruthenium-based molecules, usually
yield 11-12% power conversion efficiencies using nano-porous titania electrodes [5, 6]. However, ruthenium complexes
contain ecologically harmful heavy metals [7]. Their high costs and limited availability [8] drive the search for
alternative photosensitizers. Natural dyes offer similar efficiency.
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Furthermore, Natural dye pigments can be found in various plant parts, including the flowers, fruits, leaves, stems,
and roots, positioning them as a promising option for DSSC photosensitizers. Nonetheless, several significant
challenges must be overcome before they can be commercially utilized at a large scale. Key issues regarding dye
conservation include rapid degradation, instability, and a brief shelf life. Although these coloring compounds exist,
they exhibit a more restricted absorption spectrum, which diminishes photon capture efficiency. Notably, flavonoids
and anthocyanins are among the most important natural dyes, commonly present in fruits and flowers [9].

These dyes efficiently absorb radiation within the visible region of the spectrum, precisely in the region of 520 to
560 nm 10. The adsorption of anthocyanin onto the surface of TiO, can occur mainly because of Van der Waals attraction,
since this happens due to bonding between two oxygen atoms of anthocyanin with the Ti** ion at the surface of TiO»-
where two of the bonding sites are unoccupied and positively charged [11]. In light of these points, a review
encompasses recent advances in developing natural dye-sensitized solar cells. It discusses DSSC processes, natural dyes,
material characterizations, efficiency, and strategies for improving device performance.

The most widely used semiconductor for the photoanodes of DSSC is titanium dioxide (TiO,), due to its high
surface area, stability, and suitable energy band alignment. Having said that, porosity of the TiO; film is important for
light absorption and transport of electrons; it is achievable with modifications in doping and at the surface, as noted by
O'Regan and Grétzel (1991) [12] [13]. Other metal oxides, such as ZnO and CuO, have also been explored as potential
photoanode materials. However, their practical applications are significantly limited because ZnO degrades quickly in
acidic conditions, and CuO has very poor conduction band alignment, making the DSSCs less durable and less efficient.
Consequently, titanium dioxide is still the most common choice in most DSSC applications [14] [15].

Moreover, it optimizes different parameters like dye, photoanode material, electrolyte, and device structure for
DSSC efficiency. Recently, it was reported that the doping of TiO, with nanoparticles of silver or graphene would
enhance charge transfer and reduce recombination. For example, Ghosh et al. (2021) reported that when nano-silver-
doped graphene was incorporated into TiO,, it improved the efficiency of the cell up to 9.9%, which was quite
remarkable compared with undoped ones, giving emphasis on the nanostructure modification in cells [16].

Moreover, natural dyes are responsible for the determination of the efficiency and stability of DSSCs. Natural
pigments such as flavonoids, chlorophyll, and carotenoids are potential alternatives to synthetic dyes. Flavonoids, in
particular anthocyanins, are widely found in flowers and fruits and show strong light-harvesting characteristics in the
visible spectrum and hence are good sensitizers. Carotenoids, i.e., 3-carotene, absorb light between 550 nm and are
responsible for blue-green light harvesting, but are less efficient. Chlorophylls, specifically chlorophyll a, are valuable
photosynthetic pigments with good absorption but poorer stability under DSSC conditions.

Carotenoids such as (3-carotene have absorption at 550 nm and provide light harvesting in the blue-green region,
but with less efficiency. Chlorophylls, especially chlorophyll a, are important photosynthetic pigments that have
promising absorption but lower stability under conditions of DSSC. Besides, the methods of extraction that were applied
to the natural dyes contribute an essential role in the stability and efficiency determination of DSSC. Narayan et al
reported improvement in the extraction conditions to enhance the stability and overall efficiency of the natural solar
cell with dye. Efficiency increased by 30% [17] [18] [19].

2. Materials and Methods

The general structure of dye-sensitized solar cells consists of an electrolyte, a natural dye, a photoanode, and a
counter electrode. In the photoanode, a nanostructured semiconductor is used-nanorods, nanotubes, nanowires,
nano-cones, or nanosheets manufactured on transparent conducting glass [20]. DSSCs are solar cells that use a
nanostructured semiconductor layer coated with a photosensitive organic dye to convert. This nanostructured film
offers a high surface area for effective dye adsorption and light capture. Such an arrangement enables electron injection
and transport for improved efficiency gain [21].

A counter electrode, semiconductor oxide material, transparent conductive oxide (TCO), dye sensitizer, and
electrolyte solution form a basic dye-sensitized solar cell (DSSC). The conducting glass working electrode consists of a
nano-porous semiconductor oxide and is separated from the counter electrode by a thin layer of electrolyte solution.
Being attracted to its surface due to adhesive properties, the dye can be prolonged on the photovoltaic cell to absorb
lower-energy photons. The dye absorbs on the semiconductor surface; the absorption of visible light and stability of the
dye are essential for the generation of charges [22]. In addition to this, a thick (approximately 10 um) TiO, layer and
sometimes ZnO constitute the photo-anode of a DSSC. Instead of TiO,, SnO, nanoparticles are sometimes used. The
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TiO, layer possesses a large inherent surface area; hence, scattering of sunlight significantly improves. Optimizing
semiconductor band gap and structure is a crucial aspect for achieving high photoelectrochemical performance [23].

In addition, cell function is quite interesting, as shown in Figure 1 represents the working principle of a DSSC,
where visible light is absorbed by a dye to inject an electron into a semiconductor. The HOMO to LUMO promotion of
an electron occurs in the dye molecule bound to the photoelectrode, typically made of nanostructured TiO,, after
absorption, because it signifies the first empty level in any molecule. The highest level in such molecules is referred to
as HOMO. "For the dye molecule to be a viable photosensitizer in dye-sensitized cells, it must have very strong
absorption in the visible part of sunlight [24, 25]. The objective here is to have this excited electron participate in
generating numerous charge carriers by entering the wide conduction band of the mesoporous TiO,. The electron then
moves to the transparent conductive oxide layer and eventually to the counter electrode via an external circuit.
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Figure 1. The basic configuration of a DSSC consists of four major components. These are labeled below as (a), (b), (0,

and (d). (a) Photo-anode. It consists of a semiconductor oxide layered on a transparent surface. (b) Photosensitized dye.

These are dye materials bonded to the semiconductor coating in (a). (c) Electrolyte. It contains a redox pair. (d) Counter
electrode. In this component, carbon graphite and platinum thin films can be used [27].

2.1. DSSCs construction process

A typical DSSC cell consists of a photoanode, counter electrode, dye layer, electrolyte layer, and substrate. Figure
1. shows the components of a conventional DSSC cell. The photoanode is generally a mesoporous TiO2 layer with a
thickness of about 10 microns and a particle size of about 20 nanometers deposited on an FTO-coated glass substrate.

The mesoporous layer enables a high surface area where the dyes can be easily adsorbed. The counter electrode
typically consists of a platinum or carbon layer and completes the DSSC cell by facilitating the redox reaction of the
electrolyte layer [28].
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Figure 2. Flow chart describing the procedural steps to assemble the DSSC: (a) preparation of the titanium dioxide paste
including the binder, (b) cleaning and pre-drilled ITO substrate, (c) demarcation of the functional region, (d) titanium
dioxide thin film formation by the doctor blade method, (e) low-temperature drying at 50 °C, (f) dye sensitization of the
titanium dioxide photoanode, (g) insertion of the 20 um spacer, (h) sealing the device at 110 °C, (i) injection of the
electrolyte, and (j) assembled DSSC [30].
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3. Results

It has been previously demonstrated that natural dyes can serve as cost-effective and environmentally sound
photosensitizers for dye-sensitized solar cells. Some of these materials have even been submitted to intensive research.
They include anthocyanin pigments from fruits like blackberries and hibiscus. They have been extensively explored for
their high ability to ideally absorb sunlight. According to research by Calogero et al. (2010), the efficiencies reported for
natural organic dyes range from 1.5% depending on dye preparation techniques and pH values." Despite their lower
efficiencies relative to synthetic materials, their ease of preparation and nontoxicity make them excellent materials to be
applied for solutions related to renewable sources of energy.

The role of DSSC in bringing about sunlight into electric power makes it a very efficient and cost-effective
photovoltaic device. The main success of dye-sensitized cells revolves around their sensitization from the particular dye
applied to them. Natural materials act as an excellent alternative to rare materials as they cost very little and can be
easily biodegradable. These sensitisers can be seen in fruits, leaves, flowers, and even plant petals. The performance of
these DSSCs is given quite a boost by the characteristics of these pigments, together with some other factors. The organic
dye performs very well in diffused and colourful light. They’re also environmentally friendly. In the past ten years,
researchers have tried to make use of different parts of plants [32].

Inorganic dyes such as ruthenium are also considered to be very essential for the development of high-efficiency
DSSCs. They have high costs and difficult cleaning processes. Natural dyes have proved to be ideal substitutes for
expensive and difficult-to-find inorganic materials. Nevertheless, low cost of production, ease of use, quick payback
time, flexibility, availability of sources of raw materials, and non-offending risk are some advantages associated with
the use of natural pigments as sensitizers [33].

Conversely, the results for fill factor (FF), power conversion efficiency (n%), open-circuit voltage (Voc), and short-
circuit current (Isc) showed a comparative result to the sensitized dye. The variations in natural material dyes, such as
photosensitizers in DSSC, have been shown to influence several elements in a plant cell [34].

™ O Sugar

OH

Anthocyanin

Figure 3. Chemical structure of anthocyanin, where R stands for the glycosidic moiety. The -OH and oxygen-containing
functional groups in anthocyanin are responsible for the binding of the dye molecules to the surface of TiO2 in DSSCs

[3].

However, this literature review also concentrates on natural dyes. Indeed, as they represent one of the main
features in the workings of a DSSC and have been studied by several researchers, the relevant literature about this topic
has been compiled in Table 1 below.

Table 1. DSSCs' performance using dye solution measured under standard AM 1.5G illumination with an active area of 2 cm-2

Dye Solution Solvent Voc (mV) FF (%) n(%) Ref.
80% beetroot + 20% spinach Ethanol 386 mV 55.0 0.92 [35]
20% malabar spinach + 80% red spinach Ethanol 385 mV 51.0 0.84  [36]

Cassia fistula Ethanol 051V 65.0 0.21 [37]
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Spinach leaves Acetone 059V 58.0 017  [37]
Purple cabbage Oxygenated water 048V 46.0 015  [38]
Onion Oxygenated water 051V 46.0 010  [38]
Cornelian cherry Acid solvent 039V 31.0 098  [39]
Cherry St. Lucia Ethanol 0.56 V 55.0 019  [39]
Yellow jasmine berries Ethanol 049V 49.0 0.04 [40]
Madder berries Ethanol 0.58 V 48.0 013  [40]
Crocus sativus Ethanol 043V 48.0 0.51  [41]
Allium Cepa Ethanol 055V 46.0 054  [42]
Malaw sylvestris Ethanol 049V 42.0 0.45 [43]
Malaysian Areca Catechu Methanol, ethanol 0.539 V 72.0 0.07  [44]
Purple cabbage Methanol, acetic acid 034V 63.0 0.024  [45]
Purple cabbage Acetone 525 mV 59.0 0.07  [45]
Turmeric longa L. Ethanol 566 mV 29.0 0.029  [46]
Berberis vulgaris Methanol 568 mV 40.0 0.09 [47]
Phytolacca americana Ethanol 0.570 V 56.0 0.05  [48]
Musa acuminata Ethanol, Acetic acid 058V 59.0 0.31 [49]
60% turmeric + 40% red spinach Ethanol 499 mV 57.0 1.07  [50]

Current developments in dye-sensitized cells have reminded researchers about the importance of electrolyte
composition to overall efficiency. In terms of performance and durability, A 14.3% power conversion efficiency (1) was
reported by Smith et al. [51] employing [Co(phen)s]**/?* complexes in acetonitrile solution with ADEKA-1 and LEG4
dye sensitizers. The results in Table 2 show the ability of the metal complex to provide high open-circuit voltage values
compared to conventional iodide-based cells.

Table 2 illustrates that the cobalt complex yields higher open-circuit voltages than conventional iodide systems under standard
AM 1.5G illumination with active area of 2 cm?

Main Solvent of Liquid Electrolyte Redox Species Dye Long Term Stability ( ;/]) Ref.
Acetonitrile [Co(phen);]3+/2 ADEKA-1 + LEG4 Not reported 143 [51]
500 h at 298 K, AM

Acetonitrile [Co(bpy)sl*/2+ SM315 al o 13.0 [52]

Acetonitrile [Co(bpy)s]*+/2 YD2-0-C8 Not reported 12.3  [53]

Acetonitrile [Cu(tmby),]*/+ D35 + XY1 Not reported 11.3  [54]
I-/I;- (DmPII

Acetonitrile Gu3N(C SI/nTBP) N3 Not reported 11.18 [55]
I-/I;- (DmPII

Acetonitrile G/uBN(C STTBP) C104 Not reported 10.53 [56]
e I-/I;- (DmPII)

Methoxy acetonitrile MAN/TBP N749 Not reported 10.4 [57]
I-/1;- (DmPII)

Acetonitrile + Valeronitrile IJ-1 Not reported 103 [58]

GuNCS/TBP
Acetonitrile + Valeronitrile I-/1;- (PMII) TBP Z-910 Unstable 10.2 [59]
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Acetonitrile + N-methyl

. I-/15- N719 Unstable 10.0 [60]
oxazolidinone

Current developments in dye-sensitized cells have reminded researchers about the importance of electrolyte
composition to overall efficiency. In terms of performance and durability, A 14.3% power conversion efficiency (PCE)
was reported by Smith et al. [51] employing [Co(phen)s;]**/>* complexes in acetonitrile solution with ADEKA-1 and LEG4
dye sensitizers. The results in Table 2 show the ability of the metal complex to provide high open-circuit voltage (Voc)
values compared to conventional iodide-based ( I-/157).

In addition to this, Kumar et al. [54] have also investigated another redox couple, [Cu(tmby).]?*/*, in conjunction
with the D35 and XY1 organic dyes in acetonitrile solvent, which resulted in 11.3% efficiency. The copper-based
persuader couple is quite preferred because it's cheaper and has adjustable redox potentials. lodide/triiodide (I/I5)
couple systems are also quite rival ones; Wang et al. [55] have reported 11.18% efficiency with N3 dye material, while
efficiency of 10.53% has been reported by Ahmed et al. [56] with C104 dye.

Further, Zhao et al. [57] have recommended methoxy acetonitrile instead of methoxy acetic acid to be less volatile,
but this resulted in a lower efficiency of 10.4% for dye N749. Chen et al. [8] and later Tanaka et al. [59] have explored
blended solvents (acetonitrile and valeronitrile) for IJ-1 and Z-910 dyes to attain efficiencies of 10.3% and 10.2%,
respectively, but later had extreme instability.

Lastly, Davis et al. [60] used acetonitrile with N-methyl oxazolidinone and the N719 dye to achieve 10.0%
efficiency, but they also faced stability constraints. All these studies highlight the importance of finding a balance
between redox couple selection, solvent volatility, and dye compatibility to achieve optimal DSSC performance

Several types of nanoparticles have been developed as photoanodes recently. TiO, nanostructures have been
utilized in solar cell devices as layers of photoanodes. The efficiency of these solar cells has been exceptional.
Nevertheless, this is not exceptional for TiO, particles only. The following is a summary of research works in whereby
high-efficiency values in solar cells were accomplished. Nanostructures displaying reported high efficiency values are
presented in Table 3. [7, 9, 47, 48, 49].

Table 3. Nano-DSSC structure efficiency with an active area of 2 cm™

Efficiency Reference

Idea Particle Technique Numination (%)
Graph heet dded
ra[.) ef1e nanosheets wetre adde . AM 1.5G (100
to liquid electrolytes to improve Graphene Electroplating 9.26% [61]
.. mW/ cm-2)
efficiency

Photoanodes made of a bottom AM 1.0

layer of common TiO, and a top TiO, Doctor blading : 9.9% [62]
. (1366 w/m2)
layer of 3D TiO..s nanostructures
New method to prepare

photoelectrodes incorporating 3D ) Inverse opal (10) Direct
TiO 10.359 63
inverse opal (I0) TiO; e method sunlight o [63]

nanostructures
Ultrasonic spray coating method for ]
MoS Electroplat 12 mW/cm-2 9.489 64
MOoS,/SWCNT bilayer films 02 ectropating mW/em o [64]
Co? addition in BaSnO; dye- L AM 1.5G (100
B 229 7

sensitized nanostructures aSn0, Coprecipitation mW/cm-2) 8.22% 71

In Table 3 below, it can be seen that both research teams use doctor blade techniques to gain efficiencies of 9.9%
and 9.2%, respectively, according to both Balu M et al. and L. Xu et al. [62] [63]. In the second case study research
published by Balu M et al. [62], there is an efficiency of 10.35% achieved via new photovoltaic electrode preparation
techniques such as etching processes and calcination processes, including local nanostructures. The results are
significantly improved from standard cell results.
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However, for the improvement in the performance of DSSCs, extra particles are utilized as nanostructures. This
involves the work of Hao, S. et al. [61], who, in their electrolytes, use graphene nanosheets to increase their electrical
conductivity and, consequently, DSSC performance. In this work, they realize an efficiency of 9.26%. Graphene is
utilized here as the nanostructure; however, TiO, nanoparticles are also used. Based on this work, a comparison is made
based on the amount of graphene being used (10, 20, and 30 mg); 20 mg gives the best results.

In the research done by Xu, L., et al. [64], molybdenum disulfide was used to synthesize a bilayer counter electrode
where the MoS; layer is formed by electrodeposition. Performance is further enhanced by sputtering and reaches an
efficiency rate of 9.48%. Once more, there is improvement as compared to the 6.2% efficiency rate when the only method
used was MoS.

The Amao, Y. et al. [7] reported an 8.22% efficiency for a solar cell made using the precipitation technique involves
incorporating Co? into a nanostructure of barium stannate (BaSnOs). However, it can be noted that 90 mL of SiO, could
create high-quality core-shell nanoparticles. Adding less than 90 mL leads to a partially bare core, while adding more
than 90 mL leads to agglomeration and an irregular core-shell.

Extensive research has been carried out on nanostructures. Consequently, the best results lead to the optimum
outputs. However, as noted, low efficiency serves as a baseline for improvement; efficiency for typical DSSCs falls in
the range of 3% to 11%. Natural dye recombination losses stability in the nano-DSSC structure, and limited light
absorption are the contributing factors. Some articles about nanostructures are listed in Table 3.

Table 4. Non-conventional nanostructure in DSSC measured under standard AM 1.5G illumination

Voc n FF

Particle Structure Active area and techniques mv) ) (%) Reference
R T 721
Bi,Ti,O7 Non Coprecipitation (2 cm?) mV 3.88 54.0 [1]
ZnO: Li Scale Hydrothermal (4 cm?) 0.64V 558 428 [2]
H 1 tzit
Cu-doped ZnO exagona’ wiirtztte Coprecipitation (2 cm2) 064V 134 68.6 [4]
structure
Nanofl -shaped .
CoS ano ower.s ape Hydrothermal (NR) 0535 570 63.6 [6]
star anise \"
ZnO doped with Li Nanoflowers Microwave-assisted 067V 123 440  I[8]
P hydrothermal (NR) ) ) ’
Rugo.555€19.45 Non Electroplating (1.8 cm2) 064V 382 43.0 [65]
Fe,0; Nanotubes Doctor blading (2 cm) 068V 4.00 50.0 [66]
Nit d sil hemical solution (1.4 cm? .631
itrogen and silver Nanowires Chemical solution (1.4 cm 0.63 510 412 1671
codoped ZnO ) \'

Contrary to the belief that there are working elements in DSSCs other than TiO,, Praveen.E et al. (2022) [1] used
Bi2Ti207 (BTO) nanoparticles and obtained an efficiency rate of 3.88%. Their study aimed at enhancing the energy
conversion efficiency of a piezo-photo-activated chitosan-based electrolyte that includes rare and pure earth-doped BTO
nanoparticles. The various REEs used in the study were samarium (Sm), (Eu), (Er), (Gd). This review states that the
REEs were used in a 2% concentration. According to this article, for optimum efficiency, the particle size is decreased
fivefold using Gd, as indicated in this review.

Praveen, E., et al. 2020 [2] report that doping 2D ZnO nanostructures with Li increases efficiency by 5.58%.
However, results from this study indicate that the inclusion of Li in the nanostructure decreases resistance to charge
transfer, hence increasing efficiency. In this work, a flake-like structure was produced through a hydrothermal process.
Aneesiya, K.R,, et al. 2020 [4] recommend Cu doping in the ZnO nanostructure for an efficiency enhancement of 1.34%.
For testing, doping was done in three different weights: 1%, 3%, and 5%. Only the 3% doping result is presented here,
which had the best outcome in terms of efficiency. The research also observed localized surface plasmon resonances in
Cu-doped ZnO nanoparticles.

Hagfeldt, A., and his team (2010) [6] examined the use of hierarchical nanostructures made of cobalt sulfide (CoS),
which achieved a 5.7% efficiency rate. They utilized a hydrothermal process that produced a nanoflower-like star anise
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nanostructure. The authors of this study used the artificial dye N719 to compare platinum and cobalt sulfide, resulting
in platinum exhibiting a higher efficiency of 6.446%.

Lithium is employed as a dopant in doped zinc oxide (ZnO) nanostructures. A microwave-assisted hydrothermal
process is used to create Li-doped ZnO nanopowders, which have an efficiency of 1.23%. On the other hand, the Li-
doped ZnO powders have a highly crystalline hexagonal structure and a nano-flower morphology, according to the
researchers.

Moreover, iron oxide (FeOs;) with various porous nanostructures is utilized by Zhang, C. et al. [66] . Electrospinning
of Fe (NOs)s/polyvinylpyrrolidone followed by air calcination was employed to create the nanostructures. Among the
three types of nanostructures offered —nanorods, nanotubes, and nanobelts—nanotubes, with a 4.0% content, were
found to be the most suitable. In contrast, the authors explain that varying the ratio of iron nitrates to the polymer can
influence the morphology of FeOs.

Additionally, Kumari et al. [67] have successfully fabricated five different photoanodes based on ZnO nanorods
using a solution chemical process, where urea was used as a nitrogen source. The doping patterns were set as follows:
(51) Undoped ZnO, (S2) 5% N-doped ZnO, (S3) 5% N and 5% Ag co-doped ZnO, (54) 5% N and 10% Ag co-doped ZnO,
and (55) 5% N and 15% Ag co-doped ZnO. As seen in Figure 4, a systematic increase in the power conversion efficiency
(n) with an increase in concentration was noted. Among these five, S5 had a maximum efficiency of 5.105%. This can be
attributed to the combined effect of N and Ag co-doping, where visible-light absorption, charge separation, and
reduction of electron-hole recombination in ZnO nanorods were enhanced. In addition, the addition of Ag precipitates
localized surface plasmon resonance, an effect of which increases the light-harvesting abilities, contributing towards an
eventual boost in short-circuit current density (Jsc) and, thus, an enhanced performance of the overall cell structure of
the DSSC device.

25

(a) s1

(b) S2

20 . (c) S3

b (d) s4

(e) S5
s
s
=
E
o
w
—

v . - ] v 1 . T . .
0.0 -0.1 -0.2 0.3 -0.4 -0.5 -0.6 -0.7
V(volts)

Figure 4. Characteristics of current-voltage (J-V) curves of five different DSSC samples tested under simulated AM 1.5G
sunlight illumination (100 mW cm?) with an active area of 2cm? [52].

Table 5. Comparative summary of selected literature on DSSCs, showing device architecture, photo-anode material, fabrication,

active area, light illumination, measurement protocol, stability test, type of cell, and reported values of 1.

Active
. . Photoanode L Measurement n
Device architecture ) area (¢  Iumination Reference
material protocol (%)
m-2)
Graphene
AM15G,50 F d ,
FTO/TiO.,/dye/electrolyte/Pt nanosheets in 0.16 orward seatl, 926 [68]
mW/cm? 10 mV/s
the electrolyte
FTO/TiO; bott 3D AM 1.5G, F d ,
iO; bottom + TiO, 0.25 orward scan, [69]

Ti0O,.5top/dye/electrolyte/Pt 100 mW/cm? 10 mV/s
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FTO/3D IO AM 1.,5G Forward scan

TiO 0.36 ! " 10.35 70

TiO./dye/electrolyte/Pt e 100 mW/cm? 5mV/s (701
FTO/Mo0S,-SWCNT AM1.5G,75 Forward scan,

MoS 0.20 9.48 71

bilayer/dye/electrolyte/Pt 002 mW/cm? 5mV/s (71]
AM 1.5G, Forward scan

FTO/BaSnOs/dye/electrolyte/Pt BaSnO; 0.18 100 mW/em? 10 mV/s 8.22 [72]

Results from the comparison of DSSC literature reveal that the values for the photoelectric conversion efficiency
(n) range from 8.22% to 10.35%, which depend on the photoanode nanostructure, preparation method, and cell design.
Use of 3D TiO; photoanodes, including core-shell microspheres, inverse opals, and their higher surface area, increased
the efficiency (9.9-10.35%) because of their improved surface area, dye absorption capacity, and light scattering effect
[69], [70]. Adding graphene nanosheets to the electrolyte showed improved electron transport, increased efficiency, and
reduced recombination, eventually raising the efficiency to 9.26% without changing the photoanodes [68]. Preparations
like ultrasonic spray coating and electroplating also play an important role in changing the morphology of the
photoanodes according to the preparation method. Laboratory cells with lower surface area (0.16-0.36 cm?) show a
relatively higher value for the photoelectric conversion efficiency due to lower series resistance, which provides
relatively even dye absorption, eventually affecting the efficiency values due to varying light intensity and test
conditions. Sustained performance assessment has been observed in less than five papers, which implies that surface
modification, dye immobilization, and the use of proper electrolytes play an important role in sustained performances
[68], [71],[72].

5. Conclusions

DSSCs are a promising low-cost and environmentally friendly alternative to conventional photovoltaic
technologies. The sensitizer, photoanode nanostructure, and electrolyte composition are among the most important
variables determining the device performance and long-term stability. This review is focused on the critical overview
of recent advances in natural dye-sensitized DSSCs, mainly on the synergistic role of nano-structured photoanodes and
advanced electrolyte systems to overcome the inherent limitations of natural dyes. Unlike conventional reviews that
focus on isolated components, this work systematically correlates natural dye chemistry, photoanode nanostructure
modification-including doped TiO,, ZnO, and alternative metal oxides, and electrolyte engineering to explain their
combined impact on power conversion efficiency, 1, charge transport, and recombination suppression. Comparing a
wide range of efficiencies reported, including values exceeding 14% achieved through optimized redox mediators and
nanostructure design, this review will underpin the main strategies that have been pursued to enable such significant
performance enhancement despite the intrinsic limitations imposed by dye degradation and limited absorption
bandwidth. In addition, this review also uncovers important gaps within dye-photoanode interfaces and long-term
electrolyte stability that continue to present significant challenges for commercialization. This study has managed to
offer guidelines that need to be followed for future development of a solar cell based on its comprehensive exploration
of experimental results from natural dyes, nano-structured photoanodes, and electrolyte materials.
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