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ABSTRACT
In response to growing energy consumption motivated by demographic growth, renewable
energy technologies must rapidly advance and reinvent. Among sustainable energy
innovations, solar energy is notably a universally accessible resource. Dye-sensitized Solar
Cells (DSSCs) exploit solar energy and are preferred due to lower fabrication cost and eco-
friendliness. Reduced optical absorption is a major drawback in utilizing DSSCS. To mitigate
these challenges, co-sensitization (utilization of multiple dyes sensitizers in fabricating DSSCs)
is employed to broaden the absorption spectrum. In this research, dyes from Spinacea oleracea
leaves, Rubus fruticosus fruits, and Beta vulgaris roots are co-sensitized. The impact of
annealing temperature and dye-loading time of TiOz films on the photovoltaic parameters of
DSSC were evaluated. Dye's optical absorption spectra were characterized using an ultraviolet-
visible spectrophotometer (400-800 nm). Absorption spectra for Spinacea oleracea extract
were detected at 400-480 nm (blue region) and 640-700 nm (red region), respectively, and
hence reflecting green (chlorophyll). The maximum absorption for Beta vulgaris dye was
within the 500-560 nm region, attributed to betanin pigments. Dyes extracted from Rubus
fruticosus fruits revealed a wide absorption in the region of 450-650 nm that was linked to the
presence of anthocyanin. The mixture dye showed a broad optical absorption band as compared
to individual dyes. Fourier Transform Infrared (FTIR) spectroscopy was applied in confirming
the presence of functional groups in dye extracts. DSSCs photovoltaic characteristics were
assessed from a solar simulator under a standard AM 1.5 G illumination. According to the
experiment results, the optimal annealing temperature and dye-loading time on TiO2 film were
450 °C and 40 h, respectively, obtained from the performance of fabricated DSSCs. Open-
circuit voltage, short-circuit current density, fill factor, and power conversion efficiency of 0.59
V, 3.6 mA/cm?, 74.78 %, and 1.58 %, respectively, were obtained. These results were also a
result of co-sensitizing all three dyes (chlorophyll, anthocyanin, and betanin) ina 1:1:1 volume
ratio. The research concludes that natural dyes are feasible, inexpensive, and ecofriendly
sensitizers for DSSC, though their PCE remain restricted by poor photon absorption properties.
Mixing chlorophyll, betanin, and anthocyanin improves solar spectra coverage, exhibiting the
promise of blending natural dyes to augment DSSC performance. Purification of dye extracts,
co-sensitization of natural dyes with ruthenium dyes, and annealing TiO: film after dye loading
can be explored in future to improve the quality of dye extracts and TiO: film for efficient

DSSC development.
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CHAPTER ONE
INTRODUCTION

1.1 Background information

With the growing energy demand, there has been a recent surge in researchers dedicated to
discovering clean and sustainable energy (Kusumawati et al., 2025). The Seventh Goal of the
United Nations' Sustainable Development Goals (SDGs) intends to ensure universal access to
affordable, dependable, regenerative, and contemporary energy by 2030. In 2023, sustainable
energy sources contributed 30.3 % to global electricity production, up from 29.4 % in 2022.
This share is projected to increase by 60 % by 2070. The other 69.7 % corresponded to fossil
fuels, nuclear energy, and other non-renewables (Al-Rikabi et al., 2025). The rapid depletion
of fossil fuel reserves and the harsh environmental pressures posed by burning these fuels have
accelerated the modernization of energy generation and the adoption of energy from green
sources (Wang & Azam, 2024). No alternative energy source is plentiful as solar energy.
Nevertheless, the efficient conversion of light into electricity remains a persistent challenge
that has been managed by embracing photovoltaic (PV) cells (Andualem & Demiss, 2018).

Crystalline silicon solar cells (converts solar radiation into electricity) to date lead the
market sale of PVs by 85 %, boasting a power conversion efficiencies (PCEs) of up to 27.30
% (Liang et al., 2025). However, despite high PCE, the substantial manufacturing cost of
silicon solar photovoltaic poses significant affordability challenges for a substantial portion of
the global population (Machin & Marquez, 2024). These challenges have driven the
advancement of alternative PV technologies that offer desirable properties such as lightweight
design, flexibility, and low module cost (Meng ef al., 2018). Among these alternatives, dye-
sensitized solar cells (DSSCs) are particularly intriguing compared to silicon solar cells as they
are less costly, light in weight, portable, easy to fabricate, and flexible (Kumar & Naidu, 2021).

The composition of a DSSC primarily includes a transparent conductive substrate
(Tamilselvan & Shanmugan, 2024), semiconductor nanostructure, dye photosensitizer, a redox
liquid electrolyte, and catalyst-coated counter electrode (Magiswaran et al., 2021). The dye is
adsorbed onto the surface of TiO2 semiconductor, forming a photoanode that enhances optical
energy absorption (Pallikkara & Ramakrishnan, 2021). Since the research by O'regan and
Gritzel (1991), pioneering design of high-performance DSSCs sensitized with ruthenium dyes
in 1991 , these cells have since enticed many researchers' interests, warranting further study
(Rahman et al., 2023). DSSCs' efficiency is notably affected by dye selection, accounting for
approximately 50% of the fabrication costs (Aslam et al., 2020). Metal complexes and organic

and natural (organic) dyes are the most commonly used sensitizers (Jabeen et al., 2025).
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Hitherto, ruthenium-based metal complex dyes have performed a momentous task in the
functioning of DSSCs owing to a superior absorption rate of solar energy and appropriate
functional groups that facilitate bonding with metal oxide semiconductors (Rahman et al.,
2023). Notably, DSSCs sensitized with metal complex dyes have achieved a remarkable
efficiency exceeding 11% (Rajaramanan et al., 2023). Nevertheless, these dyes are pricy and
unstable at high temperatures, so searching for alternative sensitizers is both necessary and
inevitable (Wang et al., 2025).

Natural plant-based dyes are regarded as a substitute for ruthenium-based dyes as they are
simple to extract and synthesize (Ponnambalam et al., 2023). Anthocyanin, betalain (Vallejo
et al., 2025), carotenoid, and chlorophyll (Semalti & Sharma, 2020) extracted from various
plant parts have been employed as photosensitizers in DSSCs (Hezarkhani & Ghadari, 2025).
The utilization of these dyes is aimed at achieving renewability, and dependability and
supporting an environment that is friendly (Dhorkule ef al., 2024).

Lately, significant attempts have been put forth to synthesize efficient dye sensitizers which
contribute to DSSCs fabrication (Tamilselvan & Shanmugan, 2024). The optical absorption
spectrum of natural DSSCs is narrow, which leads to minimum photon absorbance, and hence
poor sensitization of dyes which leads to lower efficiency (Baby et al., 2022). To boost the
efficiency of DSSCs, the photon absorption properties of natural dyes ought to be adjusted to
exhibit optimal performance throughout the visible and near-infrared spectrum (Malhotra et
al., 2024). Co-sensitization of dyes presently a highly buzzling subject in the fabrication of
DSSCs (Singh et al., 2022), attracting significant attention from researchers (Krishna et al.,
2017). In this case, semiconductor thin films are usually co-adsorbed with two or more different
dyes with different optical behavior (Khajavian et al., 2020).

Many studies have explored co-sensitized DSSCs as a strategy to broaden the absorption
spectra and enhance overall performance (Krishna et al., 2017). Co-sensitization is now a well-
established approach that ought to be adopted in achieving panchromatic shift and to further
elevate DSSC performance. Panchromatic shift is the widening of the absorption wavelength
by dye sensitizers so as to absorb sunlight across a wide scope of solar spectrum. For instance,
Ezike et al., (2021b) documented a wide absorption spectrum and a PCE of 1.14 % in DSSC
made by combining anthocyanin and chlorophyll dyes. Similarly, Patni et al. (2020) realized a
PCE of 3.73 % using a combination of three natural photosensitizers obtained from H.
sabdarifa, B. vulgaris and S. oleracea. According to Sreeja and Pesala (2018), a PCE of 0.601
% was obtained by mixing natural dyes obtained from red beetroot and spinach in an optimized

ratio. In another study, an efficiency of 0.20 % was obtained by combining Opuntia dillenii
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and Tamarindus indica dyes, which is higher than the 0.14 % achieved with individual
Tamarindus indica (Ramamurthy et al., 2016). These results highlight how co-sensitization has
been proven to boost the PCE of DSSCs by conquering the impediments induced by the small
spectral window of mono sensitizers (Barichello et al., 2024). This amplification can be
ascribed to the synergistic effect of improved photon-to-current efficiency (IPCE) and short-
circuit current density (Akhtaruzzaman et al., 2021). Annealing temperature coupled with dye
sensitization time are some of the major variables that control the DSSCs photovoltaic
performance (Kandregula ef al., 2025).

It is well known that annealing TiO2 photoanode removes organic binders and solvents,
improves particle connectivity, reinforces adhesion to the FTO, and improves crystallinity of
Ti02 nanoparticles (Lukong et al., 2022). Presently, nanoporous TiO2 films for DSSCs are
synthesized primarily from nanoparticles and annealed at 450 °C (Lin & Chen, 2025).
However, from an industrial perspective, reducing the annealing temperature is of great
interest, as it can lower fabrication costs and enable the use of flexible plastic substrates (Sreeja
& Pesala, 2018). Despite this advantage, TiO2 films annealed at lower temperatures have
demonstrated lower PCE compared to those annealed at higher temperatures (Syrek et al.,
2020). In this work, the prospect of dyes based on the chlorophyll, anthocyanin, and betanin
extracted from Spinacia oleracea (spinach) leaves, Rubus fruticosus (blackberry) fruits, and
Beta vulgaris (beetroot) roots, respectively, were assessed for use in DSSC as sensitizers, both
singly and combined. TiO2-based thin films were fabricated by the doctor blading technique at
room temperature on an FTO glass substrate and then annealed at different temperatures to
optimize the material's optical properties for application in DSSCs.

Additionally, the impact of dye-adsorbent time on the TiO2 film layer was examined. The
overarching goal is not only to enhance the PCE of assembled DSSCs but also to establish a
foundation for future exploration of novel natural sensitizers for the design of low-cost,
efficient, and commercially feasible DSSCs. Film’s dye adsorption time ought to be optimal to
allow for the development of a uniform monolayer of dye leading injection of electrons to the
conduction band of TiO2 semiconductor giving rise to a high Jsc and good Voc (Hossain et al.,
2018). Due to different dye-sensitized materials exhibiting varying dye-loading rates, the
duration of dye adsorption governs the amount and how adsorbing dye particles adhere to the
surface; ultimately influencing cell performance (Abdellah, 2025). Moreover, achieving an
optimal dye layer is essential. It not only ensures complete coverage of the oxide surface with

a monolayer of dye molecules but also minimizes dye aggregation (Wu et al., 2025). This


https://www.sciencedirect.com/topics/engineering/thin-films
https://www.sciencedirect.com/topics/engineering/glass-substrate

optimal configuration helps suppress the recombination and trapping of charge carriers and
facilitates efficient electron injection into the oxide material.

The choice of this natural material for extracting natural dyes was informed by the
characteristics of each individual pigment that they contain. Chlorophyll from Spinacia
oleracea is a porphyrin-based with magnesium ion at the center of the structure. It absorbs light
mainly at 400-500 nm and 600-700 nm. This dye has a high absorbance of photons in the visible
region of solar spectrum leading to a faster electron injection and is known to generate electric
power when used in DSSC fabrication. Anthocyanin from Rubus fruticosus are flavonoid
pigments that capture light around wavelengths 450- 550 nm in the visible region of solar
spectrum. These pigments are PH dependent, nontoxic, widely available and can absorb
photons for dye sensitization. Betanin from Befa vulgaris on the other hand are found in
beetroots from betanin family. Absorb light at 525 nm and can easily harvest solar energy for

dye sensitization.

1.2 Statement of the problem

The scarcity of fossil fuels and their adverse environmental impacts during extraction and
usage underscores the necessity for an alternative energy source. Solar energy, known for its
abundance and environmental sustainability, emerges as a viable solution. Among solar
technologies, natural dye-sensitized Solar Cells (DSSCs), stand out as a result of their
uncomplicated dye extraction process and readily available, cost-effective raw materials.
However, a notable limitation is their narrow optical absorption window, resulting from the
use of single natural dyes as sensitizers, poor annealing and inadequate dye loading time for
TiO2 films. The concept of co-sensitization (combining multiple natural dyes as sensitizers),
varying annealing temperatures and dye loading time for TiO2 photoanodes remains largely
unexplored. If dyes are optimally co-sensitized, TiO2 film well annealed, and dye loading time
too optimized, this multi-pronged approach could expand the absorption spectrum, improve

DSSC efficiency, lower manufacturing expenses, and enhance affordability.

1.3 Objectives
1.3.1 General objective

To extract and optimize pigments from Spinacea oleracea leaves, Beta vulgaris roots, and
Rubus fruticosus fruits for co-sensitization in dye-sensitized solar cells and investigate the

effect of varying TiO2 film parameters on the photovoltaic performance of DSSC.



1.3.2 Specific objectives
1. To extract chlorophyll, anthocyanin, and betanin dyes and characterize their functional
groups
ii.  To determine the optical absorbance of single and blended dye extracts
iii.  To evaluate the effects of TiO2 film dye-loading time on the photovoltaic performance
of DSSC
iv.  To evaluate the effects of TiO2 films' annealing temperature on the photovoltaic
performance of DSSC
1.4 Research questions
i.  What are the effective methods of extracting natural dyes and what are the characteristic
functional groups present in these dyes?
ii.  What are the optical absorbance characteristics of single and blended dye extracts?
iii.  Is there any relationship between the photovoltaic performance of DSSC and TiO2
films' dye-loading time?
iv.  What are the effects of the annealing temperature of TiO2 films on the photovoltaic

performance of DSSC?
1.5 Justification

Each day witnesses a surge in worldwide energy consumption, propelled by the expanding
population and the escalating energy demand. Diminishing reserves of fossil fuels, primarily
utilized for energy generation, have raised concerns and intensified the search for substitute
energy sources. Among these, solar energy is distinguished as a clean, renewable, and abundant
solution. Harnessing solar power presents an opportunity to mitigate reliance on fossil fuels
and curb ecological challenges. Solid-state junction solar photovoltaics at present predominate
the field of solar cells due to their superior efficiency. Natural Dye Sensitized Solar Cells
(DSSCs) offer cheap and an environmentally friendly option that can help address global
warming concerns. However, if natural dyes are applied singly as sensitizers, annealing
temperature and dye-loading time for TiO: film not optimized, DSSC would develop poor
optical absorbance ranges coupled with electron recombination ultimately reducing DSSC
power conversion efficiency. This research seeks to extract natural dyes and optimize their
mixtures for application in DSSCs as co-sensitizers. Additionally, the study investigates the
impact of annealing temperature and dye-loading duration on the TiO: films to optimize the
performance of DSSC. The results of this study will contribute towards developing cheap and

peak-performance DSSCs to drive massive economic advancement. By fabricating



inexpensive, renewable energy harnessing devices, this study contributes head-on to the SDG
goal number 7, that purposes to guarantee access to budget-friendly, dependable and clean
energy for all. Thus, this research conforms to the global attempts to facilitate sustainable

energy remedy, minimize reliance on fossil fuels, and promote environmental conservation.



CHAPTER TWO
LITERATURE REVIEW

2.1 The evolution of solar cells

The photovoltaic effect was pioneered experimentally by French physicist Edmond
Becquerel in 1839 (Sharma & Mishra, 2025). At just 19 years old, he fabricated the world's
groundbreaking photovoltaic cell (Bulavko, 2024). As part of this investigation, silver chloride
was immersed in an acidic solution and powered on while connected to a platinum electrode,
producing current and voltage (Ahliouati et al., 2025). For this reason, the photovoltaic effect
is referred to as the "Becquerel effect" (Wu ef al., 2017). The term "Photovoltaic" is a Greek
word referring to light and voltaic. Becquerel in 1839 studied photoelectric experiments with
liquid state devices (Sharma & Mishra, 2025), where he observed that an electric current was
produced when using two platinum electrodes coated with AgCl or AgBr placed in an
electrolyte and exposed to light (Sharma & Mishra, 2025).

In 1876, William Adams and Richard Day reported that selenium could be used to produce
photoconductivity (Basu, 2024). Following this, the inaugural solar cell was designed in 1883
by Charles Fritts (Sen et al., 2018), who covered selenium with thin layers of gold to form
junctions (Hadar et al., 2019). He indicated that the selenium produced a current, "that is
continuous, constant, and of notable force with exposure to sunlight" (Sen ef al., 2018). It is
estimated that the device had approximately 1 % efficiency (Shahabuddin, 2024). In the
following years, Moser introduced the concept of dye sensitization (Mohsen et al., 2021) by
using erythrosine dye on silver halide electrodes. Albert Einstein then elucidated the
photoelectric effect in 1905, wherein he secured the Nobel prize in physics in 1921 (Friedman,
2022).

In 1940, Russel Ohi first discovered the n-junction solar cell, which was made from silicon
crystalline (Fan et al., 2019). In the 1950s photovoltaic devices were developed using
crystalline silicon (Fryer, 2018). In 1954, the first silicon solar cell reported by Chapin achieved
an efficiency of 6 % (Shahabuddin, 2024). Furthermore, in 1954, cadmium sulfide was used in
a p-n junction photovoltaic device (Kapadnis et al., 2020). Several years after studies on indium
phosphide, cadmium telluride, and gallium arsenide, the initial utilization of TiO2 as a
semiconductor in a dye-sensitized solar cell was in the USA (Dey, 2021), and this was reported
in a patent in 1978. This cell was based on dye sensitization of anatase TiO2 nanoparticles with
an n-methylphenazinium dye (Zaman & Ahmad, 2022). However, dye-sensitized solar cells

remained unsuccessful until the 1990s (Wu ef al., 2017). Then in 1991, O'Regan and Gratzel



reported intense power conversion efficiency dye-sensitized solar cell using nanoparticle
titanium oxide as the semiconductor electrode sensitized with a ruthenium (bipyridyl) complex
dye and using an iodine-iodide electrolyte (Korir ef al., 2024).

Ruthenium-based metal complexes dyes are known to have a high carbon footprint because
of the complicated chemical synthesis, energy use, and burning of rare metal complexes leading
to production of harmful gases which are harmful to the environment (Kaliramna ef al., 2022).
In contrast, natural dyes obtained from plants sources are harmless to the environment,
decompose easily, and require simple synthesis processes (Ragab et al, 2022). Whereas
ruthenium-based dyes achieve a higher PCE when used as DSSC sensitizer, natural dyes offer
a more sustainable option (Mariotti et al., 2020).

Natural DSSCs present unique benefits at the end-of-life phase. These dyes disintegrate
more easily, causing limited environmental harm in the course of disposal. Recycling TCO
glass and TiO2 PAs can be reused through recycling. However, some difficulties exist in being
able to effectively recycle these elements and materials without compromising performance.
The LCA of the natural dyes based DSSCs indicate that despite their reduced PCEs when
compared to the ruthenium based counterparts, they provide sustainable alternatives and a fine
prospect towards production of environmentally friendly DSSC. (Coppola et al., 2023).

The total amount of greenhouse gases released into the air by mining of raw material,
synthesis, and manufacture of a solar cell is called carbon footprint. Dyes of second-generation
Ruthenium are widely used as sensitizers in the development of DSSCs due to their better
performance and stability. Nevertheless, their fabrication entails energy consuming chemical
processes, routinely using materials and synthesis processes that participate substantially in the
emission of pollutant gases. As opposed to natural dyes, ruthenium-based dyes predominantly
hold a greater carbon footprint. Natural dyes are renewable, biodegradable, and involve simpler
extraction processes, presenting a lower clear-cut environmental footprint (Vinoth Kumar et
al., 2021). Natural dyes typically result in a lower PCE and short DSSC longevity, that can
counteract some of their environmental benefits upon assessed per power output. Therefore,
even though ruthenium-based dyes are resource demanding, their high performance could
lessen the total carbon footprint. On the other hand, natural dyes provide sustainability gains
but need optimization to align with the energy output of ruthenium-base dye systems.

2.2 Dye-sensitized solar cells (DSSCs)
Dye-sensitized Solar Cells (DSSCs) gained their historical roots during the 19™ century

(Alim et al., 2022). Vogel became the author of the first semiconductor sensitization account



when he used dyes to adjust silver halide emulsion photosensitivity towards infrared
wavelengths in 1873, according to Oladepo et al. (2022). Moser developed the practice of dye
improvement from photographic applications to photovoltaic cells by utilizing erythrosine dye
with silver halide electrodes in photo electrochemical cells in 1887 (Tian et al., 2019). The
theoretical understanding of dye-sensitization faced doubts from 1960 until scientists explicitly
established electron transfer as the operational mechanism. The process of electron injection
received confirmation from Tributsch and Gerischer when they conducted their research on
ZnO in 1968 (Chaudhari et al., 2024). Researchers failed to develop DSSCS because they
applied the product to semiconductor surfaces that did not have rough features. Matsumura et
al., (1980) presented their findings about energy conversion efficiency at 2.5 % while using
sintered porous ZnO disks at 562 nm wavelength. The development of DSSC devices with 7
% efficiency was achieved in 1991 when Gratzel and his team used mesoporous TiO2, which
provided excellent internal surface area (Joseph et al., 2020).

The advancement following these years involved the improvement of semiconductor
surface dye adsorption methods, together with advances in nanotechnology to enhance the
interfacial surface area (Sapna Yadav et al., 2023). The combination of TiO:2 electrodes
produced optimal results because of their non-hazardous properties, low manufacturing
expenses, and existence as a widely accessible compound (Danfa et al., 2021; Kumarage et al.,
2023). The best DSSC reported so far has realized a conversion efficiency of 12.3 % by co-
sensitizing zinc porphyrin dye (YD2-0-C8) with (Y 123) dye using a tris (bipyridyl) based redox
electrolyte. In addition, the advantages of DSSCs are that they show efficiency increases with
temperature from 20°C-60°C and are less affected by fringe light silicon cells (Agrawal et al.,
2022; Chen et al., 2007; Kumar et al., 2020). In addition, natural dyes have been developed
that produce an efficiency of 2 % to 4 % (Ossai et al., 2021) Synthetic dyes have been studied
for many years to produce longer dye excitation lifetimes, strong light absorption in the visible
spectrum, and efficient metal-to-ligand charge transfer for ruthenium dyes (Abdellah, 2025;
Pashaei et al., 2016). Metal-free organic dyes have been experimented on as sensitizers for
DSSCs which include merocyanine, hemicyanine, cyanine, coumarin, perylene, indoline,
oligothiophene, dialkylamine dyes, and triphenylamine dyes (Chen et al., 2023; Nalzala
Thomas et al., 2021).

2.2.1 Structure and operating principles of the dye-sensitized solar cells
DSSC consists of different fundamental components including a photo-anode (PA) (Alhaji

Abubakar et al., 2025), a dye sensitizer adsorbed on the semiconductor, mostly titanium



dioxide (TiOz), an electrolyte containing a redox couple such as tri-iodide/iodide ions, and a
counter electrode (CE) (M Atia et al., 2025), predominantly platinum-coated Fluorine- doped
Tin Oxide (FTO) glass (Bandara et al., 2024). The photo-anode consists of semiconductor
nanoparticles of titanium dioxide (TiO2) coated on FTO as depicted in Figure 2.1 (a) (Yadav
et al.,2020).

These components work in tandem to convert solar energy to electricity (Malumi et al.,
2023). During DSSC operates, as shown in Figure 2.1 (b), an incident photon from the sun is
absorbed by the dye adsorbed on the surface of TiO2 film (Domenici ef al., 2025). The dye is
excited by the incident photon from its ground state (D) to an excited state (D*) (Rxn 1). At
this stage, the excited dye has an electron promoted to a higher energy state and then injected
into the conduction band of the semiconductor, leaving the dye molecule in an oxidized state
(D") (Rxn 2) (Kumar et al., 2020). The injected electron moves through the TiO2 film to arrive
at the FTO on the PA and then travels across the external circuit to the CE (Rxn 3). At the
counter electrode, the electron reduces tri-iodide (I3”) in the electrolyte to iodide (I") (Rxn 4),
which then diffuses into the pores of the TiO:z film to reduce the oxidized dye (D") back to its
original state (D) (Rxn 5). This completes the cycle, enabling continuous functioning of the

cell. These steps jointly bring about the generation of electrical power.

D+hv — D* Rxn 1
D*—D"+e— (TiO2) Rxn 2
e (rio2) >FT0O — External Circuit —CE Rxn 3
I3+2e («cp) =31 Rxn 4
D'+3I" — D+ 13~ Rxn 5
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Figure 2.1: (a) Structure of DSSC (b) Operational principles of DSSC
Sources: Calogero ef al. (2011); Onah et al. (2021)

2.3 DSSC's performance parameters

The functioning of DSSC is tested by examining its distinct parameters, including but not
limited to the fill factor (Belmahdi, 2025), open-circuit voltage, short-circuit current density,
maximum current and voltage, and power conversion efficiency (Huang et al, 2024).
Typically, these parameters are examined through the analysis of the current density-voltage

(J-V) curves, as depicted in Figure 2.2.

- IJ ] T T I L] L] L] L] I L) ] L L] I Ll L L) | 40
40 _“sc Jsc'voc 4

TN 1 &

- J -
§ 5 mpp -4 30 E
=30 f J-V 1 2
) L 1 Q
£ I J20 2
S 20 . c
© [ power density P . %
c ] [
5] T . )
310 1 8

! L.V, 1

0 1 L 1 Il | L 1 1 'l l 1 [l l\l I L L L 0
0 200 400 600

Voltage V [mV]
Figure 2.2: DSSC J-V curve

Source: Jain (2020)

The open circuit voltage (Voc) of a solar cell is the voltage across its terminals when there
is no external load connected to it (Adak & Cangi, 2024). This is the maximum achievable

voltage and is influenced by temperature and light intensity. Voc can also be defined as the
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energy difference between the Fermi level of the metal oxide and the redox potential in the
electrolyte (Elnemr et al., 2023). The Voc is impacted by the electron affinity of metal oxide
and the ionization potential of dye. Raising the energy level of the metal oxide conduction band
should reduce the recombination losses and result in a high open-circuit voltage. The
suppression of dark current at the metal oxide/electrolyte interface will increase the Voc.

The fill factor (FF) is the ratio of the maximum electrical power (Pm) to the product of
short-circuit current and open-circuit voltage, as seen in equation 2.1 (Kataria & Mehta, 2022).
It shows the ratio of the useful power to the ideal power produced when all physical conditions
are perfect. For example, if the solar power output is 60 W and the ideal power is 100 W, FF
of the cell becomes 60 %. FF is associated with the functioning of the interface between TiO2
semiconductor and redox electrolyte. After absorption of photons from the sun, excited dye is
supposed to inject electrons into the conduction band of TiO2 without allowing recombination,
hence high FF. A solar cell can have poor absorbance but higher FF as it only relies on how

efficient the electrons are injected into the semiconductor.

FF = —mpp_ @.1)

" Isc Voc
A solar cell can produce current when no load is connected across its terminals (Srivastava
et al., 2025). This current is called short-circuit current density (Jsc), which is the ratio of the
short-circuit current to the exposed surface area (SA) of the cell, expressed as equation 2.2
(Gao et al., 2019). Jsc relies on the charge injection and transport (Lee ef al., 2025). To achieve
a larger Jsc, the ejection of electrons must be faster than the reaction with molecules in the
electrolyte. As a result, the Jsc relies on the performance of the interface of oxide, dye, and

electrolyte.
ISC
Jse = SA (2.2)
The power conversion efficiency (PCE) (Equation 2.3) is defined as the ratio of power
produced by the cell (Pypp) to the solar radiation intensity (Plight) (Amogne et al., 2020).
Maximum charge injection and minimum recombination are the keys to achieving higher

efficiency (Shah et al., 2023).

PCE = —mep (2.3)

Plight

2.4 Photoanode
2.4.1 Substrates

Transparent Conductive Oxide (TCO) substrates form the base for developing the
photoanode and counter electrode (CE) in DSSC (Chavan et al., 2023). They provide structural
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support for the TiO2 nanoparticles and the CE catalyst (Kumar et al., 2020). TCOs prove
invaluable in DSSCs due to their remarkable features such as exceptional chemical and
mechanical stability (Kwasnicki et al., 2024), high optical transparency, an optical band gap
surpassing 3 eV, and elevated electrical conductivity (Habis et al., 2022). Indium-tin oxide
(ITO) stands out as the most utilized and researched TCO. However, it faces challenges due to
limited thermal stability, coupled with the scarcity and toxicity of indium (Qurratulain ef al.,
2025). As aresponse, Fluorine-doped tin oxide (FTO) is a favourable alternative to ITO. FTO-
coated glass substrates exhibit a wide energy band gap, cost-effective production, thermal
stability, and low sheet resistance (Pinheiro ef al., 2023).

Sima et al. (2010) analyzed FTO and ITO substrates during DSSC fabrication and found
better performance in FTO-based cells with 9.6 % PCE, while ITO-based cells had only 2.24
% PCE. They linked the decline in DSSC performance to the high sheet resistance of ITO after
annealing at 450 °C. The resistance levels of FTO remained constant throughout the identical
heat processing phase. They recommended FTO because of its excellent thermal durability
combined with its affordable.

According to Ices et al. (2020), both ITO and FTO are high spectrum transparent in the
range of UV to visible wavelengths and, therefore, can be used in DSSC applications. ITO
electrical resistance begins with 10 Q -20 Q values but the values vary considerably with
temperature, not the case with FTO. Ruba et al. (2021) investigated electrical resistance of ITO,
which is unpredictable during the heat treatments despite the positive visible light absorption.
It is proved that FTO is more thermostable with their long-term performance in the temperature
range of 550 o C and the cost-effectiveness therefore making it a perfect candidate in the

fabrication of DSSC.

2.4.2 Semiconductor

Mesoporous semiconductors accept the injected electrons from excited pigments and
transport them to transparent conductive oxide (Yang et al., 2023). The semiconductors
employed in DSSCs must boast a large surface area, porosity, and a wide band gap (Arka et
al., 2021). Various semiconductor materials have undergone extensive testing for DSSC
applications. These materials encompass titanium dioxide (T10z2), zinc oxide, and zinc stannate.
The distinctive optoelectronic characteristics of TiO2, such as its high dielectric constant and
elevated refractive index, cost-effectiveness, and a band-gap of 3.2 eV, position it as a

promising material for its application in DSSCs (Orona-Navar ef al., 2021).
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Dhamodharan et al. (2021) researched on the photovoltaic performance of DSSCs based
on Indium Tin Oxide (ITO) substrates. The SEM analysis of ITO showed a porous morphology
that resulted in PCE of 1.09 %. The preparation of dye adsorbed FTO glass substrate involved
preparing a TiO: layer through ethanol dispersal (15.0 mL) of 3.5 g of anatase TiO2
nanoparticles according to Javed et al. (2021). After extracting dye from shea nut leaves and
adsorbing it on the semiconductor film the efficiency of fabricated DSSC reached 0.25 %.
Sarwar et al. (2023) performed research comparing DSSC performance between TiO2 and ZnO
semiconductors by testing five different dyes for each material. When tested, both TiO2 showed
better results than ZnO obtained in photoelectric performance. The testing yielded 1.10%
photoelectric efficiency through Solanum melongena (eggplant) dye with TiO2, while ZnO
reached only 0.67 %. Better binding of dye molecules with TiO2 resulted in this distinction in
performance.

The research by Sinha et al. (2019) analyzed DSSCS that utilized chlorophyll-based dyes
for TiO2 and ZnO metal oxide semiconductors because these dyes display stability on such
materials. Under identical experimental conditions, efficiency reached 0.27 % for TiO2-based
DSSCs while ZnO-based devices only reached 0.13 %. Hosseinnezhad et al. (2020) pointed
out the nanomaterial type is significant in determining DSSC efficiency levels. The study
demonstrated that TiO2 cells exceeded their corresponding ZnO cells in all performance
measurements using six different dyes. A single dye designed from TiO2 achieved a PCE of

12.5 % efficiency as opposed to 7.5 % when fabricated with ZnO.

2.4.3 Dye sensitizers

Dye molecules known as sensitizers fulfill a crucial function when used in dye-sensitized
solar cells (DSSCs). Light absorption and electron transfer occur through the dye sensitizer
which stands among the most essential components in DSSCs (Omar et al., 2020). An ideal
photosensitizer for DSSCs must conform with various important aspects. It should have a high
molar absorption coefficient performance in both the visible and near-infrared solar spectrum
range (Pirdaus et al., 2024). The presence of carboxylic or hydroxyl anchoring groups enables
the formation of a durable connection between dye and semiconductor which ultimately
facilitates efficient electron transfer from dye to semiconductor’s conduction band. An
effective mechanism allows electrons to transfer to the semiconductor more rapidly than the
dye’s natural degradation. Finally, must maintain photo and thermal stability to avert its
degradation and remain inert to avoid side reactions with the electrolyte for a minimum of 20

years (Jabeen et al., 2025). Intensive research into dye efficiency improvement, as well as new
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sensitizer dye classes, has emerged because of their critical nature. The following are types of

dye sensitizers:

i.  Ruthenium-based dyes

The benchmark in DSSCs remains established with Ruthenium (Ru)-based complexes,
Modified N3 with tetrabutylammonium (N719) and cis-dithiocyanato-bis(bipyridyl)Ru(II)
(N3), along with black dye, shown in Figure 2.3 (Fetouh et al., 2024). Ruthenium-based dyes
serve as the reference standard in dye-sensitized solar cells because they excel with superior
photovoltaic performance along with extensive spectral absorption and persistently stable
characteristics. The research conducted by O’Regan and Gritzel since the early 1990s has led
to ruthenium complexes becoming essential building blocks for DSSC advancement. N3 dye
was later synthesized by combining ruthenium bipyridyl complex components to make a highly
effective light-harvesting material for titanium dioxide TiOz electron injection (Mauri et al.,
2021).

The successful development of the N719 derivative resulted from modifying N3 by
substituting its proton with a tetrabutylammonium cation, which created superior organic
solvent compatibility combined with easier manufacturing processes (Najm et al., 2023). The
black dye ([Ru(tcterpy)(NCS)s]) obtained from ruthenium dyes expanded the absorption
spectrum into the red wavelengths to boost the photocurrent output. Ruthenium dyes achieve
efficient photo conversions because their strong metal-to-ligand charge transfer processes
allow absorption throughout the visible region of the solar spectrum (Abdellah, 2025). The
dyes show superior electron injection properties along with slow recombination rates and stable
chemical behavior under different conditions. Standard testing conditions have enabled
ruthenium dye-based DSSCs to reach power conversion efficiencies of over 30 % (Aghazada
& Nazeeruddin, 2018). The application limitations of ruthenium compounds result from
production expenses combined with restricted availability of ruthenium complicated synthesis
requirements, and weak far-red to near-infrared absorbency. The search for replacement
materials became necessary because these compounds remain both expensive and rare while

posing environmental dangers (Gupta & Mishra, 2020).
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Figure 2.3: Molecular structures of ruthenium (II) dyes N3, N719 and black dye.

ii.  Metal-free organic dyes

Metal-free organic dyes have gained interest as dye sensitizers because of their adaptable
structures and high light absorption properties (Btaszczyk, 2018). The donor—n—acceptor (D—-
n—A) design and architecture increase the efficiency of intramolecular charge transfer in these
dyes (Li et al., 2021). The literature demonstrates a wide range of organic dyes that achieve
efficiency levels beyond 10 % through triphenylamine derivatives, along with indoline
compounds and porphyrin derivatives (Periyasamy et al., 2024).

The technology of solar cells has changed to metal-free organic dyes as an alternative to
ruthenium-based dyes since they have provided better functionality without raising their cost
and environmental sustainability and with ease of making molecular structure changes (Korir
et al., 2024). They are not metal sensitizers since they have carbons in addition to hydrogen
and nitrogen and oxygen elements as an acceptor-donor (D -pi) molecular structure. Another
unique geometry in these molecules can facilitate charge transfer between nearby components
and be highly absorptive through the visible spectrum and efficient in transferring electrons
into the conductive band of the semiconductor (Keremane et al., 2020). Organic dyes excel at
high molar extinction coefficient performance that leads to light-absorbing capabilities through
thin photoanodes, thus reducing electron recombination while boosting device efficiency
(Arunkumar & Anbarasan, 2023).

Scientists have directed their recent energy toward developing modified dye structures that

minimize self-aggregation while enhancing stability and improving energy level compatibility
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with semiconductor materials, along with redox electrolytes (Nalzala Thomas et al., 2021).
Power conversion efficiencies get improved through the combined usage of dyes, which have
different absorption spectra that match each other in a co-sensitization method. Research
explores integrating metal-free dye systems with either cobalt or copper-based redox shuttles

because these systems produce an enhanced open-circuit voltage (Masud & Kim, 2023).

ili.  Natural dyes

Plant pigments are distinctive compounds that possess the ability to absorb various
wavelengths of light, resulting in vibrant colors (Acquavia et al., 2021). These pigments act as
signals, drawing in insects, birds, and animals to aid in pollination and seed dispersal
(Gahlawat, 2019). The main plant pigments include carotenoids, flavonoids, and anthocyanins.
These pigments have powerful antioxidant activities and multiple health benefits (Lu et al.,
2021). Apart from carotenoids, chlorophylls (molar mass 893.5 g/mol), anthocyanin (449.2
g/mol), and betanin (550.5 g/mol) are crucial for photosynthesis (Sun et al., 2023). In the
photosynthetic process, carotenoids serve as auxiliary pigments for light harvesting (Semalti
& Sharma, 2020). They also protect the photosynthetic apparatus from possible harm brought
on by intense light (Zulfigar et al., 2021). Natural dyes from various plant sources, including
fruits, vegetables, flowers, seeds, roots, or leaves, have been used as photosensitizers in DSSCs
due to their ready availability, inexpensive, and eco-friendly.

Natural dyes should be considered as a replacement for ruthenium-based dyes as they are;
eco-friendly and readily available minimizing reliance on expensive ruthenium-based metal
complexes. Organic dyes are biodegradable and present no environmental adverse effect,

making them viable substitutes (Roslan et al., 2018).

iv.  Porphyrin-based dyes

Porphyrins act as artificial alternatives to natural pigments, which capture optical energy.
The application of molecular design principles in recent times has achieved remarkable
improvements in both the light absorption and electron transfer abilities of these materials (Park
etal.,2021). The optimized configuration of DSSC cells using YD2-0-C8 reaches performance
efficiencies greater than 12 %. Dye-sensitized solar cells (DSSCs) depend primarily on
Porphyrin-based dyes as sensitizers because they exhibit excellent light-harvesting capabilities
as well as high chemical stability, together with their structure that resembles chlorophyll and
other natural pigments (Kodji et al., 2025). The dyes possess a wide macrocyclic planar ring
that enables their absorption strength to cover both visible and near-infrared solar spectrum

frequencies for DSSC photocurrent optimization. These pigments demonstrate suitable
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photoactivity by replicating natural photosynthetic activities, which makes them excellent
choices for solar energy harvest (Zeng et al., 2020).

Initial applications of simple porphyrin dyes in devices did not achieve high degrees of
performance due to their very weak attachment to the semiconductor materials as well as to the
matching of energy levels. With the aid of molecular engineering, scientists have managed to
design asymmetrical structures that have been able to extend m-conjugation systems and
incorporating electron donor and electron acceptor groups that have increased the efficiency of
light absorption and the concentration of electron holes in the substances (Huang et al., 2024).
The successful YD2-0-C8 dye combines an alkyl chain for aggregation prevention together
with a TiO2-binding carboxylic acid group (Abdullah, 2025). When combined with suitable
organic dyes and cobalt redox electrolytes, the porphyrin dye delivers power conversion
efficiencies exceeding 12 %, demonstrating its competitive capabilities against ruthenium
complex usage in DSSCs (Ji et al., 2018). Like organic dyes, the commonly used porphyrin
dyes adopt donor—m—acceptor (D—n—A) structures but engineer the porphyrin core to increase
electron donation capability and widen absorption spectral range (Zeng et al., 2020). Electronic
binding to the semiconductor occurs with the assistance of cyanoacrylic acid acceptors, and
aryl amines or thiophenes donors function as common donor groups. The deliberate
modifications increase both the photophysical performance and lower charge recombination

and extend the electron lifetime performance of the device (Huang et al., 2024).

2.5 Electrolytes

Electrolytes consist of redox compounds capable of electron exchange, facilitating the
renewal of the dye (Ikpesu et al., 2020). Common characteristics of electrolytes include
excellent ionic conductivity, effective oxidation or reduction of the dye molecule, and non-
reactivity with the dye sensitizer (Arka et al., 2021). The three main electrolyte types are liquid,
quasi-solid, and solid-state (Hwang et al., 2021). Among these, the liquid electrolyte with
iodide/tri-iodide redox couple stands out as the most prevalent for DSSCs fabrication (Sen et

al., 2023).

2.6 Counter electrode

In DSSCs, TCO substrates are coated with a catalyst to form a counter electrode (CE)
(Hasan & Susan, 2025). At the CE, the catalytic reduction reaction occurs, facilitating the flow
of electrons from an external circuit to reach the electrolyte (Meyer et al., 2018). The essential
characteristics required for an effective CE include high catalytic activity, low charge transfer

resistance, and an improved exchange current density (Arka et al., 2021). Carbon-based
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materials, conducting polymers, alloys, and transition metal compounds have emerged as
crucial catalysts for CEs (Kharboot et al., 2023). Among these options, platinum serves as a

superior catalyst, with notably high electrical conductivity (Khajavian et al., 2020).

2.7 Chemical structure of natural dyes

Scientific research has examined different plant-sourced materials for use in DSSC devices
(Amogne et al., 2020). Plants contain water-soluble flavonoids named anthocyanins, which are
found in different fruits and vegetables (Mattioli et al., 2020). Betalains, together with
carotenoids, occur naturally in numerous fruits as well as plants and roots according to Calva-
Estrada et al. (2022). Plant tissues containing chlorophyll exist in almost every green vegetation
(Ebrahimi et al., 2023). Betalain pigments, including red betacyanins and yellow betaxanthins,
show promising capabilities for solar energy conversion. Betalain pigments encompass
potentially useful compounds for solar energy transformation through their red betacyanin and
yellow betaxanthin components. Betanin, a type of betacyanin, exhibits a peak absorbance at
535 nm with a molar absorptivity of 65,000 M'cm™' (Ambedkar & Pradesh, 2019). Table 2.1

depicts the chemical structures of select natural dyes.
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Table 2.1: Chemical structure of select natural dyes.

Dye Chemical structure Absorption Common Reference
range (nm) Source
Chlorophyll R, R, 400420, 650— All (Tamiaki,
R, 700 photosynthetic 2022)
plants
S o
COOPhy COOCHS
Name R, R, R, R4
Chlorophylla CH; CH=CH, CH, CH,-CH,
Chlorophyll b CH; CH=CH, CHO CH,-CH,
Chlorophylld CH; CHO CH;  CH,-CH,
Chlorophyllf CHO CH=CH, CH, CH,CH,
Betalains 500-580 Red beetroot, (Gomesh et
prickly pear al., 2016)
fruit, and
amaranth
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Betacyanins Indicaxanthin

Betanidin: R, and R,=OH
Betanin (5-O-glucose betanindin): R,=glucose; R,=OH
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Chlorophyll has a central magnesium ion that bonds to the porphyrin ring system that
includes four pyrrole subunits to provide its molecules with their ability to absorb light (Singh
& Shukla, 2022). Two varieties of chlorophyll exist as chlorophyll a and chlorophyll b, which
vary based on the chemical group found at the carbon position 7: chlorophyll a has a methyl
group attachment, and chlorophyll b displays an acetal group (Ikyo et al., 2020). Chlorophylls
absorb visible light energy through the wavelength range of 420—460 nm in blue wavelengths
and 650—700 nm in the red part of the spectrum, while emitting reflective green wavelengths
that give plants their green color (Khammee ef al., 2021).

Among the various types of pigments found within flavonoids, anthocyanin stands out as
the most prevalent. In flowers, the most frequently encountered anthocyanidins include
pelargonidin, cyanidin, delphinidin, petunidin, and malvidin (Jaafar et al., 2018). Carbonyl and
hydroxyl groups in anthocyanin molecules are connected to the semiconductor TiO:2 surface,
enabling the transfer of electrons (Patni et al., 2020). Anthocyanin pigments display their

maximum absorption spectrum between 500-535 nm (Bernardi ef al., 2019).

2.8 Natural dye co-sensitization

The majority of solar radiation that reaches the Earth's surface falls within the wavelength
range of (300-2600) nm (Cachorro et al., 2021). This encompasses ultraviolet (UV) (<380
nm), visible (380—780) nm, and near-infrared (NIR) light (>780 nm). The solar spectrum
comprises (3-5) % UV, (42-43) % visible, and (52-55) % NIR light (Wang & Yu, 2023). To
enhance the efficiency of a solar cell, the absorption of photons within the visible region needs
to be optimized (Lee et al., 2018). Co-sensitization emerges as a crucial strategy for elevating
the efficiency of DSSCs by augmenting their capacity to absorb light (Krisha et al., 2017). Co-
sensitization serves to mitigate recombination kinetics (Hupfer et al., 2025), thereby enhancing
the current output and cell efficiency (Soosairaj et al., 2023). Co-sensitization of natural dyes
for application in DSSCs has been heavily reviewed in the published literature, as enumerated
in Table 2.2.

Chlorophyll, anthocyanin and betanin natural dyes have distinct UV-vis absorption
characteristics which render their capacity to absorb light. Light is mainly absorbed during two
wavelength ranges of 430 -450 and 660 -680 in Chlorophyll. Anthocyanins present strong
peaks in the region of 500-550 nm, while betanin displays a conspicuous absorption peak
around 535-540 nm. Figure (2.4), (2.5), and (2.6) show the absorption spectra of chlorophyll,

anthocyanin, and betanin.
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Figure 2.4: Chlorophyl UV-Vis absorption spectrum (S-Etha and S-DI)
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Figure 2.5: Anthocyanin UV-Vis absorption spectrum
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Table 2.2: Photovoltaic parameters of single-sensitized and co-sensitized DSSCs.

Natural dye Source Extracting solvent Jsc Voc FF PCE Reference
(mA/cm?) (mV) (%) (%)
1 Chlorophyll  Talinum fruticosum Ethanol at 65°C 0.65 560 049  0.18 (Ezike et al.,
2021a)
Anthocyanin Caesalpinia 0.74 710 048  0.25
pulcherrima
Co-sensitized 291 640 0.61 1.14
2 Betanin red beetroot Acidified ethanol 1.00 530 0.646 0.562 (Sreeja et al.,
2018)
Chlorophyll- Spinach Absolute ethanol 0.11 530 0.722  0.047
a
Co-sensitized 1.25 503 0.680 0.601
3 Chlorophyll Malva verticillate Microwave-assisted extraction 5.68 540 55.4 1.70 (Golshan et al.,
Anthocyanin Syzygium cumini (pure ethanol) 5.16 200 26.1 0.27 2021)
Co-sensitized 2.12 0.39 37.2 1.84
4 Betalain O. dilleniid Methanol and HCI (99:1) 6.81 521 0.69 047 (Tejaetal.,2023)
Anthocyanin T. indica 2.19 532 0.67 0.14
Co-sensitized 3.17 529 0.64  0.20
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Figure 2.6: UV-Vis absorption spectrum for betanin
(Sreeja & Pesala, 2018).

2.9 Annealing temperature

The overall output of dye-sensitized solar cells (DSSCs) relies on the annealing temperature
during titanium dioxide (TiO2) photoanode fabrication because this process controls both the
crystalline structure and properties of TiO2 films (Awsha et al., 2021), together with their
surface characteristics and electrical behavior (Ansir ef al., 2021). The anatase phase emerges
at 400500 °C during annealing to produce crystalline TiO2, which makes electron transport
efficient because of its exceptional photocatalytic properties (Onah ef al., 2021). The electron
injection efficiency of TiO:z suffers from annealing treatments exceeding 600 °C since the
process leads to anatase-rutile phase transformation that produces a material with a lower
conduction band edge.

The utilization of TiO: films that undergo annealing above 600 °C results in dominant rutile
phase formation, which affects both dye absorption ability and electron movement, thus
causing cell performance degradation (Muthee & Dejene, 2021). Annealing affects the
morphology of TiO2 films through modifications of their crystallinity but mainly by altering
their grain dimensions and surface exposure area (Hakki et al., 2018). The increase in annealing
temperature brings about grain enlargement thus diminishing the accessible area for dye
absorption. The annealing process controls how TiO2 films conduct electricity (Blanco et al.,
2018). Heat treatments at 450 °C result in superior electron mobility (Chen et al., 2025) with
extended lifetimes attributed to lower defects in the material but higher temperatures cause

electron recombination via combined effects of film expansion and structural damage to the
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material (Bist & Chatterjee, 2021). The duration of annealing contributes equally to device
performance (Gu et al., 2024). The device efficiency and crystallinity improve with extended
annealing time up to a certain point, but efficiency starts decreasing due to abnormal grain
growth. Research has investigated complex annealing methods as well as profiles for
improving TiO: functionality (Zhang et al., 2023). Both annealing temperature and time require
exact control to modify TiO2 photo anodes structurally and electronically to achieve higher

efficiency in DSSCs (Syrek et al., 2020).

2.10 Dye adsorption time

Dye adsorption time is crucial to the design of dye-sensitized solar cells (DSSCs) since it
influences the functionality of the TiO2 photoanode (Yeoh & Chan, 2017). Light efficiency
and electron behaviour are altered by the duration of dye exposure, which also affects the
number of molecules absorbed on TiO2 surfaces (Reza et al., 2017). (Hossain et al., 2018).
Research has indicated that the ideal duration for dye adsorption on TiO2 photoanodes creates
a monolayer that enhances dye loading and charge injection efficiency (Jagtap et al., 2021),
resulting in a more significant short-circuit current density (JSC) and power conversion
efficiency (PCE) (Jagtap et al., 2021). It has been proven that extending the time of dye soak
leads to better attachment of dye molecules on TiO2 surfaces, which results in higher optical
absorption and elevated electron injection rates (Kandregula et al., 2025). The process of dye
aggregation becomes more severe when adsorption times extend beyond optimal lengths, thus
inhibiting electron transport while increasing recombination reactions that degrade device
performance (Xu et al., 2020).

The dye molecules take longer time to enter the porous structures when the thickness of the
film is more than some limits. The short adsorption times are not normally necessary to achieve
maximum dye loading in TiO2 films the reason is that the TiO2 films generate an under
adsorbed photoanode resulting in fewer photons being absorbed and a reduction in JSC. The
performance of DSSC involves the adequate use of dye adsorption times depending on the
chosen film thickness (Ruhane et al., 2017). The chemical stability of semiconductor materials
determines the appropriate dye adsorption periods because it affects the overall process
(Shweta Yadav et al., 2023). The chemical stability of TiO2 exceeds that of ZnO and other
semiconductors, which enables longer dye immersion duration without major structural

degradation (Boro et al., 2018).
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2.11 Spectrophotometry and the Beer-Lambert law

UV-VIS spectrophotometry is a method for measuring light intensity absorbed by a sample
in the ultraviolet (180-380) nm (Li et al., 2024) and visible light (380-780) nm wavelengths
(Pratiwi & Nandiyanto, 2022). The quantity of radiation absorbed by the analyte is determined
by how much of a certain wavelength of light it absorbs (Mulya Harahap et al., 2025). It forms
the basis for analyzing a variety of substances, including organic, inorganic, biological, and
pharmaceutical compounds (Sudharshan & Swetha, 2023). A chromophore, found within a
molecule, is responsible for giving it its color (Bera et al., 2020). This color is visible when the
molecule absorbs particular wavelengths and reflects others. The reflected light then exhibits a
complementary color to the absorbed light wavelengths (Chen et al., 2024).

The complementary colors are positioned opposite each other (Awad et al., 2025).
Consequently, the absorption of violet light wavelength imparts a yellow color to a substance
(Das et al., 2024), while the absorption of red light wavelength results in a green color. The
Beer-Lambert law asserts that the concentration of a solution is directly linked to the
absorbance of light (Wathudura ef al., 2025), which is depicted by Equation (2.4) (Zainurin et
al., 2023). Here, A, is the absorbance of the sample at a specific wavelength, € is the molar
extinction coefficient, c is the concentration of the solution, and / is the thickness of the cuvette

(Delgado, 2022).

A; = ecl (2.4)
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CHAPTER THREE
MATERIALS AND METHODS

3.1 Materials and equipment

The materials used in designing DSSCs for this study included diverse components:
Fluorine-doped tin oxide (FTO) coated glass slide 2.00 cm x 1.50 cm x 0.22 c¢cm having a
surface resistivity of 7 ©/sq. Anatase TiO2 nano-powder, 21 nm primary particle size. Fresh
Spinacia oleracea leaves, Beta vulgaris tubers, and Rubus fruticosus fruits used in this research
are depicted in Figure 3.1 and were acquired after consulting with specialists from the
agricultural and botanical departments, at Egerton University. This team of specialists offered

crucial pieces of advice and was available for consultations.

Spinach Beetroot Blackberry

Figure 3.1: Raw materials for dye extraction

In this study, Iodolyte AN-50 electrolyte was used, formulated with acetonitrile as the
solvent. The platinum catalyst was prepared from hexachloroplatinic (IV) acid hexahydrate
(PanReac AppliChem). Other materials included: ethylene glycol, potassium iodide, ethanol,
methanol, acetone, iodide, isopropanol, and titanium (I'V) tetraisopropoxide. Apparatus utilized
included Petri dishes, beakers, test tubes, a mortar and pestle, an electronic weighing scale, a
magnetic stirrer, a multimeter, a fine sieve, a blender, and a hot plate. For characterization
purposes, the following equipment were employed: Fourier transform infrared spectroscopy,

Ultraviolet-Visible (UV-Vis) Spectrophotometer, and a solar cell simulator.

3.2 Cleaning of substrates

Figure 3.2 illustrates the schematic presentation of the FTO substrate cleaning process.
Initially, these substrates were rinsed in running water to remove the debris that might be
present, followed by ultrasound sonication with detergent and distilled water for 10 minutes.
After that, the substrates were cleaned using a cotton ball soaked in acetone and then rinsed in
deionized water (DI) in an ultrasonic bath. Finally, the samples were ultrasonicated with

acetone for 30 minutes and left to dry. Cleaned substrates were kept in covered petri dishes to
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avoid contamination from dust and any other foreign material that may lead to poor adsorption

of dyes.

Figure 3.2: FTO Glass substrates cleaning process

3.3 Film deposition
3.3.1 Preparation of TiO:-coated FTO

Commercial anatase phase of titanium nano-powder was chosen due to its high
photocatalytic activity. The TiO2 film was prepared through a mixture comprising 3.50 g of
commercial TiO2 nano powder and 15.0 mL of ethanol and later sonicated for 30 minutes.
Subsequently, ethyl cellulose was added to the suspension and magnetically stirred to form a
homogenous solution as binder is dissolved, then evaporate at 60 °C. A multimeter was used

to identify the conducting side of FTO glass substrates as shown in Figure 3.3.

Figure 3.3 : A multimeter.
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FTO was chosen due to its superior performance under high-heat treatment. Upon
identifying the conductive area, the working area was then demarcated using adhesive tape

around the sides of the FTO substrate as shown in Figure 3.4.

Figure 3.4: Demarcating FTO glass for TiO2 deposition.

The prepared TiO:2 paste was dropped onto the delimited area of FTO glass substrates.
Using the doctor’s blade method, a glass applicator was used to evenly spread the suspension
across the marked area of the substrates, forming a uniform film. The film was left to dry before
removing the adhesive tape. Finally, the TiO2-coated FTO substrates underwent pre-heating at
150 °C for 30 minutes to evaporate ethyl acetate and to prevent cracking that occurs during
heating at higher temperatures, followed by cooling. The samples were then annealed at
selected temperatures of 250, 350, 450 and 550 °C on a hotplate for 1 h. Annealing was carried
out gradually under nitrogen gas to improve crystallinity, relieve internal stress, and enhance
the electrical and optical properties of the samples.

3.3.2 Counter electrode preparation

The platinum reductive catalyst was prepared by mixing 1.0 mL of hexachloroplatinic (IV)
acid hexahydrate (5 mM) into 207.0 mL anhydrous isopropanol, then stirred at 350 rpm for
half an hour. The product was spread on the FTO substrate using a soft brush as shown in
Figure 3.5, then underwent sintering at 500 °C for 30 minutes for the constituent materials

could fuse.
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Figure 3.5: Counter electrode coating.

3.4 Extraction of dyes

Dyes were extracted from Spinacia oleracea (spinach) leaves (A), Rubus fruticosus
(blackberry) fruits (B), and Beta vulgaris (beetroot) roots (C). Fresh leaves taken from
Spinacea oleracea in a greenhouse were washed in distilled water to remove residual material.
After cutting the leaves into smaller pieces, they were (100 g) kept separately in a blender and
blended for 2.0 minutes. Subsequently, the extracts were transferred into separate glass bottles,
followed by the addition of ethanol (80 %) which helps in extraction. The mixture was filtered
using Whatman filter paper to separate solid material from dye extract. The extract was
concentrated using a rotary evaporator, stored in amber bottle and kept in refrigerator at 4.0 °C
to prevent degradation of chlorophyll.

Fresh tubers of Beta vulgaris were first cleaned thoroughly using distilled water to remove
dirt and then cut into small pieces to increase the surface area for dye extraction. A 100 g
portion of the sliced tubers were placed in a blender and blended for 2.0 minutes. The blended
extracts were transferred into a glass bottle, and methanol was added to ease pigment
extraction. The mixture was then filtered using filter paper to separate solid residue from dye
extract. To achieve high purity, the filtrate was mixed with acidified (hydrochloric acid)
methanol to remove unwanted proteins. The dye extract was kept in an amber bottle and then
stored in a refrigerator at 4 °C to prevent oxidation awaiting characterization.

Fresh ripe Rubus fruticosus fruits were first washed with distilled water to remove surface
impurities. 100 g of the cleaned fruits were blended with 5 mL acidified (0.1 % HCI v/v)
ethanol to stabilize anthocyanin, then stirred for 40 minutes to avoid degradation of
anthocyanin pigments. Afterward, the mixture was filtered using Whatman filter paper, and the
filtrate was concentrated using a rotary evaporator. The resulting mixture was stored in sealed

bottle, covered with aluminum foil, and kept at room temperature overnight for sedimentation
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The concentrated extract was then kept in a refrigerator at 4 °C to prevent oxidation. The color
of extracts is shown in Figure 3.6; deep red (anthocyanin), green (chlorophyll), and deep purple
(betanin).

Figure 3.6: Dye extracts.

Dye mixtures were Spinacia oleracea + Rubus fruticosus (D), Spinacia oleracea + Beta
vulgaris (E), Rubus fruticosus + Beta vulgaris (F), and Spinacia oleracea + Rubus fruticosus

+ Beta vulgaris (G) at 1:1 and 1:1:1 volume ratio as shown in Figure 3.7.

Figure 3.7: Dye mixture

3.5 Characterization techniques for dye solution

The characterization techniques employed were critical for validating or refuting the
proposed hypotheses, as well as for facilitating comparative analysis of the dye solutions. All
measurements were conducted under controlled and contamination-free conditions,
guaranteeing consistency and accuracy of the results. Furthermore, given that some of the
required instrumentation was housed in external institutions, it was deemed necessary to
schedule the experimental procedures every week to accommodate equipment availability and

maintain consistency.
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3.5.1 Fourier-Transform Infrared (FTIR) spectroscopy

Dye samples were analyzed with an FTIR spectrometer model 8400 at the Chemistry
Department at JKUAT University. The cell was prepared by assembling it with IR-transparent
windows, typically made of sodium chloride cell (NaCl). A few drops of dye extract liquid
samples were introduced into the cell (done separately for each of the seven samples). The cell
was properly sealed to prevent leakage, then was mounted on a sample holder for FTIR analysis
through the mid-IR region from 4000 cm™! to 400 cm™! to determine the functional groups. The

experiments were conducted in triplicate for reliability and accuracy of the data.

3.5.2 UV-Vis spectrophotometry

The potent photovoltaic characteristics of DSSC depend on both the dye's capacity to
absorb light and the electron diffusion within the optical window of the material (Rahman et
al., 2023). UV-Vis absorption spectra depict how pigments absorb solar energy at different
wavelengths. To put it differently, it facilitates the identification of the type of wavelength of
light that are absorbed and the ones that are transmitted or reflected. Dye solutions in this study
included Spinacia oleracea, Beta vulgaris, and Rubus fruticosus and their mixtures Spinacia
oleracea + Beta vulgaris, Spinacia oleracea + Rubus fruticosus, Beta vulgaris + Rubus
fruticosus, and Spinacia oleracea + Beta vulgaris + Rubus fruticosus. The optical absorption
properties of these dye extracts were studied using a UV-Vis spectrophotometer shown in

Figure 3.8.

ol

) §

Figure 3.8: UV-Vis spectrophotometer setup used for absorbance measurement.

After preparing all the seven dye extract solution samples, the cuvette was filled with pure

ethanol (without dye) to use as a blank. This blank (reference) is used to correct absorption
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from the ethanol (solvent) or any other constituent in the system apart from the dye sample. A
different cuvette was filled with the prepared dye solution, ensuring there were no bubbles. The
exterior part of the cuvette was wiped dry to remove fingerprints and solvent residue. The blank
was placed in the UV-Vis spectrophotometer initially to calibrate it, followed by measurement
of the absorbance of the dye solution across the 400-800 nm wavelength range. This procedure
is potentially detailed by The Beer Lambert law, expressed in equation 3.1, that links the
incoming_light intensity (I,) on the surface of a cuvette of length, /, (cm, usually 1 cm) of an
absorbing dye solution of concentration, ¢ (mol-L™), to the transmitted light intensity
(emerging from the cell) by the dye sample (I). € (L-mol*-cm™) is known as the molar

absorptivity and is a measure of how strongly the dye sample absorbs light.

log(I,/1) = —log(% T/100 %) = ecl = A, 3.1)

3.6 DSSCs fabrication

Fabrication of DSSCs was done single and mixed dye extracts as sensitizers. TiO2 films
were immersed in dye extracts in a dark place while timing a duration of 20 h, 30 h,40 h and
finally 50 h separately. After dye sensitization, the photoanodes were rinsed with ethanol to
remove unbounded residues, followed by air drying at room temperature (25 °C), and finally
stored in dark place to avoid oxidation with air awaiting cell fabrication. A total of seven
DSSCs were successfully fabricated and prepared for subsequent photovoltaic performance
characterization. The performance of these dyes was determined from the performance of the
photovoltaic parameters of fabricated DSSCs using a solar simulator. The dye extract
exhibiting the highest performance was selected for further investigation, specifically to
examine the effect of annealing temperature and dye soaking duration on the photovoltaic

performance of DSSCs.

3.6.1 Electrolyte preparation

To prepare 0.5 M iodine solution, 200 g of potassium iodide was first dissolved in about
350.0 mL of deionized water. 127 g of iodine (I2) was then added and stirred using a magnetic
stirrer for an hour in a dark environment until all the iodine crystals dissolved to avoid oxidation
as seen in Figure 3.9 (Ferreira et al., 2022). The solution was then transferred into a 1000 mL
volumetric flask and filled to the mark with deionized water. The solution was finally
standardized using sodium thiosulfate. The resulting electrolyte solution was stored in an

opaque container away from light exposure.
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Figure 3.9: Stirring electrolyte using a magnetic stirrer

3.6.2 DSSCs assembling

After the annealing process of TiOz-coated FTO, the substrates were cooled, immersed in

single and mixed dye solutions (Figure 3.10), for different periods of 20, 30, 40, and 50 hours.

Figure 3.10: Sensitizing TiO2-coated glass substrate

The adsorption experiment was performed in a dark environment, with beakers covered
with aluminum foil to prevent photo degradation. The photoanodes were subsequently left to
dry in air at room temperature (25 °C) to allow full adsorption of dye molecules onto the TiO2
surface. The optimal dye loading time is determined by the photovoltaic performance of DSSCs
using a solar simulator. The DSSC devices were then assembled by sandwiching dye-coated
photoanode and a counter electrode, utilizing the prepared sensitizers and co-sensitizers. The
inter-electrode space was then filled with a redox electrolyte to complete the cell structure.

Platinum-coated CE surface and dye-sensitized PA surface of DSSC were affixed facing
each other, and the two were secured together using binding clips to avoid electrolyte leakage.
Subsequently, a few microliters of a redox electrolyte solution were introduced between the
CE and PA dropwise. These electrodes were then connected with conducting wires as depicted

in Figure 3.11.

35



Figure 3.11: Fabricated DSSC

3.7 DSSCs Photovoltaic performance

A solar simulator shown in Figure 3.12 was used to provide a standard solar spectrum,
usually AM 1.5 G condition at an irradiance of 100 mW/cm?. A masking tape was used to
delimit the active area of the DSSC at the time of measurement. The masking tape thwarts
scattered light from affecting the cells photovoltaic parameters hence guaranteeing accurate
PCE computation. Fabricated DSSC was connected to a source meter using crocodile clips to
the exposed conductive part of the photoanode and counter electrode. Photoanode was then
exposed to the light source and the software that comes with the solar simulator was used to
apply a range of voltages to the cell and the corresponding current densities were read and
recorded. The measurements were repeated five times to ensure reliability of the data. Current
densities measured were plotted against the voltages and the resulting J-V curves were used to
determine photovoltaic parameters. The overall quality and performance of the fabricated
DSSCs were determined by the fill factor (FF) and power conversion efficiency (PCE).
Electrical characterization was conducted in the Materials Science Laboratory present in the

Physics Department, Egerton University.
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Figure 3.12: A solar simulator used to test fabricated cell performance
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CHAPTER FOUR
RESULTS AND DISCUSSIONS

4.1 Fourier Transform Infrared (FTIR) spectroscopy analysis

An essential requirement for a successful photosensitizer is the existence of specific
functional groups attached to the TiO2 (Al-horaibi et al., 2023). Dyes possess different
functional groups for different roles, anchorage, absorption, and electron transport. As part of
characterization, this study investigated chemical functional groups contained in the dye
extracts using Fourier Transform Infrared (FTIR) spectroscopy by comparing with reference
spectra of chlorophyll, anthocyanin and betanin from literature. Figure 4.1 depicts findings
within the ranges of 4000-400 cm™!, in which FTIR spectra of the dye extracts obtained from
Spinacia oleracea, Rubus fruticosus, and Beta vulgaris are displayed.

The FTIR spectrum of Rubus fruticosus extract, illustrated in Figure 4.1(a), reveals a broad
band at 3332 cm!, that is attributed to the stretching vibrations of the hydroxyl (—OH)
functional group. Furthermore, C—H stretching vibration at 3016 cm™! and at 1778 cm™'
indicate the presence of stretching vibration of the ester carbonyl group (C=0) in confirmation
with Chang et al. (2013). A band at 1608 cm ™! was detected largely because of the C=C double
bond stretching vibration. The spectrum also showed a band at 1440 cm ™! corresponding to the
deformation of C—H bonds (Dhafina et al., 2018). The intense peak at 1012 cm™' was in
confirmation with that of the C—O bonds stretching of phenol. The observed absorption bands
depict characteristics of functional groups of anthocyanin. These peaks are characteristic of the
anthocyanin base molecule, favorably validating the potency of good photosensitization in
solar photovoltaics (Jaafar et al., 2018)

The FTIR spectrum of the dye extract obtained from Spinacia oleracea, as presented in
Figure 4.1 (b), reveals a prominent absorption band at 3558 cm™!, which is assigned to the O-
H stretching vibration characteristic of hydroxyl functional groups (Patni et al., 2020). The
peak seen at 2817 cm’!, can be imputed to belong to C-Ha vibration of aliphatic groups. The C-
H stretching broadens widely within the dye extract to deal with the absorption energy (Azlina
et al., 2023). Additionally, C=O conjugation groups, C-O vibration, and the C-H bending
frequency are seen at 1692 cm™, 1064 cm™, and 983 cm’! respectively, all showing
characteristics of the chlorophyll pigments (AM Al-Alwani et al., 2019).

Figure 4.1 (c) shows the FTIR spectrum of Beta vulgaris dye extract. The absorption band
at 3360 cm™ is a consequence of the -OH stretching vibration, while the C=N bond stretching
vibration is seen at 1632 cm™ (Rotich et al., 2022). The band found at around 1378 cm™! was
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linked to the extension stretching vibration of the C-H bond, whereas the absorption band peak

at 1243 cm™! was ascribed to the stretching vibration of the C-O bond of the carboxylic acid

(Raouafi et al., 2022). Located at 1054 cm™ is a band connected to the symmetric stretching

vibration of the C-O-C; centered at 945 is a band corresponding to the deformation of the C-H

bond. The stretching vibrations of the C-COOH bond become visible at 832 cm™, all of these

linked to betanin pigments (Batool et al., 2024).
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Figure 4.1: FTIR spectrum for dye extracts from (a) Rubus fruticosus (anthocyanin), (b)

Spinacia oleracea (chlorophyll), and (c¢) Beta vulgaris (betanin)

4.2 Dye extracts optical absorbance

In DSSCs, dyes are used to sensitize TiO2 semiconductors and are responsible for absorbing

visible light to produce electricity (Omar ef al., 2020b). Two distinct classes of dyes exist:

synthetic and natural (Dhorkule et al., 2024). The utilization of plant-based natural dyes is

attracting attention as they are easy to extract, eco-friendly, less expensive, and non-toxic.

The main light-harvesting pigments obtained from Spinacia oleracea leaves, Rubus

fruticosus fruits, and Beta vulgaris roots are chlorophyll, anthocyanin, and betanin,

respectively (Adeel et al,, 2019). Optical absorption spectra of these extracts were

characterized using a Ultraviolet-visible (UV-Vis) spectrophotometer, to evaluate to what
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extent the selected dyes absorb light and if there was any need for mixing them (Kharkwal &
Dhawan, 2024). The absorption spectra of dyes obtained from Spinacia oleracea leaves, Rubus

fruticosus fruits, and Beta vulgaris roots are displayed in Figure 4.2.
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Figure 4.2: Absorbance spectra of mono dye extracts

Spinacia oleracea exhibits two major absorption peaks, one of which, observed in the
spectral range of 380-500 nm (blue light), is broad, and another one is sharp at 660 nm (red
light), which matches with the characteristic absorption peak of chlorophyll a pigments (Jaison
et al., 2023). The light between the peaks is not absorbed but reflected. This is the green light
and the reason why leaves are green (Qiao ef al., 2025). Dyes extracted from Rubus fruticosus
fruits reveal a wide absorption in the region of 450-650 nm (blue-green region), which is
attributed to the presence of anthocyanins (Melo Miranda et al., 2025). Beta vulgaris extract
presents an absorption maximum at 525 nm (green region) that affirms the existence of betanin
(Fauziah & Suryani, 2024). The visible range absorption of natural dyes fulfills the basic
requirement for the use of a sensitizer in DSSC applications (Kokkonen et al., 2021).

The absorption spectra of a combination of two dyes are depicted in Figure 4.3.
Importantly, dye extract mixture from Spinach oleracea + Beta vulgaris, Spinach oleracea +
Rubus fruticosus, and Beta vulgaris + Rubus fruticosus, all demonstrate strongly noticeable

absorption peaks contained in the wavelength range of 400-800 nm.
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Figure 4.3: Absorbance spectra of dye mixture extracts

The spectrum for the combination Spinach oleracia + Rubus fruticosus has three peaks at
481 nm (effect of betanin dye), 548 nm, and 667 nm (effect of chlorophyll dye). The result for
Spinach oleracia + Beta vulgaris dye mixture has three absorption peaks at wavelength 542,
560 nm (the contribution of betalain dye) and 682 nm (attributed to chlorophyll dye) and that
for combination Rubus fruticosus + Beta vulgaris has three absorption peaks at wavelength
447 nm (the contribution of betalain dye), 550 nm (the contribution of anthocyanin dye) and
670 nm (effect of chlorophyll). While that of Spinach oleracia + Rubus fruticosus + Beta
vulgaris exhibited three maxima at 453, 524, and 662 nm. These findings emphasize the fancy
synergy of natural dyes and radiate their possibility for implementation in DSSCs. The

corresponding values of quantified peak absorbance values are shown in Table 4.1.
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Table 4.1: Quantified absorbance maxima and their peak absorbance values

Dye type Wavelength peak (nm) Absorbance (a.u)
chlorophyll 430, 660 0.32, 0.65
Anthocyanin 551 0.87

Betanin 525 0.71

Chlorophyll + Anthocyanin 481, 548, 667 0.18,0.19, 0.37
Chlorophyll + Betanin 542, 560, 682 0.32,0.35,0.72
Anthocyanin + Betanin 447,550, 670 0.28, 0.39, 0.51
Chlorophyll + Anthocyanin + Betanin 453, 524, 662 0.41, 0.45,0.78

Meanwhile, the absorption characteristics of the three dye extracts combination comprising
Spinach oleracea + Rubus fruticosus + Beta vulgaris exhibited two distinct peaks at 664 and
426-430 nm as depicted in Figure 4.3. The synergistic blending of all three natural dye extracts
resulted in enhanced light-harvesting capabilities than single dye extracts, as witnessed by the
higher absorbance values observed in the UV-Vis spectra.

These results signal the possibility of utilization of these mixtures in DSSCs, thereby
highlighting the feasibility of employing natural dye blends in solar energy conversion
technologies. Furthermore, each dye in the mixture showed stable absorption characteristics,
signifying beneficial compatibility among these dyes, which is vital for the prolonged DSSC
performance. The variation in the absorption characteristics resulting from the UV-Vis
spectrophotometer is due to the varying nature of chromophores of dye extracts (Karuppaiah
et al., 2023). Thus, compared to the individual extracts from Spinacia oleracea, Rubus
fruticosus, and Beta vulgaris, the cocktail dyes can absorb a broader range of the solar
spectrum, which in turn results in better photon-to-electric conversion efficiency in DSSC.
The light absorption spectrum for the concocted dyes had peaks matching the contributions
from single extracts (Kautsar et al., 2021). The visible range of absorption of natural dyes
fulfills the basic requirement for the use of a sensitizer in DSSC applications. Hence
combination of natural dyes exhibits improved absorption in a wider range and can be used as
an efficient light-harvesting application (Dhorkule et al., 2024; Onyemowo et al., 2024).

4.3 The effect of co-sensitization of dyes on the photovoltaic performance of DSSC

Co-sensitization has emerged as an optimistic roadmap towards achieving panchromatic
light harvesting and boost DSSC performance (Manz, 2022). In this research, the photovoltaic

performance of DSSCs with chlorophyll, anthocyanin, and betanin dyes obtained from
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Spinacia oleracea leaves Rubus fruticosus fruits, and Beta vulgaris roots, respectively, used as
mono and co-sensitizers, were investigated. Current density-voltage curves (J-V curve) of the
fabricated DSSCs were measured at standard test conditions using a solar simulator, generating
100 mW/cm? of irradiance (AM 1.5G) (Semenycheva et al., 2021). The fill factor and PCE of
the fabricated DSSCs were calculated using equations 2.7 and 2.9, respectively. The
photovoltaic parameters of fabricated DSSCs are outlined in Table 4.2.

Table 4.2: Photovoltaic performance of chlorophyll, anthocyanin, and betanin dyes together

with their mixture

Dye type Photovoltaic Parameters
J sc Voc Fill Factor Efficiency (PCE)

(mA/em?) V) (FF) (%) (o)
Chlorophyll 0.43 0.460 47.66 0.10
Anthocyanin 0.52 0.541 63.88 0.18
Betanin 0.81 0.582 81.69 0.39
Chlorophyll + Anthocyanin 0.49 0.511 53.48 0.13
Chlorophyll + Betanin 1.22 0.626 73.46 0.56
Anthocyanin + Betanin 0.74 0.594 67.64 0.30
Chlorophyll + Anthocyanin 3.60 0.585 74.78 1.58
+ Betanin

Among the mono-sensitized DSSCs, betanin-based DSSCs resulted in the best PCE of 0.39
% with a notably high Voc of 0.58 V compared to other natural dyes presented in Table 4.1
and drawn in Figure 4.4 (Treat et al., 2016).
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Figure 4.4: J-V curves for DSSCs sensitized with each single dye extract

An improvement in Voc was due to the reduced charge recombination and improved carrier
mobility (Yan et al., 2022). DSSCs employing anthocyanin dyes demonstrated a PCE of 0.18
% and a Voc 0f 0.54 V. The superior performance was attributed to anthocyanin pigments found
in Rubus fruticosus, as evidenced by the intense deep purple coloration (Ruba et al., 2021).
The chemical structure of anthocyanin is crucial to its ability to absorb sunlight and effectively
transfer excitation energy to electrons in a DSSC’s semiconductor layer (Abdulsalami et al.,
2023; Mejica et al., 2022).

The DSSC utilizing chlorophyll-based dye extract displayed the least photovoltaic
performance (Figure 4.4), with a PCE and Jsc of 0.09 % and 0.43 mA/cm?, respectively. This
diminished performance is attributed to the weak interaction between the chlorophyll dye
molecules and TiO2 semiconductors (Vallejo et al., 2025). The interfacial interaction between
the TiO2 semiconductor and the dye sensitizer is a critical determinant of the performance of
DSSCs (Miiller et al., 2021). The notable high Jsc of 0.81 mA/cm? significantly (Vallejo et al.,
2025) contributes to the superior performance of the DSSC based on betanin natural dye
(Badawy et al., 2022). Additionally, UV—Vis characterization of individual dye extracts shows
that betanin and anthocyanin dye samples hold the broadest absorption spectra, directly
agreeing with the photovoltaic performance of the DSSC device.

Conversely, the DSSCs employing cocktail dye extracts comprising chlorophyll +
anthocyanin present heightened PCE in comparison to DSSCs based on individual samples of

chlorophyll, as captured in Figure 4.5.
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Figure 4.5: J-V curves for DSSC sensitized with a mixture of two dyes

Mixing dyes widens the optical absorption window and boosts the absorbance, resulting in
increased DSSCs’ photovoltaic performance (Rahman et al., 2023; Tamilselvan & Shanmugan,
2024; Xu et al., 2022). DSSCs based on chlorophyll+ betanin indicates higher photovoltaic
performance as opposed to DSSCs based on single chlorophyll and betanin dye extract (Figure
4.5). This improvement is attributed to the higher Jsc (1.22 mA/cm?) observed in chlorophyll
+ betanin-sensitized DSSC contrasted with those utilizing single dyes. DSSCs employing a
three-dye mixture of chlorophyll + anthocyanin + betanin achieved a notable PCE of 1.58 %,
with FF, Voc, and Jsc values of 74.78 %, 0.59 V, and 3.60 mA/cm?, respectively.

The enhanced performance is mainly linked to the higher Jsc (3.6 mA/cm?) observed in the
cells relative to chlorophyll-based DSSCs (0.43 mA/cm?), anthocyanin (0.52 mA/cm?) and
betanin (0.81 mA/cm?). This refined performance could also be credited to the panchromatic
light-capture, superior optical activity, and the appropriate energy levels (HOMO and LUMO)
of the dye mixture. It can be seen that in Table 4.2 and Figure 4.6, FF is quite high compared
to PCE.
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Figure 4.6: J-V curves for DSSCs sensitized with a mixture of three dyes

This is a common phenomenon as PCE does not only depend on maximum power output
but also on Jsc and Voc. A large fill factor (FF) implies that there are good charge transport
and low internal losses of a solar cell, but not a high PCE. PCE relies on three major parameters,
that is, Voc, Jsc, and FF. Thus, low Voc or low Jsc caused by low light absorption efficiencies
will cause low overall PCE index even in cases with high FF. In this way the cell can have a
high internal charge collection efficiency (high FF), however it can contribute very low total
power output because of low photocurrent (Lin ef al., 2023).

Co-sensitization of natural dye-based DSSCs shows an improved PCE as a result of broader
absorption in the visible region (Kharkwal et al., 2021). In addition, hybrid dye-sensitization
may suppress the recombination of charge carriers and increase electron injection lifetime
owing to the time delay in electron injection by the intermediate excited level of adjacent dye
molecules (Zeng et al., 2021). However, a reduced Jsc value of mono-sensitized DSSCs in
Table 4.2 is attributed to a slim absorption spectrum of natural dyes.

Natural dyes have shown overall PCEs below 1 %, arising from weak interaction between
dye extracts and TiO2 semiconductors. However, extending the absorption wavelength range
through the combination of different dye extracts enhances the ability to capture a broader
spectrum (panchromatic shift) of visible light, thereby improving the overall PCE of DSSCs.

The cocktail dye extracts containing chlorophyll and anthocyanin signify a remarkable

absorption range as opposed to individual dye solutions.
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4.4 The effect of annealing temperature of photo anodes on the photovoltaic
performance of DSSC

In this study, different annealing temperatures were applied to TiO2 films to ascertain their
effects on DSSC overall power conversion efficiency (PCE). Before annealing, the TiO: is
usually amorphous with loosely arranged nanoparticles, but after annealing it induces
crystallinity. The logic behind annealing before dye loading at different temperatures is to
remove moisture, decompose ethyl cellulose and to obtain crystalline TiO2 photoanodes. These
films were annealed at temperatures varying from 250 °C to 550 °C (steps of 100 °C) and used
to fabricate DSSCs whose photovoltaic characteristics were later evaluated. Before
photovoltaic testing, electrodes alignment was checked to eliminate short-circuit between the
photoanode and counter electrode, then connected to a solar simulator for J-V measurements.
To avoid dye degradation, allow the annealed TiOzto cool down slowly then immerse the film
into dyes sensitizer at room temperature (25 °C). A dye mixture of all three dyes (chlorophyll,
anthocyanin, and betanin) was chosen as a sensitizer because it yielded higher photovoltaic
performance than individual dye DSSCs in the previous tests. Figure 4.7 present the J-V
characteristics curves for the assembled DSSCs with TiO: films annealed at varying
temperatures, while a summary of the photovoltaic properties of these DSSCs is compiled in
Table 4.3. From this table, photovoltaic properties were found to be reliant on the annealing
temperature of TiOz films.

The PCE measurements from annealed films were optimal when the temperature reached
450 °C. Table 4.3 demonstrates that the low temperature (250 °C) annealed films present lower
PCEs because they generate reduced short-circuit current density (Jsc). The TiOz films exposed
to 250 °C temperature maintain impurities and structural imperfections due to the remaining
organic compounds found in paste products (Lukong et al., 2022; Pant et al., 2019). These
defects create constraints for dye-loading as they limit the accessible surface area available on
the material. Annealing TiO: film at lower temperatures leads to a film that has poor crystalline,
defective and leads to weak adhesion of dyes. This in turn results in low Jsc, low Voc and poor
PCE. Too high annealing temperatures lead to grain growth and FTO substrate damage hence
result in moderate Jsc, low Voc and reduced PCE. On the other hand, optimal temperatures
(450 °C) results in a film that is highly crystalline with good interparticle contact leading to
high PCE.
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Table 4.3: Photovoltaic performance of DSSCs sensitized in chlorophyll + anthocyanin +

betanin dye mixture for a duration of 40 h with photo anodes annealed at varying temperatures

Temperatures (°C) Photovoltaic parameters

Jsc (mA/em?) Voc Fill Factor (FF) (%) Efficiency (PCE) (%)

V)
250 1.8 0.50 68.83 0.62
350 2.1 0.55 64.52 0.75
450 3.6 0.59 74.78 1.58
550 3.4 0.56 70.30 1.34

The open circuit potential (Voc) and Jsc production of these devices gradually improved as
the annealing temperatures rose from 250 °C to 450 °C. The light-harvesting capability of dye
molecules grows stronger because the thermal decomposition process expands the surface area
of TiO: films where dye adsorption occurs (Joseph et al., 2020; Liu et al., 2024; Manikandan
etal.,2025). Optimal annealed TiOz2 films led to high crystallinity and good interparticle bonds
enhancing Jsc up to 3.6 mA/cm? at 450 °C. this is made possible by having a film that has strong
dye adsorption leading to efficient electron injection. The Jsc value decreased to 3.4 mA/cm?
as the PCE declined to 1.34 % when the annealing temperature reached 550 °C.

The Voc at 350 °C was 0.55 V, then elevated to 0.59 V at 450 °C before declining to 0.56 V
at 550 °C. When using lower annealing temperatures, the electrons moving from the dye to the
TiO2 conduction band will tend to recombine at defective locations. The recombination process
lowers conduction band electron density, which results in decreased Voc values. The
conversion efficiency of TiO2 annealed at 450 °C exceeds that of TiO2 annealed at 250 °C
because of its better anchoring properties to the dye molecules (Kashif ez al., 2020). Therefore,
the performance of TiO2 films annealed at 450 °C is deemed superior in comparison to the
performances of TiO: films annealed at 250 °C, 350 °C and 550 °C. Increased crystallinity,
enlarged grain size, and improved transparency of conducting glass with surfactant-free pores
enhance the photovoltaic performance of the fabricated cell. To achieve both maximum dye
loading capability and efficient electron transport, the application of moderate heat at 450°C
becomes essential since it sustains TiO2 nanoparticles' large specific surface area (Nagaraj et
al., 2025). The performance of the natural dyes measured in this research matches what

researchers have published previously.
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Figure 4.7: J-V curves for DSSCs sensitized in chlorophyll + anthocyanin + betanin dye
mixture for a duration of 40 h with photo anodes annealed at varying temperatures

4.5 The effect of soaking duration on the photovoltaic performance of DSSC

A cocktail of three dyes (chlorophyll, anthocyanin, and betanin) was selected for further
study as it showed better photovoltaic performance in comparison to individual extracts. After
annealing TiO2 film and cooling down to room temperature, sensitization took place in the
optimal dye mixture at different temperatures from 20 h to 50 h and then used to fabricate
DSSCs. A solar simulator was used to determine the fabricated DSSCs performance from
which the performance of the cells was evaluated. The soaking process was carried out away
from light for maximum dye adsorption onto the TiO2 film.

Table 4.4 and Figure 4.8 compare the performance of DSSCs with TiO: films sensitized in
chlorophyll + anthocyanin + betanin dye mixture at different soaking durations of 20, 30, 40,
and 50 hours.

49



3.5 -

25 -

204 -

J (mA cm'z)

1_0_- —— 20hrs i
—— 30hrs
——40hrs
051 —— 50hrs 7
0.0 T T T T T T . T T
0 1 2 3 4 5 6
Volts (V)

Figure 4.8: J-V curves for DSSCs annealed at 450 °C and sensitized in chlorophyll +

anthocyanin + betanin dye mixture (1:1:1 volume ratio) at different dye-loading times

It is recorded that open-circuit voltage (Voc) and short-circuit current density (Jsc)
progressively increase with the increase in soaking time up to 40 h and decrease suddenly when
the soaking duration is increased to 50 h, as shown in Table 4.4. The Voc and Jsc become more
pronounced at 40h dye-adsorption time. The decrease in Jsc and Voc at 50 h soaking time can
be linked to recombination in the TiO2 film. The fill factor (FF) is less for shorter dye
adsorption times (20 h) but shows higher values at longer dye adsorption times (40 h). Higher
values of FF produce more efficient cells.

Table 4.4: Photovoltaic performance DSSCs annealed at 450 °C and sensitized in chlorophyll

+ anthocyanin + betanin dye mixture (1:1:1 volume ratio) at different dye-loading times

Dye-loading time Photovoltaic parameters
(hours)
Jsc Voc Fill Factor (FF) Efficiency (PCE)

(mA/em?) V) (%) (%)
20 1.6 0.53 73.46 0.56
30 2.5 0.57 72.54 0.64
40 3.6 0.59 74.78 1.58
50 3.1 0.54 74.12 1.44
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The power conversion efficiency (PCE) was less than 20 h dye-adsorption time and then
started increasing up to 40 h. The PCE of DSSC increased from 0.56 % to 1.58 % for 20 h to
40 h of sensitization time and decreased after increasing soaking time to 50 h (1.44 %). The
PCE improvement was caused by enhanced dye layer coverage, which optimized the charge
transfer between the TiO2 conduction band and electrolyte. The photo anodes transferred a
greater number of electrons because of better charge transfer capabilities. The overall PCE
received additional electrons, which were distributed through the external circuit because of
these changes.

The device developed abnormal behavior following the expiration of the optimal
immersion time (40 h). The photovoltaic performance of the system started to diminish after
reaching this phase. The continuous exposure to dye sensitizer resulted in performance
degradation of DSSC because the sensitizer became less stable during extended soaking
periods (Chalkias et al., 2020). Higher soaking duration causes a decrease in Voc and Jsc
because the multilayer formation results in increased recombination effects. It is acknowledged
that the increase in dye-loading time (50 h) led to dye aggregation that triggers the quenching
of photo-excited electrons and consequently leads to the decline in charge injections
(Magiswaran et al., 2022).

The results of this study show that the DSSCs with 40 h sensitization time displayed
complete dye adsorption within the DSSC photoanodes. However, dye impregnations are
limited by dye concentration. It is observed that PCE increases as the dye-soaking time
increases. This outcome suggested that longer dye-loading contributed to enhanced DSSC
performance (Jagtap et al., 2021). The degradation and loss of activity of dye molecules
occurred due to their instability when subjected to extended immersion durations of up to 50
h. Natural dyes are considered be unstable and can degrade under prolonged exposure to light,
heat, and oxygen (Alegbe & Uthman, 2024 ; Pizzicato et al., 2023). This outcome can lead to
a decrease in the photovoltaic response of the DSSCs. Therefore, to acquire the best PCE, the
dye sensitization time on TiO2 photo anodes must be controlled. Accordingly, the outcome of
this investigation recommended that a dye-loading time of 40 h was a better starting point for

attaining optimal performance.
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CHAPTER FIVE
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Summary

This research prioritized extraction, characterization, and co-sensitization of chlorophyll,
anthocyanin, and betanin natural dyes for application in dye-sensitized solar cells (DSSCs),
highlighting how dye extract properties and semiconductor layer processing parameters impact
device photovoltaic performance. Chlorophyll, anthocyanin, and betanin, were obtained from
fresh Spinacea oleracea leaves, Rubus fruticosus fruits, and Beta vulgaris roots, respectively.
Plant materials were first cleaned thoroughly using distilled water to remove dirt and then cut
into small pieces. A 100 g portion of the sliced plant material were placed in a blender and
blended for 2.0 minutes. Chlorophyll was extracted using 80 % ethanol, anthocyanin with
methanol and acidified HCI and betanin was extracted using 0.1 % ethanol HCI V/V ethanol.
The mixtures were stirred for 40 minutes then filtered using a Whatman filter paper. The
filtrates were mixed with acidified (hydrochloric acid) methanol to remove unwanted proteins.
The dye solutions purple (anthocyanin), green (chlorophyll), and deep red (betanin) were kept
in an amber bottle and then stored in a refrigerator at 4 °C. Cocktail dyes were formulated by
mixing single dyes in 1:1 (two different dyes) and 1:1:1 (three different dyes) volume ratio to
examine their effect on the absorption spectra.

Fourier Transform Infrared (FTIR) spectroscopy was used to analyze functional groups
present in dye extracts within the wave number 4000400 cm™'. Anthocyanin spectra presented
intense peaks at 3332 cm™! (—OH stretching), 3016 cm™ (C-H stretching), 1778 cm™ (C=0
stretching), and 1608 cm™ (C=C stretching). Chlorophyll showed peaks at 1692 cm™ (C=0
stretching), 3558 cm™ (—OH stretching), and 1064 cm™ (C—O bonds), while betanin displayed
1632 cm™ (C=N) and 3360 cm™' (—OH). These results indicate the presence of functional
groups in anthocyanin, chlorophyll, and betanin dyes essential for anchorage onto TiO2
semiconductor, visible light absorption and charge transfer for efficient DSSCs fabrication.

Optical absorbance characteristics of single and mixture dye extracts were analyzed using
ultraviolet-visible (UV-Vis) spectroscopy within the 400—800 nm wavelength range. Spinacea
Oleracea dye exhibited two major absorption peaks at the wavelength range of 380-500 nm
(blue light), and another sharp peak at 660 nm (red light), showing the presence of chlorophyll.
Chlorophyll+ anthocyanin had three absorption peaks at wavelengths 481 nm, 548 nm, and 667
nm. The result for Chlorophyll+ betanin dye had three absorption peaks at wavelength 542 nm,

560, and 682 nm and that for combination anthocyanin+ betanin had three absorption peaks at
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wavelength 447 nm, 550 nm, and 670 nm. The absorption characteristics of the ternary dye
mixture (chlorophyll + anthocyanin + betanin) exhibited three distinct peaks at 453, 524 and,
662 nm. Concocted dyes exhibited panchromatic shift, signifying enhanced light capture.

Doctor-blading method was used to coat FTO with TiOz thin films on FTO. These films
were annealed at different temperatures varying from 250 to 550 °C 9in steps of 100 °C to
examine the impact of annealing temperature on photovoltaic performance of fabricated
DSSCs. Current density-voltage (J-V) curves indicated that TiO2 thin films annealed at 450°C
produced cells with optimal photovoltaic performance of Jsc (3.6 mA/cm), Voc (0.59V) and
PCE (1.58). Too high annealing temperatures (550°C) lead to grain growth and FTO substrate
damage hence resulted in moderate Jsc, low Voc and reduced PCE of 3.4 mA/cm™2,0.56 V and
1.34 % respectively. Low temperature (250 °C) annealed films presented lower PCEs of 0.62
% with lower Jsc of 1.8 mA/cm™ owing to the fact that these cells maintain impurities and
structural imperfections after annealing.

Dye-sensitization duration experiments were carried out by immersing annealed TiO2 films
in individual and blended dye solutions for 20, 30, 40, and 50 hours at room temperature. It
was noted that Voc and Jsc gradually increased with the increase in soaking time up to 40 h
(3.6 mV/cm™ and 0.59V)) and decreased suddenly when the soaking duration was increased to
50 h (3.1 mV/cm™ and 0.54V). The decrease in Jsc and Voc at 50 h soaking time can be
attributed formation of multilayer adsorption which leads to energy injection losses and
ultimately recombination in the TiO2 film.

In summary, this study established that natural dyes can be successfully extracted and
characterized for application in DSSCs, with FTIR spectroscopy validating significant
functional groups for TiO2 anchorage, light absorption, and charge transfer. UV-Vis
spectroscopy emphasized the benefits of co-sensitizing dyes in achieving panchromatic light
absorption. Semiconductor film annealing temperature and dye-sensitization time were key
variables affecting photovoltaic performance of DSSCs, with optimized annealing and dye-
loading time yielding the highest PCE. Concocted dyes, particularly chlorophyl+ anthocyanin
+betanin mixture, demonstrated synergistic influence on Jsc and Voc and overall DSSC PCE,
promoting the prospect of natural dye-based DSSC as eco-friendly substitute to ruthenium-
based dyes. These results present a framework for future study on optimizing the stability and
efficiency of sustainable, nature-inspired DSSC devices.

From the results of this study, future research can be done on DSSCs by varying the

characteristics of the photoanodes. This can be done by purifying and mixing dyes before the
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adsorption process, annealing the TiO2 films at optimal temperature of 450 °C, and optimizing

dye loading time to 400- 450 °C.

5.2 Conclusions

1.

11.

iil.

1v.

Chlorophyll, anthocyanin, and betanin dyes were successfully extracted from Spinacea
oleracea leaves, Rubus fruticosus fruits, and Beta vulgaris roots, respectively, and
contained anchoring sites ideal for TiO2 attachment.

Mixed dye extracts displayed wider absorption solar spectrum as compared to
individual extracts, optimizing photon capture, dye excitation and charge transfer in
DSSC.

DSSC sensitized with TiOz films annealed at 450 °C attained optimal photovoltaic
parameters.

DSSC sensitized with TiOz films with dye-loading time of 40 hours achieved optimal

power conversion efficiency.

5.3 Recommendations

L

11.

1il.

1v.

Purification of dye extracts can be explored after extraction to improve concentration
and enhance efficiency of fabricated DSSCs.

Co-sensitization of natural dyes with ruthenium-based dyes can be investigated with
the aim of widening absorption window and improving stability.

Keep TiO:2 film annealing temperature at 450 °C- 500 °C for optimal dye adsorption
and efficient charge transport.

Examine the effects of dye DSSC photovoltaic performance on annealing TiO2 film

after dye loading.
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Appendix III: Photovoltaic parameters of single-sensitized and co-sensitized DSSCs

Natural dye Source Extracting solvent  Jsc (mA/cm ? Voc FF PCE Reference
) (mv) (%) (%)
Anthocyanin Ixora coccinea petals 70% ethanol 3.005 344 0.507 0.56 (Zolkepliet al.,
Anthocyanin Tradescantia spathacea leaves 1.189 285 0.554 0.21 2015)
Co-sensitized 4.185 346 0.499  0.80
Curcuminoids Turmeric powder Ice-cold methanol 0.822 553 0.522  0.237 (Manz &
Fuierer, 2023)
Phycobilins Blue Spirulina plantensis powder 0.214 523 0.660 0.073
Co-sensitized 0.417 538 0.647 0.145
Chlorophyll-a papaya Ethanol 1.77 400 0.42 0.29 (Ossai et al.,
2021)
Anthocyanin black cherry 1.56 380 0.43 0.25
Co-sensitized 2.15 490 0.54  0.56
chlorophyll pomegranate leaf Alcohol 2.05 560 0.52 0.597 (Chang & Lo,
anthocyanin mulberry 1.89 555 0.53  0.548 2010)
Co-sensitized 2.8 530 049 0.722
Anthocyanin H sabdariffa, Manipur Isopropanol 3.2 803 0.69 1.47 (Patni et al.,
2020)
betalain B vulgaris 4.06 578 0.66 1.29
chlorophyll spinach 3.14 552 0.66 0.95
Co-sensitized 7.36 883 0.69 3.73
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0.01
0.02
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1.2
1.65
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479

502
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590

521
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500
530
585
666
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4
11

11
46.44

57.16
50.77

73.55

0.5

0.5
0.51
0.68

47

53

62

0.55
2.225

3.19
0.09

0.15
0.29

0.69

0.1015

0.1312
0.3045

0.602
0.538
0.75
1.29

(Liu et al.,
2008)

(Kokkonen et
al., 2021)

(Sinha et al.,
2020)

(Chang et al.,
2013)

79



