INTRODUCTION
Energy is a fundamental driver of human progress, shaping the way societies function and evolve[1]. From the dawn of civilization, humanity's ability to harness different energy sources has fueled everything from simple fire for warmth and cooking to the sophisticated electrical grids that power modern cities[2]. Energy has transformed industries, expanded global economies, and revolutionized transportation, communications, healthcare, and education[3]. It is hard to imagine life without the constant flow of energy that supports virtually every aspect of daily existence. The benefits of energy to human civilization cannot be overstated. It is the lifeblood of industrial production, enabling the manufacturing of goods that range from food and clothing to electronics and automobiles[4], [5]. The global economy depends on energy to maintain production lines, facilitate international trade, and generate employment. Furthermore, energy plays a pivotal role in healthcare systems, powering life-saving medical equipment, maintaining the cold chain for vaccines and medicines, and ensuring the smooth operation of hospitals and clinics[6], [7], [8]. (Statistics of Energy consumed by sector)
Energy has also radically transformed transportation, shrinking the world and bringing people, goods, and ideas closer together. With the invention of the steam engine, the internal combustion engine, and eventually the electric motor, humans gained the ability to travel long distances quickly and efficiently. This has facilitated globalization, fostering economic cooperation, cultural exchange, and technological innovation. Modern transportation networks, from high-speed trains to commercial flights, depend heavily on energy, especially from fossil fuels[9], [10], [11].Yet, as essential as energy is to the modern world, its production and consumption have also given rise to one of the greatest threats to our environment—pollution[12], [13].
At the heart of this issue is the fact that much of the energy we rely on comes from fossil fuels such as coal, oil, and natural gas[14]. These fuels, while abundant and historically accessible, have serious environmental consequences. Their extraction, refinement, and combustion release pollutants into the air, water, and soil, causing widespread damage to ecosystems and contributing to climate change. Thus, while energy is indispensable for human advancement, its unsustainable use poses a significant risk to the planet’s ecological balance and human health[15], [16].
However, the benefits of energy come at a steep cost. The same fossil fuels that have enabled unprecedented industrial growth are also the primary source of global pollution. Burning fossil fuels releases large quantities of carbon dioxide (CO₂), a greenhouse gas responsible for trapping heat in the Earth's atmosphere and accelerating climate change[13], [17]. Additionally, pollutants such as sulfur dioxide (SO₂), nitrogen oxides (NOX), and particulate matter contribute to the formation of smog and acid rain, which have devastating impacts on both the environment and human health[12], [18].
One of the most pressing concerns is air pollution, which has reached dangerous levels in many parts of the world. Cities across Asia, Africa, and Latin America experience severe air quality problems, primarily due to the reliance on coal and oil for energy[19], [20]. Exposure to polluted air is linked to a range of health issues, including respiratory diseases, heart conditions, and premature death[21], [22]. The World Health Organization (WHO) estimates that air pollution causes millions of deaths annually, making it one of the leading environmental risk factors for disease globally[23]. WHO (statistics)
Water pollution is another significant consequence of energy production. The extraction of fossil fuels often leads to contamination of water sources through oil spills, chemical runoff, and improper disposal of waste materials[16]. Moreover, the use of water in energy-intensive industries, including coal-fired power plants, can result in thermal pollution, which alters the natural temperature of water bodies, disrupting aquatic life[24], [25].
The energy-pollution dilemma is exacerbated by the growing demand for energy in both developed and developing nations[26], [27], [28]. Meeting this demand with conventional fossil fuel-based energy sources will inevitably lead to higher levels of pollution, threatening global climate stability[29]. The interconnectedness of energy and pollution is evident in the global discourse on climate change. As greenhouse gas emissions from fossil fuel consumption accumulate in the atmosphere, the planet experiences more frequent and severe weather events—heatwaves, storms, floods, and droughts—that pose existential risks to human societies. Low-lying coastal areas are at particular risk from rising sea levels, while agricultural productivity is threatened by changing precipitation patterns. Climate change is not just an environmental issue; it is a direct challenge to global economic stability, food security, and human health[17], [30], [31], [32], [33], [34], [35]. (Statistics from Emission Gap Reports 2023)
However, the shift to cleaner energy systems such as solar energy system, requires substantial investments in technology, infrastructure, and policy[36], [37], [38]. As technological advancements continue to reduce the costs of solar panels and increase their efficiency, more nations are turning to solar energy as a key part of their energy mix[39]. Governments, businesses, researcher and individuals must work together to overcome the inertia of existing fossil fuel-based systems and embrace innovation that prioritizes environmental stewardship alongside economic development[40]. Solar energy’s ability to provide renewable, clean power positions it as a crucial solution in the broader effort to combat pollution and mitigate climate change, while fostering a more sustainable future for all.
Solar energy represents one of the most abundant and cleanest sources of energy available on Earth. It is harnessed from sunlight using various technologies, such as photovoltaic (PV) cells, which convert light directly into electricity[41]. Solar energy is renewable, meaning it cannot be depleted, and its use does not emit harmful pollutants like greenhouse gases (GHGs). These attributes make solar energy a cornerstone in the global push toward sustainable energy systems and the reduction of reliance on fossil fuels[42]. As technological advancements continue to reduce the costs of solar panels and increase their efficiency, more nations are turning to solar energy as a key part of their energy mix[41], [43].
One of the primary benefits of solar energy is its versatility. Solar panels can be installed in a wide range of settings, from rooftops in residential areas to vast solar farms in deserts, capable of producing enough electricity to power entire cities[44], [45]. Solar power systems are also highly scalable, allowing for small-scale home installations as well as large-scale industrial applications. In rural areas that lack access to traditional power grids, solar energy provides a reliable and independent source of electricity, improving living standards and promoting economic development. This adaptability makes solar energy a key component in the global shift towards renewable energy, enabling access to clean electricity in diverse environments[46], [47], [48].
Within this evolving solar landscape, Dye-Sensitized Solar Cells (DSSCs) which is the third generation solar cell offer additional unique advantages that further enhance solar energy’s versatility, especially in situations where traditional silicon-based photovoltaics may be less practical[49]. One of the primary benefits of DSSCs is their ability to generate electricity even in low-light conditions, such as on cloudy days or in indoor environments, broadening the range of locations where solar energy can be harnessed[50]. Additionally, DSSCs have lower production costs since they use inexpensive materials like titanium dioxide and organic dyes, unlike the costly and energy-intensive silicon required for conventional solar cells. This cost-effectiveness could expand solar power’s accessibility to a wider range of applications, especially in regions with limited financial resources[51]. Together, both traditional solar technologies and DSSCs are paving the way for more inclusive, adaptable, and affordable renewable energy solutions worldwide[51], [52].
DSSCs are also flexible, allowing them to be integrated into a wide variety of surfaces, including curved or irregular shapes, unlike rigid silicon panels. This opens up new possibilities for solar energy in building-integrated photovoltaics (BIPV), such as transparent solar windows, and even wearable electronics[53]. Moreover, their aesthetic appeal, available in various colors and transparency levels, makes them suitable for architectural designs where appearance matters. Overall, DSSCs provide a practical, eco-friendly, and cost-effective solution for harnessing solar energy, particularly in specialized applications where conventional solar technologies may not be ideal[54].
The working principle of Dye-Sensitized Solar Cells (DSSCs) is inspired by the process of photosynthesis in plants, where light is absorbed and converted into energy. DSSCs consist of a few key components: a transparent conductive electrode (typically made from materials like indium tin oxide), photoanode like TiO2, a sensitizing dye, an electrolyte, and a counter electrode[55]. When sunlight hits the DSSC, the dye molecules, which are anchored to the TiO₂ layer, absorb photons from the light. This excites electrons within the dye, raising them to a higher energy level. These excited electrons are then transferred to the conduction band of the TiO₂ semiconductor and from there, they travel through the cell to an external circuit, creating an electric current[56].
Once the electrons have passed through the external circuit and generated power, they return to the counter electrode. The electrons are then reintroduced into the system through the electrolyte, which contains a redox couple (usually iodide/triiodide). This electrolyte helps regenerate the dye by supplying it with electrons, allowing the dye molecules to return to their original state and be ready to absorb more sunlight. The continuous flow of electrons through this process generates electricity[56], [57]. The key advantage of DSSCs is their ability to function in low-light conditions, such as cloudy weather or indoor environments, making them highly versatile in comparison to traditional silicon-based solar cells[49].
Despite the numerous advantages of Dye-Sensitized Solar Cells (DSSCs), they also come with several notable disadvantages that limit their widespread adoption and efficiency compared to traditional silicon-based solar cells[58]. One of the primary challenges is their lower overall efficiency. Currently, the power conversion efficiency (PCE) of DSSCs is typically around 10-12%, whereas silicon-based solar panels can achieve efficiencies of up to 22%[59], [60]. This lower efficiency means that DSSCs may require more surface area to generate the same amount of electricity as silicon panels, making them less competitive in applications where space is limited.
Another significant disadvantage is the stability and durability of DSSCs[56], [61]. The electrolyte used in these cells is typically liquid, which makes them prone to leakage, evaporation, or degradation over time, especially when exposed to high temperatures or prolonged sunlight[62]. This compromises the long-term performance of the cells[63], [64]. Additionally, the use of some materials in the cells, such as the ruthenium-based dyes, while effective in light absorption, can be expensive and potentially toxic[65], [66]. These factors limit the practical lifespan and environmental sustainability of DSSCs. Therefore, the need for more research in this area is crucial, especially in developing more stable, efficient, and eco-friendly materials[67].
[bookmark: _GoBack]Further research on DSSCs is essential to address these challenges and improve the technology's viability for widespread use. A key focus of this review is to focus on the performance of new dyes, which play a critical role in the cell's ability to absorb sunlight and convert it into electrical energy[68]. The most commonly used dye in DSSCs has been ruthenium-based due to its excellent light-harvesting properties, but it comes with drawbacks such as high cost and toxicity[69], [70]. Researchers are exploring alternative natural dyes and metal-free dyes that are more environmentally friendly, abundant, and less expensive, while maintaining or improving the efficiency of the solar cells[68]. More research into these materials and cell structures will be key to overcoming the current limitations of DSSCs and unlocking their full potential as a cost-effective, flexible, and efficient solar energy solution.
(What is the review is about)
ROLE OF DYE IN DSSCS
The use of dye in dye-sensitized solar cells (DSSCs) emerged from the need for cost-effective and efficient alternatives to traditional silicon-based solar cells[71], [72]. The concept of using dyes to sensitize semiconductors dates back to early work in photochemistry, where researchers explored how certain dyes could absorb light and transfer electrons to semiconductor surfaces. However, the breakthrough came in 1991 when Michael Grätzel and Brian O'Regan introduced the first practical DSSC, known as the Grätzel cell, which used a ruthenium-based dye adsorbed on a titanium dioxide (TiO₂) film[73], [74]. This dye played a crucial role in absorbing sunlight and generating excited electrons that were injected into the semiconductor, significantly broadening the range of light absorption from UV to visible light, thereby improving solar conversion efficiency[75].
In dye-sensitized solar cells (DSSCs), the dye plays a critical role as a light-harvesting molecule that undergoes photoexcitation and facilitates charge injection into the semiconductor[71], [76]. The process begins when the dye, which is anchored to the semiconductor surface via chemisorption, absorbs photons from incident sunlight[53]. This absorption occurs because the dye contains a system of conjugated π-electrons capable of undergoing electronic transitions when exposed to light in the visible spectrum[77].
(diagram for dye in DSSCs)
When the dye molecule absorbs a photon with energy corresponding to its HOMO-LUMO gap (the energy difference between the Highest Occupied Molecular Orbital and the Lowest Unoccupied Molecular Orbital), an electron in the dye is excited from the ground state (HOMO) to an excited state (LUMO)[69]. This photoexcitation process can be described by:
Dye(HOMO) + hν →Dye(LUMO)

Here, hvrepresents the energy of the absorbed photon, and the dye transitions to an excited state.
Once in the excited state, the dye's electron, now in its LUMO, has sufficient energy to be injected into the conduction band of the semiconductor. The injection process is driven by the favorable alignment of energy levels, where the LUMO of the dye lies higher than the conduction band edge of semiconductor[78]. The electron transfer is facilitated by overlap of molecular orbitals and proceeds via a fast electron injection process, often occurring on the femtosecond timescale[56]. The electron injection can be represented as:
Dye∗→Dye+e-(semiconductor)
The excited electron is injected into the conduction band of semiconductor, leaving the dye in an oxidized state (Dye*). The injected electron then diffuses through the semiconductor to the external circuit, where it generates an electric current. The remaining oxidized dye (Dye*) must be regenerated to ensure continuous operation[69]. This is achieved through the reduction of the dye by a redox mediator (typically iodide ions) in the electrolyte, which donates an electron back to the oxidized dye:
Dye++2I−→Dye+I−3
In this redox process, the dye is returned to its ground state, ready to absorb another photon and repeat the cycle[76]. The critical role of the dye is to act as a sensitizer, extending the absorption spectrum of the semiconductor by capturing visible light and facilitating the generation of excited electrons, which are then injected into the semiconductor's conduction band[79]. The molecular structure of the dye, particularly the presence of electron-donating and electron-withdrawing groups, dictates its absorption characteristics, electron injection efficiency, and overall contribution to the photovoltaic process.
(diagram of molarculer structure of the dye)
Selecting the right dye is fundamental to enhancing the efficiency of solar energy conversion systems, given that the dye is responsible for absorbing sunlight and enabling the generation of excited electrons. The performance of the system heavily relies on the dye's ability to effectively capture light and initiate the subsequent electron transfer processes[75]. Therefore, an ideal dye must possess a range of essential properties to ensure the maximum conversion of sunlight into electrical energy. Several key factors should be taken into account when choosing a suitable material for this purpose, as they directly influence the dye's functionality and the overall performance of the system.
(write on each about author that make emphasize on it)
1. Strong Absorption: A good dye for dye-sensitized solar cells (DSSCs) should have strong light absorption properties, especially in the visible region of the solar spectrum (400-700 nm)[77]. Strong absorption allows the dye to capture more photons from sunlight, which translates into higher excitation of electrons[80]. The ability of a dye to absorb light efficiently is primarily influenced by its molecular structure, particularly its conjugated π-electron system[77]. Dyes with extended conjugation have narrower HOMO-LUMO gaps, allowing them to absorb a broader range of wavelengths. Strong absorption ensures that a maximum number of photons can be converted into electrons, thereby enhancing the overall photocurrent and power output of the DSSC[77].
2. Efficient Conversion of Solar Energy into Electricity: The dye plays a critical role in the overall conversion efficiency of a DSSC. Once it absorbs sunlight, the dye must efficiently generate excited electrons and inject them into the conduction band of the semiconductor [81]. The molecular design of the dye is essential here, as it must allow rapid and efficient electron transfer from the excited dye to the semiconductor. The efficiency of energy conversion also depends on how well the dye is regenerated after electron injection, which is influenced by the interaction with the redox electrolyte[82]. Poor electron injection or slow dye regeneration can lead to recombination losses, reducing the overall energy conversion efficiency of the DSSC[83].
3. Capable of Injecting Electrons: Upon photoexcitation, the dye must be capable of injecting electrons into the conduction band of the semiconductor[80]. This is governed by the relative energy levels of the dye’s LUMO and the semiconductor's conduction band. The LUMO energy level of the dye should be more negative (higher in energy) than the conduction band of the semiconductor[84]. This ensures that there is a driving force for electron injection, allowing the excited electron to flow into the semiconductor instead of recombining with the dye or redox couple[85]. Efficient electron injection is key to minimizing energy losses and maximizing photocurrent[86].
4. Suitable Anchoring Group: Dyes need to be securely attached to the surface of the semiconductor to enable efficient electron transfer. Suitable anchoring groups, such as carboxyl (-COOH) or hydroxyl (-OH) groups, are crucial for chemisorbing the dye molecules onto the TiO₂ surface[87]. These functional groups form strong chemical bonds (often covalent or coordinate bonds) with the surface, ensuring that the dye remains tightly bound during operation. If the dye detaches or forms weak bonds, it can lead to poor electron injection, dye desorption, and instability over time. Anchoring groups also help orient the dye molecules properly to facilitate efficient electron transfer to the semiconductor[78], [83], [88].
5. High Chemical Stability: Dyes used in DSSCs need to be chemically stable, especially under oxidative and reductive conditions, as well as exposure to light and heat[77]. High stability ensures that the dye can withstand repeated cycles of photoexcitation, electron injection, and regeneration without degradation[89]. If the dye is prone to degradation (e.g., via photobleaching or reaction with the redox electrolyte), the efficiency and lifespan of the DSSC will be compromised. Stability can be enhanced through molecular engineering, such as the use of robust conjugated systems, or by adding protective groups to prevent oxidation or reduction reactions that would degrade the dye[83], [90].
6. Absorbs Efficiently in the Visible Region: For a DSSC to perform well, the dye must absorb sunlight in the visible range (400–700 nm) since this part of the solar spectrum contains the majority of the energy available from sunlight. Dyes that absorb only UV or infrared light are less effective because they do not capture the most abundant wavelengths of solar energy[83], [85]. By absorbing visible light efficiently, the dye can maximize the number of photo-excited electrons available for injection into the semiconductor. This is particularly important in ensuring that the cell generates a high photocurrent under standard sunlight conditions[91].
7. LUMO Must Be More Negative than the Conduction Band of the Semiconductor: For effective electron injection, the LUMO energy level of the dye must be higher (more negative) than the conduction band edge of the semiconductor (e.g., TiO₂)[80]. This energy alignment creates a potential gradient that drives the excited electrons from the dye’s LUMO into the semiconductor’s conduction band[92]. If the LUMO level is too close or lower than the conduction band, electron injection will be inefficient, reducing the overall efficiency of the DSSC. Proper tuning of the dye’s molecular structure can optimize this energy alignment[89].
8. HOMO Must Be More Positive than the Redox Potential of the Electrolyte: After electron injection, the dye becomes oxidized and must be regenerated by accepting electrons from the redox electrolyte (typically the iodide/triiodide couple)[80]. The HOMO level of the dye must be more positive (lower in energy) than the redox potential of the electrolyte to ensure that the dye can be easily reduced and return to its ground state[92]. If the HOMO is too negative, the dye will not be efficiently regenerated, leading to the accumulation of oxidized dye molecules, which limits the dye’s ability to continue absorbing sunlight and injecting electrons. This will result in reduced efficiency over time[89].
In summary, these characteristics of an ideal dye—strong absorption, efficient conversion, effective electron injection, strong anchoring, high stability, and proper energy alignment—are all essential for optimizing the performance of dye-sensitized solar cells. Each factor contributes to the overall efficiency of converting sunlight into electricity, impacting the cell's stability, light-harvesting ability, and electron transfer dynamics.
TYPE OF DYES
Researchers have explored a wide range of dyes in an effort to boost the efficiency and performance of dye-sensitized solar cells (DSSCs). These dyes play a crucial role in capturing sunlight and facilitating the transfer of electrons, which is essential for the energy conversion process. The ongoing innovation in dye chemistry has led to significant advancements in DSSC technology, as scientists focus on developing dyes that can offer higher light absorption, improved electron injection, and greater stability under various environmental conditions. By carefully selecting and optimizing these dyes, researchers aim to overcome the limitations of traditional solar cells and create more efficient, cost-effective, and environmentally friendly alternatives for harnessing solar energy. These dyes can generally be grouped into synthetic dyes and natural dyes.
SYNTHETIC DYE: 
Synthetic dyes are at the forefront of innovation in solar energy conversion, particularly in dye-sensitized solar cells (DSSCs). These man-made dyes are meticulously engineered to meet the specific demands of solar energy harvesting, offering greater flexibility in molecular design, enhanced light absorption, and improved stability compared to their natural counterparts. By controlling the chemical structure, synthetic dyes can be tailored to optimize electron injection, energy alignment, and long-term performance under varying environmental conditions. This precision allows for the development of high-efficiency DSSCs, making synthetic dyes a critical component in advancing renewable energy technologies.

Synthetic dyes used in solar energy conversion can be divided into several types, each with distinct chemical structures and properties that enhance their performance:
1. Metal-Complex Dyes:

Metal-complex dyes composed of metal centers coordinated with organic ligands, are known for their effective light absorption and electron transfer capabilities.Metal complexes dye usually have anchoring ligands and ancillary ligands. Anchoring ligands are responsible for the complex adsorption onto the semiconductorsurface and are also chromophoric groups. Ancillary ligands are not directly attached onto the semiconductor surface and can be used for tuning the overall properties of the complexes.Metal complex sensitizers are made up of Anchoring Ligands (ACLs) and Ancillary Ligands (ALLs). The photosensitizers adhesion to the semiconductor is highly dependent on the properties of ACLs. Ancillary Ligands (ALLs) can be used for the tuning of the overall nature of sensitizers, polypyridine complexes of metal ions possess very high Metal to Ligand Charge Transfer (MLCT) bands in the visible region[80]. The Ruthenium-based Dyes is one of the common Metal Complex dyes. metal complexes based on ruthenium have been intensively investigated for DSSC applications and hundreds of dyes have so far been tested., the most well-known and widely used are N3 (red dye), N749 (black dye), N719, Z907 complexes. 
N3 is a  which is know as cis-Bis(isothiocyanato) bis(2,2’-bipyridyl-4,4’-dicarboxylato ruthenium(II)  which is also know as red dye which is the Pioneering dye for use in DSSCs and Sensitizes wide band gap semi-conductors such as titanium oxide up to wavelengths of 700 nm. Mustafa Okutan and colleagues evaluate photovoltaic performance of DSSC under various light condition using the N3-dye couple with TiO2 as photoanode and Pt as counter electrode with BMII as the electrolyte, they recorded the power conversion efficiencies (PCE) of the device reached 7.61 % with a maximum open-circuit voltage (Voc) of 0.67 V under 100 mW/cm2 AM 1.5 solar irradiance[93]. Many research groups have attempted to modify the structures of coordinated chromophoric and ancillary ligands with the goal of improving the photovoltaic performance. Among them is Fetouh et al which compared a commercial N3 dye with N3–S dye in application in DSSCs  in which SE atom was introduced instead of Sulphur atomwhich showedcurrent density (Jsc) of 17.813 mA cm−2, open circuit potential (Voc) of 0.678 V, filling factor (FF) of 0.607 and conversion efficiencies (η) of 7.3% for commercial N3 dyw with corresponding values for N3–S dye, Jsc 11.2 mA cm−2, Voc 0.650 V, FF 0.681 and η 5%. Se–N3 dye, showed Jsc = 6.670 mA cm−2, Voc = 0.6004 V, FF = 0.77 and η = 3.09%. Long lifetime of N3–Se caused low practical performance[59].
Another commonly use Metal complex dye is N719 (Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(II). N3 and N719 photosensitizers have almost the same structure, differing primarily in their ligand composition. Both dyes feature a central ruthenium (Ru) metal ion coordinated to bidentate bipyridine ligands, which include carboxylic acid groups that facilitate anchoring to the semiconductor oxide surface in dye-sensitized solar cells. In the case of N3, the molecule includes tetra-n-butylammonium (TBA+) ions instead of protons (H+) at two of its carboxyl groups. This substitution influences the solubility and electronic properties of the dye. Both compounds exhibit octahedral geometry around the Ru center, contributing to their effectiveness in light absorption and conversion. Overall, while they share a similar framework, the specific functional groups and ligands in N3 and N719 lead to distinct optical and electronic characteristics that affect their performance in solar energy applications. Ewelina Krawczak checked the effect of electrode immersion time and ageing on the use of N719 dye in DSSCs with the use of TiO2 and Pt as working and counter electrode in which they discovered that the cell prepared with the electrode immersed for 1 h in 1mM dye solution exhibited the highest efficiency of 5% after ageing for 72 h which indicate there is need of time for liquid electrolyte to penetrate the pores in TiO2 structure and create the interface enabling electrons to transfer in order to regenerate the dye [94]. Also another researcher check the impact of the concentrations of N719 dye on the performance of DSSCs in which  DSSCs  with  various concentrations (0.125, 0.25 and 0.5 mM) of  N719 dye have been prepared by Bakr et al where DSSC prepared with 0.5 mM demonstrated highest efficiency of 2.504 %.  Subsequently, the enhancement in the efficiency was about 86% compared to other concentration [95].
N749 (black dye) is another metal complex dye that belong to the family of Ruthenium dyes [96].  N749, also known as 4-benzylidene-2-phenyloxazolin-5-one, is a compound featuring a fused ring structure. Its core consists of an oxazolone ring, which contains both nitrogen and oxygen atoms, and a phenyl group attached to a benzylidene moiety. The oxazolone is a five-membered ring, characterized by the presence of one nitrogen and one oxygen atom, with carbon atoms making up the remaining parts of the ring. The benzylidene group typically refers to a phenyl ring attached to a carbon that is double-bonded to the nitrogen of the oxazolone. Manik and Colleagues made use of N719 as dye in DSSC where the efficiency of 19.69% (Voc of 0.63 V, Jsc of 0.57 mA/cm2 , FF of 0.74) is recorded as the front-illuminated rigid DSSC is constructed by applying 8 μm TiO2 layer under 6000 LUX illumination [97]. There are many other ruthenium dyes in which researcher had used in the DSSCs like Z907 which characterized by its coumarin-based structure which consists of a fused benzene and lactone ring that contributes to its strong fluorescence and effective light absorption in the visible spectrum. Attached to this core is an ethylamine group, serving as the electron donor, while a carboxylate group at the opposite end facilitates coordination with semiconductor like TiO2. Also Z91, K51, CYC-B1, K60, CYC-B11, C106, C101 and RC43 [98].  Other Metal Complexes like osmium and iridium are also explored for their unique photophysical properties [99], [100], [101], [102]. 
2. Organic Dyes
Researchers have shown significant interest in using organic dyes as sensitizers in dye-sensitized solar cells (DSSCs) due to their unique advantages, including low cost, wide absorption range within the solar spectrum, high molar extinction coefficients, and straightforward extraction and purification processes [103] [68]. Metal-free organic dyes are typically designed with an electron donor (D), a 𝜋-conjugated bridge, and an electron acceptor (A), forming a "D-𝜋-A" system, also known as a "push-pull" structure or "DpA" design [104], [105]. Common electron donor groups include electron-rich moieties such as (difluorenyl) triphenylamine, aminocoumarin, indoline, phenylamine, carbazoles, and triarylamines [106], [107], [108] [27,69]. For 𝜋-conjugated bridges, compounds like thiophene, benzothiadiazole, and benzene are favored as they extend light absorption into the near-infrared region [98], [109], [110]. Manik et al used e bianchoring structure containing N-alkyl attached 1, 8-naphthalamide derivative as a donor system and spiroBiproDOT as a π-spacer as organic dye which was synthesized by incorporating Suzuki coupling followed by Knoevenagel condensation which they recorded highest efficiency of 20.98% (Voc of 0.6 V, Jsc of 0.62 mA/cm2 , FF of 0.71) is achieved as the front-illuminated rigid DSSC is constructed by applying 8 μm TiO2 layer under 6000 LUX illumination compared to N719 under the same condition with efficiency of 19.69% [111]. Badawy et al prepared and investigated four triphenylamine organic sensitizers with D–π–A configurations. The effects of the donor unit (triphenylamine), π-conjugation bridge (thiophene ring), and various acceptors (phenylacetonitrile and 2-cyanoacetamide derivatives) were investigated. 4-(2-Cyano-3-(5-(4-(diphenylamino)styryl)thiophen-2-yl)acrylamido)benzoic acid had the highest ower conversion efficiency (PCE) to approximately 7.56% compared to other configuration [112]. Mahmoud et al also synthesized an organic dye using triphenylamine (TPA) moiety serves as the electron donor, while di-cyanoacrylamide and di-thiazolidine-5-one units serve as the electron acceptors and anchoring groups where they recorded PCE of 6.09% with  JSC and VOC were 14.13 mA cm−2 and 0.624 V, respectively [113]
NATURAL DYE
Natural dyes, derived from sustainable and environmentally friendly biological sources, have garnered attention in dye-sensitized solar cells (DSSCs) due to their abundance, non-toxic nature, and minimal environmental impact. Unlike synthetic dyes, which are optimized for stability and efficiency, natural dyes typically have lower chemical stability and light conversion efficiency. Nevertheless, they offer a promising path for experimental, low-cost, and eco-friendly energy applications. These dyes owe their light-harvesting capabilities to a variety of unique pigments, each contributing specific optical and chemical properties that enhance solar energy conversion. Exploring the properties of these pigments—such as their chemical composition, light absorption spectra, energy levels, and electron transfer capabilities—can deepen our understanding of how they function as sensitizers in DSSCs.
1. Anthocyanins
Anthocyanins are a significant class of natural pigments widely present in berries, grapes, red cabbage, and various flowers, known for their striking colors that range from red to blue, depending on pH levels [79]. Structurally, they are flavonoid compounds characterized by flavylium ion core with a C6-C3-C6 arrangement. The core anthocyanidin has hydroxyl and methoxy groups whose configurations influence pigment color. Glycosylation at the C3 position enhances water solubility and stability, while acylation of the glycoside sugars with acetic or caffeic acids further stabilizes the structure and intensifies coloration. Seventeen distinct structures of anthocyanins have been identified, classified based on the number and type of sugar molecules attached to their structures. Anthocyanins are structurally diverse compounds derived from anthocyanidins, distinguished by variations in their hydroxylation and methoxylation patterns on the basic anthocyanidin backbone. Six primary anthocyanidins—cyanidin, delphinidin, pelargonidin, peonidin, malvidin, and petunidin—form the core structures, each contributing distinct color properties and reactivity which is shown below. These anthocyanidins often undergo glycosylation and acylation, leading to a wide range of anthocyanin derivatives in nature. For instance, common glycosylated forms include cyanidin-3-glucoside, delphinidin-3-glucoside, pelargonidin-3-glucoside, peonidin-3-glucoside, malvidin-3-glucoside, and petunidin-3-glucoside. Further complexity arises with di- and tri-glycosides, where additional sugar molecules are attached, as seen in cyanidin-3,5-diglucoside and malvidin-3,5-diglucoside, among others. Certain anthocyanins also feature acyl groups such as acetic or caffeic acids, adding stability and influencing their bioactivity. Variants like petunidin-3-rutinoside and peonidin-3-rutinoside illustrate such modifications, which allow anthocyanins to perform varied roles in plant tissues, contributing not only to pigmentation but also to antioxidant functions and UV protection. This structural diversity of anthocyanins is essential for their wide range of functional and bioactive properties across different plant species. 
This unique chemical composition grants anthocyanins both water solubility and robust light-absorbing capabilities within the visible spectrum, especially between 500 and 600 nm, making them ideal for harnessing solar energy. The high reactivity of anthocyanin depends on its structure and some factors such as pH, temperature, light, oxygen, and enzyme. Their colors can vary dramatically with pH changes, which not only influences their visual appearance but also impacts their energy capture efficiency [114], [115]. Anthocyanins, vary in color and absorption intensity depending on pH, show different optical behaviors: red in acidic conditions, purple in neutral, and blue in alkaline environments.
The effect of pH on the electrical properties of dye-sensitized solar cells (DSSCs) using anthocyanin dyes extracted from hibiscus flowers was studied by Iren Juhasz Junger et al. Dye extracts with pH values ranging from 1.1 to 11.6 were tested to observe changes in open-circuit voltage and current density. Findings indicate that open-circuit voltages remain relatively stable for acidic pH values (between 1.1 and 4) but decline at higher pH levels. The current density, however, is more sensitive to pH changes, decreasing with increasing pH. At the original extract pH of 2.3, the current density was higher, declining as pH increased. Two factors contribute to this decline: first, the absorption spectrum of anthocyanins shows two peaks—at 300 nm and 521 nm. The peak at 521 nm is most critical for light absorption and electron excitation, yet its intensity decreases as pH rises, nearly vanishing around pH 5. Lower pH values increase this peak’s intensity, thereby improving current density by increasing available electrons. The second factor is dye adhesion to the TiO₂ surface, which appears weaker at higher pH levels. Desorption tests confirmed that, for pH values above 5, the dye binds less effectively, reducing its impact on the cell’s performance. By immersing TiO₂-coated plates in NaOH, the study measured dye desorption and found that the absorbance peak at 521 nm disappeared at high pH levels (around pH 13.25), confirming diminished dye adhesion. The amount of dye adsorbed on TiO₂ was highest at a slightly acidic pH of 2.9, as shown by absorbance comparisons. This suggests that acidic conditions optimize dye uptake and light absorption, enhancing DSSC efficiency [116]. Prabavathy et al nvestigates the extraction of anthocyanins from C. pulcherrima flowers using citric acid as a solvent, focusing on color changes and maximum absorbance shifts across 14 pH levels. A UV-vis spectrophotometer revealed that as pH shifts, the absorbance peak (λmax\lambda_{\text{max}}λmax​) changes from 520 nm to 565 nm, causing visible color changes. At a natural ethanol solution pH of 3.8, the extract appears orange, turning deep red at lower pH due to the stable flavylium salt form of anthocyanins. Increasing the pH to 5 renders the solution colorless, while higher pH levels lead to purple, and eventually yellow at pH 11, due to structural transformations in the anthocyanins. Results indicate that anthocyanins are most stable and yield the highest content in acidic conditions .[117]
Reza Hemmatzadeh and Abbas Jamali explores the use of natural anthocyanin-based dyes extracted from eggplant, red cabbage, and red onion as sensitizers for DSSCs and performance metrics like open-circuit voltage (VOC), short-circuit current density (JSC), and fill factor varied, with VOC ranging from 0.29 to 0.66 V, JSC from 1.36 to 6.14 mA/cm², and fill factors between 0.39 and 0.97 [118].
Isah et al extracted anthocyanin pigment from flame tree flower using water extraction method which is used as dye in DSSCs. It was observed that a distinct peak at 400 nm, highest absorbance at 440 nm and a broad absorbance band between 460 and 600 nm wavelength When adsorbed on TiO , it showed diminished from standard value of 2926.14 cm 2 is attributed to absorbance with distinct peaks at 410 and 520 nm asymmetrical and symmetrical vibration of O-H of carboxyl wavelengths [119]. Abdulsalami et al fabricated DSSCs using Roselle (Hibiscus Sabdariffa) as natural dye in which they compared the performance between crude and purified sample of Roselle (HSE and HSP respectively). The former has characteristic absorptions of 1.096 at  330  nm  and  0.211  at  540  nm, and the  latter,0.211  at  335  nm  and  0.334  at  540  nm. Shifts in  the wavelengths  of the  absorption (around  330 –350  nm)  and  a  characteristic  decrease  in  the  absorption between  the  HSE  and  HSP were  observed.  The  FT-IR  spectra  of  the  HSE  and  HSP  have  similar characteristic absorbances peculiar to OH, C=O, C-C double bond (both aliphatic and aromatic) andC-O HSP has two additional absorbances at 2365 cm-1and 2075cm-1. The spectra of the purified sample have bathochromic (red) shifts on the hydroxyl group and hypsochromic (blue) shifts on the benzene. The GC-FID chromatograms revealed the presence of six anthocyanidins and the spectra data showed the amount of the anthocyanidins in mg per 100 g of the sample. The results showed that delphinidin was in abundance, followed  by  cyanidin  in  both  samples.  The  quantities  of  the  delphinidin  increased  with  purity  of  the samples, while the others decreased with purity for both samples. The photovoltaic performances of HSE and  HSP  have  the  fill  factors  of  0.254  and  0.347  and  the  overall  efficiencies  of  0.118%  and  0.645% respectively [120].
Anthocyanins were extracted from fresh flowers of Acanthus pubscenes using methanol acidified by Okello et al studied the impact of different concentration on the performance of the DSSC which was observed the dye with 1.18mg/ml had the highest efficiency of 0.145% with fill factor of 0.582, Isc 5.33 mA/cm2 and Voc 0.468V [121]. Sirhan Al Batty and colleagues extracted natural dye from ber, blackberry, black grapes, and blueberry.  The anthocyanins property were checked on the four fruit in mg/100g and it was observed that there 302, 247, 235 and 192 respectively. These dyes were used as dye in application in DSSC and the ber (Zizi-phus mauritiana) dyes showed an excellent performance with efficiency of 1.194% with the fill facto of 0.523, Isc 5.71 mA and Voc 0.4V [122]. Tatiana Montagni extracted anthocyanins from blueberries using enthanol extraction which have peaks at 520 and 565nm  show the efficiency of 0.240%, FF 0.66, Voc 0.51V and Isc 0.71mAcm-2 [123]. 
Raja Ramamoorty et al showed that red tamarind (Tamarindus indica) contained anthocyanin pigment which had 0.14 % from anthocyanin dyesensitized solar cell [under standard Air Mass 1.5 illumination (85 mW cm-2 ) [124]. Gokilamani et al developed a dye-sensitized solar cell (DSSC) using the natural dye malvidin-3-fructoside, extracted from grape fruits via ethanol extraction. Upon incorporation into the TiO₂ film, the dye’s maximum absorption band shifted from 525 nm to 545 nm, indicating a strong interaction between the dye molecules and the TiO₂ surface. Malvidin-3-fructoside, an anthocyanin with polyphenolic structure, contains carboxylic and hydroxyl groups that enable effective bonding to TiO₂. The DSSC sensitized with this grape-derived dye demonstrated a short-circuit current density (Jsc) of 4.06 mA/cm², an open-circuit voltage (Voc) of 0.43 V, a fill factor (FF) of 0.33, and an overall efficiency of 0.55%.
Anthocyanins have favorable energy levels, with their highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) aligning closely with the conduction band of semiconductors like titanium dioxide (TiO₂) because presence of carbonyl and hydroxyl groups in its molecule structure that help the attachment into TiO2 layer, resulting in better energy conversion efficiency. This alignment facilitates effective electron injection when these molecules are photoexcited, an essential process for dye-sensitized solar cell (DSSC) applications. Known for their electron-donating capabilities, anthocyanins can efficiently transfer excited electrons to the semiconductor layer, although this transfer rate may be affected by the dye’s stability. Additionally, anthocyanins bind effectively with semiconductors through chelation, utilizing their carbonyl and hydroxyl functional groups to form stable bonds on the semiconductor surface.
Anthocyanins demonstrate significant promise as natural pigments for use in dye-sensitized solar cells (DSSCs) due to their deep color, efficient light absorption, and straightforward extraction methods. The intensity of their hue correlates with improved energy conversion, and their rich conjugated π bonds allow them to effectively capture and excite electrons under sunlight, driving higher efficiency. The extraction process—typically using water, alcohol, or acidified mixtures—offers an accessible, eco-friendly approach, underscoring the sustainability and cost-effectiveness of anthocyanins for solar applications. However, their practical implementation faces challenges, primarily related to photostability and electron transfer efficiency. Resolving these issues would not only enhance the performance of anthocyanin-based DSSCs but also narrow the performance gap between natural and synthetic dyes, paving the way for more sustainable, high-efficiency solar technologies.
Betalains
Betalains, a unique class of nitrogen-containing pigments derived from betalamic acid, are known for their vibrant red, violet, and yellow hues. These water-soluble pigments are categorized into two main subgroups: betacyanins, which produce red-violet tones, and betaxanthins, which provide yellow-orange colors. Found primarily in beets, cactus fruits, and some flowers, betalains absorb light efficiently in the 480 to 540 nm range, making them suitable for solar applications by capturing a substantial portion of visible light. Structurally, betalains contain amino compounds and immonium conjugates of betalamic acid with cyclo-Dopa (cyclo-3,4-dihydroxyphenylalanine). Variations in their amino acid composition and substitution patterns create distinct tonalities, contributing to their wide-ranging optical properties.
The energy levels of betalains are favorable for dye-sensitized solar cell (DSSC) applications, with the lowest unoccupied molecular orbital (LUMO) levels that facilitate electron injection into the semiconductor layer, typically TiO₂. Their highest occupied molecular orbital (HOMO) levels are also aligned to allow efficient redox regeneration, a necessary feature for DSSCs. Betalains possess high electron donation potential, although their electron transfer rate can be influenced by environmental conditions and structural stability. Despite their promising properties, betalains face challenges in maintaining stability over time, particularly due to degradation issues.
Betalains exhibit high extinction coefficients within the visible range (approximately 476–600 nm), allowing for effective light absorption in DSSCs. The presence of carboxylic functional groups in betalains supports strong binding to TiO₂ surfaces, facilitating electron injection. 
Raja Ramamoorthy and collaborators focused on utilizing betalain dyes extracted from cactus fruits (Opuntia dillenii) to fabricate dye-sensitized solar cells (DSSCs). These betalain-based DSSCs achieved a notable conversion efficiency of 0.47%. The absorption spectrum of the O. dillenii extract showed a peak at 517 nm, characteristic of betalain pigments. When the extract was adsorbed onto a TiO₂ photoanode, the absorption maximum red-shifted to 525 nm, suggesting an interaction between the dye molecules and the TiO₂ surface. This interaction, visible in the color change from red to deep violet, involved –COOH ligands on the betalain dye forming ester linkages with hydroxyl groups on the TiO₂. This bond facilitated electron transfer from the dye's lowest unoccupied molecular orbital (LUMO) to the conduction band of TiO₂, enhancing the cell's efficiency through rapid electron transfer. Performance metrics for the O. dillenii-based DSSC included a short-circuit current density (Isc) of 1.09 mA/cm², an open-circuit voltage (Voc) of 0.521 V, a fill factor (FF) of 0.69, and a conversion efficiency (η) of 0.47%, underscoring the potential of betalain dyes from Opuntia dillenii in solar cell applications [124].
Neha Patni and her team explored the potential of beetroot (Beta vulgaris) extract as a sensitizer in dye-sensitized solar cells (DSSCs). The extract exhibits a distinct absorption peak at 540 nm, attributed to its red-violet betalain pigment. Spectroscopic analysis revealed various functional groups in the B. vulgaris extract, including hydroxyl (OH), amine (NH), carboxyl (COOH), alkene (C=C), and phenyl ring modes. These functional groups contribute to effective dye-TiO₂ interaction, enhancing electron transfer in the DSSC. The DSSC using B. vulgaris extract achieved a power conversion efficiency of 1.29%, with a short-circuit current (Isc) of 12.7 mA, an open-circuit voltage (Voc) of 0.578 V, and a fill factor (FF) of 0.66, showcasing the efficiency and viability of beetroot dye for photovoltaic applications [125].
Kasim Uthman Isah and colleagues examined red Bougainvillea glabra flower dye extracts as natural dye sensitizers for DSSCs, testing the dye's effectiveness at three pH values (1.23, 3.0, and 5.7) with water as the extraction solvent. Their study found that DSSCs sensitized with the pH 3.0 extract showed the highest performance, with a photocurrent density (Jsc) of 3.72 mA/cm² and a fill factor (FF) of 0.59. In contrast, DSSCs with dye pH values of 1.23 and 5.7 exhibited Jsc values of 1.13 and 2.27 mA/cm² and fill factors of 0.43 and 0.61, respectively. Maximum power outputs (Pmax) were recorded at 1.64 mW/cm² for pH 3.0, compared to 0.50 and 0.94 mW/cm² for pH 1.2 and pH 5.7. The UV-Vis absorption spectra of the extracts revealed absorption peaks within the UV range, centered between 310 and 340 nm. The pH 5.7 extract showed the strongest peak at 330 nm, while the extracts at pH 3.0 and 1.2 peaked at 327 nm. In terms of absorbance intensity, the pH 5.7 dye showed the highest short-wavelength absorption, while the pH 1.23 dye demonstrated the lowest intensity in the long-wavelength range due to the degradation of betanin in strongly acidic conditions [126]. K.U. Isah, A.Y. Sadik, and B.J. Jolayemi investigated the use of Bougainvillea glabra flowers as a natural dye sensitizer in DSSCs, focusing on betalain pigments. The betalain-based device achieved a power conversion efficiency of 0.21%, with a short-circuit current density (Jsc) of 0.59 mA/cm², an open-circuit voltage (Voc) of 0.55 V, and a fill factor (FF) of 0.64. The betalain extract displayed prominent absorbance peaks at 430 nm and 500 nm, with the highest peak at 460 nm attributed to yellow-orange betaxanthins, showing a blue shift from 480 nm. Additionally, a broad absorption plateau from 520 to 560 nm indicated the presence of multiple violet-red pigments. Once adsorbed on TiO₂, the betalain dye showed two peaks at 390 nm and 410 nm, with diminished absorbance at longer wavelengths, underscoring its light-harvesting capabilities for DSSC applications [119].
K. Soni et al. utilized a natural betalain-containing dye extracted from beetroot as a sensitizer in their research on dye-sensitized solar cells (DSSCs). The configuration of their solar cell was designed as follows: FTO/TU0.75/Dye/Electrolyte/Graphite/FTO. In this setup, the performance metrics recorded were a short-circuit current density (Jsc) of 0.42 mA/cm², an open-circuit voltage (Voc) of 0.35 V, a fill factor (FF) of 0.61, and an overall efficiency of 0.36%. These findings highlight the potential of using natural dyes, specifically betalains from beetroot, in improving the efficiency of solar energy conversion technologies [127]. Heather V. Flint et al. conducted a study on pigments extracted from ayrampo seeds of the Peruvian-native prickly pear (Opuntia soehrensii) for use in dye-sensitized solar cells (DSSCs). The addition of citric acid was employed to stabilize the photosensitive dye, resulting in a notable efficiency of 1.41%. The current output remained stable over a period of seven days, demonstrating the potential for prolonged performance. Notably, under low-light conditions, the solar conversion efficiency of the devices increased to 4%. The performance metrics for the different sensitizers were as follows: AY1 exhibited an open-circuit voltage (Voc) of 0.48 V, a short-circuit current density (Jsc) of 1.27 mA/cm², and a fill factor (FF) of 0.75, yielding an efficiency of 0.45%. AY2 showed a Voc of 0.49 V, a Jsc of 0.88 mA/cm², and an FF of 0.68 with an efficiency of 0.29%. In contrast, the AY1 dye combined with citric acid showed a reduced Voc of 0.39 V, but a significantly enhanced Jsc of 7.21 mA/cm² and an FF of 0.50. Comparatively, the commercial N719 dye achieved a higher efficiency of 4.75%, with a Voc of 0.56 V and a Jsc of 15.4 mA/cm². The improved performance of AY1 is attributed to enhanced dye loading, resulting from reduced competition between the betacyanin pigments and other less photoactive compounds [128]. Chethan Reddy K et al. also investigated the use of betalain pigments extracted from beetroot (Beta vulgaris) as sensitizers in dye-sensitized solar cells (DSSCs). The UV-visible light absorption spectra of the betalain dye revealed a broad absorption band in the range of 530-550 nm, with a smaller hump at around 482 nm. The presence of purple-red betalain pigment, with its peak at approximately 540 nm, and yellow betaxanthin pigments, with a peak around 480 nm, accounts for these absorption features. The DSSC performance using this betalain pigment showed a short-circuit current density (Isc) of 0.94 mA/cm², an open-circuit voltage (Voc) of 0.31 V, a fill factor (FF) of 0.30, and an efficiency (η) of 0.874%. These results demonstrate the potential of betalain pigments from beetroot as a viable natural photosensitizer for solar energy applications [129].
S. Ranjitha et al. investigated the use of betalain extracted from Ocimum tenuiflorum (holy basil) as a photosensitizer in dye-sensitized solar cells (DSSCs). The betalain pigment demonstrated photoluminescence (PL) intensity peaks at 672.5 nm and 870 nm, and a sharp peak at 2000 cm⁻¹ in its vibrational spectrum. Computational analysis revealed that the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels of betalain were -4.75 eV and -1.95 eV, respectively, leading to a band gap of 2.70 eV. When used as a sensitizer in DSSCs, the betalain achieved a short-circuit current density (Jsc) of 1.72 mA/cm², an open-circuit voltage (Voc) of 0.5 V, a fill factor (FF) of 0.797, and an overall efficiency (η) of 0.38%. While the efficiency is relatively low compared to some commercial dyes, the results highlight the potential of Ocimum tenuiflorum betalain as a natural, bio-based alternative for use in solar cell applications [130].
Eli Danladi et al. investigated the use of betalain pigments extracted from Bougainvillea spectabilis in dye-sensitized solar cells (DSSCs). The absorption spectrum of the betalain pigment from Bougainvillea spectabilis exhibited a peak at 370 nm, indicating the presence of betalain pigments. Despite this, the DSSC fabricated with this betalain dye showed a short-circuit current density (Isc) of 0.093 mA/cm², an open-circuit voltage (Voc) of 0.433 V, a fill factor (FF) of 50.5%, and an efficiency (η) of 0.040%. These results highlight the relatively low efficiency of Bougainvillea spectabilis betalain pigments in DSSCs, possibly due to the limited absorption in the visible spectrum [131].

However, betalains have limitations, particularly due to their short singlet excited state (S1) lifetime, which causes rapid internal conversion and reduces electron injection efficiency. This short S1 lifetime often results in lower efficiencies and open-circuit voltages (VOC) compared to synthetic dyes, as well as a low electron injection quantum yield.
Overall, betalains present an attractive, eco-friendly alternative to synthetic dyes for DSSCs, combining broad-spectrum absorption and natural stability. However, improvements in structural stability and strategies to extend the excited-state lifetime are necessary to enhance their effectiveness and close the efficiency gap with synthetic counterparts.
Carotenoids
Carotenoids are a large family of naturally occurring pigments responsible for the rich orange, red, and yellow hues found in fruits and vegetables, such as carrots and tomatoes. Chemically, they are composed of long polyene chains with alternating single and double bonds—a conjugated system that enables them to absorb light in the blue and green regions of the spectrum, typically between 400 and 500 nm. This absorption characteristic broadens the overall light-harvesting range when carotenoids are combined with other pigments, making them valuable in applications like dye-sensitized solar cells (DSSCs) where efficient sunlight capture is crucial. Common types of carotenoids include β-carotene and lycopene, both of which exhibit this distinct light absorption in the blue-green region [132], [133].
Structurally, carotenoids have a C40 hydrocarbon backbone, forming a narrow HOMO-LUMO gap that facilitates electron excitation at lower energies, a quality beneficial for DSSCs. The lowest unoccupied molecular orbital (LUMO) level in carotenoids aligns effectively with the conduction band of semiconductors such as TiO₂, enabling efficient electron injection upon excitation. Carotenoids also exhibit rapid electron transfer rates due to their conjugated π-electron system, which stabilizes the excited state and promotes high electron mobility—a key feature for effective DSSC sensitization [134], [135].
In their natural roles, carotenoids not only act as light absorbers but also as protectors against cellular damage caused by excessive light and reactive oxygen species. These pigments excel as energy collectors and photosensitizers, positioning them as promising candidates for DSSCs. However, challenges arise from their chemical structure; long alkyl chains create steric hindrance, which complicates the assembly of semiconductor films. Additionally, carotenoids lack specific functional groups to anchor effectively to TiO₂, reducing their ability to stabilize the dye on the semiconductor surface [136]. 
Supriyanto et al. studied the use of natural carotenoid dyes extracted from tomatoes, carrots, and oranges for dye-sensitized solar cells (DSSCs) and examined their interaction with TiO₂. The highest efficiency among these dyes was achieved with tomatoes at 0.03%, attributed to the interaction between TiO₂ and the carboxyl –OH groups in the dye. This binding was confirmed by FTIR spectra, showing O–H stretching in all three dyes, with tomatoes at 2395 cm⁻¹ (84.8% transmittance), carrots at 2925 cm⁻¹ and 2856 cm⁻¹ (81.8% and 84.7%), and oranges at 2924 cm⁻¹ and 2854 cm⁻¹ (73.7% and 78.5%). Each dye exhibited absorbance peaks in the visible light range, indicating carotenoid content: tomatoes at 441 nm and 466.5 nm, oranges at 441 nm, and carrots at 433 nm and 472.5 nm. The similar peak ranges of 400-510 nm in the visible spectrum underscore the dyes' high carotenoid concentration, which enhances light absorption [137]. Wa Ode Nirwana Sari Halidun and colleagues examined the light-harvesting properties of natural dyes from Syngonium leaves, using a purification process called fractionation to isolate photosynthetic pigments, specifically β-carotene. The dye’s absorbance and energy gap were analyzed through UV-Vis spectroscopy and the Tauc relation. Under standard illumination conditions (100 mW/cm², AM 1.5), the dye-sensitized solar cell (DSSC) with fractionated dye achieved a short-circuit current density (Jsc) of 0.27 mA/cm², an open-circuit voltage (Voc) of 0.4 V, and a fill factor (FF) of 68.89%. Despite this, the cell’s overall efficiency remained low at 0.074%, attributed to weak interactions between the dye molecules and the TiO₂ surface [138].
Malihe Khalili and colleagues studied the effect of carotenoids extracted from saffron as natural sensitizers in dye-sensitized solar cells (DSSCs). They investigated how these saffron-based dyes influence electron transfer and the overall performance of the DSSCs. The results showed that saffron dye achieved an open-circuit voltage (Voc) of 0.51 V, a short-circuit current density (Jsc) of 0.17 mA/cm², a fill factor (FF) of 0.71, and an overall efficiency (η) of 0.06%. This demonstrates the potential of saffron carotenoids to act as natural sensitizers, enhancing electron transfer processes in DSSCs [139].
EKA Cahya Prima and colleagues explored natural dyes derived from the shells of tropical fruits Musa aromatica and Citrus medica var Lemon, utilizing them as sensitizers for dye-sensitized solar cells (DSSCs). Ethanol and water were used as solvents for the extraction process. DSSCs sensitized with carotenoid dye from Musa aromatica shell extract demonstrated a power conversion efficiency of 0.21%, an open-circuit voltage (Voc) of 0.614 V, a short-circuit current density (Jsc) of 0.280 mA/cm², a maximum power (Pmax) of 56 μW, and a fill factor (FF) of 0.43. In comparison, DSSCs sensitized with carotenoid dye from Citrus medica var Lemon shell extract achieved a lower efficiency of 0.05%, with Voc of 0.460 V, Jsc of 0.093 mA/cm², Pmax of 14 μW, and FF of 0.44. Spectroscopic analysis revealed that Citrus medica var Lemon had absorption peaks at 205.0 nm and 269.5 nm, whereas Musa aromatica displayed peaks at 209.5 nm and 271.0 nm, with slightly red-shifted absorbance compared to the lemon variety. Additionally, Musa aromatica exhibited stronger absorption in the visible region, covering a broader area than Citrus medica var Lemon, suggesting that it could capture a wider range of visible light, potentially contributing to its relatively higher DSSC efficiency [140].
Risa Suryana and colleagues investigated beta-carotene dye extracted from Daucus carota (carrot) as a sensitizer in dye-sensitized solar cells (DSSCs). The beta-carotene dye exhibited absorption within the 415-508 nm wavelength range. In terms of photoconductivity, the dye demonstrated values of 8.2×10−48.2 \times 10^{-4}8.2×10−4 (Ω.m)−1^{-1}−1 in the dark and 28.3×10−428.3 \times 10^{-4}28.3×10−4 (Ω.m)−1^{-1}−1 under illumination, indicating a significant increase in conductivity in response to light. The DSSCs based on beta-carotene achieved a maximum open-circuit voltage of 23.9×10−223.9 \times 10^{-2}23.9×10−2 V and a short-circuit current of 3.3×10−53.3 \times 10^{-5}3.3×10−5 A. However, the overall photo-to-electric conversion efficiency of the beta-carotene-based DSSC remained low at 12.5×10−412.5 \times 10^{-4}12.5×10−4%—a limitation attributed to the moderate light absorption and weak interaction between beta-carotene molecules and the TiO₂ photoelectrode surface [141].

Adedokun et al. explored the use of natural pigments from fruit peels of Musa paradisiaca (banana), Mangifera indica (mango), Punica granatum (pomegranate), and Ananas comosus (pineapple) as sensitizers for dye-sensitized solar cells (DSSCs). The optical spectra for Musa paradisiaca and Mangifera indica showed similar characteristics, with two main absorption peaks attributed to carotenoid compounds, observed between 400–500 nm. These peaks were located at 420 nm and 445 nm, with shoulder peaks around 402 nm and 475 nm, reflecting a broad light absorption range suitable for DSSC applications. FT-IR analysis confirmed the primary pigment in Musa paradisiaca, Mangifera indica, and Punica granatum extracts to be carotenoids. When applied in DSSCs, Mangifera indica extract demonstrated the highest power conversion efficiency at 0.024%, followed by Punica granatum at 0.010%, Musa paradisiaca at 0.009%, and Ananas comosus with the lowest efficiency at 0.002% [142].
Chlorophyll
Chlorophyll, the iconic green pigment responsible for photosynthesis in plants, algae, and cyanobacteria, plays a critical role in natural energy conversion by capturing sunlight and facilitating electron transport. Structurally, chlorophyll is a porphyrin-based compound containing a magnesium ion at its center (with chlorophyll-a having the formula C₅₅H₇₂MgN₄O₅). This metal-complex structure is central to its ability to capture light and transfer energy. There are several types of chlorophyll pigments, with chlorophyll-a (Chl-a) and chlorophyll-b (Chl-b) being the most prevalent. Chl-a exhibits a maximum absorption around 670 nm in the red region, while Chl-b peaks at 470 nm in the blue region, both effectively capturing light across the visible spectrum and imparting the characteristic green color to plants [143].
In terms of energy levels, the lowest unoccupied molecular orbital (LUMO) of chlorophyll is well-aligned above the conduction band of titanium dioxide (TiO₂), enabling efficient electron injection upon excitation. The highest occupied molecular orbital (HOMO) level is positioned favorably for electron regeneration by redox mediators, a necessary step in dye-sensitized solar cells (DSSCs). Due to its intrinsic role in photosynthesis, chlorophyll demonstrates strong electron transfer properties, making it a promising candidate for DSSC applications. However, chlorophyll is susceptible to photodegradation, limiting its long-term stability in solar cells. This instability, combined with challenges in anchoring effectively to semiconductor surfaces, presents obstacles to maximizing its performance in DSSCs [144].
The primary role of chlorophyll in gathering sunlight, transporting electrons, and converting solar energy into chemical energy is a natural advantage for DSSC applications, as its strong absorption peaks in the red and blue regions align well with visible light. Despite these strengths, the steric hindrance created by chlorophyll’s long molecular structure can hinder electron transport, reducing its electron injection efficiency into the semiconductor’s conduction band. Additionally, the absence of specific anchoring groups limits its capacity to adhere strongly to TiO₂, impacting electron transfer and energy conversion efficiency. Chlorophyll can absorb light from red, blue and violet wavelengths and obtains its color by reflecting the green wavelength. The strong absorption peaks in the visible region located at 420 nm and 660 nm wavelengths that can be used as a natural sensitizer in the visible light range [145].
Syafinar et al constructed DSSCs using chlorophyll extracted from spinach as a natural dye sensitizer. The chlorophyll extracted with distilled water demonstrated a broader absorption range across the visible light spectrum (400 to 720 nm) compared to ethanol-extracted chlorophyll. Notably, the chlorophyll extracted with distilled water also exhibited a lower band gap of 1.83 eV, along with a higher absorption coefficient of 1.59 km⁻¹, which supports effective light absorption and electron transition. The DSSC employing chlorophyll extracted with distilled water showed promising photoelectrochemical parameters, including an open-circuit voltage (Voc) of 440 mV, a short-circuit current (Isc) of 0.35 mA, and a fill factor (FF) of 0.49. The UV-Vis absorption spectra revealed that the chlorophyll extracted with ethanol had an absorption peak at 660 nm, while the chlorophyll extracted with distilled water peaked at 680 nm, both corresponding to the chlorophyll pigment. The lower band gap in chlorophyll extracted with distilled water (1.83 eV) compared to ethanol extraction (1.88 eV) suggests enhanced electron mobility, as a lower band gap allows electrons to move more efficiently from the valence to conduction band with minimal energy loss, thereby increasing the fill factor [146]. 
Ahmed M. Ammar et al. extracted chlorophyll from spinach leaves using acetone as a solvent. The chlorophyll exhibited two distinct absorption peaks at 662 nm and 431 nm, corresponding to chlorophyll's strong absorbance regions. The resulting dye-sensitized solar cell (DSSC) demonstrated a power conversion efficiency of 0.171%. The photovoltaic parameters included an open-circuit voltage (Voc) of 0.41 V, a short-circuit current density (Jsc) of 0.309 mA/cm², and a fill factor (FF) of 0.59. These values indicate moderate efficiency, with the high absorption peaks supporting effective light capture essential for DSSC performance [147].
Ji-Hye Kim et al. studied eco-friendly dye-sensitized solar cells (DSSCs) using chlorophyll dye extracted from spinach, comparing cells with a dye-electrolyte mixture to those with pre-adsorbed dye. The eco-friendly DSSCs with the dye-electrolyte achieved an initial efficiency of 0.044%, significantly higher than the 0.017% efficiency of the pre-adsorbed dye cells. Notably, after 1 hour of aging at room temperature, the efficiency of the eco-friendly DSSCs increased by 45% to reach 0.064%. This improvement was attributed to the time required for the aqueous electrolyte to fully wet the porous TiO2 surface and allow the dye molecules to equilibrate on the surface. This process increased the contact area between the dye, electrolyte, and TiO2, reducing series resistance and enhancing efficiency. For the dye-electrolyte DSSCs, the open-circuit voltage (Voc) increased from 0.31 V to 0.39 V, and the short-circuit current density (Jsc) rose from 0.28 mA/cm² to 0.35 mA/cm² after aging, while the fill factor was around 50% initially, adjusting slightly to 47.1% after 1 hour. In contrast, the DSSCs with pre-adsorbed dye had a Voc of 0.43 V, Jsc of 0.12 mA/cm², and a fill factor of 34.2%, resulting in a lower efficiency of 0.017%. The findings suggest that using dye-electrolyte directly can improve photovoltaic performance by enhancing dye adsorption and lowering series resistance [148].
Cari et al. investigated chlorophyll dyes extracted from spinach, grass jelly leaves, and broccoli for potential use in dye-sensitized solar cells (DSSCs). The chlorophyll dye extracted from spinach showed peak absorbances at wavelengths of 414 nm and 665 nm, while the broccoli extract displayed peaks at 468 nm and 662 nm. For grass jelly leaves, the absorbance peaks were at 416 nm and 672 nm. These dual peaks are characteristic of chlorophyll a and chlorophyll b, reflecting the ability of these natural pigments to absorb light effectively across different parts of the visible spectrum. In terms of photoelectrochemical performance after 24 hours, spinach chlorophyll showed a short-circuit current density (Jsc) of 0.00014 A, open-circuit voltage (Voc) of 0.54556 V, fill factor (FF) of 0.33339, and power conversion efficiency (PCE) of 0.072%. Broccoli chlorophyll achieved a Jsc of 0.00022 A, Voc of 0.56060 V, FF of 0.40919, and PCE of 0.069%. Meanwhile, grass jelly leaf chlorophyll exhibited a lower performance with Jsc of 0.00015 A, Voc of 0.28792 V, FF of 0.15150, and PCE of 0.013% [149]. Munandar et al. also extracted chlorophyll dye from green spinach and characterized its absorption properties. They observed distinct absorption peaks corresponding to chlorophyll's two main components: chlorophyll b, with a peak at 437 nm and an absorbance of 1.70171 a.u., and chlorophyll a, with a peak at 675 nm and an absorbance of 1.21214 a.u. These absorption peaks highlight the ability of chlorophyll pigments to capture light efficiently across different parts of the visible spectrum, with chlorophyll b focusing on the blue region and chlorophyll a on the red region. This makes green spinach extract a promising candidate for dye-sensitized solar cells (DSSCs) by utilizing its broad absorption spectrum to enhance light capture and potentially improve solar cell efficiency [150].
M A Ridwan et al conducted a research to investigate the use of chlorophyll pigment extracted from Sargassum sp. in dye-sensitized solar cells (DSSCs). The performance of these cells was evaluated under direct sunlight. The chlorophyll concentration in the acetone solution was measured at 61.176 mg/L. The results indicated an efficiency of 1.50%, with an open-circuit voltage (Voc) of 241 mV, a short-circuit current (Isc) of 2.9 x 10⁻⁴ mA, and a fill factor (FF) of 0.432 [151]. Sri Wuryanti also conducted a study about macro characterization of solar cells utilizing chlorophyll dye extracted from Syzygium paniculatum was analyzed. The research involved using leaves of different colors—red (SP-Red), green (SP-Green), and a red-green mix (SP-Mix)—to investigate their effects on solar cell performance. The voltage-current (IV) measurements, taken with a digital multimeter, revealed that the DSSC with SP-Green exhibited the best performance, achieving a short-circuit current density (Isc) of 0.0047 mA/cm², an open-circuit voltage (Voc) of 0.432 V, a fill factor (FF) of 0.749, and an efficiency (η) of 3.724%. Additionally, the maximum absorbance spectrum of the leaf pigments was recorded at a wavelength of 663 nm [152]. In the study by Ezike et al., natural dyes were utilized in the fabrication of dye-sensitized solar cells (DSSCs) using chlorophyll extracted from Talinum fruticosum (waterleaf), labeled as A, and Telfairia occidentalis (pumpkin leaf), labeled as B. The results indicated that sample A exhibited two absorption peaks, with a primary peak at 460 nm and an absorption wavelength range of 400-515 nm. The performance characteristics of the DSSCs revealed that Talinum fruticosum (A) achieved a power conversion efficiency (PCE) of 0.18%, with an open-circuit voltage (Voc) of 0.56 V. In contrast, the DSSC based on Telfairia occidentalis (B) demonstrated a slightly higher PCE of 0.20%, with a Voc of 0.69 V. The current density (Jsc) and fill factor (FF) for both dyes were also measured, showing Talinum fruticosum (A) with a Jsc of 0.65 mA/cm² and FF of 0.49, while Telfairia occidentalis (B) had a Jsc of 0.63 mA/cm² and FF of 0.46 [153].
In the research conducted by Amarachukwu N. Ossa and colleagues, dye extracts were prepared from Carica papaya leaves (labeled P) and black cherry (labeled B) fruit, both of which exhibited absorption features in the visible light region. The absorption peaks for the black cherry dye (B) were observed at 524 nm, while the papaya leaf dye (P) displayed a peak at 656 nm. The onset absorption wavelengths were found at 683 nm for the black cherry extract and 710 nm for the papaya extract. The papaya extract, rich in chlorophyll, showed strong absorption in the red region of the spectrum, particularly within the range of 550-650 nm, confirming the expected results. The optical energy band gaps of the extracts were determined to be 2.63 eV for the black cherry dye and 1.79 eV for the papaya dye, indicating that both dyes are capable of absorbing visible light, which is crucial for active materials in solar cells. This absorption in the visible region (400 to 780 nm) can be attributed to the presence of π bonds or non-bonding orbital atoms in the dye molecules. Additionally, the delocalization of the π bonds in the extracts resulted in a shift of the absorption spectra towards longer wavelengths, with the transition from black cherry to papaya dye extracts. The performance metrics of the dyes in solar cells indicated that the black cherry dye achieved a short-circuit current density (Jsc) of 1.56 mA/cm², an open-circuit voltage (Voc) of 0.38 V, a fill factor (FF) of 0.43, and an efficiency (η) of 0.25%. In contrast, the papaya leaf dye exhibited a Jsc of 1.77 mA/cm², a Voc of 0.40 V, an FF of 0.42, and an efficiency of 0.29% [154].
Urenyang I. Ndeze and colleagues fabricated dye-sensitized solar cells (DSSCs) using natural dye extracts from Shea and Baobab leaves as photosensitizers. These dyes demonstrated absorption in the blue-yellow region of the visible spectrum, with energy band gaps of 1.66 eV for Shea and 1.89 eV for Baobab. The Shea-based DSSC (SDSSC) achieved a power conversion efficiency (PCE) of approximately 0.25%, with short-circuit current density (Jsc), open-circuit voltage (Voc), and fill factor (FF) of 2.66 mA/cm², 0.158 V, and 0.596, respectively. Conversely, the Baobab-based DSSC (BDSSC) showed a lower PCE of about 0.11%, with Jsc, Voc, and FF values of 0.286 mA/cm², 0.676 V, and 0.592, respectively. The absorbance spectra for the dyes indicated peak wavelengths at 411 nm for Shea and 454 nm for Baobab. The Shea dye exhibited a broader wavelength absorption range from 378–479 nm, aligning well with the typical absorption range of chlorophyll. In contrast, the Baobab dye had absorption ranges of 434–494 nm and 664–677 nm, with peaks at 452 nm and 660 nm. This broader absorption capacity makes the Shea dye particularly effective as a photosensitizer for capturing light in DSSCs [155].
Anatol Degefa and colleagues investigated dye-sensitized solar cells (DSSCs) using natural dyes extracted from vegetables—specifically onion, cabbage, carrot, and tomato as dye —combined with ZnO nanoparticles (NPs) as photoanode. The vegetable extracts demonstrated characteristic absorption peaks, with notable maxima observed for onion (375 nm, bandgap 3.31 eV), cabbage (310 nm, bandgap 4.01 eV), carrot (338 nm, bandgap 3.68 eV), and tomato (343 nm, bandgap 3.62 eV). Among these extracts, tomato showed the highest efficiency at 0.12%, due to its effective light absorption and matching bandgap properties, while cabbage had the highest energy bandgap of 4.01 eV, potentially limiting its efficiency in light absorption compared to other extracts. Performance-wise, the best results were observed with tomato extract, which achieved a short-circuit current density (JscJ_{sc}Jsc​) of 6.01×10−4 A/cm26.01 \times 10^{-4} \, \text{A/cm}^26.01×10−4A/cm2, an open-circuit voltage (VocV_{oc}Voc​) of 0.36 V, a fill factor (FF) of 0.61, and overall power conversion efficiency (η\etaη) of 0.12%. Carrot followed with an efficiency of 0.08%, with higher fill factor values at 0.70, indicating stronger electron transfer characteristics compared to the other extracts [156].  Zainal Arifin et al. explored natural dyes from papaya leaves extracted using ethanol at 50°C to fabricate dye-sensitized solar cells (DSSCs). The papaya leaf extract DSSC showed an open-circuit voltage (Voc) of 325 mV, a short-circuit current density (Jsc) of 0.36 mA/cm², and an efficiency of 0.07%. DSSCs utilizing purified chlorophyll from the extract exhibited a higher Voc of 425 mV, Jsc of 0.45 mA/cm², and efficiency of 0.074%. Significantly, using Fe-chlorophyll as the sensitizer enhanced the DSSC's efficiency and stability, achieving a Voc of 500 mV, Jsc of 0.62 mA/cm², and an efficiency of 0.16%, which is approximately 2.5 times the efficiency of the crude chlorophyll DSSCs. These results demonstrate the potential of Fe-chlorophyll in improving the photovoltaic performance of DSSCs compared to other forms of chlorophyll dyes [157].
Adedokun et al. investigated the application of natural pigments extracted from the peels of Citrus paradisi (grapefruit), Citrus sinensis (orange), Citrus limon (lemon), and Citrus tangelo for use as photosensitizers in dye-sensitized solar cells (DSSCs). The steady-state photoluminescence (PL) spectra of these extracts showed consistent fluorescence peaks centered at 495 nm and 675 nm, with an additional shoulder at 725 nm, a response characteristic of pheophytin 'a'. The red shift observed in the dye extracts compared to chlorophyll derivatives further supports the presence of chlorophyll-like compounds in these fruit peel pigments. FT-IR analysis of the pigments revealed spectral similarities across the extracts, with notable broad bands at 3420–3435 cm⁻¹ (indicative of –OH groups in water and alcohols or N-H bands), a C-O-C vibrational peak at 1063 cm⁻¹ (associated with acids and carbohydrates), and CH stretching modes at 2924 cm⁻¹ and 2845 cm⁻¹. In terms of photovoltaic performance, the Citrus paradisi extract demonstrated the highest efficiency at 0.63%, followed by Citrus tangelo at 0.51%, Citrus sinensis at 0.36%, and Citrus limon with the lowest efficiency at 0.10% [158]. Adedokun et al. explored natural pigments derived from the peels of Carica papaya (papaya), Citrus lanatus (watermelon), Persea americana (avocado), and Solanum melongena (eggplant) as potential photosensitizers for dye-sensitized solar cells (DSSCs). UV-Vis absorption and photoluminescence (PL) analyses of these pigments showed absorption and emission characteristics similar to pheophytin 'a', with additional small distinctive features. The FT-IR spectra of the extracted dyes displayed structural similarities with pheophytin 'a', reinforcing their suitability as natural dye alternatives. In photovoltaic testing, the Carica papaya extract achieved the highest efficiency at 0.017%, while the DSSCs sensitized with Citrus lanatus, Persea americana, and Solanum melongena extracts yielded efficiencies of 0.013%, 0.010%, and 0.011%, respectively [159]. 
Curcuminoids
Curcumin, the primary pigment found in turmeric root, is a vibrant yellow compound with the chemical formula C₂₁H₂₀O₆. This pigment features a conjugated diketone structure, which is responsible for its striking color and contributes to its ability to absorb light effectively. Curcuminoids, which include curcumin and its derivatives, are known to absorb light primarily in the 400 to 500 nm range, encompassing portions of the blue and green regions of the spectrum. This property enhances their potential as natural dyes, particularly in applications like dye-sensitized solar cells (DSSCs) [160], [161]. In terms of energy levels, curcuminoids possess characteristics that are favorable for electron injection and redox regeneration. The lowest unoccupied molecular orbital (LUMO) of curcumin aligns well with the conduction bands of semiconductor materials, facilitating efficient electron transfer when the pigment is excited by light. [162], [163].
I.W. Estiningtyas et al. explored the use of combined natural dyes as sensitizers in dye-sensitized solar cells (DSSCs), using pairs of extracts including: (a) sappan wood and turmeric, (b) turmeric and beetroot, and (c) beetroot and turmeric. Turmeric, rich in curcumin—a bright yellow pigment—was extracted with methanol, showing an absorption spectrum between 350–470 nm, with a prominent peak at 427 nm. Among the dye combinations, turmeric and beetroot (combination b) displayed the broadest absorption range of 400–700 nm, with peak wavelengths near 422 nm at neutral pH and 421 nm at acidic pH. For combination (a), the sappan wood and turmeric dye mix at neutral pH showed an Isc (short-circuit current) of 1.7 x 10^-3 mA/cm², Voc (open-circuit voltage) of 382 mV, fill factor (FF) of 3.22%, and an efficiency of 2.09%. Under acidic pH, the Isc increased to 2.4 x 10^-3 mA/cm², Voc dropped to 241 mV, FF rose to 4.48%, and the efficiency reached 2.59%, highlighting the improvement in performance under acidic conditions. In combination (b) with turmeric and beetroot at neutral pH, the values recorded were Isc of 2.5 x 10^-3 mA/cm², Voc of 231 mV, FF of 3.64%, and efficiency of 2.10%. With an acidic pH, Isc was 1.73 x 10^-3 mA/cm², Voc was 417 mV, FF was 3.31%, and efficiency increased to 2.39%, again showing enhanced efficiency in an acidic environment. Finally, in combination (c) with beetroot and turmeric, the neutral pH performance exhibited an Isc of 1.7 x 10^-3 mA/cm², Voc of 403 mV, FF of 3.20%, and efficiency of 2.19%. At acidic pH, Isc increased to 2.23 x 10^-3 mA/cm², Voc decreased to 363 mV, FF improved to 3.35%, and efficiency reached 2.71%. Across all combinations, the acidic pH condition consistently provided the highest efficiencies, demonstrating the potential for optimized dye combinations in acidic environments to improve DSSC performance [164]. Basuki et al. studied the impact of sintering time on the efficiency of dye-sensitized solar cells (DSSCs) using turmeric dye as a natural sensitizer. They found that a sintering duration of 150 minutes yielded the best cell performance, as it resulted in large grains with an average diameter of 68.87 nm and a porosity area of 26.51%. These structural features were associated with the highest DSSC efficiency observed across different sintering times. The device’s performance parameters included an open-circuit voltage (Voc) of 0.64 V, a short-circuit current density (Jsc) of 0.47 mA/cm², and an overall efficiency of 0.2%. This study underscores how optimizing sintering time can enhance the photoelectrochemical properties of turmeric-based DSSCs [165].

The extended conjugation present in curcuminoids enhances their electron transfer capabilities, allowing them to participate actively in photochemical processes. However, their stability under prolonged light exposure can be a concern, as curcumin is prone to photodegradation. To maximize the performance of curcuminoids in solar energy applications, stabilization techniques may be required to protect the pigment from light-induced degradation.
Overall, curcumin stands out not only for its bright yellow color but also for its antioxidant properties, making it an attractive candidate for sustainable dye applications. Its natural abundance in turmeric root further supports its use in eco-friendly technologies, including DSSCs. As research continues to explore ways to enhance the stability and electron transfer efficiency of curcumin, its potential as a natural sensitizer in solar energy conversion systems remains promising.
Flavonoids
Flavonoids, a diverse group of polyphenolic compounds, are recognized for their structural versatility and significant role as natural pigments in plants. These compounds have a common C6-C3-C6 skeleton, consisting of two benzene rings connected by a three-carbon chain. Subtypes like quercetin and kaempferol, each distinguished by different hydroxyl group substitutions, exhibit distinct chemical behaviors that influence their effectiveness in dye applications. Flavonoids are notable for their yellow pigmentation and are found in various plant parts, including fruits, vegetables, flowers, stems, bark, and roots. These compounds contribute to the characteristic coloration of many plants and are essential in natural dye-sensitized solar cell (DSSC) research due to their light-absorbing properties and broad availability [166], [167].
In terms of light absorption, flavonoids generally capture wavelengths within the ultraviolet (UV) to visible spectrum, typically around 350 to 500 nm. This absorption range, combined with their strong coloration, makes flavonoids promising candidates for capturing solar energy. The energy levels of flavonoids, specifically the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), align reasonably well with the conduction bands of semiconductors like TiO₂, enabling effective electron transfer upon excitation. However, the efficiency of electron transfer can vary depending on the molecule's anchoring capability to the semiconductor surface. Flavonoids contain a π-electron system that enhances their electron-donating properties, which is beneficial for facilitating electron movement when used as sensitizers in DSSCs [168].
A Nasyori and F A Noor conducted an investigation into the UV-Vis and FTIR spectra to explore the effects of the concentration of red and yellow gambier extracts, prepared through maceration and evaporation from methanol. The study identified the absorbance wavelengths of both red and yellow gambier fruit extracts between 200 and 850 nm. The red gambier extract showed higher absorbance at 30% concentration, with notable peaks in the 250–300 nm range. Specifically, absorbance values were recorded at wavelengths of 250, 300, 400, 500, and 600 nm, reaching a peak at 992 nm. For the red gambier, the main absorption peaks occurred in the range of 431–655 nm, while for the yellow gambier, they appeared between 359–707 nm. The study concluded that these organic dyes have significant potential as sensitizers to absorb photons. The investigation also evaluated the photoelectrochemical performance of DSSCs using the red and yellow gambier fruit extracts. The highest efficiency was achieved with the yellow gambier extract at a 70% dye concentration, which resulted in a short-circuit current density (Jsc) of 1.064 mA/cm², a voltage of 0.649 V, a fill factor (FF) of 0.431, and an efficiency (η) of 3.2%. In contrast, the lowest efficiency (0.149%) was observed at 30% concentration of red gambier extract, with Jsc of 0.0488 mA/cm², Voc of 0.47 V, and a Vmax of 0.223 V [169]. 
Makbule Erdogdu et al. studied the performance of dye-sensitized solar cells (DSSCs) using a natural dye extracted from Hedera helix fruits, which contain flavonoid pigments. These pigments exhibit distinct light-harvesting properties due to their UV-Vis absorption characteristics, making them potential candidates as sensitizers in DSSCs. The researchers focused on comparing the effectiveness of two different ionic liquid-based redox electrolytes, EL1 and EL2, in the DSSC devices. The electrolyte EL1 is composed of a mixture of volatile solvents and uses the I⁻/I₃⁻ redox couple. It contains 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.1 M lithium iodide, 0.05 M iodine, 0.05 M guanidinium thiocyanate, and 0.5 M tert-butylpyridine, all dissolved in a mixture of valeronitrile and acetonitrile (in a 15:85 ratio). Devices using EL1 exhibited an excellent efficiency of 1.17%, with a short-circuit current density (Jsc) of 2.35 mA/cm², an open-circuit voltage (Voc) of 0.65 V, and a fill factor (FF) of 0.77. In contrast, the electrolyte EL2 is an ionic liquid consisting of 0.6 M BMII, 0.1 M lithium iodide, 0.01 M iodine, and 0.1 M tert-butylpyridine dissolved in 3-methoxypropionitrile. Substituting EL1 with EL2 resulted in a decrease in both Voc (0.52 V) and FF (0.47), while the Jsc increased from 2.35 mA/cm² to 3.04 mA/cm². Despite the increase in Jsc, the overall efficiency of the device using EL2 was lower at 0.75%, compared to the 1.17% efficiency observed with EL1 [170]. S. Shalini et al. explored the use of Kigelia africana flower extract, which contains anthocyanin as the predominant flavonoid pigment responsible for light absorption in the visible region, as a sensitizer for dye-sensitized solar cells (DSSCs). The study found that DSSCs fabricated with Na-doped TiO₂ exhibited higher conversion efficiencies compared to those using undoped TiO₂. For undoped TiO₂-based DSSCs, the device showed a Voc of 0.48 V, a Jsc of 5.0 mA/cm², a fill factor (FF) of 0.362, and an efficiency of 0.87%. However, the efficiency values increased as the dopant concentration of Na was increased. Specifically, the efficiency improved from 1.09% to 1.56% as the dopant concentration rose from 2% to 6%. This study highlights the effectiveness of Na-doped TiO₂ in enhancing the performance of DSSCs sensitized by Kigelia africana flower extract [171].
Flavonoids are further categorized into subgroups such as aurones, chalcones, anthocyanins, flavones, and flavonols, each with unique phenolic structures [172], [173]. Asres Dara Halala et al. explored the extraction, chemical composition, and electrochemical properties of natural pigments derived from the roots and flowers of Persicaria lapathifolia for use in dye-sensitized solar cells (DSSCs). The research optimized the extraction process by using acidified ethanol with acetic acid for flower extracts and hydrochloric acid for root extracts. The study demonstrated that the pigments from both parts of the plant had the potential to enhance DSSC performance. Spectroscopic analysis revealed distinct absorption peaks in the UV-visible range, with the root extract showing peaks at 462 and 654 nm, while the flower extract exhibited peaks at 535, 606, and 666 nm. Phytochemical analysis identified key compounds including anthocyanins, flavonoids, glycosides, and betacyanins in both extracts. Electrochemical tests, such as cyclic voltammetry, revealed oxidation potential peaks for both pigments, and the calculated HOMO and LUMO levels suggested that these pigments could help improve DSSC efficiency. The DSSCs using the flower extract as a sensitizer achieved an open-circuit voltage (Voc) of 0.649 V, a short-circuit current (Isc) of 3.8 mA, and an efficiency of 1.6335%. In contrast, the root extract-based DSSCs displayed slightly lower performance, with a Voc of 0.55 V, an Isc of 3.7 mA, and an efficiency of 1.33% [174].
The extent of phenyl ring oxidation affects the visible color of each flavonoid, as well as its electronic and optical properties. In addition to their role as pigments, flavonoids exhibit biological properties, such as anti-mutagenic, anti-oxidative, anti-carcinogenic, and anti-inflammatory effects. They also act as UV filters, which adds value to their role in solar applications by providing a degree of protection against UV degradation. Andery Lim et al. investigated the use of dye extracts from the skin samples of Canarium odontophyllum, a seasonal indigenous fruit from Borneo, in dye-sensitized solar cells (DSSCs). The extract contained three primary groups of flavonoid pigments: aurone (maritimein), anthocyanidin (pelargonidin), and anthocyanidin (cyanidin derivatives), each exhibiting distinct UV-Vis absorption properties and light-harvesting capabilities. When tested in DSSCs, the cyanidin derivatives demonstrated the highest power conversion efficiency at 1.43%, followed by aurone and pelargonidin with efficiencies of 0.51% and 0.79%, respectively. However, when used as a mixture, the C. odontophyllum skin pigments resulted in a lower efficiency of 0.68%, suggesting a masking effect of the pigments when combined. Acidification of the pigment mixture with concentrated hydrochloric acid improved the efficiency, increasing it from 0.68% to 0.99%. Column chromatographic separation of the pigments revealed three distinct colored bands: yellow (CS1), reddish-blue (CS2), and dark blue (CS3), with a minor peak at 651 nm. A broad peak in the range of 510–550 nm was observed, indicating the presence of anthocyanins. The absorption curves of CS2 and CS3, with peak positions at 530–533 nm and 536–538 nm, respectively, confirmed the presence of pelargonidin and cyanidin derivatives. The absorbance peaks identified for each flavonoid were as follows: CMB (mixture of flavonoids) at 280, 348, and 541 nm; CS1 (aurone) at 273, 336, 420, and 651 nm; CS2 (pelargonidin) at 273, 320, and 530 nm; and CS3 (cyanidin derivatives) at 280, 333, and 536 nm. This study highlights the potential of Canarium odontophyllum skin pigments, particularly cyanidin derivatives, as effective sensitizers in DSSCs [175].
Narid Prachumrak et al. introduced a novel photosensitizer extracted from Red Lotus petals (Nymphaea pubescens Willd.) using methanol as the solvent. Preliminary phytochemical analysis confirmed the presence of flavonoids in the methanolic extract but not in the aqueous extract. The petal dye displayed two main absorption peaks: one at 360 nm in the UV region and another at 540 nm in the visible region, suggesting effective light-harvesting potential. Notably, the dye exhibited a strong absorption band in water, with decreasing absorbance intensity in acetone, ethanol, and methanol, respectively. The maximum absorption wavelength at 540 nm in the visible range further highlighted the dye's capacity for efficient light capture. When used in dye-sensitized solar cells (NDSSCs), the Red Lotus petal dye in methanol achieved a power conversion efficiency (PCE) between 0.208% and 0.281%. The NDSSCs showed filling factors (FF) from 0.621 to 0.668, photocurrent densities (Jsc) ranging from 0.615 to 0.855 mA/cm², and photovoltages (Voc) between 0.506 V and 0.523 V, indicating the dye's potential as an effective sensitizer for solar cell applications [176]
Overall, flavonoids’ wide range, natural abundance, and light absorption characteristics make them viable candidates for experimentation in sustainable solar energy applications, particularly in DSSCs. However, improving their anchoring mechanisms and stabilizing electron transfer rates are essential steps toward maximizing their performance in practical applications.
Tannins
Tannins are complex polyphenolic compounds renowned for their astringency and strong binding properties, commonly found in tree bark, leaves, and certain fruits. These compounds have intricate structures comprising units of gallic acid and catechin, which contribute to their large molecular size. This structural complexity influences both their solubility and binding properties, making tannins effective in attaching to various surfaces. As natural pigments, tannins produce shades that range from brownish-yellow to reddish-brown, providing earthy hues when used in dye applications [177].
In terms of light absorption, tannins exhibit broad absorption across the ultraviolet (UV) and visible regions, allowing them to capture a wide range of light wavelengths. This absorption profile enhances their utility as natural dyes, although their complex molecular makeup can impact their photochemical behavior. The energy levels of tannins are generally sufficient for electron injection into semiconductor materials; however, they may not be as optimized for this purpose as simpler pigments. Despite this, the ability of tannins to facilitate electron transfer remains valuable, largely due to their π-electron systems, which contribute to their electron-donating capabilities.
Soner Çakar et al. investigated the effectiveness of various vegetable tannins—Turkish valonea, sweet chestnut, mimosa, and quebracho—and their iron (Fe) complexes as potential sensitizers in dye-sensitized solar cells (DSSCs). The hydrolysable tannins (valonea and chestnut) are characterized by high levels of aromatic hydroxyls and carbonyl groups bonded as glucose esters. The condensed tannins (mimosa and quebracho) also contain abundant aromatic hydroxyls but in lower quantities compared to the hydrolysable tannins. These chemical groups exhibit specific vibrational responses under infrared radiation, with the condensed tannin-Fe complexes displaying a strong absorption peak within the 450–600 nm wavelength range.
Among the solar cells tested, the Fe-valonea complex demonstrated the highest efficiency, reaching 0.99%. It was found that the Fe complexes of hydrolysable tannins, such as Fe-valonea and Fe-chestnut, showed a more intense absorption in the visible spectrum compared to the condensed tannins, due to their distinct chemical structures. Despite the structural similarity of valonea and chestnut tannins, the chestnut complex showed slightly lower efficiency, which is attributed to its reduced dye-loading capacity caused by steric hindrance.
The study also revealed that the open-circuit voltage (Voc) of some solar cells was enhanced due to the interaction between the conduction band of the ZnO photoanode and the charge recombination dynamics at the ZnO/dye/electrolyte interface. While the hydrolysable tannins alone exhibited no notable absorption across the spectral range, their Fe complexes demonstrated a broad band in the 400–700 nm range. This broad absorption is likely linked to the presence of gallic acid and hexahydroxydiphenic acid molecules within the Fe-hydrolysable tannin complexes, highlighting their potential as sensitizers in DSSCs [178].

One unique advantage of tannins is their strong binding capability, which results from their astringent nature. This allows them to adhere tightly to surfaces, making them particularly useful in dye applications where strong substrate attachment is essential. However, the structural complexity of tannins can present challenges, as it may hinder electron mobility and affect their efficiency in light-harvesting applications. In the context of dye-sensitized solar cells (DSSCs), the binding strength of tannins can help enhance dye stability, although further optimization is needed to improve their photochemical performance and electron transfer rates.
Overall, while tannins show potential as sustainable dye sources for DSSCs, their complex structures and photochemical behavior require careful consideration. Enhancing their electron transfer efficiency and ensuring compatibility with semiconductor materials are essential steps toward unlocking the full potential of tannins in solar energy applications. Their natural abundance and non-toxic nature, however, make them promising candidates for eco-friendly solar technologies.
Xanthophylls
Xanthophylls are a class of carotenoids characterized by their yellow pigmentation and are commonly found in green leafy vegetables, marigold flowers, and yellow fruits. Notable members of this group include lutein and zeaxanthin, which are both oxygenated carotenoids with the chemical formula C₄₀H₅₆O₂. These pigments play a crucial role in light absorption, particularly in the blue region of the spectrum (400 to 500 nm), complementing the absorption characteristics of chlorophyll and enhancing overall energy capture in photosynthetic organisms.
The unique chemical structure of xanthophylls, with their conjugated systems, facilitates efficient electron mobility. This property is essential for their function in photosynthesis, where they contribute to the transfer of excited electrons. The energy levels of xanthophylls are particularly favorable for use in solar energy applications. Their lowest unoccupied molecular orbital (LUMO) levels align well with semiconductor materials, allowing for effective electron injection, while their highest occupied molecular orbital (HOMO) levels are suitable for regeneration processes.
In combination with other pigments, xanthophylls significantly enhance the efficiency of light harvesting, which is vital for optimizing energy capture in systems like dye-sensitized solar cells (DSSCs). Their ability to absorb light in the blue region helps to broaden the absorption spectrum, making them valuable as sensitizers in solar energy applications.
Rossi et al. investigated the extraction and application of xanthophyll pigments, specifically capsanthin and capsorubin, from red pepper fruits for use as sensitizers in dye-sensitized solar cells (DSSCs). These xanthophylls contain hydroxyl groups that facilitate bonding with the TiO₂ layer, enhancing dye adherence and stability on the photoanode. In their study, three xanthophyll variants (Xanth. 1, Xanth. 2, and Xanth. 3) were tested for photovoltaic performance, with distinct open-circuit voltages (Voc), short-circuit current densities (Jsc), fill factors (FF), and efficiencies (η). Xanth. 1 exhibited a Voc of 478.43 ± 5.82 mV, Jsc of -1.12 ± 0.025 mA/cm², FF of 52.9 ± 0.57%, and an efficiency of 0.285 ± 0.007%. Xanth. 2 showed a lower Voc at 390.16 ± 2.74 mV but a higher Jsc of -1.29 ± 0.022 mA/cm², FF of 53.9 ± 0.5%, and an efficiency of 0.272 ± 0.226%. Meanwhile, Xanth. 3 achieved a Voc of 380.56 ± 3.03 mV, the highest Jsc at -1.51 ± 0.026 mA/cm², FF of 54.5 ± 0.54%, and an efficiency of 0.313 ± 0.009% [179]. Andery Lim et al. explored the use of chlorophyll and xanthophyll dyes extracted from the filamentous freshwater green algae Cladophora sp. as sensitizers in dye-sensitized solar cells (DSSCs). The study analyzed the photovoltaic performance of DSSCs sensitized with these algal dyes, focusing on key metrics such as open-circuit voltage (Voc), short-circuit current density (Isc), fill factor (FF), and overall efficiency. The xanthophyll-based DSSCs achieved a Voc of 0.610 V, an Isc of 0.104 mA/cm², a fill factor of 0.54, and an efficiency of 0.038%. This research highlights the potential of Cladophora sp. as a sustainable source for DSSC dyes, although the efficiency remains modest, suggesting opportunities for further optimization in bio-derived dye applications [180].
Overall, xanthophylls, with their bright yellow coloration and excellent light-absorbing capabilities, represent an important class of pigments that not only support photosynthesis but also hold promise for sustainable energy solutions. As research continues to explore their potential, xanthophylls like lutein and zeaxanthin may play a key role in advancing the efficiency of natural dyes and solar energy conversion technologies.
BENEFITS OF NATURAL
Natural pigments have become a subject of growing interest for applications in solar energy conversion and other technologies due to their inherent advantages over synthetic alternatives. Their environmental benefits, cost considerations, and widespread availability make them attractive for sustainable energy solutions, particularly in dye-sensitized solar cells (DSSCs). Below, these benefits are explored in detail.
1. Environmental Impact
One of the most compelling benefits of using natural pigments is their low environmental impact. Unlike synthetic dyes, which often require complex and energy-intensive chemical synthesis processes involving toxic reagents and solvents, natural pigments are derived from renewable biological sources such as plants, fruits, and microorganisms . This natural derivation results in minimal ecological disruption, as the extraction processes can be designed to use non-toxic, biodegradable solvents. Additionally, waste from the extraction processes can often be composted or repurposed, contributing to a circular economy [181], [182].
Moreover, natural pigments are biodegradable, reducing the risk of environmental contamination. In contrast, synthetic dyes can contribute to pollution when they leach into water systems during manufacturing or disposal, leading to long-term ecological damage. The use of plant-based sources also aligns with goals to reduce carbon footprints since these plants absorb CO₂ during their growth phase. Consequently, the production and application of natural pigments contribute to lower greenhouse gas emissions and overall environmental sustainability [183].
2. Cost-Effectiveness 
Cost-effectiveness is another advantage of using natural pigments, especially for applications in regions with limited financial resources. The production of synthetic dyes typically involves sophisticated facilities, specialized equipment, and significant investment in raw materials, leading to higher costs. In contrast, natural pigments can often be extracted using simple, low-cost methods that do not require advanced infrastructure. For example, anthocyanins can be extracted from readily available plant sources like berries or red cabbage using water or ethanol-based solvents. This simplicity makes natural pigments accessible for small-scale and community-driven projects [184].
Furthermore, the availability of raw materials locally reduces costs associated with transportation and importation. This localized approach can be especially beneficial for rural or developing regions that have abundant natural sources of pigments. The reduced need for extensive supply chains translates to lower overall production costs and supports local economies by involving local farming and harvesting activities [81].
3. Availability and Sustainability
The widespread availability of natural pigments is a significant factor in their appeal. Many natural pigments can be found in common plants, fruits, and other biological sources that are easy to cultivate and harvest. For instance, chlorophyll is present in nearly all green plants, while carotenoids are found in carrots, tomatoes, and leafy vegetables. The renewable nature of these sources means that they can be grown and replenished seasonally, ensuring a sustainable supply [123], [185].
Sustainability is further reinforced by the fact that many of these plants can be cultivated with minimal agricultural input. They do not necessarily require extensive use of fertilizers or pesticides, which reduces their environmental footprint. In many cases, agricultural by-products and waste can be repurposed for pigment extraction, adding another layer of resource efficiency and waste reduction [183].
4. Biocompatibility and Safety
An often-overlooked benefit of natural pigments is their biocompatibility and safety, which make them particularly attractive for use in applications where toxicity could be a concern. Natural dyes are generally non-toxic and pose little risk to human health, unlike some synthetic dyes that can be carcinogenic or harmful upon exposure. This safety feature extends the application of natural dyes to areas beyond solar energy, such as food coloring, cosmetics, and pharmaceuticals. This multi-purpose usage can further drive down the costs of production and extraction by diversifying the applications of the same pigment sources [186], [187].
5. Adaptability and Versatility
Natural pigments offer adaptability and versatility due to their varied chemical structures. With a wide range of pigment types—such as anthocyanins, chlorophyll, carotenoids, and curcuminoids—each with its own light absorption spectrum, researchers can optimize natural pigments for different applications. For example, combining different natural pigments can extend the range of light absorption, allowing for more effective energy capture in solar applications. This adaptability enables the customization of dyes to improve overall efficiency and effectiveness without relying on synthetic alternatives [78], [188].
Summary
The use of natural pigments presents a myriad of benefits that extend beyond their primary application in energy conversion systems. Their minimal environmental impact, cost-effectiveness, widespread availability, biocompatibility, adaptability, and cultural significance make them an attractive alternative to synthetic dyes. However, challenges such as stability, efficiency, and large-scale production must still be addressed to fully leverage these natural resources for modern technological applications. The pursuit of these improvements continues to align with the broader goals of sustainability and environmentally friendly innovation.
Factors Influencing Performance of Natural Dyes in DSSCs
The performance of natural dyes in dye-sensitized solar cells (DSSCs) is influenced by several interrelated factors that determine their efficiency, stability, and overall viability as light-absorbing materials. Understanding these factors is crucial for optimizing the use of natural dyes in solar cell applications. Below, we explore key elements that impact the performance of natural dyes: pigment concentration, adsorption properties, and stability and degradation.
1. Pigment Concentration
The concentration of pigment in the dye solution is crucial for maximizing the light-harvesting efficiency of DSSCs. A sufficient number of dye molecules on the semiconductor surface, commonly titanium dioxide (TiO₂), enhances the absorption of incident sunlight and promotes the generation of excited electrons. Higher pigment concentrations generally lead to greater light absorption, which translates into improved photocurrent generation. However, there is a fine balance to maintain: while an increase in pigment concentration initially seems advantageous, oversaturation can cause dye molecules to aggregate on the semiconductor surface. This aggregation can hinder electron injection and create electron traps, ultimately reducing the cell's efficiency. Thus, optimizing the dye concentration is essential to achieve maximum dye coverage without the drawbacks of aggregation. To improve concentration efficiency, strategies such as selecting the appropriate solvent to dissolve the natural pigment play a role, as it can improve the dye's deposition on the semiconductor surface, ensuring even coverage [189]. Additionally, careful control over the dye concentration and soaking time during the sensitization process helps create a uniform monolayer of dye molecules on the TiO₂ surface, balancing coverage and electron transport efficiency. A study by A. Nasyori and F. A. Noor demonstrated that the dye-sensitized solar cells (DSSCs) sensitized with yellow gambier fruit extract at a 70% dye concentration achieved the highest efficiency among various tested concentrations. This high efficiency was evidenced by a short-circuit current density (Jsc) of 1.064 mA cm⁻², a maximum current density (Jmax) of 1.114 mA cm⁻², an open-circuit voltage (Voc) of 0.649 V, a maximum voltage (Vmax) of 0.236 V, a fill factor (FF) of 0.431, and an overall efficiency (η) of 3.2%. In contrast, the red gambier fruit extract at a lower 30% concentration exhibited the lowest efficiency, recorded at η = 0.149%, with corresponding Jsc and Jmax values of 0.0488 mA cm⁻² and 0.258 mA cm⁻², respectively, along with Voc and Vmax values of 0.47 V and 0.223 V.[169] Also, In the study conducted by Zainal Arifin et al., chlorophyll extracted from papaya leaves was employed as a natural sensitizer for dye-sensitized solar cells (DSSCs). The chlorophyll dye was adsorbed onto the surface of TiO₂ nanoparticles by immersing them in the dye solution for 24 hours. This immersion process allowed dye molecules to bond with the TiO₂ surface, with the concentration of the dye solution found to be a critical factor in determining both the amount of dye loaded onto the TiO₂ and the efficiency of the DSSC. To quantify dye loading, a desorption method was utilized, which showed that increasing the dye concentration led to greater dye loading and enhanced power conversion efficiency. When the dye concentration was increased from 60 mM to 100 mM, both dye loading and power conversion efficiency improved significantly. Specifically, at 60 mM, the cell showed a power conversion efficiency (η) of 0.040% with a dye loading of 5.7 × 10⁻⁸ mol/cm². At 80 mM concentration, the efficiency increased to 0.074% with a dye loading of 9.8 × 10⁻⁸ mol/cm². The highest efficiency, 0.094%, was observed at 90 mM with a dye loading of 1.1 × 10⁻⁷ mol/cm², which was accompanied by a Jsc of 0.402 mA/cm², a Voc of 0.561 V, and a fill factor (FF) of 41.65%. Interestingly, at the highest concentration tested, 100 mM, the dye loading further increased to 1.3 × 10⁻⁷ mol/cm², although the efficiency slightly dropped to 0.049%, suggesting an optimal concentration threshold beyond which performance gains diminish [190]. This finding underscores the impact of both dye concentration and pigment type on the photovoltaic performance of DSSCs, highlighting that higher dye concentrations can enhance the efficiency when used with optimal pigment choices. 
 2. Adsorption Properties
The adsorption properties of natural dyes play a critical role in determining their effectiveness in binding to the semiconductor surface, which is essential for efficient electron injection into the conduction band of the semiconductor under sunlight [191]. Effective adsorption ensures that dye molecules are securely anchored to the surface, enabling stable electron transfer upon excitation. This binding strength is largely influenced by functional groups within natural pigment molecules, such as carboxyl (-COOH), hydroxyl (-OH), and carbonyl groups, which interact well with the semiconductor surface, particularly with TiO₂ [192]. These functional groups not only anchor the dye molecules effectively but also establish a pathway for electron injection, enhancing the efficiency of the cell [191].
However, weak adsorption can significantly hinder performance. If dye molecules are not strongly attached, they may desorbs during operation or exposure to electrolytes, which can reduce cell stability and efficiency [193]. Additionally, poor adhesion can impair electron transfer, limiting the overall photoelectric conversion efficiency of the device. To enhance adsorption, certain surface treatment techniques can be applied. For instance, pre-treating the TiO₂ surface with coupling agents or using linker molecules can increase the adsorption strength of natural dyes. Another approach is co-sensitization, where combining different natural dyes with complementary adsorption properties can improve overall dye coverage and light absorption capacity, resulting in a more efficient DSSC [192]..
3. Stability and Degradation
One of the primary challenges in utilizing natural dyes for dye-sensitized solar cells (DSSCs) is their susceptibility to degradation under prolonged sunlight and environmental exposure [90]. As organic compounds, natural dyes are vulnerable to photodegradation, oxidation, and chemical reactions with the electrolyte, all of which can reduce their light-absorbing efficiency and overall performance over time [188]. Photodegradation, for instance, occurs as UV light disrupts the molecular structure of dyes, leading to color loss and diminished absorption [194]. Anthocyanins, commonly used in natural dyes, are particularly sensitive to photodegradation in sunlight and degrade faster in neutral to basic pH environments, which limits their effectiveness in DSSCs. Fahmid Kabir et al. explored the use of a natural green dye extracted from spinach (Spinacia oleracea) as a sensitizer for dye-sensitized solar cells (DSSCs). The efficiency of the spinach dye-based DSSC was measured at intervals over time, beginning with an initial efficiency of 0.398% immediately after fabrication. This efficiency gradually decreased to 0.390%, 0.383%, 0.377%, and 0.371% after 48, 96, 144, and 192 hours, respectively. The study revealed that the degradation rate of the DSSC's efficiency also slowed down over time, indicating a decreasing rate of efficiency loss. Specifically, the degradation rates were 2.01%, 1.76%, 1.67%, and 1.48% for the time intervals of 0-48 hours, 48-96 hours, 96-144 hours, and 144-192 hours, respectively. This data suggests that while natural dyes like spinach extract can be effective in DSSCs, their efficiency gradually declines, though the rate of degradation may stabilize over time [195].
Oxidation presents another stability challenge; exposure to oxygen can alter the molecular structure of dyes, diminishing their electron-donating properties. This issue is further compounded by the electrolyte in DSSCs, which can accelerate oxidative reactions [196]. Addressing these challenges involves several strategies. One approach is the addition of antioxidants to the dye solution or electrolyte, which can reduce oxidation and improve dye longevity. Encapsulation techniques, such as embedding dye molecules in protective matrices or coatings, can shield them from direct UV exposure and electrolyte contact. Another approach, molecular engineering, involves modifying the molecular structure of dyes to include stabilizing groups or derivatives that resist photodegradation [197].
In comparison, synthetic dyes are engineered for high stability and extended operational lifespans, highlighting a stability gap between synthetic and natural dyes. This disparity remains a significant barrier to the commercial adoption of natural dyes in DSSCs, as natural dyes require additional stabilization measures to match the durability of their synthetic counterparts.
Conclusion: The performance of natural dyes in DSSCs is contingent on multiple factors, including pigment concentration, adsorption properties, and stability. While natural dyes offer environmental benefits and are derived from renewable sources, their application in DSSCs necessitates careful consideration of these influencing factors. Ongoing research is focused on developing techniques to optimize these aspects, such as improved extraction and purification methods, co-sensitization strategies, and chemical modifications to bolster stability and adsorption properties. Through these advancements, natural dyes may become a more viable option for sustainable and eco-friendly solar energy solutions.

Optimization Strategies for Enhancing the Performance of Natural Dyes in DSSCs
To maximize the performance and efficiency of natural dyes used in dye-sensitized solar cells (DSSCs), several optimization strategies can be employed. These strategies are aimed at improving light absorption, electron transfer, and overall stability. Below, we detail three effective optimization approaches: co-sensitization with multiple pigments, surface modifications of TiO₂, and the use of additives and co-adsorbents.
1. Co-sensitization with Multiple Pigments
Co-sensitization in DSSCs involves using two or more different natural pigments to create a broader and more effective light absorption spectrum. Individual natural dyes typically absorb light within specific and sometimes narrow wavelengths, so combining multiple dyes extends the range of light absorption from UV to near-infrared. This expanded absorption spectrum increases photocurrent and enhances the overall conversion efficiency of the DSSC. In co-sensitization, dyes with complementary absorption properties are carefully chosen and applied to the semiconductor surface, with each dye targeting different wavelengths of light to generate excited electrons. This strategic combination boosts photon harvesting and improves the conversion of light into electrical energy.
A primary challenge in co-sensitization is preventing the dyes from competing for the same adsorption sites on the TiO₂ surface. Balancing dye concentrations and selecting dyes with compatible chemical structures are essential to avoid desorption and aggregation issues that can undermine efficiency. For example, combining anthocyanins and chlorophyll can be particularly effective, as their absorption peaks vary within the visible spectrum, capturing a wider range of wavelengths. Overall, co-sensitization enhances DSSC efficiency by enabling dyes with both short and long wavelength absorptions to work synergistically and improve the photoresponse across a broader light spectrum.
2. Modifications of TiO₂ Surface
Surface modification of TiO₂ plays a vital role in enhancing the binding affinity of natural dyes and improving electron injection efficiency in DSSCs. By carefully modifying the TiO₂ surface, researchers can prevent dye aggregation, encourage uniform dye distribution, and create a more effective electron transfer pathway from the dye molecules to the semiconductor. Techniques for surface modification include chemical treatments, nanostructuring, and doping. Chemical treatment involves pre-treating TiO₂ with acids, bases, or surfactants to make the surface more hydrophilic and suitable for dye adsorption. Nanostructuring, on the other hand, involves creating nanostructures—such as nanorods, nanotubes, or mesoporous TiO₂—that increase surface area, allowing for higher dye loading and better light harvesting. Doping introduces foreign elements into the TiO₂ structure, which can alter its electronic properties and enhance electron transfer from the dye to the semiconductor.
Surface modification offers several advantages, including stronger dye attachment, reduced recombination losses, and improved electron transport within the semiconductor matrix. An example of effective surface modification is the use of phosphonic acids or silane coupling agents, which improve the binding of natural dyes with weaker adhesion properties, like flavonoids or carotenoids. Overall, these strategies are essential for optimizing the performance of natural dye-sensitized DSSCs by enhancing dye attachment and facilitating efficient electron transport.
3. Additives and Co-adsorbents
Adding co-adsorbents and additives to the dye solution or electrolyte in DSSCs plays a crucial role in enhancing dye stability, adsorption, and overall performance. Co-adsorbents are molecules that occupy spaces on the semiconductor surface, which prevents dye aggregation and ensures a more uniform distribution of dye molecules. For example, chenodeoxycholic acid (CDCA) is commonly used as a co-adsorbent on TiO₂ to space out dye molecules, facilitating more efficient electron injection and reducing energy losses caused by intermolecular interactions. Other co-adsorbents, such as tertiary amines and organic acids, are used to adjust the pH, stabilize the dye structure, and improve dye-semiconductor interactions.
In addition to co-adsorbents, certain additives in the electrolyte—like ionic liquids or redox mediators—help decrease the rate of dye degradation, thereby extending cell stability. These strategies bring multiple benefits, including reducing aggregation to allow for higher dye-loading capacity and better absorption properties, enhancing dye stability by protecting molecules from direct electrolyte contact, and optimizing electron transfer by minimizing charge recombination.
Practical applications include using CDCA with natural dyes such as anthocyanins or betalains to improve dye binding and distribution on the semiconductor. Similarly, incorporating antioxidants in the dye solution can slow photodegradation, which helps maintain the natural dye's durability under prolonged sunlight exposure, thereby increasing the operational life of the DSSC.
Conclusion
Optimizing the performance of natural dyes in DSSCs involves a multifaceted approach that includes co-sensitization with multiple pigments, surface modification of TiO₂, and the strategic use of additives and co-adsorbents. Each of these strategies helps enhance the dye's light absorption, binding stability, and electron transfer properties, ultimately contributing to the efficiency and long-term stability of DSSCs. Continued research into these optimization techniques is vital for bridging the performance gap between natural and synthetic dyes, making sustainable energy technologies more effective and accessible.
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