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Abstract: Dye-sensitized solar cells (DSSCs) have gained attention as an efficient and cost-effective 

alternative to conventional photovoltaic systems, owing to their unique capability to function effectively under 

diffused light conditions. It is future of green energy technology. The dye-sensitized solar cell (DSSC) is an 

emerging solar technology that harnesses visible light and transforms it into electricity using a 

photoelectrochemical system. This review focuses on recent progress in the fabrication and development of 

DSSCs, emphasizing efforts to enhance their efficiency, durability and environmental compatibility.  
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Introduction: - 

The global energy landscape is undergoing a substantial upheaval as countries strive to reduce carbon 

emissions and transition to more sustainable energy sources. Fossil fuels dominate the energy mix, with oil, 

coal, and natural gas accounting for 80% of global energy use. Nevertheless, the share of renewable energy 

sources is increasing, with renewable power production growing by 7% in 2020. The increasing availability 

of renewable energy sources, such as solar and wind power, presents an opportunity. Many countries have set 

targets for renewable energy adoption, as seen by the European Union’s goal of attaining 32% renewable 

energy by 2030. Some countries have implemented carbon pricing mechanisms to promote the shift away 

from fossil fuels. However, political instability and policy reversals might threaten sustainable energy growth 

[1-3].Solar energy represents the most readily available and plentiful energy source. We have now attained 

the capability to harness solar energy for many uses. It may be used for heating spaces in cold regions. Solar 

cookers are used in many homes for culinary purposes [4]. Solar energy may be captured using photovoltaic 

cells to provide electricity for vehicle operation and lighting. Considering this is a dependable energy source, 

it would be advantageous to construct economical methods for harnessing solar energy. Many scientists have 

contributed to the advancement of solar cell technology; nonetheless, Becquerel and Fritts are considered the 

pioneers of this discovery. The idea, honed over the years, has resulted in the present design of solar panels 

seen on many home roofs in our area [5].DSSCs are an intriguing class of third-generation photovoltaic 
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technologies, characterized by their low toxicity, versatility, lightweight composition, eco-friendly nature and 

advantageous power conversion efficiencies. Their chemical and physical features require refining to improve 

efficiency and commercialization [6]. A dye-sensitized solar cell (DSSC) generally comprises of a 

photoelectrode, a counter electrode, and an electrolyte. DSSCs imitate the energy transformation process of 

photosynthesis, but are engineered systems that use dyes and semiconductors to generate electrical energy 

from sunlight. Figure 1 depicts the fundamental structure of a DSSC [7]. 

Structure and Working Principle of DSSC: -  

The main components of a dye-sensitized solar cell (DSSC) include a nanocrystalline semiconductor film, dye 

sensitizers, an electrolyte medium, a transparent conducting slide and a counter electrode. Typically, 

nanocrystalline titanium dioxide (TiO2) films serve as the photoanode, while platinum and graphite used as 

counter electrode. The system is completed with an electrolyte solution containing the I3
-/I⁻ redox couple 

dissolved in an organic solvent, forming a sandwiched solar cell structure. The functioning of DSSCs is 

initiated when sunlight excites dye molecules, causing them to inject electrons into the conduction band of the 

semiconductor electrode. This process restores the dye’s original state through electron donation from the 

electrolyte, which usually contains the I3
-/I⁻redox system in an organic or ionic liquid solvent. The iodide ions 

in the electrolyte regenerate the dye while preventing the oxidized dye from recapturing the conduction band 

electron. The circuit is completed through the external load by the reduction of triiodide at the counter 

electrode. The voltage produced under illumination is determined by the difference between the Fermi level 

of the electrons in the semiconductor and the redox potential of the electrolyte. In general, electrical power is 

produced without any permanent chemical changes. These processes also allow for the recombination of 

conduction band electrons in the semiconductor with the oxidized dye or electron acceptors in the electrolyte 

solution [7, 8]. 

In solid-state DSSCs, the electrolyte solution is replaced by a wide band gap p-type inorganic semiconductor, 

such as copper iodide (CuI) or copper thiocyanate (CuSCN), or a hole-transporting organic solid like 

amorphous arylamine derivatives [9]. Here, the excited dye injects electrons into the n-type oxide, while hole 

injection into the p-type material facilitates dye regeneration. Recently, electrolytes containing the I3⁻/ I⁻ redox 

couple in organic solvents have also been explored as hole-transport materials. The fundamental working 

principle of liquid-electrolyte DSSCs aligns closely with that of their solid-state counterparts. 

The Dye-Sensitized Solar Cell (DSSC) is composed of several crucial parts that collectively convert sunlight 

into electrical energy. The basic components of a DSSC are as follows [10]. 

1. Transparent and Conductive Substrate: Dye-Sensitized Solar Cells (DSSCs) typically consist of two 

transparent conductive glass substrates, which act both as platforms for the semiconductor and catalyst layers 

and as current collectors. The most commonly used TCO material is Fluorine-doped Tin Oxide (FTO) and 

indium-doped tin oxide (ITO), which is transparent to light and allows efficient electron flow. 
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2. Photosensitizers: The next crucial element is the dye, which is a light-sensitive material that absorbs 

sunlight and undergoes a photoelectric reaction. This reaction excites the dye molecules, causing them to inject 

electrons into the conduction band of the adjacent Titanium Dioxide (TiO2) layer. The efficiency of DSSCs is 

largely determined by the properties of the dye, such as its light absorption characteristics, electron injection 

proficiency and stability. A wide range of organic and inorganic dyes have been explored, including natural 

dyes, metal-complex dyes, and porphyrin-based dyes.  

   

3. Working Electrode:  The working electrode (WE), which is most often comprised of  TiO₂ nanoparticles 

(anatase), collects electrons excited by the dye and functions as the semiconducting photoanode in dye-

sensitized solar cells. Its porous structure enhances the surface area for dye adsorption, maximizing light 

absorption and electron injection. The anatase form of TiO₂ is more advantageous for DSSCs than the rutile 

form, as it has a larger energy band gap of 3.2 eV. The working electrode of DSSCs can be fabricated using 

other semiconductors like Nb₂O₅, ZnO, and SnO₂ ( n-type), as well as NiO ( p-type) material. 

4. Counter Electrode: This electrode is placed opposite the photoanode and is responsible for completing the 

circuit. Counter electrodes (CE) in DSSCs are generally composed of platinum (Pt) or carbon material due to 

their superior catalytic and conductivity properties. The primary function of the counter electrode in DSSCs 

is to facilitate the reduction of the oxidized dye or triiodide ions in the redox mediator, which is essential for 

ensuring the ongoing operation of the solar cell. Although research into alternative materials is ongoing, 

carbon derived materials (graphene and carbon nanotubes), conductive polymers, and metal alloys for counter 

electrodes have shown promising results. 

5. Electrolyte: The iodide/triiodide-based electrolyte is fundamental in DSSCs, as it donates electrons to 

oxidized dye molecules, enabling dye regeneration and the completion of the electrical cycle necessary for 

ongoing operation. The electrolyte is located between the photoanode and counter electrode, facilitating the 

electron transfer between them. Generally liquid electrolytes are used, but gel electrolytes and solid-state 

electrolytes have gained attention to improve stability and prevent leakage. Now alternative redox mediators 

such as SCN⁻/SCN₂, Br⁻/Br3
- and bipyridine cobalt (III/II) complexes are also employed in DSSC designs. 
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Fig 1: Structure of a DSSC

 

Working Principle: The DSSC mechanism follows four primary steps: light absorption, electron injection, 

charge carrier transport, and current collection. The process of converting photons into electricity proceeds as 

follows [10]: 

1. Light Absorption: The photosensitizer absorbs incoming photons, exciting electrons from the dye’s 

ground state (S⁺/S) to its excited state (S⁺/S*). Most dye sensitizers absorb light within the 300-700 

nm wavelength range, correlated to energy of approximately 1.71 eV.While sunlight is the primary 

energy source for DSSCs, artificial light can also be used for excitation. Various artificial light sources, 

such as LEDs, fluorescent lamps, and halogen bulbs, emit photons capable of exciting the dye 

molecules, though their spectral distribution and intensity differ from natural sunlight. The efficiency 

of DSSCs under artificial lighting depends on the match between the emission spectrum of the light 

source and the absorption spectrum of the sensitizer. Under controlled indoor lighting conditions, 

DSSCs are capable of producing electricity even under low-light conditions, making them well-suited 

for low-power uses such as indoor energy harvesting and powering compact electronic devices. 

2. Electron Injection: The excited electrons, with lifetimes in the nanosecond range, are injected into 

the conduction band of the semiconductor TiO2 electrode, which lies at a lower energy level than 

the dye’s excited state. This injection process oxidizes the dye.                                                                                                       

                S⁺/S + Photon  → S⁺/S* 

         S⁺/S* → S⁺/S + e⁻(TiO2) 
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3. Electron Transport: The injected electrons move through the interconnected TiO2 nanoparticles and 

diffuse toward the back contact, which consists of a transparent conducting oxide (TCO). They then 

travel through the external circuit to the counter electrode. 

4. Regeneration and Charge Balance: At the counter electrode, the electrons reduce I3
- to I⁻, thereby 

restoring the dye to its ground state. The I⁻ions, in turn, undergo oxidation to regenerate I3
- , 

maintaining the redox cycle and sustaining continuous operation.                                                                                                    

                                                I₃⁻ + 2e⁻ → 3I⁻ 

Each of these components—Transparent Conducting Oxide( FTO), dye, TiO2, working electrode, counter 

electrode, and electrolyte—plays a vital role in ensuring the efficient functioning of the DSSC, from light 

absorption and electron injection to charge collection and regeneration of the dye[11].  

The energy conversion in DSSCs is a dynamic process that involving the coordination of both the photoanode 

and photocathode, which work in tandem to ensure efficient electron flow and charge regeneration. 

Electrochemical parameter of DSSC: The performance of the fabricated DSSCs is assessed through I-V 

characterization techniques. The following parameters are generally analyzed to calculated the efficiency of 

the  DSSCs[12]: 

1. Voc (Open-Circuit Voltage): Voc represents the maximum voltage a dye-sensitized solar cell can generate 

when no current flows through the circuit. It is identified from the I-V characteristic curve. 

2. Isc (Short-Circuit Current): Isc denotes the highest current output of the cell when the voltage across it 

is zero. 

3. Pmax (Maximum Power Point): The peak power output (Pmax) is determined from the product of voltage 

and current at a specific point known as the maximum power point. This is expressed as: 

Pmax = Vpp × Ipp 

 Vpp = voltage at the maximum power point,   Ipp = current at the maximum power point. 

4. Rch (Series Resistance): Characteristic resistance (Rch) is the inverse of the slope obtained from the I-V 

curve and is defined as the ratio of Vpp to Ipp. It represents the internal resistance of the cell during 

operation: 

Rch = Vpp / Ipp 

5. FF (Fill Factor): The fill factor (FF) is the ratio of the highest power output (Vpp × Ipp) to the product of 

open-circuit voltage (Voc) and short-circuit current (Isc). A higher fill factor indicates better energy 

conversion efficiency and stability. It is given by: 

FF = (Vpp × Ipp) / (Voc × Isc) 
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6. Efficiency (η): The power conversion efficiency (η) is a key performance metric of DSSCs, calculated 

using the following formula: 

 

                                         ŋ =
𝐹𝐹×𝐼𝑠𝑐×𝑉𝑜𝑐

𝑃𝑖𝑛
× 100% 

 Where, η = conversion efficiency of the cell 
 Voc = open circuit voltage (highest voltage when current is zero) 

 Isc = short circuit current (highest current when voltage is zero) 

 FF = Fill Factor 

 Pin = power input 

Recent Advances in DSSC: A Review: - 

The first dye-sensitized solar cell was developed by Professor Tsubomura and his team in 1976, using porous 

zinc oxide as the semiconductor material. Later, in 1991, Michael Grätzel and Brian O'Regan introduced an 

enhanced version of the dye-sensitized solar cell, achieving a conversion efficiency of 7.12% by utilizing a 

black dye. Although many researchers are actively working in the field of energy sector, making significant 

strides in solar energy conversion and storage, the efficiency of dye-sensitized solar cells (DSSC) has so far 

reached a maximum of only 15%. Therefore, this field requires more innovative approaches to enhance 

performance. 

Mishra et al. (2009) investigated current progress in molecular design and the technical aspects of metal-free 

organic dyes for use in dye-sensitized solar cells (DSSCs). Cosensitization, an innovative approach for 

expanding the absorption spectrum, was investigated as a means to improve device performance. Additionally, 

they disclosed results on inverted dyes for photocathodes, signifying an innovative approach to the production 

of tandem cells [13]. Tian et al. (2009) formulated and synthesized a novel metal-free "black dye" for 

panchromatic dye-sensitized solar cells (DSSCs). The dye enabled the attainment of broader efficiency over 

the whole visible spectrum [14].Miettunen et al. (2010) examined the stability of dye-sensitized solar cells 

using different metals as the photoelectrode substrate. DSCs with different grades of StS exhibited a rapid 

decrease in efficacy after a few hours of light exposure. Dye-sensitized solar cells demonstrated robust stability 

while using Inconel and titanium photoelectrode substrates [15].Yang et al. (2013) examined the influence of 

different concentrations of triazoloisoquinoline-based small molecules as coadsorbents on the monolayer of a 

TiO2 semiconductor and its effect on the performance of dye-sensitized solar cells (DSSCs). The results 

exposed that organic small molecules are a potential alternative for boosting the performance of dye-sensitized 

solar cells (DSSCs) [16]. 

Pashaei et al. (2015) performed an extensive investigation of unique alternative electrolyte shuttles in dye-

sensitized solar cells (DSSCs), emphasizing their numerous advantages, including enhanced conversion 

efficiency and non-corrosive properties [17]. Soni et al. (2015) investigated the current state and recent 

developments in photoelectrodes, photosensitizers, and electrolytes for dye-sensitized solar cells (DSSCs) 

[18]. Rokesh et al. (2015) presented a comprehensive overview of the elements of DSSC, along with an 

examination of their evolution and related challenges. Researchers have concentrated on different structural 

alterations in wide band gap nano-crystalline semiconductor materials to enhance electron mobility and 
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minimize recombination rates. Efforts have been successfully made to create new molecular dyes with broad 

absorption across the visible spectrum. Moreover, hole transport materials function as a viable substitute for 

redox couple-based liquid electrolytes, yielding robust solid-state dye-sensitized solar cells (DSSCs). This 

study also examined the sophisticated technology for the progression of efficient, stable, and adaptable DSSCs 

[19]. 

Jinchu (2016) investigated the effects of Lawsone dye and its metal complexes on dye-sensitized solar cells 

(DSSCs). The absorption spectra of Lawsone changes to longer wavelengths during complex formation. As a 

result, there is a significant improvement in Jsc and PCE[20].Cakar and Ozacar (2017) synthesized a novel 

quercetin and Fe-quercetin compound dye for use in dye-sensitized solar cells (DSSCs). Fe-quercetin metal 

complexes, serving as replacements to natural dyes, provide an innovative method for natural dye-sensitized 

solar cells (DSSCs), which often have poor conversion efficiency [21]. 

Murwani et al. (2022) produced a range of dye sensitizers derived from porphyrin and effectively examined 

the impact of metals on photovoltaic performance. A greater atomic number in metals correlates with an 

increased effective nuclear charge, resulting in enhanced photovoltaic performance. The maximum efficiency 

achieved by a solar cell was 4.65% [22].Ozacar et al. (2022) synthesized diphenylcarbazone and tartrazine 

with various metal complexes and assessed its applicability for DSSCs. UV-Vis spectroscopy was employed 

for dye characterization, while EIS was utilized to assess the performance of DSSCs [23].Parasuraman (2023) 

provided a summary of the current development of DSSC prototypes and products from leading companies 

[24].Kulkarni and Hegde (2024) elucidated the advancement of sensitizers in DSSCs. Efforts are undertaken 

to thoroughly delineate the diverse tactics pertinent to the molecular design of prospective dye molecules and 

the methodologies associated with cell construction. Researchers anticipated that this evaluation will act as a 

catalyst for researchers and stimulate further advancements in this domain [25].Korir et al. (2024) presented 

a succinct summary of recent advancements in the field of DSSCs, encompassing molecular engineering 

techniques, effective sensitizers, and improved electrodes. This study examined nanostructured materials 

utilized as photoelectrodes [26].Asmaa et al. (2024) delineated the components of DSSCs and articulated their 

primary function. Subsequently, researchers analyzed various approaches employing metal nanoparticles 

doped onto TiO2 as a photoanode and assess the impact of this dopant on the efficiency of DSSCs [27]. 

The continued development of new materials and optimization of DSSC architecture are expected to improve 

their efficiency, stability, and commercial viability, making them a promising technology for renewable 

energy generation in the future. As research progresses, DSSCs are expected to play a growing role in the 

future of green energy, supporting the shift toward cleaner and more sustainable energy options. 

Conclusion: DSSCs continue to demonstrate significant potential as a sustainable and cost-effective 

photovoltaic technology. The advancements in materials, particularly in dye sensitizers, photoanodes and 

electrolytes, have contributed to notable improvements in efficiency and stability. Innovations such as metal 

doping, green solvent, natural dye utilization and hybrid material integration have further expanded the 

applicability and environmental friendliness of DSSCs. However, challenges remain in scaling up production, 
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mitigating degradation and enhancing long-term performance. Addressing these issues through advanced 

fabrication techniques and sustainable material choices is critical for the widespread adoption of DSSCs in 

real-world applications. Dye-sensitized solar cells have recently emerged as a promising and evolving research 

field, unlocking new potential and shaping the future of solar cell technology. 

Reference: - 

1. IEA. World Energy Outlook 2021. IEA, Paris, 2021. https://www.iea.org/reports/world-energy-

outlook-2021. License: CC BY 4.0. 

2. Kumar, J., C.R., and Majid, M.A. “Renewable Energy for Sustainable Development in India: Current 

Status, Future Prospects, Challenges, Employment, and Investment Opportunities.” Energy, 

Sustainability and Society, vol. 10, no. 2, 2020. 

3. IEA. European Union 2020. IEA, Paris, 2020. https://www.iea.org/reports/european-union-2020. 

License: CC BY 4.0. 

4. Maka, O.A., and Albid, J.M. “Solar Energy Technology and Its Role in Sustainable Development.” 

Clean Energy, vol. 6, no. 3, 2022. 

5. Lincot, Daniel. (2017). The new paradigm of photovoltaics: From powering satellites to powering 

humanity. ComptesRendus Physique. 18. 

6. Chander AH, Krishna M, Srikanth Y. Comparison of different types of solar cells—a review. IOSR J 

Electr Eng. 2015;10(6):151–154. 

7. Agarwal R, Vyas Y, Chundawat P, Gehlot D, Ameta C. Outdoor Performance and Stability 

Assessment of Dye-Sensitized Solar Cells (DSSCs). In: IntechOpen; 2021. 

8. Sunarya, R. R., Hidayat, R., Radiman, C. L., &Suendo, V. (2020). Electrocatalytic activation of a 

DSSC graphite composite counter electrode using in situ polymerization of aniline in a Water/Ethanol 

dispersion of reduced graphene oxide. Journal of Electronic Materials, 49(5), 3182–3190. 

9. O’Regan, B., Lenzmann, F., Muis, R., & Wienke, J. (2002). A Solid-State Dye-Sensitized Solar Cell 

Fabricated with Pressure-Treated P25−TiO2 and CuSCN: Analysis of Pore Filling and I-V 

Characteristics. Chemistry of Materials, 14(12), 5023–5029. 

10. Sharma, K., Sharma, V., & Sharma, S. S. (2018). Dye-Sensitized Solar Cells: Fundamentals and 

current status. Nanoscale Research Letters, 13(1), 1-46. 

11. S.N., Karthick & Hemalatha, Kuzhandaivel & Balasingam, Suresh kannan& Franklin, Manik & 

Akshaya, S. & Kim, Hee-Je. (2019). Dye Sensitized Solar Cells: History, Components, Configuration, 

and Working Principle. 1-16. 

12. Hardani, H., Hendra, H., Darmawan, M. I., Cari, C., & Supriyanto, A. (2017). Fabrication of dye 

natural as a photosensitizers in dye-sensitized solar cells (DSSC). Journal of Physics Theories and 

Applications, 1(1), 21. 

13. Mishra A, Fischer M, Bäuerle P. Metal-Free Organic Dyes for Dye-Sensitized Solar Cells: From 

Structure-Property Relationships to Design Rules. Angew Chem Int Ed Engl. 2009;48:2474-2499. 

 



© 2026 IJRAR February 2026, Volume 13, Issue 1              www.ijrar.org (E-ISSN 2348-1269, P- ISSN 2349-5138) 

IJRAR26A2230 International Journal of Research and Analytical Reviews (IJRAR) www.ijrar.org 807 
 

14. Tian H, Yang X, Chen R, Hagfeldt A, Sun L. A metal-free “black dye” for panchromatic dye-sensitized 

solar cells. Energy Environ Sci. 2009;2:10. 

15. Miettunen K, Ruan X, Saukkonen T, Halme J, Toivola M, Huang G, Lund P. Stability of Dye Solar 

Cells with Photoelectrode on Metal Substrates. J Electrochem Soc. 2010;157. 

16. Lee CL, Lee WH, Yang CH. High Efficiency of Dye-Sensitized Solar Cells Based on Ruthenium and 

Metal-Free Dyes. Int J Photoenergy. 2013;2013:250397. 

17. Pashaei, B., Shahroosvand, H., & Abbasi, P. (2015). Transition metal complex redox shuttles for dye-

sensitized solar cells. RSC Advances, 5. 

18. Soni, V., Genwa, K.R., & Bose, S. (2015). Recent advances and future prospects for dye sensitized 

solar cells: A review. International Journal of Scientific and Research Publications (IJSRP), 5. 

19. Rokesh, K., Pandikumar, A., &Jothivnkatachalam, K. (2015). Dye-sensitized solar cell: A review. 

20. I, Jinchu. (2016). Lawsone dye complex: An efficient sensitizer for dye-sensitized solar cell. 

21. Çakar, S., &Ozacar, M. (2017). The effect of iron complexes of quercetin on dye-sensitized solar cell 

efficiency. Journal of Photochemistry and Photobiology A: Chemistry, 346. 

22. Darmokoesoemo, Handoko, Setyawati, Harsasi, Murwani, Irmina, Irfan, Muhammad, Adhitiya, 

Lucky, Ulfa, Afri, &Prasetia, Rahmad. (2022). Green light harvester by porphyrin derivative 

complexes: The influence of metal in photovoltaic on Dye-Sensitized Solar Cells. Results in 

Chemistry, 4, 100646. 

23. Ünlü, Burak, TÜRK, Serbülent, &Ozacar, Mahmut. (2022). Diphenylcarbazone and tartrazine as 

sensitizer metal complex dyes for dye sensitized solar cells. Eurasian Journal of Biological and 

Chemical Sciences, 5. 

24. Parasuraman, Dhanasekaran. (2023). A Review on Dye-Sensitized Solar Cells (DSSCs), Materials and 

Applications. Iranian Journal of Materials Science and Engineering, 20, 1-23. 

25. Kulkarni, Naveen, & Hegde, Vindhya. (2024). Sustainable Late Transition Metal-Based Dyes for Dye-

Sensitized Solar Cells. Comments on Inorganic Chemistry. 

26. Korir, Benjamin, Kibet, Joshua, & Ngari, Mwaniki. (2024). A review on the current status of dye 

sensitized solar cells: Toward sustainable energy. Energy Science & Engineering, 12. 

27. Yahya, Asmaa, Mahmood, Madeeha, Abdulhussein, Saif Aldeen, & Abdalhadi, Saifaldeen. (2024). 

Metals doped TiO2 nanoparticle as an efficient photoelectrode in dye-sensitized solar cells: A review. 

Nanochemistry Research, 9, 207-215. 

 


