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ABSTRACT
[bookmark: _Hlk208695945]Dye-sensitized solar cells (DSSCs) have attracted considerable attention as low-cost, solution-processable photovoltaic devices in which a photosensitizer adsorbed on a wide-band-gap semiconductor harvests sunlight and injects electrons into the semiconductor conduction band. The performance of a DSSC is therefore strongly governed by the optical absorption, energy-level alignment, electron-injection kinetics, regeneration efficiency, and stability of the sensitizer. This review summarizes recent advances in both metal-based and metal-free sensitizers for DSSCs, with emphasis on ruthenium polypyridyl complexes and organic donor–π–acceptor (D–π–A) dyes. The roles of anchoring groups, π-conjugated spacers, donor/acceptor engineering, aggregation suppression, and co-sensitization strategies are discussed in relation to photocurrent generation, open-circuit voltage, charge recombination, and overall power-conversion efficiency. The review also highlights the use of computational approaches, particularly time-dependent density functional theory (TD-DFT), to guide the rational design of next-generation sensitizers. Finally, key challenges and opportunities for improving efficiency, long-term stability, sustainability, and scalability of DSSC sensitizers are outlined.





INTRODUCTION
[bookmark: _Toc177051971]Energy Demand and Solar Light
It is generally believed that among the challenges mankind is facing is the security of future energy supply, especially now that the global demand is increasing due to the rapid increase of human population and developments of the society (Chu and Majumdar, 2012; Olsson, 2015). The world power consumption is now over 13 tera watts (TW) and has been estimated to reach above 27 TW in 2050 (Gur, 2024). The International Energy Agency (IEA) predicts that the electricity that will be generated based on renewable sources between 2019 to 2025 will increase by 50% (Newell et al., 2020).
The current primary source of energy (fossil fuels) needs to be substituted by cleaner and cheaper renewable energy sources to minimize the huge environmental and economic challenges the world is facing (Panwar et al., 2011; Owusu and Sarkodie, 2016). Many non-renewable energy sources were employed which proved to have caused a serious environmental disaster (Belaïd et al., 2019; Güney, 2019). 
267
[bookmark: _Hlk232976820][bookmark: _Hlk232976787]How to cite this article: Albashir Y., Gumel S. M., Sule E. E., Mansur B. I., Magaji L. & Hauwa Y. U. (2026). Dye-sensitized Solar Cells: Recent Advances in Materials, Electron Transfer Mechanisms, Sensitizer Engineering, and Future Directions. Journal of Basics and Applied Sciences Research, 4(3), 267-296. https://dx.doi.org/10.4314/jobasr.v4i3.28






Therefore, access to clean, cheap, reliable, and sustainable energy leads the way to the exploration of a large number of renewable energies, like, wind, solar, tidal, and geothermal etc (Rahman et al., 2022).
The abundance of solar energy makes it among the most favorable alternative energy sources in the future; it has already proven the capability of matching the world’s increasing energy needs with its unlimited quantity (Bazmi and Zahedi, 2011). Solar energy is completely clean and free which serves as a source of energy for every form of life (Chala and Alshaikh, 2023). It has been estimated that the quantity of solar energy reaching the earth in an hour can satisfy one year's energy needs (Şen, 2004; Chen, 2011).
[bookmark: _Toc177051972]Dye-Sensitized Solar Cells
DSSCs are unique cells capable of converting visible light to electricity through sensitization of wide band gap semiconductors (Rawal et al., 2015; Joseph et al., 2020). The history of dye-sensitized solar cells dates back to 1972 with the fabrication of a chlorophyll-sensitized zinc oxide (ZnO) electrode by Heinz Gerischer,





 Helmut Tributsch, and Melvin Calvin. Rhodamine B adsorbed on the ZnO electrode, was used to explain the processes of sensitization, the chlorophyll, ZnO monocrystals, and photosynthetic membrane were used. The sensitization process involves the movement of charge from the sensitizer to its conduction band in the form of an electron. The efficiencies obtained were poor (Muñoz et al., 2021).
In 1976 Carlson and Pankove developed the first amorphous silicon solar device having an efficiency of 2.4%, and it was later increased to 4% (Radue and Van Dyk, 2010).
Dye-sensitized solar cells (DSSCs) are considered as third generation photovoltaic devices with high potentials that have recently experienced breakthrough developments as part of the new environmentally sustainable photovoltaic technologies after the publication by O’Regan and Gra¨tzel in 1991, though; the idea dated back to the 19th century (Carella et al., 2018; O’Regan and Gra¨tzel, 1991).
For the last three decades, a dye-sensitized solar cell has drawn many types of research aimed at discovering their full capabilities (Rahman et al., 2023). A dye-sensitized solar cell consists of a union of suitable materials that use molecules to absorb visible light and separate the functions of light harvesting and charge transport (Hagfeldt et al., 2010). Another important advantage of DSSC is that the materials can be tailored on the molecular level (sensitizer) or nanoscale (TiO2 film) and also in electrolyte composition (Kaur et al., 2023). The components of the device and recent advances regarding the sensitizers will be herein presented.
[bookmark: _Toc177051973]DSSCs working principle
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Fig.1. Illustration of the working principle of DSSC
Firstly, when a photon is absorbed, the photosensitizer (S) transitions to its electronically excited state (S*) (equation 1). Subsequently, the excited photosensitizer (S*) can transfer an electron to the conduction band of the semiconductor TiO2 (equation 2) (Nalçakan et al., 2023; Li et al., 2015). This electron then moves through the mesoporous network of particles, reaching the back-collector electrode via the external load. Meanwhile, the oxidized sensitizer undergoes rapid regeneration back to its ground state facilitated by the redox mediator iodide (equation 3) This process results in a regenerative and stable photovoltaic energy conversion system without any net chemical reaction. The overall efficiency of the device depends on the compatibility and optimization of each constituent. 
[image: ]			
The recombination of the injected electron of the titania layer takes place either with the oxidized sensitizer (equationn 4) or with the oxidized redox couple at the TiO2 surface (equation 5) (Mohammad et al., 2015). 
[image: ]
If only the cited reactions occur, sunlight effectively drives electrons through the external circuit, resulting in the direct conversion of sunlight into electricity (Ganesh, 2015). However, it's important to note that the recombination of injected electrons is unavoidable during the electron transfer process in DSSCs (Mahalingam and Abdullah, 2016). Consequently, extensive research efforts have been dedicated to addressing this recombination issue. Finding effective ways to suppress the recombination of photocarriers remains one of the most daunting challenges in enhancing the conversion efficiency of DSSCs in future investigations (Benko et al., 2001).268

[bookmark: _Toc177051974]Electron injection
Early research efforts have focused on understanding how electrons are injected from the molecular excited state of the photosensitizer into the conduction band of the nanocrystalline metal oxide in DSSCs. These studies emphasize the critical role of an ultrafast electron injection process in achieving efficient DSSC performance (Glinka et al., 2021; Hara et al., 2005; Kitamura et al., 2004; Zimmermann et al., 2001). Generally, the mechanism behind ultrafast electron injection is often explained by the strong electronic overlap between the lowest unoccupied molecular orbital (LUMO) orbitals of the dye and the acceptor states on the metal oxide electrode, as well as factors like the distance between the dye and the acceptor (TiO2), and dye aggregation (Samanta et al., 2020; Asbury et al., 2003; Tachibana et al., 2002; He et al., 2002; Liu et al., 1997).
Large π-conjugated organic sensitizers such as coumarins and perylenes tend to aggregate on the TiO2 surface, resulting in lower electron injection efficiency and corresponding lower power conversion efficiency (PCE) due to significant quenching of dye excited states. To address this, one approach involves adsorbing dyes in solutions containing co-adsorbates like chenodeoxycholic acid, which helps disperse dye aggregates on the TiO2 surface, leading to improved cell efficiencies (Hua et al., 2013), Additionally, incorporating sterically hindered substituents (bulky groups) into dye structures, such as long alkyl chains and aromatic units, effectively suppresses dye aggregation by disrupting intermolecular π–π stacking interactions (Cio et al., 2009).
[bookmark: _Toc177051975]Charge recombination
The recombination reaction in dye-sensitized TiO2 nanoparticles, also known as back electron transfer, occurs within the time domain of hundreds of microseconds to milliseconds (Du and Weng, 2007). This charge recombination significantly impairs photovoltaic performance. To mitigate this drawback, extensive efforts have been dedicated to optimizing the molecular structure of organic dyes by controlling their molecular orientation and assembly modes on the TiO2 surface (Sil et al., 2024).
Studies indicate that introducing bulky groups, long hydrophobic alkyl, and alkoxy chains on the donor (D) moiety, or/and π-bridges effectively obstruct the approach of hydrophilic I3− ions to the TiO2 surface, thereby suppressing charge recombination. This leads to an increase in electron lifetime and Voc value (Hua, 2014). 
[bookmark: _Toc177051976]Dye regeneration
Efficient dye regeneration is essential for the optimal functioning of a DSSC. In a DSSC, the electrolyte contains a redox mediator (Wang et al., 2012). The reduced form of this mediator must regenerate the dye ground state before back electron transfer can occur. Ideally, this redox mediator should not absorb light to prevent losses in photon-to-current efficiency (Saygili et al., 2019). The initial successful interception of a Ru(III) complex cation by iodide was attributed to a mechanism involving the prior formation of ion pairs (Swords et al., 2015; Troian-Gautier et al., 2016; Fitzmaurice and Frei, 1991).
In general, effective regeneration of oxidized sensitizer occurs when the oxidation potential of a sensitizer is more positive than the redox potential of triiodide/iodide (I3ˉ/Iˉ) (0.4 V). Many organic oxidized sensitizers can be rapidly regenerated by iodide, leading to good photovoltaic performances (Hua, 2014). However, the main drawbacks of using iodide-based liquid electrolytes are potential device leakages and the corrosive nature of iodine (Ebenezer and Dotter, 2023). Consequently, efforts have been directed towards replacing this liquid electrolyte with alternative redox systems (Li et al., 2020).
Fast dye regeneration kinetics have also been observed for new one-electron redox mediators based on certain cobalt(II)/cobalt(III) complexes in DSSCs. For instance, Cobalt(II)-bis[2,6-bis(1′-butylbenzimidazol-2′-yl)-pyridine] (Co(dbbip)22+) exhibited dye regeneration times in the microseconds range and regeneration efficiencies exceeding 0.9 (Nusbaumer et al., 2001; Nusbaumer et al., 2003). The recombination dynamics between the injected electron and the oxidized mediator closely resemble those of the I3ˉ/Iˉ redox couple, making it a promising candidate to replace this widely used system in DSSCs.
[bookmark: _Toc177051977]
KEY EFFICIENCY PARAMETERS OF DSSCS
The performance of DSSCs relies on several experimentally measurable parameters, including incident-photo-current conversion efficiency (IPCE), photocurrent (Jsc), photovoltage (Voc), fill factor (ff), and overall solar energy to electricity conversion efficiency (η). These photovoltaic parameters are discussed below.
[bookmark: _Toc177051978]Incident-photo-current conversion efficiency (IPCE)
IPCE serves as a quantum-yield metric for the entire charge-injection collection process, evaluated using a single wavelength source. It is defined as the ratio of photo-electrons traversing the external load to the incident photons as a function of excitation wavelength. IPCE can be expressed as the product of light harvesting efficiency (LHE(λ) = 1 – 10^(-A)) at wavelength λ, the quantum yield of electron injection (Φinj) from the excited sensitizer into the conduction band of the TiO2 electrode, and the efficiency of electron collection (ηcoll) at the FTO glass (Chen et al., 2013).
IPCE(λ) = LHE(λ) * Φinj * ηcoll (equation 6)
Therefore, IPCE is directly linked to the quantity of adsorbed dyes on the TiO2 surface (or LHE), the efficiency of electron injection into the conduction band of the TiO2, and the efficiency of electron collection in the external circuit under monochromatic illumination of the cell (Ellis et al., 2022).269

[bookmark: _Toc177051979]Open-circuit photocurrent (Jsc)
Jsc represents the photocurrent per unit area (mA cm^-2) when a DSSC is short-circuited under irradiation. It can be obtained by integrating the IPCE spectra, as shown in equation 7 (Rathi, 2013).
[image: ]
Where Is (λ) is the photon flux at wavelength λ under standard AM 1.5 simulated sunlight. Therefore, achieving a high Jsc value necessitates ideal molecular designs of organic dye sensitizers with characteristics such as intense and broad sunlight-harvesting capability, as well as strong interactions between dye sensitizers and TiO2 surfaces (Dell'Orto, 2012).
[bookmark: _Toc177051980]Open-circuit photovoltage (Voc)
Voc represents the difference in electrical potential between two terminals of a cell under illumination when the circuit is open. It can be expressed by equation  8 (Park et al., 2022).
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Where e is the elementary charge, n is the number of electrons in TiO2, kB is the Boltzmann constant, T is the absolute temperature, Ncb is the effective density of states, and Eredox is the redox potential of the redox couple. The maximum Voc value of a DSSC corresponds to the difference between the energy level (Ecb) of the conduction band of TiO2 and the redox potential of the electrolyte (I3ˉ/Iˉ). However, the actual Voc value is lower than the theoretical value due to the recombination of injected electrons with I3ˉ ions in the electrolyte and with dye cations (Ata Ur Rahman et al., 2021).
[bookmark: _Toc177051981]Fill factor (ff)
The fill factor (ff) is a crucial parameter for a solar cell and is related to the maximum power output (JmpVmp) divided by the product of Jsc and Voc, as shown in equation 9 (Mugayel, 2022).
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The fill factor is determined from the J/V curve and indicates how much of the area of the rectangle for JscVoc is filled by that described by JmpVmp. While the maximum ff value is 1, achieving this value is challenging due to various factors such as sheet resistances of the substrate and counter electrode, electron transport resistance through the photoanode, ion transport resistance, and charge-transfer resistance at the counter electrode. Therefore, careful fabrication of the cell is crucial for attaining high photovoltaic performance (Halal et al., 2022).
[bookmark: _Toc177051982]Solar energy-to-electricity conversion yield (η)
The light-to-electrical power conversion efficiency of a solar cell (η) is determined by Voc, Jsc, ff, and I0 (generally AM 1.5, 100 mW cm-2), as shown in equation 10 (Otakwa, 2012).
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To achieve a higher η value, optimization of the Voc, Jsc, and ff values of the cell is essential. Over time, η values have been gradually improved through the design of efficient organic sensitizers (Iyer, 2021).
[bookmark: _Toc177051983]COMPONENTS OF A DYE-SENSITIZED SOLAR CELL
The DSSC consists of different components, including a transparent conducting glass substrate, TiO2 nanoparticles, sensitizer, electrolyte, and counter electrode.
Among all the components of dye-sensitized solar cells, the sensitizer is the most crucial part (Rahman et al., 2023). It imitates the role of chlorophyll in the plant because it influences the efficiency and the stability of the cells (Wang et al., 2022). Researchers have tested different types of sensitizers, including natural and synthetic dyes, to identify their ability to convert light into electricity (Shalini et al., 2016). However, the dye-sensitized solar cells developed using natural dyes suffer from very low efficiencies while the synthetic dyes are expensive in terms of synthetic route and utilization of heavy transition metals (Mariotti et al., 2020).
Transition metal-based compounds (Ruthenium Polypyridyl complexes) have been employed as successful sensitizers, due to their strong charge-transfer absorption over the visible light spectrum with high efficient metal-to-ligand charge transfer (Di Cheng et al., 2022). However, the Ruthenium polypyridyl complex is undesirable and harmful to the environment (Villemin et al., 2019), and also the synthesis is complicated and costly (Paul, 2012).270
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Fig 2 Components of the DSSC
[bookmark: _Toc177051984]
Transparent conducting glass substrate
DSSC structure consists of two layers of transparent conducting glass that supply a substrate for the deposition of the catalyst and the semiconductor (Francis and Ikenna, 2021), it also acts as a current acceptor, the glass substrate should be highly transparent in the visible region to allow enough sunlight pass through, to the active area of the device (transparency > 80%) (Liu et al., 2020).
The electrical conductivity of the substrate dictates the efficiency of DSSCs because it minimizes energy loss and also helps to obtain high efficient charge transfer (Yun et al., 2016). It should have a low sheet resistance of between 5-15Ω with a high-temperature resistance of between 450-5000C that is employed during the sintering process of the TiO2 layer and the ability to prevent water and oxygen from entering into the device (Muchuweni et al., 2020). This layer is important because it allows sunlight to pass through the cell while conducting electron carriers to the outer circuit. Due to their thermal, optical, and mechanical stability, soda-lime glasses are the dominant substrate for DSSCs but failed the flexibility test (Li et al., 2021).
Transparent Conductive Oxide substrates are adopted, including Fluorine-doped or Indium-doped tin oxides (FTO or ITO), because of their electrical conductivity and optical transmittance with optimal sheet resistance (Habis et al., 2022).
ITO is a rare, toxic, and expensive metal material with poor thermal stability (Miettunen and Santasalo, 2021), FTO is preferred as a conducting glass substrate for DSSC by some research groups but its mechanical brittleness limits its usage. Aluminum-doped zinc oxide (AZO), which satisfies both requirements is widely studied due to the materials are cheap, nontoxic, and easy to obtain (Kumar et al., 2023). ITO performs best among all the Transparent Conductive Oxide substrates, it’s transmittance is over 80% with a sheet resistance of 18 Ω/cm2, but Fluorine Transparent Oxides (FTO) films have almost 75% transmittance in the visible region with 8.5/cm2 sheet resistance (Andualem and Demiss, 2018). 
Plastic foils and metal sheets were investigated as alternative materials to overcome/reduce most of the problems encountered while using glass substrate. Conductive plastics, ITO-PET (indium tin oxide coated polyethylene terephthalate sheets) and ITO-PEN (indium-doped tin oxide coated polyethylene naphthalate sheets), are cheap, flexible, and shallow but Metals substrates are mechanically tough, inexpensive and have a superior electrical conductivity than all other substrate materials (Baptista et al., 2012).
[bookmark: _Toc177051985]Semiconductor as the photo electrode
The material where low concentrations of charge carriers are generated by either chemical doping, photo-excitation, or thermal processes is called a semiconductor (Anandan et al., 2010). The important role a semiconductor oxide plays in DSSC is giving the surface area for adsorption, acceptance of the electrons, and then transporting the electrons to the external circuit for the production of an electric current (Cavallo et al., 2017). The rate of transporting electrons relies on the crystallinity, morphology, and surface area of semiconductors as such it affects the efficiency of DSSCs (Jena et al., 2012).
Solid materials fall into three categories, conductors, semiconductors, and insulators, based on their ability to conduct electricity. The conductive properties of solid materials are described based on their electronic properties. The maximum bandgap of the insulator is over 6eV at room temperature. This indicates that for an electron to be excited from the valence band to the conduction band, it is necessary to transfer energy larger than this value. In contrast, the conduction band is partially filled with conductive material, so there is no bandgap. Semiconductors are materials that have intermediate electronic properties between insulators and conductors. Examples of the most commonly employed semiconductors are germanium and silicon with energy bandgap of 0.72eV and 1.1eV, respectively (Srikant and Chaturvedi, 2020).271

[bookmark: _Toc177039061][bookmark: _Toc177051986][bookmark: _Toc174692591]Titanium dioxide (TiO2)
Titanium dioxide (TiO2) is an n-type semiconductor with a wider bandgap and is often employed and studied in DSSC. It had a conduction band slightly lower than the excited state energy levels of many sensitizers, which was one of the reasons for efficient electron injection (Bai et al., 2017). 
It has the following unique characteristics that make it a semiconductor suitable for DSSCs. 
a- High sensitivity to light. 
b- High structural stability under sunlight and in solution.
c- Non-toxic. 
d- Low cost (Al-Alwani et al., 2016; Fan et al., 2017).
TiO2 has different applications in the following areas, pigments (El-Sherbiny et al., 2014), coatings (Dell’Edera et al., 2021), sensors (Bai and Zhou, 2014), batteries (Paul et al., 2022), catalysis (Scirè et al., 2021; Zhang and Yan, 2023), energy (Ge et al., 2016) and solar cells (Chougala et al., 2017; Roy et al., 2010). In 1985, de Silvestro discovered that the use of TiO2 in the form of nanoparticles significantly improved the efficiency of DSSCs (Chen et al., 2011). The breakthrough in the field of DSSC started after Gratzel employed a mesoporous TiO2 layer (20 nm-sized nanoparticles) as the anode material. Many years before this breakthrough DSSCs were reported to have a low efficiency of less than 1% (Yeoh and Chan, 2017; Rho et al., 2015).
[bookmark: _Toc177051987][bookmark: _Toc177039062][bookmark: _Toc174692592]Zinc Oxide (ZnO)
Zinc Oxide happens to be the first semiconductor to be employed in DSSC (Jamalullail et al., 2018). Therefore Zinc Oxide is an alternative material capable of replacing TiO2 in DSSC. ZnO possesses some advantageous properties over TiO2. Thus are; higher diffusion coefficient and electron mobility which influence faster charge transport and reduce charge recombination (Quintana et al., 2007). Lower efficiencies were obtained by DSSCs based on ZnO and SnO2 when compared to those based on nanocrystalline TiO2 (Bykkam et al., 2021). Titanium dioxide has been regarded as the best alternative semiconductor material for DSSC since 1991 due to its superior photovoltaic and morphological properties compared to other semiconductors (Bai et al., 2014). The energies bandgap of oxide semiconductors are generally large having the following values TiO2 =3.2-3.4 eV; ZnO = 3.2 eV and SnO2 = 3.8 eV (Kusumawati, 2015).  It has been reported that low dye regeneration, slow electron injection, and instability of ZnO in an acidic medium, are the factors that influence the poor efficiency of ZnO-based DSSCs, which also limit its application in DSSC (Anta et al., 2012; Pourjafari and Oskam, 2019).
The instability of ZnO in an acidic medium makes the bond formation between the carboxylic group of the dyes and ZnO difficult unlike with TiO2 which in turn affects the agglomeration of Zn2+ with the dye. Researchers have employed some materials to solve the problem including; Cholic acid and octanoic Acid (Yarur, 2020). Nanowire, a one-dimensional nanostructure of ZnO reduces the recombination rate of DSSCs (Kiliç et al., 2013) whereas the branched ZnO nanowires can absorb more dye (Cheng et al., 2008).
[bookmark: _Toc177051988]Electrolyte
An electrolyte facilitates the movement of charges between the working electrode and counter electrode in DSSC. The function of the electrolyte is to regenerate the oxidized sensitizer and transfer the positive charge to the counter electrode, where the redox couple itself is also regenerated by the electrons that flow back through the external circuit (Wu et al., 2015).
The electrolytes are of three types such as liquid electrolytes (Verma et al., 2020), Solid state electrolytes (Famprikis et al., 2019), and Quasi-solid state electrolytes (Mahalingam et al., 2022; Amaral et al., 2022).
[bookmark: _Toc177039064][bookmark: _Toc177051989][bookmark: _Toc174692594]Liquid Electrolyte
Liquid electrolytes are of two categories, either Organic or Ionic liquid. The organic electrolyte consists of a redox couple and an additive that is dissolved in an organic solvent (Basile et al., 2018). The redox couple serves as the most crucial component of an electrolyte because it regenerates the oxidized dye by providing an electron. A redox couple concentration in a cell affects its photovoltaic properties. If it is low, the conductivity of the electrolyte is not maintained, but if it is high, the recombination rate is high (Ondersma and Hamann, 2013). The following are the reported redox couple used for DSSCs.
a- I−/I−3, Br−/Br3− (Suri and Mehra, 2007). The highest efficiency obtained based on the I-/I-3 redox couple is 11.9% (Yella et al., 2011). 
b- SeCN−/ (SeCN)2, SCN−/ (SCN)2 (Gao et al., 2020).
c- Ferrocene/ferrocenium FeO/I (Walawalkar et al., 2021). 
d- Ni III/IV (Li et al., 2011).
e- CuI/II (Füreret al., 2017). The efficiency of 10% was obtained by copper-based redox couple CuI/II using copper bipyridine complexes and 0.1V redox driving force.
f- CoII/III (Kohet al., 2013). Efficiencies of 13% and 14% were obtained with cobalt-based redox coupled with trisbipyridine ligands and trisphenanthroline, respectively.
g- Sn2+/Sn (Wei and Amaratunga, 2007). 272

h- Organic compounds such as TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl) (Dhar et al., 2018). 
Among all the redox couples I−/I−3 is the most advantageous and popular redox couple employed in DSSCs because of its high solubility, slow reduction kinetics, and slow recombination reaction (Boschloo, 2019). 
[bookmark: _Toc177051990][bookmark: _Toc177039065][bookmark: _Toc174692595]Ionic Liquid Electrolyte
Ionic liquid electrolyte is another type of liquid electrolyte.These are an interesting type of liquid electrolytes that contain organic salt cations. It’s stable at room temperature and has a high conductivity of charges. An ionic liquid doesn’t have vapor pressure which helps to eliminate the problem of electrolyte drying. Some ionic liquids are hygroscopic (Galiński et al., 2006).
Due to its fluidic nature, ionic liquid in some cases serves a double purpose; as the source of iodide ions and as the solvent, an example is 1-methyl 3- propyl imidazolium iodide (PMII) or 1,2- dimethyl imidazolium iodide (DMPII). The high viscosity of many ionic liquids affects the efficiency of the cell by slowing the ionic diffusion (Lee and Ho, 2018). Examples of ionic liquid electrolytes are Pyridinium, imidazolium, and halide anions Researchers are exploring greener ionic liquids to be used to reduce the toxicity of DSSCs (Eshetu et al., 2016). 
[bookmark: _Toc174692596][bookmark: _Toc177051991][bookmark: _Toc177039066]Solid-State Electrolytes 
The deficiencies of liquid electrolytes concerning electrolyte leakage and long-term stability lead to the development of solid-state electrolytes to improve the performance and stability of the DSSCs (Wang et al., 2020). As an alternative to liquid electrolytes, researchers have used a variety of materials whose bandgap energy levels are compatible with the conduction bands of the n-type semiconductor and sensitizer HOMO levels (Odobel and Pellegrin, 2013). High rates of recombination and poor penetration (contact) into the photoelectrode (TiO2) layer are reasons behind the low conversion efficiency of solid-state electrolytes. Some examples that show good conductive properties are mentioned herein, thus are; Copper bromide (CuBr) complexes, Copper iodide (CuI), 2,2′7,7′-tetrakis-(N,N-di-p-methoxyphenyl-amine)-9,9′-spirobifluorene (spiro-MeOTAD), Copper thiocyanate (CuSCN), and the conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) ( Song et al., 2014; Kang et al., 2007).
[bookmark: _Toc177051992][bookmark: _Toc174692597][bookmark: _Toc177039067]Quasi Solid-State Electrolytes
The issues of poor contact with the photoelectrodes of solid-state electrolytes and that of electrolyte leakage of liquid electrolytes have been resolved by a quasi-solid-state electrolyte (QSSE). QSSE is a composite of polymer and liquid electrolytes that show long-term stability with good electrical conductivity, and better interfacial contact (Venkatesan et al., 2021; Gunasekaran et al., 2021). Temperature plays a major role in having high efficiency in QSSE due to the change of phase experienced when temperature increases from gel to a solution (Meng et al., 2021). Efficiencies of 8.1% and 10.1% were obtained by QSSE-based DSSCs using ethylene oxide propylene oxide oligomer and TEMPO in a redox-active polymer gel respectively (Tomar et al., 2020).
[bookmark: _Toc177051993]Counter electrode
A counter electrode is an important component of the DSSC to which the redox mediator is reduced. Its function is to transfer the electrons coming from the external circuit back to the redox electrolyte (regeneration of the dye) (Thomas et al., 2014). The counter electrode must be well conductive with a low overvoltage to enable the reduction of the redox couple. However, it may also serve as a mirror to reflect the light transmitted by the photo electrode and allow it to pass through a second time, thereby improving the light absorption property with a given amount of sensitizer (Wu et al., 2017). The counter electrode is composed of platinum (Pt) coated FTO glass to enable more reversible electron transfer (Farooq et al., 2019; Yoon et al., 2008).
The importance of employing Platinum lies in its higher catalytic activity towards the iodide/triiodide redox reaction (Kaniyoor and Ramaprabhu, 2012). To reduce the cell fabrication costs, a few nanometer layers of Platinum are needed usually about 5 g.cm -2 (Christensen et al., 2009; Raimondi et al., 2005), the thin Platinum layer is almost transparent, platinum-plated counter electrodes should be used in cells that require reverse lighting. Many materials, such as activated carbon on FTO glass, graphite, alloys, carbon black, and organic-ion doped conducting polymer of poly(3,4-ethylenedioxythiophene) (PEDOT) on both FTO-glass and ITO- glass has been used as counter electrodes in DSSCs (Hunter, 2016), (Zhang et al., 2021). The main problem with these materials is that to have high catalytic activity, thick layers of them are required. A thick layer absorbs light and slows the production process (Briscoe and Dunn, 2016). Sometimes, a thin layer of gold is employed to help in improving the fill factor. However, the efficiency obtained when platinum is employed is higher compared to when any other material is employed (Kloke et al., 2011). The most commonly used catalyst is platinum (Pt). Platinum is chemically stable in the electrolyte. Platinum is placed on the substrate by thermal annealing of a salt, sputtering, or pyrolysis (Chen and Holt-Hindle, 2010). 
[bookmark: _Toc177051994]Dyes (photosensitizers)
Photosensitizers absorb visible light and move electrons to the conduction band of semiconductors. It is chemically bonded to the porous surface of a semiconductor. Photosensitizers are the key component of DSSC that influenced the increase in the efficiency of the cell through their ability to absorb visible light (Pallikkara and Ramakrishnan, 2021). Some criteria have to be fulfilled in selecting a suitable sensitizer for DSSC applications to have an efficient sensitization.273

i. The sensitizer should have a wide absorption spectrum to absorb a wide range of solar radiation.
ii. The sensitizer's absorption coefficient (ε) should be higher than the absorption spectrum so that the minimum amount of sensitizer can absorb most of the visible light.
iii. For faster electron injection, the excited state energy of the sensitizer must be above the conduction band edge of the semiconductor.
iv. For efficient electron injection, it is necessary to have a longer excited state lifetime of the sensitizer.
v. The oxidized sensitizer must have a higher positive potential than the redox couple in the electrolyte to prevent the injected electrons from recombining with the oxidized sensitizer. On the other hand, the redox potential of the electrolyte must be a positive value as it determines the potential of the counter electrode which influences the photovoltaic properties of the cell.
vi. The sensitizer requires a binding group (COOH, H2PO3, SO3H, etc.) that acts as a bridge for electron injection.
vii. The sensitizer must be soluble in solvent for adsorption to take place on the electrodes and must not be desorbed by the electrolyte redox.
viii. The sensitizer must be chemically, thermally, and electrochemically stable in the electrolyte medium and during exposure to sunlight (Carella et al., 2018).
Three main families of sensitizers have been studied for use in DSSCs. Thus are; Metal-based sensitizers like, Ruthenium (Vougioukalakis et al., 2011; Nazeeruddinet al., 2005), osmium (Wu et al., 2012; Juwita et al., 2020; Lazic et al., 2017), platinum (Zhang et al., 2007), Copper (Shahzad et al., 2015), iridium (Baranoff et al., 2010), iron, zinc etc. Metal-free (organic) sensitizers include indolines, coumarin, carbazole, phenothiazine (Devadiga et al., 2021), etc. Natural sensitizers are extracted from fruits, flowers, leaves, and other parts of plants (Ludin,et al., 2014). 
Computational calculations are important because they reveal the electron density of the molecules which helps in knowing the electronic excitation behavior of the molecules. The electronic properties of dyes are related to their molecular structure. To have a good cell performance, an efficient intramolecular charge transfer is required. TD-DFT (Time-Dependent Density Functional Theory) is the first principle-based calculation technique used to know the electron excitation situation of the molecule upon the excitation process (Marques and Gross, 2004). Comparing the calculated absorption spectrum with the experimental absorption spectrum reveals that the computational study is accurate and helpful. Many types of research have been done based on different methods and routes to find better sensitizers for DSSC applications.
[bookmark: _Toc177051995]MOLECULAR ENGINEERING OF SENSITIZERS
In general, dye sensitizers used in various applications consist of three main components: an electron donor (D), a conjugated bridge (linker), and an electron acceptor (A). These components can be arranged in different frameworks, such as D-A, D-π-A, D-A-π-A, and so on. Based on their composition materials, dye sensitizers can be classified into two categories: metal complex dye sensitizers and metal-free organic dye sensitizers (Arkan et al., 2024).
Improving the performance of dye-sensitized solar cells (DSSCs) poses a significant challenge due to the chemical complexity of the device. The various components of DSSCs interact with each other in intricate ways and play a crucial role in determining the final performance of the cells. As a result, achieving optimization for each component requires a lot of repetitive and tedious experimental work.
To address this challenge, the application of theoretical chemical calculations in the study of DSSCs holds great significance. These calculations enable a deeper understanding of the structure-activity relationship within the solar cells and the specific roles played by each component at the microscopic level (Zhao et al., 2024). Theoretical calculations not only facilitate systemic and efficient optimization of the components but also help save material and financial resources. By reducing the research costs associated with DSSCs, theoretical chemical calculations contribute to the further development of these solar cells (Martsinovich and Troisi, 2011).

MATERIALS AND METHODS
[bookmark: _Toc177051996][bookmark: _Toc377302211]D-A Framework
The D-A (Donor-Acceptor) framework in dye sensitizers is a simple structure consisting of only two components: a donor and an acceptor (Hachi et al., 2021). This framework does not include π-linkers, which are present in other more complex dye sensitizers. The absence of π- linkers has two significant advantages. Firstly, it reduces the length of the dye molecules, enabling quick electron transfer from the donor to the acceptor. Secondly, many π- linkers possess strong conjugation, which can lead to interactions between dye molecules when they aggregate on the semiconductor surface. These interactions can significantly impact the absorption of visible light, resulting in energy loss (Singh and Kanaparthi, 2022). Therefore, utilizing the D-A framework without π-linkers, dye sensitizers can achieve efficient electron transfer and minimize energy loss due to dye aggregation, making them promising candidates for enhancing the performance of solar cells.
[bookmark: _Toc177051997][bookmark: _Toc377302212]D -π-A Framework
The D-π-A architecture, which consists of a donor, a conjugated π-linker, and an acceptor, is a promising strategy for designing dyes with excellent photoelectric conversion and electron transfer abilities. The conjugated π-linker plays a crucial role in facilitating the transfer of electrons from the donor to the acceptor (Chai et al., 2014). Researchers have been actively exploring and enhancing the structure of these three components to develop a wide range of D-π-A dye sensitizers.274
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Fig. 3 Showing the donor, linker, and acceptor mode of operation
The linker in the dye sensitizers possesses favorable planar and conjugation properties, which facilitate efficient electron transfer. Additionally, the presence of a π- linker can enhance the excitation efficiency and prolong the lifetime of excited electrons to some extent. By modifying the length or dihedral angle of the π-linker, the photoelectric properties of the dye sensitizer can be improved, leading to changes in its optical properties (Prachumrak et al., 2017).
This reviewis aim to address these challenges by investigating new materials to improve the efficiency and stability of dye-sensitized solar cells. The goal is to advance the development of DSSCs, making them a more competitive and practical option for renewable energy generation.
[bookmark: _Toc177052002]
METAL-BASED SENSITIZERS	
Metal-based sensitizers contain anchoring ligands (ACLs) which are responsible for the union between the sensitizer with semiconductor and ancillary ligands (ALLs) which are responsible for tuning the properties of the sensitizers. Metal to ligand charge transfer (MLCT) state can be altered by modifying anchoring ligands or changing ancillary ligands or their substituents. It was reported that a lot of metal-based sensitizers were prepared by changing the ALLs (Shikoh, 2018; Polo et al., 2004).
[bookmark: _Toc177052003]Ruthenium based Sensitizers
Ruthenium-based metal sensitizers are the most investigated ones for DSSC application because they show better efficiency because of their good photovoltaic properties (Stability and broad absorption of spectra, etc) (Tomaret al., 2020).
The sensitizers attached the TiO2 through the anchoring groups (carboxylate, phosphonate, or hydroxamate) (Zhang and Cole, 2015) Carboxylate and phosphonate groups are the ones responsible for the electron injection into the CB of semiconductors (She et al., 2007). Ruthenium polypyridyl complexes are obtained by the reaction between polypyridyl ligand with ruthenium trichloride (Cheung et al., 2012).  Many synthetic routes to obtain highly efficient sensitizers have been reported in many kinds of literature (Clifford et al., 2011).
The most successful ruthenium-based sensitizer in DSSCs is Ruthenium (II) polypyridyl based sensitizer because both their ACLs and ALLs can be manipulated easily to obtain a product with better performance. Higher photovoltaic performance is achieved by tuning the ALLs which are either bipyridines or terpyridines with the heterocyclic unit or alky, aryl, etc (Reynal and Palomares, 2011). Polypyridyl ruthenium sensitizers can be either polynuclear bipyridyl ruthenium sensitizers, carboxylated polypyridyl ruthenium sensitizers, or phosphonate ruthenium sensitizers (Mede et al., 2018). The carboxylated bipyridine that serves as the anchoring is responsible for linking the sensitizer to the semiconductor and facilitating electron injection (Stern et al., 2014). Carboxylated bipyridine ligands were used in developing the first ruthenium-based sensitizer in 1979 (He et al., 2015).  Scientists have synthesized and reported many ruthenium-based sensitizers to increase the efficiency and performance of DSSCs (Younes and Ghaddar, 2008). De Silvestro employed the same dye but with three carboxylated bipyridine ligands with the IPCE that was above 40% in 1985 (Giribabu et al., 2012).
Michael Gratzel employed a trinuclear Ru complex that raised the light absorption capability and obtained an efficiency of 7.1-7.9% in 1991 (Lau and Soroush, 2019). In 1993 Nazeeruddin reported a series of mononuclear Ruthenium complexes such as cis-(X)2 bis (2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium(II) (Fig where X are Cl, Br, I, CN, and SCN. Among them, thiocyanate derivative, cis-(SCN)2 bis (2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium(II), coded N3, was found to be outstanding with an efficiency of 10% and a wider absorption spectrum (due to the presence of NCS) (Nazeeruddin et al., 1993). Many researchers used different methods to change the ligands of Ruthenium complexes with the view of improving the photovoltaic performance of the photosensitizers. Extending the absorption spectrum of dyes near to IR region improves the efficiency of DSSCs.275

Gratzel and coworkers in 2005 reported a black dye coded as N719 that is obtained by double deprotonation of N3 dye, it has an efficiency of 10.4% and a broader absorption spectrum extending to the near-infrared region. The ruthenium center consists of a single terpyridine ligand substituted with three thiocyanate ligands and carboxyl groups (Kong and Dai, 2022). This shows that the degree of protonation of sensitizers affects the properties of the semiconductor (Ronca, et al., 2014). 
Another ruthenium-based series of sensitizers was reported to have tridentate terpyridine as anchoring ligands which shows an increase in Voc and recombination resistance (Tomar et al., 2020). The effect of replacing the alkyl chain with thioalkyl chains was reported to increase the efficiency of the cells (Moineau-Chane Ching, 2023). He et al., 2015  employed conjugated electron-rich compounds as π conjugated ancillary ligands in the polypyridyl ruthenium sensitizer and achieved an efficiency of 11%. They reported that the higher extinction coefficients of the sensitizer reduce recombination and increase the efficiency of charge collection (He et al., 2015).
Wu et al (2013) also reported a series of thiocyanate-free Ruthenium sensitizers having bidentate and tridentate ligands with a conversion efficiency of 9.04% and broader absorption near the IR region (880nm). The results obtained show the effect of recombination resistance within the cell that is explained by the VOC behavior (Wu et al., 2013).
Wang et al., (2012) reported that intense dye loading increases the absorption spectra which results in higher efficiency. The series of sensitizers reported having a tridentate anchoring group with two ligands (pyrazolyl- pyridine) (Wang et al., 2012). It's important to note that molecular engineering of Ru-based sensitizers such as; modification of anchoring and ancillary ligands, and structural modification to raise the absorption towards the near IR region, increases the efficiency of the cell. Zalas reported that employing an anchoring group at the para position increases the efficiency by two times and four times than that obtained by meta and ortho positions respectively (Zalaset al., 2014). Scientists have employed many strategies with the view of enhancing the molar extinction coefficients and improving the absorption capabilities to the near IR region (Qian et al., 2010). Novel ruthenium multi-carboxylic-based sensitizers (RMCCs) were also reported to have an IPCE of 15% at 510nm with higher absorption coefficients (Shahroosvand et al., 2014).  Ruthenium-based sensitizer denoted as S8 was reported to have an efficiency of 5.36% and a higher absorption coefficient. They reported that the higher efficiency obtained was a result of an increase in the electron injection between the cells (Qin and Peng, 2012).
Adeloye et al., (2014) reported ruthenium-based sensitizers employing anthracene moieties and compared their photophysical properties with an analog complex that does not contain the anthracene. The results show that the ruthenium-based sensitizers have higher and broader molar absorption coefficients (Adeloye and Ajibade, 2014). Effects of ligand structure were investigated by Funaki et al., (2014) by synthesizing three different ruthenium-based sensitizers named FT22, FT23, and FT61. Among them FT61 has the highest efficiency of 5.53% and exhibited an IPCE of 25% at 900nm followed by FT22 with an efficiency of 3.81%, FT23 has the lowest efficiency among them with 3.43% (Funaki et al., 2014).
Another series of novel ruthenium sensitizers were synthesized and reported by McCall et al incorporating Sulphur- donor bidentate ligands. Their photovoltaic and computational properties were also studied (McCall et al., 2009). A series of five novel ruthenium-based sensitizers having a dianionic tridentate ligand was synthesized, compared their photovoltaic properties with that of black dye, and reported that at a lower wavelength below 600nm, they have larger molar absorption coefficients (Pashaei et al., 2016). Another ruthenium-based sensitizer denoted as A597 having thiocyanate co-ligands, 4,4′-dioctylamido- 2,2′-bipyridine ligand, and 4,4′-carboxy- 2,2′-bipyridine as an anchoring ligand was reported with an efficiency of 7.25% (Qin and Peng 2012). Desorption was noticed from carboxylate polypyridyl ruthenium sensitizers in an aqueous solution when the pH was below 5 (Bae et al., 2004).
The phosphonate group of the phosphonate polyypyridyl ruthenium sensitizers which serve as the anchoring ligand is resistant to desorption from the semiconductor even at higher pH. The property affects the electron injection (Raber et al., 2018).  
The first reported phosphonate polypyridyl ruthenium sensitizer (complex 1) with a Langmuir adsorption coefficient that is 80 times higher than that of N3 dye and a poor lifetime at an excited state. Its analogs Z907 and N621 possess an efficiency of 7.3% to 9.6% respectively with extraordinary stability of over 1000hrs under illumination (Sekar and Gehlot, 2010).
Polynuclear complexes were employed to raise the absorption coefficient because of their bulky structure. Increasing the absorption coefficient in solution does not increase the light absorption property on DSSCs because there is low penetration of the bulky polynuclear ruthenium sensitizer on TiO2 compared to mononuclear complexes (Shalini et al., 2016).  The absorption spectrum of some dyes does not match with the solar emission spectrum which leads to the employment of the co-sensitization process (Ananthakumar et al., 2019).  Co-sensitization of several dyes with ruthenium polypyridyl complexes improved the power conversion efficiency to 13% compared to those sensitized with a single dye. The photovoltaic performance and spectral response were improved by co-sensitizing a squarine dye and polypyridyl ruthenium dye (Chang et al., 2013).276

Many attempts were made by scientists to replace ruthenium metal with different metals like Copper (Cu), Iron (Fe) Osmium (Os), Platinum (Pt), Rhenium (Re), etc (Mahadik et al., 2024).  Copper-based sensitizers were synthesized and reported to be effective on DSSCs with a higher IPCE compared to N719 dye (Dragonetti et al., 2019). Two Platinum-based sensitizers were also reported with an efficiency of 2.6% and 2.33% and a broad absorption spectrum (Yahya et al., 2021). Osmium-based sensitizer was reported to have photochemical stability that is higher than that of ruthenium-based sensitizer (black dye) and an IPCE that is 50% lower than it (Onicha, 2010). A series of rhenium-based sensitizers were reported to have efficiencies of 1.72%, 1.46%, and 1.43% with a red-shifted absorption (Chawla and Tripathi, 2015). Iron-based sensitizers with a very low efficiency of 0.29% and 0.24% were reported but their photodegradation stability is high (Canivet and Wisser, 2023). Ruthenium is a heavy metal that is costly, harmful to the environment in higher quantities and degrades in water or moisture. A broader absorption spectrum of ruthenium-based sensitizers is leading to higher efficiencies (Yahya et al., 2021).
[bookmark: _Toc177052004]2.2 METAL-FREE (ORGANIC) BASED SENSITIZERS
The introduction of metal-free sensitizers for DSSC application improves the photovoltaic properties of the cell and also replaces the expensive ruthenium metal (Rahman et al., 2023).  Metal-free sensitizers are not harmful to the environment with an absorption coefficient that is much higher than that of ruthenium-based sensitizers which minimizes the loss of electrons at the interface of the sensitizer and semiconductor (Ahmad et al., 2013). The photovoltaic properties of these sensitizers can be tuned by changing substituents in their molecular structure.
The efficiency of metal-free sensitizers is influenced by the nature of the electrolytes used in the cell. i.e. the efficiency obtained when liquid electrolytes were used in metal-free based DSSCs is higher than the efficiencies obtained when ionic and solid-state electrolytes were employed as reported by many kinds of literature (Carella et al., 2018).
Many design strategies were employed by many researchers in the synthesis of sensitizers such as D-A, D 𝜋  Acceptor, D - A - 𝜋- A, D - D - A  -A, etc. The skeleton consists of an electron donor group which should be rich in electrons, examples of such groups are coumarin, indoline, phenylamine, triphenylamine, etc. The conjugated linker (𝜋) is responsible for connecting the donor moiety with the acceptor moiety; it should be either thiophene, benzene, furan, pyrrole, etc. The acceptor group should be either acrylic acid group, phosphonate group, hydroxamate, etc.
Many organic dyes based on Indoline (Li et al., 2017; Roy et al., 2019), Coumarin (Kumbar et al., 2018; Sanap et al., 2015), Benzothiophene (Hassan and Li, 2024; Ndaleh et al., 2023),  Hemicyanine (Shabir et al., 2022; Park et al., 2016), Triphenylamine (Periyasamy et al., 2023; Slimi et al., 2020), Phthalocyanine (Tunç et al., 2019; Tunç et al., 2021), Perylene (Kavery et al., 2021; Echeverry et al., 2018), Carbazole (Abusaif et al., 2021; Periyasamy et al., 2023), etc were designed, synthesized and their photovoltaic properties on DSSCs were explored.
[bookmark: _Toc177052005]2.2.1 Triphenylamine Dyes
Tripheylamine-based sensitizers were extensively investigated for optoelectronics application due to their hole-transporting and electron-donating properties (Deogratias et al., 2020).  Aggregation is minimized because of its nonplanar structure which leads to having DSSCs with high efficiencies (Farokhi et al., 2023). The first synthesized triphenylamine-based sensitizers were reported by Yanagida and co-workers with an efficiency of 3.3% for sensitizer 1b and 5.3% for sensitizer 2b (Hua, 2014). Another novel starburst triphenylamine-based sensitizers were reported by Tian et al., 2008 bearing this configuration D–D–π–A. among the sensitizers, S4 was reported to have the highest efficiency due to the higher molar extinction coefficient influenced by the starburst triphenylamine group (Ning et al., 2004).
Alkoxy substituted triphenylamine-based sensitizer coded as C219 was synthesized, featuring ethylene dioxy thiophene and di thieno silole as a binary conjugated spacer. It has been reported to have a higher molar extinction coefficient and broader absorption spectrum with a higher conversion efficiency of 10.3% and 8.9% when fabricated in a liquid electrolyte or solvent-free ionic liquid-based DSSC respectively (Kim et al., 2008).
Dimethylfluorenylamino was used as the donor group for triphenylamine-based sensitizers coded as JK2 with a reported conversion efficiency of 7.63%. Its nonplanar molecular structure influences the resistance to degradation when exposed to illumination (Zeng et al., 200). Another triphenylamine-based sensitizer was synthesized and applied on DSSC featuring diflourenylaminophenyl, fused dithienothiophene unit, and cyanoacrylic acid with an efficiency of 8.0% and stable to subsequent heating and illumination (Qin et al., 2008).277

TPA-based sensitizers containing bithiophene and thienothiophene units were synthesized and reported to have an efficiency of 6.6% and 7% respectively, the thienothiophene linker causes the decrease in Voc value because of back electron transfer (Li et al., 2008). Zhang et al.,(2009) reported a series of Bis-TPA substituted sensitizers and compared their photovoltaic properties with their corresponding mono-TPA substituted sensitizers. The results show that the Bis-TPA substituted sensitizers have Voc than their corresponding mono-TPA substituted sensitizers (Zhang et al., 2009a). Simple organic TPA-based sensitizers featuring thiophene derivatives were synthesized and reported that the sensitizer with the highest efficiency of 7.3% was a result of a high molar absorption coefficient, broader absorption spectrum, and high quantity of the sensitizer adsorbed on TiO2 film (Shang et al., 2010). The same research group also reported other sets of TPA-based sensitizers featuring thiophene derivative (3,4-ethylenedioxythiophene EDOT) and functionalized phenylenes as spacers. The results obtained show that the molar extinction coefficient and efficiencies of the sensitizers are higher than the earlier reported parent sensitizers (8.22%) (Liu et al., 2008). To check the influence of double bonds on TPA-based sensitizers, Teng and co-workers reported a sensitizer with an efficiency of 5.73%. They reported that the high efficiency was the result of introducing the double bonds in the molecular structure of the sensitizer (Teng et al., 2010a).
A series of TPA-based sensitizers were reported in the Doctoral thesis of Hagberg, he reported that the efficiencies of the sensitizers decreased with an increase in the conjugation from 3.8%, 2.7% to 1.70%. The lower efficiency of 2.7% and 1.70% was due to the poor binding of these sensitizers on the TiO2 surface. Employing rhodanine acetic acid to replace cyanoacetic acid as the electron acceptor resulted in obtaining lower efficiencies than the parent sensitizers because of an increase in charge recombination. Employing two donors’ moieties on the sensitizers raises the efficiency to 5.4% and 7.2% because open-circuit potentials have been raised while charge recombination has been prevented. The efficiency of 7.2% was obtained due to the presence of the methoxy group as an Auxillary donor (Hagberg, 2009).
The employment of dihexyloxy-substituted TPA-based sensitizers on DSSCs has proven to enhance the open-circuit photovoltage of the device and slow down the charge recombination rate. A series of dihexyloxy-substituted TPA-based sensitizers were synthesized and reported to have efficiencies of 6.88%, 7.5%, and 8.0%. The increase in efficiency from 6.88% to 7.5% was a result of replacing the thiophene unit with thienothiophene moiety while employing the bisthienothiophene compound as a conjugated linker increases the efficiency to 8.0% (Zhang et al., 2009b; Li et al., 2009). Efficiency was also increased from 8.0% to 9.8% by employing iodine electrolyte which shows that the fused rings are the building blocks for designing and synthesizing an efficient sensitizer for DSSCs (Zhang et al., 2009c).
Lower efficiency cells of 0.07%, 0.09%, and 0.15% were obtained by TPA-based sensitizers by using different acceptors. The lower efficiencies were related to the presence of a strong electron-withdrawing group that prevented the regeneration process from being carried out efficiently due to insufficient driving force to oxidize the reduced sensitizer by I3 (Qin, 2010). 
A series of TPA-based sensitizers were synthesized to have a broader absorption spectrum by employing anthracene moiety, vinyl group, and triple bond to extend the conjugation length.  Efficiencies of 3.09, 5.14, and 6.78% were obtained but when the methoxy group was introduced the efficiencies increased to 6.82% and 7.03% higher than the efficiencies of the corresponding sensitizers (6.78% and 4.50%) (Zeng et al., 2010).
Zeng et al., (2011) reported TPA-based sensitizers having efficiencies of between (10.0% - 10.3%). The IPCE obtained at the range of 500nm to 540nm was 90% but coating with antireflective film raises the IPCE to 95%. This shows that the sensitizers have good photovoltaic properties (Zeng et al., 2011). A series of TPA-based sensitizers were reported with efficiencies of 0.44%, 3.49%, 3.86%, and 4.36% featuring phenylene with different substitutes. The lower efficiency of 0.44% was a result of the narrow visible spectrum response of the sensitizer (Tian et al., 2008). Higher efficiencies of 5.07% and 5.17% were obtained by TPA-based sensitizers containing double di (p- tolyl) phenylamine substitutes and hexyl substitutes that suppressed the charge recombination and increased the Voc of the cell (Chen et al., 2010).
The effect of the presence of the butoxy group on TPA-based sensitizers was observed by Shang et al. (2010). They reported that the presence of two butoxy groups on the TPA donor reduced the recombination rate, and increased the Voc and ff values of the cell to have an efficiency of 7.38%. Increasing the number of the anchoring groups (cyanoacrylic acid) on the sensitizer to three resulted in a cell with poor photovoltaic properties. They concluded that the number of butoxy and anchoring groups has an impact on the photovoltaic properties of the cell (Shang et al., 2010). The presence of a longer alkoxy group on TPA-based sensitizers was found to improve the efficiency and photovoltaic properties of the cell. Efficiencies of 5.64% and 6.04% were obtained with longer hydrocarbon chains while the efficiency of 4.99% was obtained by shorter hydrocarbon chains (Yu et al., 2011). 278

Another TPA-based sensitizer with an efficiency of 6.04% and a broader absorption spectrum was reported by Jiang et al (Tang et al., 2010). A series of TPA-based sensitizers were synthesized to determine the difference in structural effect on the photovoltaic properties of the DSSC. The efficiencies obtained by para-substituted sensitizers are (4.12%, 1.78%, 2.92%, and 0.83%) above the Meta substituted sensitizers of (2.23%, 0.48%, 1.27% and 0.08%) (Lin et al., 2011). A series of TPA sensitizers to determine the photovoltaic effect of single, double, and triple bonds were reported. Sensitizer with a single bond has higher photovoltaic properties compared to sensitizers with double and triple bonds due to the high charge separation. The absorption maximum of the sensitizer having the triple bond is blue-shifted relative to the sensitizers with double and single bonds while the absorption maximum of the sensitizer with the double bond bridged unit is red-shifted relative to the sensitizer with a single bond (Lee et al., 2011).
Series of TPA-based sensitizers were synthesized featuring  2, 2, 6, 6-tetramethyl benzo[1,2-d;4,5-d’]bis[1,3]dioxole (TMBD), phenyl, and 1,4-dipropoxybenzene DPB as a p-conjugated spacer to determine the effect of alkoxy substituent group on the cell. The results showed that; employing the alkoxy substituents on the donor influences the light-harvesting property and enhances the donating ability of the donor. The highest efficiency obtained among these sensitizers was 7.02% with good Voc, Jsc, and ff values (Han et al., 2011).
A series of TPA-based sensitizers were synthesized by replacing 3,4-Dialkyl-thiophene rings with 3, 4-dibutyl-thiophene rings. The results obtained showed that sensitizer aggregation was reduced which influenced higher efficiencies of 7.17% and 6.27% without using co-adsorbing agents (Kozma et al., 2011). TPA-based sensitizer containing fluorine substituent attached to the phenyl group, ortho to the cyanoacrylate was reported to have a higher efficiency of 5.19% and good photovoltaic properties compared to unsubstituted one having 4.98% efficiency. The efficiency of the sensitizer was further reduced when two fluorines were introduced at the ortho position due to the distortion of planer geometry (Lin and Chow, 2012). A series of TPA-based sensitizers were synthesized using the D-D-π-A strategy, whereby arylamine and carbazole moieties were used as the auxiliary donors to increase the thermal stability, extend the absorption range of the sensitizers through the bathochromic shift. The highest efficiency obtained was 6.0% (Ning et al., 2008).
Kim et al reported a sensitizer containing a difluorenylamino group with cyanoacrylic acid as an acceptor, bridged by a p-phenylene vinylene group. The efficiency of this sensitizer is 7.0% which is a result of the broader absorption property (Kim et al., 2008)


RESULTS AND DISCUSSION
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Fig 4 Chemical stuctures of some TPA-based sensitizers (Mehmood, et al.,(2014)
 Indoline Dyes
The excellent photoelectric function of indoline is the reason behind its being employed in organic sensitizers synthesis for application in DSSCs, These heterocycles fused with indole display a higher tendency to donate electrons compared to those where indole is conjugated with larger p-systems (Cho et al., 2016)
 Another benefit of the fused indole systems is their enhanced planarity, which promotes better interaction between donor and acceptor, thus improving photovoltaic (PV) performance. Additionally, the possibility of functionalizing the nitrogen atom with long or branched alkyl chains in indole-based heterocyclic systems enhances solubility and prevents sensitizer aggregation. Most fused indoles serve as donor moieties in sensitizers, with only a few units acting as p-spacers (Lai et al., 2013).279

Various indole fused systems, such as indoloquinoxaline (IQ), indolocarbazole, indoloindole, benzothienoindole, indenoindole, triazatruxene, thienoindole, tetraindole, dithienopyrroloindole, fluorenylindolenine, and indole-imidazole, have been explored as building blocks in dye-sensitized solar cells (DSSCs). These systems are investigated both as donors and p-spacers, fitting into diverse molecular architectures. This exploration enables the scientific community to further modify these heterocycles to meet the optoelectronic requirements of photovoltaic applications (Jiang et al., 2011).
Many literatures were reported employing indoline moiety as an electron donor for DSSCs.
The first reported indoline-based sensitizer achieved a milestone efficiency of 6.1% compared to that of N3 under the same conditions. Introducing a rhodamine unit in the molecular structure of the sensitizer resulted in a novel indoline-based sensitizer D149 with an improved efficiency of 8.0% and good photovoltaic properties (Lee and Yang, 2011).
The initial application of this framework as a foundational element in Dye-Sensitized Solar Cells (DSSCs) was conducted by Venkatesanet al., (2021) They synthesized some dyes, incorporating indole as an electron donor and cyanoacrylic acid as an anchoring group. The dyes varied in the p-spacer utilized, either phenyl or thiophene fragments. Dye lacking any p-spacer, exhibited the lowest efficiency at 0.86%. Among the remaining dyes, displayed a redshifted and distinct ICT (Intramolecular Charge Transfer) band, suggesting more efficient conjugation. Two different dye baths were employed for device fabrication, one with DCM (Dichloromethane) and the other with a mixture of CH3CN (Acetonitrile), tert-butanol, and DMSO (Dimethyl Sulfoxide) (3.5/3.5/3, v/v). All dyes demonstrated higher efficiencies in the latter case. The variations in Power Conversion Efficiency (PCE) were primarily attributed to significant changes in generated photocurrent. Despite the pronounced ICT in the dye, its relatively high planarity likely led to dye aggregation and diminishing light absorption. Dye, featuring a simple thiophene as the p-spacer, outperformed other dyes with a PCE of 3.45%, a Jsc (Short Circuit Current Density) of 9.29 mA cm2, and a Voc (Open-Circuit Voltage) of 579 mV. The efficiencies of the other dyes followed the order 6 > 5 > 3 > 4. The introduction of acetylene did not prove advantageous for charge transmission in the current design.
Subsequently, Qian et al., (2010) introduced three D-π-A dyes featuring indolo[2,3-b]quinoxaline as the donor and cyano acrylic acid as the acceptor group. These sensitizers, differ in their choice of conjugated spacers: oligothiophene, thienylcarbazole, and furylcarbazole. Dye with oligothiophene exhibited the highest efficiency at 7.62%, primarily due to its significantly larger short-circuit current density (Jsc = 16 mA cm2). The electron-rich oligothiophene p-bridge in the dye resulted in a red-shifted absorption spectrum with an absorption peak at 480 nm for the ICT band, surpassing those of the other dyes. The Incident Photon-to-Current Efficiency (IPCE) performance of the devices correlated with the absorption characteristics of the dyes. Dye with oligothiophene displayed broad absorption ranging from 400 to 770 nm, while the others with thienylcarbazole and furylcarbazole exhibited onsets at 700 nm and 690 nm, respectively, indicating the trend in Jsc and light-harvesting capability. Despite delivering lower current density, dye with furylcarbazole outperformed dye with thienylcarbazole due to its higher open-circuit potential (Voc = 742 mV).
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Fig 5: Chemical Structures of some Indoline based sensitizers (Mehmood, et al., (2014).280


Shortly afterward, the authors utilized the same framework to develop D–D–p–A and D–p–A systems. In the D–D–p–A design, indoloquinoxaline served as the primary donor, phenothiazine as the auxiliary donor, cyanoacrylic acid as the acceptor, and thiophene/furan as the p-bridge. These dyes were compared with dyesthat are D–p–A dyes based on indoloquinoxaline and phenothiazine as donors, respectively. Among them, dye with thiophene with the D–D–p–A design outperformed the others, exhibiting an efficiency of 8.28%, followed by dye furan with 7.56%. The electron-rich nature of thiophene, compared to furan, facilitated effective ICT transitions, reducing the HOMO–LUMO gap for dye with thiophene. This resulted in a more red-shifted and enhanced absorption spectrum for dye with thiophene compared to the dye with furan as a p-spacer. The IPCE spectra of the dyes displayed a similar trend, with 12 achieving over 60% IPCE value from 359 to 600 nm, with a maximum absorption of 86% at 490 nm. This explains the highest light-harvesting ability and Jsc (15.3 mA cm2) for dye with thiophene. The Voc values obtained followed the order 12 > 13 > 11 > 10.
In 2017, the authors employed indoloquinoxaline as an acceptor in a (D)2–A–p–A dye design, wherein two triphenylamine groups served as branches of the primary donor unit. Dyes  varied in their p-bridges (furan and thiophene) and acceptor groups (cyanoacrylic acid and 2-(1,1-dicyanomethylene)rhodanine or DCRD). These dyes demonstrated efficiencies ranging from 4.55% to 7.09%. Dyes with furan and thiophene, featuring cyanoacrylic acid as the acceptor group, outperformed their counterparts with DCRD as the acceptor unit.
Although the absorption spectra of those with two triphenylamine exhibited significant redshifts compared to those with furan and thiophene, the higher dye loading of the latter resulted in larger Jsc values, as evident from the IPCE spectra. Despite the blue-shifted spectra of those with furan and thiophene, with differences of 30 and 20 nm, respectively, compared to the dye with triphenylamine, the increased Jsc value contributed to better PV performance. Dye with furan achieved over 60% IPCE value from 400 to 600 nm, with a maximum of 83% at 450 nm, resulting in a Jsc value of 12.9 mA cm2.
When comparing the p-spacers, furan-substituted dyes demonstrated better efficiencies than their thiophene-substituted counterparts. While dye with furan attained a PCE of 7.09% with the highest Jsc and Voc values, dye with thiophene slightly lagged with a power conversion efficiency of 6.05%. DCRD-substituted dyes with two triphenylamine exhibited relatively poor performances, with PCEs of 4.55% and 4.81%, respectively.
Subsequently, Su and colleagues in 2007 introduced sensitizers based on a novel molecular architecture, D–D/A–p–A, where D/A represents the fused-donor–acceptor unit, indolo[2,3-b]quinoxaline. The impact of additional donors was systematically investigated by incorporating triphenylamine, carbazole, and phenothiazine donors into the indole unit. Enhanced dye loading in devices based on the dyes facilitated effective monolayer formation on the TiO2 surface, thus mitigating recombination effectively, leading to the highest open-circuit potential for devices. Regarding photocurrent, the inclusion of hexyl chains on the end donors of the dyes and aided in reducing aggregations, contributing to improved Jsc. The highest efficiency was achieved by the dye with hexyl chains (2.72%). Subsequently, these new-generation D–D/A–p–A organic dyes were successfully utilized as co-sensitizers to enhance the Power Conversion Efficiency (PCE) of conventional Ru dye. An increase in open-circuit potential was observed with the co-sensitization approach, likely attributed to improved surface coverage of TiO2, resulting in reduced aggregation and recombination. 
Later, Su and colleagues introduced a di-branched di-anchoring approach to the previous molecular architecture to develop D–D-A–(p–A)2 dyes differing in additional donors between triphenylamine and carbazole. The performance of these dyes was also compared with devices based on hexyl. The di-anchoring approach aided in forming adequate surface coverage, as evidenced by the higher dye loading in these dyes. This could result in an increase in Voc of di-anchored dyes compared to hexyl dye due to reduced recombination. Among the di-anchored dyes, the dye with hexyl chain-incorporated carbazole as the secondary donor, exhibited the highest Voc.
Dye with hexyl chain performed exceptionally well in terms of photocurrent, contributing to a higher PCE compared to the others. The decrease in light-harvesting efficiency of the other dyes was attributed to the increased dihedral angle and strain induced by the di-anchoring branches. The stronger donating ability of carbazole caused a slightly higher increase in Jsc. 
In subsequent research, the p-spacer in the above research was substituted with thiophene from benzene, and the performance of the sensitizers was assessed under full sun illumination. These dyes demonstrated efficiencies in the range of 4.92–5.27%, which surpassed previously reported sensitizers featuring phenyl as a spacer. Dye with triphenylamine as a donor, exhibited the highest PCE of 5.27% with a Voc of 0.67 V and FF of 70.1, alongside an improved Jsc of 11.10 mA cm2. Increased dye loading appeared to enhance FF and open-circuit potential for the triphenylamine donor dye.
From the findings, it is evident that indoloquinoxaline is a promising scaffold for dye sensitizers in DSSCs. The highest efficiency achieved thus far using an IQ-based sensitizer is 8.2%, where the IQ unit and p-spacer (thiophene) are attached to either end of the auxiliary donor (phenothiazine) with cyanoacrylic acid as the acceptor unit. Optimal tuning of auxiliary donors, p-spacers, and alkyl groups in the same architecture could potentially enable sensitizers to achieve more than 10% PCE. However, it is noted that suitable p-spacers for the system may vary depending on the attached donor and the position of the IQ unit (indole/quinoxaline end) to which it is attached. Further studies in this direction of anchoring units offer opportunities for the development of efficient IQ-based devices.281

Zhang et al., (2015) were the first to utilize indolocarbazole as a donor in Dye-Sensitized Solar Cells (DSSCs). They synthesized two dyes differing in the number of thiophene groups incorporated as the p-linker. While a red shift in the absorption profile was observedwith the two thiophene group when adsorbed on TiO2, higher electron injection efficiency was obtained for devices sensitized with the one thiophene group. The trade-off between these two factors resulted in slightly higher Short Circuit Current Density (Jsc) for the dye with one thiophene group compared to that with two thiophene unitss. The difference in efficiencies of the two dyes was also influenced by the fill factor (FF). While dye with single thiophene exhibited an ff of 0.67, the larger molecular size of the dye with double thiophene unit led to an ff of 0.62. Consequently, this resulted in a higher Power Conversion Efficiency (PCE) of 7.3% for the dye with single and 6.7% for the dye with double thiophene unit.
Chai et al., (2014) designed four dyes based on 5,7-dihexyl-6,12-diphenyl-5,7-dihydroindolo[2,3-b]carbazole (DDC) with benzothiadiazole (or thiophene) and thieno[3,2-b]thiophene (TT) (or thiophene) as the p-spacer and 2-cyanoacrylic acid as an acceptor. Alongside their high electron-donating ability, the fused carbazole systems also contribute to improved p-conjugation, which is advantageous for promoting Intramolecular Charge Transfer (ICT) and photostability. The integration of two phenyl rings on the donor DDC unit, along with alkyl groups on the nitrogen atom, effectively reduced aggregation and enhanced the lifetime of devices fabricated with these dyes. Comparisons were made with carbazole-based D–p–A sensitizer. The molar extinction coefficients of both ICT and p–p transition bands showed significant enhancement indicating improved light-harvesting ability of the new fused conjugated donor.Although the Voc value of  (674 mV) was not very high compared to the ones reported above (768 mV) but it exhibited the highest efficiency of 6.4% among these sensitizers, with a Jsc of 13.96 mA cm2 and Fill Factor (FF) of 0.68. Photostability evaluation using methods from Katoh and colleagues revealed that the new donor is effective in stabilizing the cation formed after light irradiation compared to the carbazole-based dye. The benzothiadiazole-containing dyes demonstrated more stability, consistent with previous reports. Additionally, it was observed that TT contributed to photostability. The same research group further attempted to introduce a bridge with extended conjugation to broaden the absorption spectra of the indolocarbazole dyes. Among the dyes, the dye which contains benzothiadiazole as an auxiliary acceptor along with alkylated thiophenes flanked on both sides, exhibited the most red-shifted spectra, followed by the one having alkyl-substituted benzothiadiazole as an auxiliary acceptor, and then with a simple D–p–A architecture having ter-thiophene as a spacer. 
[bookmark: _Toc177052007]Phenothiazine based dyes
Phenothiazine, a heterocyclic compound with high electron-donating ability and a non-planar conformation, has gained attention as a promising sensitizer for dye-sensitized solar cells (DSSCs). Several strategies have been employed to enhance the performance of phenothiazine-based dyes: In 2007, Sun et al., (2007) reported the first organic sensitizers based on phenothiazine, achieving a notable solar energy-to-electricity conversion efficiency of 5.5%. These sensitizers exhibited simplicity in molecular structure yet showed promising performance comparable to the benchmark Ru-complex (N3 dye). Rauet al., (2001) designed and synthesized novel organic dyes based on the phenothiazine framework with double electron acceptor types (cyanocrylic acid and rhodanine-acetic acid). Dyes with double electron acceptors showed about 20% higher performance compared to single electron acceptor types. Among them, the dye PR6C2 exhibited the highest efficiency of 6.8%. Kilicet al., (2013) designed phenothiazine derivatives with various five-membered heteroaromatic conjugated linkers (furan, thiophene, and 3,4-ethylenedioxythiophene) to study their effect on device performance. Extending the π-conjugated linker led to an enhancement in efficiency, with the highest efficiency of 6.58% achieved by the dye SH-6 with furan as a conjugated linker.
Studies by Kilicet al., (2013) revealed that the phenothiazine-torsion angle values correlated with the open-circuit voltage (Voc) values in the devices. Increasing the torsion angle reduced molecular aggregation through steric hindrance and improved Voc. Grätzel's group reported novel organic dyes using electron-rich phenothiazine as a donor with/without a vinyl thiophene group as a π-bridge and cyanoacrylic acid as an acceptor. Extending the π-conjugated linker with a vinyl thiophene group significantly enhanced the spectral response of the sensitizer, leading to an improved photocurrent and a power conversion efficiency of 7.3%.
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Fig 6: Chemical Strcutures of some phenothiazine-based sensitizers (Mehmood, et al.,(2014).
 
These strategies highlight the versatility of phenothiazine-based dyes in optimizing the performance of DSSCs by enhancing light absorption, improving charge separation, and mitigating dye aggregation, ultimately leading to higher conversion efficiencies. Kilic and colleagues developed a novel class of organic dyes containing a multi-chromophoric system in a single molecule for use in dye-sensitized solar cells (DSSCs). Each chromophore in these molecules contains a phenothiazine moiety as an electron donor and various electron acceptor/anchor groups. By connecting two individual phenothiazine-based chromophores with an alkyl chain directly, they aimed to investigate the effects of the number and type of electron acceptors on DSSC performance.
Their findings revealed that the molecular structure with a multi-chromophoric system (DYE4), containing cyanoacrylic acid moieties, provided approximately 10% higher Jsc value compared to single-chromophore counterparts (DYE1). The power conversion efficiency (PCE) of the DSSC based on DYE4 reached 3.4% with a volatile electrolyte under standard AM 1.5 irradiation conditions.
Furthermore, Chuet al., (2012) designed three simple double donor-acceptor (D-A) branched dyes (DBD) with a phenothiazine unit as an electron donor and a 2-cyanoacrylic acid unit as an electron acceptor for DSSCs. They observed that the molar extinction coefficients of these double D-A branched dyes were nearly twice as high as those of single dyes. Consequently, the DSSCs fabricated by DBD showed enhanced Jsc, Voc, and PCE compared to corresponding single-dye cells. Building upon this finding, they synthesized three phenothiazine-based dyes (DC1-3) bearing two asymmetric double D-π-A chains. An improved PCE of 5.19% was achieved for the DC3-sensitized solar cells under standard global AM 1.5 solar conditions, attributed to its longer electron lifetime and broader and more intensive absorption in the UV-visible region.283

These studies highlight the potential of multi-chromophoric phenothiazine-based dyes in enhancing the performance of DSSCs through improved light harvesting and electron transfer efficiency. The efficient design of donor-spacer-acceptor dyes in dye-sensitized solar cells (DSSCs) requires careful consideration of the positioning of the electron donor group on the macrocycle periphery of phenothiazine. Zhu et al., (2015) designed two types of new phenothiazine-based dyes to investigate this issue. In Type 1 molecules, the donor aryl group is appended at the C (7) position, while in Type 2 molecules, it is located at the N(10) position of phenothiazine. The structural features influence the light-harvesting properties and DSSC performance, with Type 1 dyes demonstrating better performance due to enhanced π-conjugation of the chromophore. For instance, the PT1-sensitized DSSC achieved a higher Voc of 0.829 V and a final PCE of 6.72%.
Terna and co-workers in (2021) explored the effect of different electron donors on the photovoltaic performance of phenothiazine organic dyes. They found that introducing a triphenylamine group as the electron donor improved both photocurrent and photovoltage compared to other donors. The PH2-sensitized DSSCs exhibited the best PCE of 4.41% under AM 1.5 light irradiation, with long-term stability achieved under 1000 hours of light-soaking.
In a study of PTZ dyes, Kaur and co-workers (2023) reported a series of polyphenyl-substituted ethylene end-capped phenothiazine dyes for DSSCs. They found that introducing more twisted end-cap structures improved charge collection efficiency, leading to higher Voc values and better performance efficiencies. Further modifications through the introduction of additional electron donors, such as triphenylethylene phenothiazine, also contributed to enhanced photovoltaic performance.
These findings underscore the importance of structural design in optimizing the performance of phenothiazine-based dyes in DSSCs, with strategies focusing on enhancing light harvesting, charge separation, and charge collection efficiency.
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Fig 7: Chemical Strcutures of some phenothiazine-based sensitizers (Mehmood, et al., (2014)284


Chow and co-workers in (2020) investigated various structural modifications of phenothiazine-based organic sensitizers to optimize their performance in dye-sensitized solar cells (DSSCs). They designed a series of dyes with a triarylamine moiety attached at the C(7) position as an electron donor, a cyanoacrylate moiety at the C(3) position as an electron acceptor, and different substituents (methyl, hexyl, and TPA groups) at the N(10) position of phenothiazine. They found that certain structural features significantly influenced device properties: appending a triarylamine donor moiety at the C(7) position extended the π-conjugation of the chromophore, enhancing the photocurrent response region; adding a hexyl substituent at the N(10) position was more beneficial than a TPA substituent, with the former performing better than the latter; inserting a thiophene moiety between phenothiazine and the acceptor group reduced dye loading and device efficiency. The best-performing dye, NSPt-C6, achieved an overall conversion efficiency of 6.22%.
In another study, Chougalaet al., (2017) designed a series of oligo-phenothiazine-based organic dyes where the phenothiazine moiety served as both an electron donor and a π-conjugated bridge. Hexyl and hexyloxyphenyl substituents were added to the N(10) position of phenothiazine. They found that longer dyes limited performance, with the dimer system outperforming trimers. The highest Voc values were obtained with PT2b, reaching 0.83 V, and a conversion efficiency of 7.78% was achieved.
Recently, Zhou and co-workers (2023) developed a series of simple phenothiazine-based dyes with a cyanoacrylate acceptor attached directly to the C(3) position of phenothiazine. They added an additional linear electron-rich (4-hexyloxy)phenyl group at C(7) and alkyl chains with varying lengths at N(10) of phenothiazine. The dyes showed a linear shape favorable for compact dye layer formation on TiO2 surfaces. The PT-C6-based DSSC exhibited a conversion efficiency of 8.18%, surpassing the reference N719 under identical conditions.
These studies underscore the importance of molecular engineering in optimizing phenothiazine-based metal-free organic dyes for highly efficient DSSCs, with strategies focusing on enhancing light harvesting, charge separation, and charge collection efficiency.

Carbazole based dyes
Carbazole is extensively employed for creating organic sensitizers in DSSC due to its electron-rich nature, effective hole transportation capabilities, and remarkable chemical and thermal stability (Naik et al., 2018). Because of its electron-rich characteristics, it is utilized as an auxiliary donor, primary donor, or connecting segment between the acceptor and donor (Venkateswararao and Thomas 2013). 
Carbazole can be readily functionalized at the 3, 6, and 9 positions (Sivanadanam et al., 2016). The initial study exploring the utilization of organic dyes relying on Carbazole was published by Koumura et al. in 2006. Numerous Carbazole-based sensitizers have been employed in DSSCs, serving as either a donor or π-linker.
Furthermore, researchers have compared the DSSC performance of Carbazole-based dyes with many metal-free dyes based on Phenothiazine and Triphenylamine, Indoline, etc. Additionally, some researchers have synthesized dyes containing Carbazole unit, which is discussed here.
Ataet al., (2021)reported four organic dyes featuring a Carbazole donor, cyanoacrylic acid (CA) acceptor, and phenylene ring spacer with various fluorine substitution positions. Fluorine is commonly employed to modulate the optoelectronic properties of organic conjugated materials due to its small size and strong electronegativity. It is observed that the precise location and number of fluorine substitutions are crucial for controlling the optical and electrochemical properties of organic dyes. Fluorine-substituted dye leads to a redshift in the light absorption range and reduces the bandgap. The o-fluoro-substituted dye A exhibited the best dynamics of electron injection. Due to its strong absorption and fast injection rate of an electron, dye A outperformed other dyes with an efficiency of 4.02%. The nonfluorinated dye 1 demonstrated a 3.23% efficiency. Because of the meta-inductive influence, dye B exhibited the least MEC and a lower power conversion efficiency (PCE). 
Jianget al., (2014) reported two sensitizers featuring a Carbazole donor, a Phenothiazine π-bridge, and rhodanine acetic acid as an acceptor. Conversely, they introduced a benzene π-bridge between the Carbazole donor and Phenothiazine, employing either para- or meta-connection modes (designated as AA and BB, respectively). DSSC devices exhibited a power conversion efficiency (PCE) of 5.57% and 4.56% for dyes featuring para and meta substitutions, respectively. 
Zhang et al., (2015) synthesized Dye C featuring a Carbazole donor, alkyl-substituted thiophene π-bridges, and Cyano Acetic acid acceptor, and compared it with other dyes containing different donating groups, namely dibenzofuran and dibenzothiophene DD and EE. Dye C exhibited a bathochromic shift in UV absorption spectra compared to dyes DD and EE. Cyclic voltammetry (CV) tests revealed band gaps of 1.86 eV, 1.95 eV, and 1.97 eV for dyes C, DD, and EE, respectively. Dye DD demonstrated a promising PCE of 7.68%, surpassing that of dye C, while dye EE showed a reduced efficiency of 7.18%.
Saritha et al., (2017) synthesized two dyes, one based on a Carbazole auxiliary donor and Triphenylamine donor (designated as FF), and the other based on a Carbazole auxiliary donor and Carbazole donor (designated as GG), both incorporating Cyano Acetic acid as an acceptor. The design of these dyes aimed to prevent intermolecular π-π stacking, thus avoiding self-quenching of excited states and enhancing performance through efficient electron injection. The addition of Carbazole as an extra donor enhances electron-donating capability and extends the absorption range towards longer wavelengths. However, these dyes have been primarily limited to longer wavelengths in the near-infrared (NIR) region and display a narrow absorption spectrum, which contributes to lower performance. Sensitizers FF and GG exhibited an overall power conversion efficiency (PCE) of 3.12% and 2.63%, respectively.285

Vermaet al., (2020) synthesized a series of new push-pull-based dyes utilizing Carbazole as a π-bridge, Triphenylamine as a donor, and Cyano acetic acid as an acceptor (designated as HH and II), and compared them to a dye with a Triphenylamine π-bridge and donor (designated as JJ). All three dyes demonstrated remarkable photophysical and electrochemical properties, high thermal stability, significant Stokes shift, and sufficient HOMO-LUMO energy levels enabling efficient dye regeneration and electron injection into the conductive band of TiO2 from the excited state of the dye. Their research highlighted the pivotal role of the Carbazole π-bridge in photovoltaic efficiency, with the carbazole π-bridged conjugated dye HH exhibiting a commendable PCE of 1.4% compared to other dyes.
Sirikantet al., (2020) reported the synthesis of three organic dyes (designated as KK, LL, NN containing the electron donor 9-hexyl-2-(hexyloxy)-9H-carbazole (HHCBZ), while also synthesizing dye MM containing 9-hexyl-9H-carbazole (HCBZ) for comparison. Incorporating the HHCBZ group into triarylamine offers several advantages: (a) a redshift in the absorption peak and an increase in the overall molar extinction coefficient (MEC) of the absorption bands; (b) a reduction in charge recombination in both iodine- and cobalt-based devices; and (c) an enhancement in photovoltage/photocurrent and, consequently, in the power conversion efficiency (PCE). Devices utilizing dye KK exhibited significantly higher efficiencies (8.67% and 7.8% in cobalt and iodine electrolytes, respectively), surpassing those of dyes LL, NN, MM.
Arkanet al., (2024) synthesized a dye featuring a Carbazole donor, rhodanine-3-acetic acid acceptor, and methoxy auxiliary donor (designated as ON), and for comparison, dyes with donors such as Triphenylamine and julolidine were also synthesized (designated as OM and OP, respectively). The electron lifespan at a fixed open-circuit voltage (Voc) decreases in the sequence of donors: julolidine < diphenylamine < Carbazole, which correlates with the ascending sequence of Voc. Transient absorption decreases in the presence of an electrolyte, showing half times of 1.40 μs, 1.98 μs, and 3.81 μs for dyes ON, OM, and OP, respectively. Dye ON exhibits short-circuit photocurrent densities (Jsc) of 11.29 mA cm−2, a Voc of 0.656 V, a fill factor (FF) of 0.728, and a power conversion efficiency (PCE) of 5.40%.
Mao et al., (2015) synthesized a series of organic dyes based on a quinoline π-linker, all featuring the same acceptor unit (CA) but differing in their donating groups, such as N, N-diethyl OK, 3,6-dimethoxy Carbazole OX, and bis(4-butoxyphenyl)amine OS. Among these dyes, OS exhibited enhanced light-harvesting properties characterized by an expanded conjugate length, red-shifted intramolecular charge transfer (ICT) band absorption, and an improved light-responsive incident photon-to-current conversion efficiency (IPCE) spectrum, resulting in a higher short-circuit current density (Jsc). Additionally, it demonstrated an increased open-circuit voltage (Voc) due to its high charge recombination resistance. Consequently, the unit incorporating dye OS, coupled with iodine redox electrolytes, achieved the highest power conversion efficiency (PCE) of 3.07%.
Dhar et al., (2018) synthesized dyes featuring a dihydropyrrolo-pyrrole-1,4-dione (DPP) bridge coupled with different donor moieties, including Triphenylamine OL, indole OQ, and Carbazole OH, and investigated the impact of these various donors. Among these dyes, the device utilizing dye OH (without coabsorbent) exhibited a higher power conversion efficiency (PCE) of 4.40% compared to others. Furthermore, when dye OH was paired with the coabsorbent CDCA (chenodeoxycholic acid), it demonstrated reduced charge recombination and enhanced photocurrent performance relative to devices based on OL and OQ. Consequently, the DSSC utilizing dye OH achieved a higher open-circuit voltage (Voc) of 0.693 V, short-circuit current density (Jsc) of 10.3 mA cm−2, and PCE of 4.44%.
Nalcakanet al., (2023) introduced three novel dyes (PP, QQ, WW) featuring Carbazole as the donor scaffold, Cyano Acetic acceptor units with a vinylene π-bridge, and a 4-methoxyphenyl unit as an auxiliary donor. Their research indicated that among these three dyes, dye PP exhibited the highest power conversion efficiency (PCE) of 2.20%, attributed to the inclusion of the Cyano Acetic acceptor unit.
Zhang et al., (2023) synthesized five novel dyes YY, YZ, ZY, ZZ, ZA utilizing CA as an acceptor, a dithieno[3,2-b:2',3'-d]pyrrole (DTP) π-bridge, and either Carbazole or Triphenylamine donors. Their focus was on exploring the effects of spatial frameworks and connection positions within dye-sensitized solar cells (DSSCs). The results indicated that a narrower dihedral angle between the donor group and the bridging arm in the dye molecule led to stronger molar extinction coefficients (MEC) and greater potential for light absorption. Additionally, enhancing the Voc was achieved by incorporating a benzene ring unit into the DTP assembly, rather than an alkyl chain, proving to be an effective method for reducing π-π aggregation of sensitizers on TiO2 and suppressing charge recombination. Among these dyes, the device based on dye YY achieved a remarkable PCE of 6.63%, with a Jsc of 14.55 mA cm−2, Voc of 710 mV, and FF of 0.64.286

Summary of Major Sensitizer Classes and Their Performance in DSSCs
Table 1 presents a comparative summary of the major sensitizer families employed in dye-sensitized solar cells, highlighting their structural features, advantages, limitations, and representative photovoltaic performances.

Table 1: Comparative Summary of Sensitizer Classes Used in DSSCs


	Sensitizer Class
	Representative Examples
	Key Advantages
	Major Limitations
	Typical PCE (%)
	References

	Ruthenium Polypyridyl Complexes
	N3, N719, Black Dye, Z907
	Broad visible-light absorption, excellent charge-transfer properties, long excited-state lifetime, high stability
	High cost, scarcity of Ru, complex synthesis, environmental concerns
	10–12
	Nazeeruddin et al., 1993; Grätzel, 2005

	Copper-Based Complexes
	Cu(I)/Cu(II) Bipyridyl Dyes
	Low cost, earth-abundant metal, tunable redox properties
	Lower long-term stability compared to Ru dyes
	8–11
	Dragonetti et al., 2019

	Iron-Based Complexes
	Fe(II) Polypyridyl Complexes
	Abundant, environmentally benign, inexpensive
	Rapid excited-state deactivation, low efficiencies
	<1
	Canivet and Wisser, 2023

	Osmium-Based Complexes
	Os Polypyridyl Dyes
	Extended absorption into near-IR region
	High cost, lower IPCE than Ru dyes
	2–5
	Onicha, 2010

	Triphenylamine (TPA) Dyes
	C219, JK2, TPA Series
	High molar extinction coefficient, tunable structure, low cost
	Aggregation tendency, stability concerns
	6–10.3
	Kim et al., 2008; Zeng et al., 2011

	Indoline Dyes
	D149, D102
	Strong visible-light absorption, high electron-donating ability
	Dye aggregation and degradation under prolonged illumination
	6–9
	Lee and Yang, 2011

	Coumarin Dyes
	NKX Series
	High absorption coefficients, facile synthesis
	Narrow absorption range
	5–9
	Kumbar et al., 2018

	Carbazole Dyes
	Carbazole D–π–A Dyes
	Good thermal stability and electron-donating properties
	Limited near-IR absorption
	5–8
	Abusaif et al., 2021

	Phthalocyanine Dyes
	ZnPc Derivatives
	Strong absorption in red and near-IR regions
	Severe aggregation on TiO₂ surface
	4–8
	Tunç et al., 2021

	Natural Dyes
	Anthocyanins, Chlorophylls, Betalains
	Renewable, biodegradable, inexpensive
	Poor stability and low efficiency
	<2
	Ludin et al., 2014
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Comparative Analysis
Among the sensitizers reviewed, ruthenium-based complexes remain the benchmark owing to their broad absorption spectra, excellent photostability, and favorable charge-transfer characteristics. However, the scarcity and high cost of ruthenium have stimulated intensive research into metal-free organic dyes. Triphenylamine-, indoline-, carbazole-, and coumarin-based sensitizers have emerged as promising alternatives due to their high molar extinction coefficients, ease of molecular modification, and relatively low production costs. Recent studies suggest that properly engineered organic sensitizers can achieve power conversion efficiencies comparable to those of conventional ruthenium complexes while offering improved sustainability and scalability.
FUTURE OUTLOOK AND RESEARCH DIRECTIONS
Despite remarkable progress in dye-sensitized solar cell technology, several scientific and technological challenges continue to limit widespread commercialization. Future research should focus on the following areas, etc.
Development of Broad-Spectrum Sensitizers
One of the major limitations of current sensitizers is incomplete utilization of the solar spectrum. Future sensitizer designs should aim to extend light absorption into the near-infrared (NIR) region while maintaining efficient electron injection and dye regeneration. Molecular engineering strategies involving extended π-conjugation, donor-acceptor architectures, and fused heterocyclic systems are expected to play crucial roles in achieving this objective.
Advanced Molecular Engineering
The continued optimization of D–π–A, D–A–π–A, and multi-donor sensitizer architectures offers significant opportunities for enhancing charge separation and reducing electron-hole recombination. Future studies should focus on:
· Tailoring donor and acceptor strengths. 
· Optimizing π-conjugated spacers. 
· Introducing sterically bulky substituents to suppress dye aggregation. 
· Designing multifunctional anchoring groups with stronger semiconductor binding capabilities. 
Co-Sensitization Strategies
Co-sensitization, involving the simultaneous use of two or more complementary dyes, has demonstrated significant potential for broadening spectral coverage and improving charge collection efficiency. Future work should focus on identifying synergistic dye combinations capable of maximizing photon harvesting across the visible and NIR regions.
Sustainable and Earth-Abundant Sensitizers
The reliance on expensive noble metals such as ruthenium presents economic and sustainability concerns. Consequently, future research should prioritize sensitizers based on abundant and environmentally benign elements such as:
· Iron (Fe) 
· Copper (Cu) 
· Zinc (Zn) 
· Nickel (Ni) 
as well as fully organic metal-free sensitizers that offer lower environmental impact and reduced production costs.
Computationally Guided Dye Design
Advances in computational chemistry have significantly accelerated sensitizer development. Density Functional Theory (DFT) and Time-Dependent Density Functional Theory (TD-DFT) calculations can predict:
· HOMO-LUMO energy levels, 
· Electron density distribution, 
· Absorption spectra, 
· Charge-transfer characteristics. 
Future integration of artificial intelligence, machine learning, and high-throughput computational screening is expected to reduce experimental costs and accelerate the discovery of high-performance sensitizers.
Alternative Redox Mediators and Solid-State Electrolytes
Although the I₃⁻/I⁻ redox couple remains the most widely used electrolyte system, it suffers from volatility, corrosion, and long-term stability issues. Future studies should focus on:
· Cobalt-based redox mediators, 
· Copper-based redox mediators, 
· Organic redox couples, 
· Solid-state hole transport materials, 
· Quasi-solid-state electrolytes. 
These alternatives have the potential to improve device durability and facilitate commercialization.
Long-Term Stability and Commercialization
While laboratory efficiencies of DSSCs have improved considerably, long-term operational stability remains a significant challenge. Future investigations should emphasize:
· Photostability of sensitizers, 288

· Thermal stability under outdoor conditions, 
· Moisture resistance, 
· Encapsulation technologies, 
· Scalable manufacturing processes. 
Achieving stable operation over 20–25 years will be critical for successful commercialization and competition with conventional silicon photovoltaic technologies.	
CONCLUSION
Significant advances have been made in the development of sensitizers for dye-sensitized solar cells over the past three decades. Ruthenium-based sensitizers continue to provide excellent photovoltaic performance and stability; however, their high cost and limited availability have encouraged the development of metal-free organic alternatives. Molecular engineering approaches involving donor–acceptor design, π-conjugation optimization, co-sensitization, and computationally guided dye development have substantially improved device efficiencies. Emerging organic sensitizers now exhibit performances approaching those of conventional ruthenium complexes while offering advantages in sustainability and cost-effectiveness. Future breakthroughs in sensitizer design, electrolyte development, and device stability are expected to further enhance the commercial viability of DSSCs as a sustainable photovoltaic technology.
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