CHAPTER
DYE SENSITIZED SOLAR CELLS


Sensitization on our energy needs on earth is an important area one has to focus. Human beings normally are sensitized on many other counts and reasons, but their concern for the essential need namely energy seems to be not to the proportion it deserves.   This may be due to the fact that nature for centuries have provided the essential resources but the human kind has been over utilizing these natural resources and hence this alarming situation has come to threaten to human life on earth.    Considering,  sensible  population growth  and power generation possibility, the projection for the power demand worldwide in 2050 is around 28 terawatt (TW).  Solar power has the necessary  potential to fulfil the requirement of renewable power sources in the near future globally. A helpful Earth-bound global worldwide solar power prospective  is estimated at about 600 TW through the 1.7 × 105 TW solar energy that strikes the surface of our planet. Therefore, making use of 10% productive ranches that are sunlight-based, about 60 TW of energy could possibly be provided. With this aim, various attempts have been made in the last two or three decades to develop solar cells which are economically viable and  with acceptable efficiency. 
 The photoconversion efficiency chart of several types of solar cells, including DSSC, based on NREL data base(USA) year-by-year analysis from 1980  is given in Fig,1, . It is to be noted that  over the past two decades, no material has yet been found to increase the efficiency of DSSCs, though  photovoltaic technologies have been improving in a relatively short time of just one decade. Most of the research on DSSC have been directed at creating DSSCs that are affordable, ecofriendly, stable, and effective.. On exposure to light, dye molecules generate photoexcited electrons, and are thus, regarded as the most crucial part of DSSCs. Organometallic dyes based
 on ruthenium are the most effective dyes for DSSCs (N3, N719, N749, etc.). [image: https://pubs.rsc.org/image/article/2023/RA/d3ra00903c/d3ra00903c-f2_hi-res.gif]
Fig 1.  Year-wise  status of the efficiencies of different PV technologies. Reproduced with permission from National Renewable Energy Laboratory, Golden, CO.
Though material selection has many limitations in terms of availability in the form required, their processing method and cost and other manufacturing challenges, we will first focus on realizing the required   efficiency of the DSSCs. A simple schematic outline of a DSSC is shown In Fig.2.
[image: https://pubs.rsc.org/image/article/2023/ra/d3ra00903c/d3ra00903c-f4.gif]
Fig.2. A Schematic Diagram of a  DSSC. {Figure from ref. 1.}
It is seen that a DSSC framework consists of four fundamental parts. They are:
1.  Photoanode fabricated from usually a mesoporous oxide layer (most often, titanium dioxide) kept on a transparent conductive glass substrate.
2.  The dye monolayer covalently attached to the surface of the photoanode  (commonly titanium dioxide layer) for light harvesting and produces electrons that are  energized.by photons
3. In an organic solvent, the electrolyte having the I−/I3− as the redox couple together with the electron at the counter electrode and the recovery or regeneration of the effecting sensitizer.
4.  Conductive glass substrate fully covered by platinum, which made the counter electrode.
This, it is seen that DSSC is one of the simple device to harness sun’s energy and convert the same into electricity. Though conceptually to design it is simple, DSSC has limitations on the choice of materials as mentioned. This aspect requires careful consideration.
The architecture of DSSCs consists of two essential  parts or electrodes , one of which is platinum-deposited on graphite-sheet which is the working electrode, and the other of which is a thin film crystalline semiconductor with a sufficient band gap (for example titanium dioxide) sensitized with a complex dye. An electrolyte solution covers the distance between two electrodes and thus forms the contact medium.. . The dye will absorb photons and thus give rise to electron hole in two energy states.(namelyoccupied and unoccupied states). Which are activated by the photon energy absorbed. when exposed to sunshine. The ingested sensitizer particles shall infuse electrons into the titanium dioxide working electrode and, in this way,the dye is  oxidized. Partition of charge attain over the interface of semiconductor, where in titanium dioxide an electron is located, and a hole is retained in the oxidized dye particle. The electrons will then pass through the titanium dioxide permeable system and eventually reach the working electrode's back contact, where the accumulation and extraction of charge will occur. The removed charge can perform electrical work in the outer circuit in this manner and finally come back to the counter cathode, where a decrease in the redox mediator happens. The oxidized dye can be regenerated by the liquid redox electrolyte.   This is the simple description of the working principle of a DSSC.
The light harvesting capacity of the dye sensitizer in the DSSC, depends on certain features. In addition, the dye sensitizer should not affect the charge transfer at the interface.. The chemical composition and structure of the chosen dye can also  affect and drive electron infusion forward into the conduction band of the semiconductor. The important components of dye-sensitized photovoltaic cells (DSSCs), must meet a few basic requirements. They are:
(1) The photosensitizer's absorption band must encompass the full visible spectrum, as well as a portion of the adjacent infrared spectrum (NIR). Of the solar radiation.
(2) Anchoring units (–COOH, –H2PO3, –SO3H, etc.) should be included in the photosensitizer to keep the dye firmly attached to the surface of the semiconductor and are not leachied out during operation..
(3) The photosensitizer's energized phase dimension must be greater in energy than the n-type semiconductor's conduction band edge (n-type DSSCs) for a productive electron transfer activity between the energized dye and the semiconductor's conduction band (CB). In p-type DSCs, the photosensitizer's HOMO level should be at a higher positive potential than the p-type acceptor level of the semiconductor valence band (VB).
(4) For sensitizer recovery, the photosensitizer's oxidized form ought to be greater than the redox electrolyte capability.
(5) Adverse dye accumulation on the surface of the semiconductor should be avoided by improving the dye's subatomic structure or by expanding the co-adsorbent that inhibits agglomeration..
(6) The photosensitizer must be photostable, and it must  be electrochemically and thermally secure. A wide range of photosensitizers, including metal-free, natural dyes,29 porphyrins, and phthalo cyanines, have been constructed and connected to DSSCs in recent decades in response to these requirements.
(7) Research is currently being done to enhance dye designs that can  provide high power conversion efficiency.. 
Selection of Materials for DSSC
The selection of materials for DSSC applications is an important component of this technology. There have been consistent developments in this area. In this section,  only the recent developments in this area will be considered.
Selection of Substrate:
Fine conductive glass is commonly used as a substrate because of their low cost, availability, and better optical transparency in the spectral region of the electromagnetic radiation.. Conductive covering (layer or film), as fine transparent conductive oxide, is saved on one side of the substrate. This film is  essential since it permits sunlight to enter the cell as the directing electron bearers to the external circuit. Transparent conductive oxide materials, such as indium-doped tin oxide or fluorine-doped, are normally employed.  On the conducting side, the nanostructure wide band gap oxide or other semiconductor (electron acceptor) is deposited,linked, fabricated, or produced.
Photoelectrode        T                                                                                                                                T    The nanostructure material of semiconductors is connected to a translucent leading substrate to form the photo or working electrode in a DSSC. Titanium dioxide has been the extensively used  semiconductor material (anatase band gap 3.2 eV). Titanium dioxide is a cheap, harmless, and abundant substance. TiO2 nanoparticles usually comprise of 15–30 nm particle size and thickness of 10–15 μm. Screen printing and specialty blading are the most common deposition procedures for film readiness. Prior to the sintering procedure, colloidal titanium dioxide viscous glue is deposited on a substrate in one of the two approaches. Sintering is usually done around 773 K.. The rise in temperature causes electrical contact between the nanoparticles, resulting in the permeable nanostructure electrode being formed. The electrode is dye sensitized by immersing it in a dye solution for a set time...
The utilization of a mesoporous titanium dioxide electrode with a good inner surface area to help a sensitizer monolayer was the way to achieve the successful DSSCs in 1991. Although titanium dioxide36 still has the highest efficiency, many metal oxide frameworks, such as zinc oxide, SnO2, and Nb2O5, have also been explored. In contrast to these fundamental oxides, ternary oxides such as SrTiO3 and Zn2, SnO4 have also been studied, as well as center shell structures such as zinc oxide-covered SnO2. Huge efforts have also been made in recent years to streamline the nanostructured terminal shape, also with a huge series of nanostructures have also been tried, ranging from irregular clusters of nanoparticles to sort out arrays of nanotubes and single-crystalline nanorods.  The dye sensitized solar cell inner resistance affects the fill factor, conversion efficiency, and conductivity of substrates. 
Sensitizers
Very many efforts have been undertaken to develop various sensitizers, which can be classified into the following categories: (1) natural dyes, (2) perovskite-based sensitizer, (3) QD sensitizer, (4) metal-free organic dyes, (5) mordant dyes, and (6) Ru-complex dyes. 
Based on their structure, the dyes used in DSSC are divided into two main types: organic dyes and inorganic dyes. Organic dyes include both natural and synthetic dyes, whereas inorganic dyes include metal complexes such as polypyridyl complexes of ruthenium and osmium, metal porphyrin, phthalocyanine, and inorganic quantum dots. It was started with nanocrystalline TiO2 1991. The first efficient DSSC has been based on Ru(II)-polypyridyl dyes, and in subsequent years, the DSSCs have been based on Ru(II)-polypyridyl dyes. However, as time went on, various concerns emerged, such as the poor absorption coefficient. To effectively catch the entire  light, devices must be developed with TiO2 films thicker than 8 mm. In this approach, modifying dye sensitizer light absorbing qualities and controlling  electron exchange process through basic structure design of the dye sensitizer is an important avenue for improving the DSSC efficiency. 
In DSSC, sunlight capture is handled by the sensitizing dye. The sensitizer absorbs solar energy and thereby improves the cell's conductivity. A sensitizer should contain carboxyl and hydroxyl groups, which are necessary for good semiconductor binding and indicate the highest absorbance from visible to near infrared solar radiations that does not diminish quickly. Because the sensitizing dye plays such an important part in DSCC, a lot of effort has been invested into combining and testing new dyes. The ideal sensitizer should be consistent and capable of connecting to the side of the electron-directing substance.
They would be capable of retaining light at all wavelengths (λ) less than 923 nm, allowing them to cover the entire spectrum of light that reaches the Earth's surface while also increasing the efficacy. Because dyes are an essential component of DSSCs, there is no doubt they have captured the major interest of researchers. The three types of sensitizers are metal-complex sensitizers. In nature, metal complex sensitizers are costly, scarce, and harmful. Metal-free natural sensitizers have shown to be less effective, and the dyes' basic difficulties are their convoluted synthetic process. Natural dyes are in the form of carotenoids, anthocyanins, betalains, and chlorophyll pigments taken from blooms, natural products, plants, leaves, and roots. Natural dyes sensitized solar cells (NDSSC) have lower efficiency than metal-complex and metal-free natural sensitizers, but they use a simple extraction technique and are more environment friendly, which leads to the most recent study in the field of DSSCs.
For efficient light harvesting, anchoring groups accomplished covalently bonding to –OH groups on the TIO2 surface and optimal absorption overlaps with that of the solar spectrum. The LUMO and HOMO energy levels must be aligned with the TiO2, conduction band and the iodide triiodide redox electrolyte to ensure capable electron injection and dye regeneration..

Electrolyte
Electrolyte is critical in the DSSC as the electrolyte enhances the charge transport between the counter anode and the photoelectrode. Researchers from all around the world have done substantial study on the I−/I3−redox pair as an electrolyte for DSSCs. For solid-state DSSC applications, I−/I3− incorporated into a polyaniline/thiourea matrix is also employed. Due to this optimization, the short-circuit current density and open-circuit voltage have increased, which significantly increased the PCE.132 The basic function of the electrolyte is to recover the dye at the regeneration step. The electrolyte should be light, with a low vapor weight, high boiling point, and good dielectric properties.133 Low viscosity, low vapor pressure, high boiling point, and outstanding dielectric properties characterize the perfect electrolyte solvent. Industrial factors such as robustness (compound latency), natural regeneracy, and ease of preparation are also crucial. The most often utilized electrolytes are I−/I3− inorganic solvents, inorganic ionic fluids, and solid electrolytes. The best redox mediator currently employed in DSSC is a liquid electrolyte that holds the redox pair. Ionic liquids containing iodide/triiodide have qualities such as substance stability and exceptional ionic conductivity, making them a possible alternative electrolyte. Finding a common redox pair will be one of the most difficult tasks for future DSSC experiments along long-term stability. When an inorganic ionic electrolyte is present, the efficiency of the system degrades over time. The leakage-free property of the strong electrolyte sets it apart from all other electrolytes.134 The best p-type strong material with a large band gap that is simultaneously transparent and affordable is copper iodide,135 although it has many shortcomings and problems to be resolved.
Electrolytes for DSSCs are classified into three types: liquid electrolytes, solid state electrolytes, and quasi solid-state electrolytes.
Liquid electrolytes
 
Liquid electrolytes are basically classified into two types: organic solvent-based electrolytes and room temperature ionic liquid electrolytes (RTIL) based on the solvent used
Ionic liquids as an electrolyte
 
Ionic liquids (ILs) are new DSSC solvents, liquid parts, and quasi solid electrolytes.136,137 The key advantages of ILs over organic solvents are their decreased instability (owing to low vapor pressure), strong ionic conductivity, and thermal soundness, leading to solar cells with greater long-pull resilience. Devices with liquid electrolytes will generally decay faster than cells with ILs in terms of performance. Electrochemical dependability is usually desired when ILs are employed instead of liquid electrolytes. Numerous additional ionic liquids have also been researched for their possible use as solvent-free electrolytes in DSSC, including ammonium,138 guanidinium,139,140 phosphonium,141,142 pyridinium, and sulfonium.143–145 However, due to their high viscosity and issues with mass-transport, these have not produced good efficiency.142,145 It is interesting to note that improved IL concentrations, such as imidazolium iodides, can also help to effectively reduce the dye molecule, which improves the DSSC performance.146 Very outstanding (>10%) efficiency under full sun illumination has been successfully demonstrated by mixing organic solvents with optimum concentrations of ILs.147 Ionic liquids (ILs) maintain high melting points and high viscosities. The key benefit of an IL-based electrolyte is the absence of the risk of leakage from the cell channel, which compromises the DSSCs' long-term operational stability. The first stable DSSC was demonstrated using an IL-based electrolyte that contained methylhexyl-imidazolium iodide (MHImI), and it did not exhibit any performance decline.148
ILs are further classified as follows.
RTILs (room temperature ionic liquids) maintain low viscosity and a lower melting point (<100).149,150 They are a class of organic salts made up of anions from the halide or pseudohalide family and captions such as pyridinium and imidazolium (Table 10).151
Solid-state electrolyte
 
The liquid electrolyte that has historically been used in DSSCs has several drawbacks, including poor long-term constancy due to fluid combustibility, spillage, dye breakdown, and leakage, can significantly reduce the solar cells' long-term stability. Solid state electrolytes have been developed to improve the performance and stability. They substitute a p-type semiconductor for the liquid electrolyte.155 Because they have ionic flexibility required for effective connections between segments inside the solar cell, polymer-based gel electrolytes can be used as a solution. Although several quasi solid-polymer electrolytes have been used in DSSCs, the transformation efficiencies obtained are often low when associated to those obtained with liquid electrolytes.156–158 Amalina et al. investigated the effect of copper(I) iodide (CuI) solution concentration on the thin film's characteristics and photovoltaic performance.159 CuI thin films deposited on glass substrates were studied for surface morphology and electrical properties. The results revealed that the precursor concentration has a significant impact on the CuI thin film characteristics. This suggests that fog atomization could eventually replace the current hole transport material deposition innovation in the commercial manufacturing of solid-state DSSC. With inorganic nanofillers (TiO2, SiO2, Al2O3) and polyethylene glycol, M. Amalina and M. Rusop159 developed efficient composite electrolytes (PEG). According to morphological and physical analysis, the crystallinity of the Al2O3–PEG composite electrolyte was lower than TiO2–PEG, SiO2–PEG electrolyte, and PEG.
[bookmark: _GoBack]Counter electrode
 
A DSSC's counter electrode is another essential component. The decrease in triiodide is the primary motive for the counter electrode. The lower reaction rate at the cathode is crucial because triiodide is reduced to iodide, which is then used to recover the oxidized dye particle at the anodic side of the cell. An achievable cell requires a modest response on the anodic side and a rapid response on the cathodic side, which is the counter electrode.. The counter terminal is near to the redox couple's equilibrium capacity, but the anodic side is a long way from the equilibrium potential. This phenomenon causes a voltage contrast in the DSSC, resulting in a drop in the triiodide levels. Although a variety of materials such as carbon, platinum, conductive polymers, and graphite are used as counter electrode, platinum still remains the preferred catalyst. For the iodide/triiodide redox pair, platinum is a superior catalyst. Furthermore, the light reflection coefficient of platinum is larger than that of carbon, causing all the light to enter the cell. The electrolyte is responsible for the recovery of the dye by the counter cathode. Platinum is probably the best available material as a counter cathode, resulting in great cell productivity even though it is an expensive. Carbon, on the other hand, is a less expensive and adequate reactant.  Carbon in various forms like multiwalled carbon nanotubes (MWCNT) and graphene nanoparticles (GNP) have also been employed as counter electrode.  The counter anode's life and effectiveness have to be  improved further.. Platinum dispersion technology may be introduced to reduce the excessive useofthis costly material. . . DSSCs with nanoparticulate structures can improve the photon-to-current transformation efficiency, power conversion efficiency, and short-circuit current. It is clear that there can be considerable improvement in the design and fabrication of the counter electrode. .


Remarks
The level development of DSSC has been encouraging , however there is still scope to improve the quality, performance and long term stability of all the components. It is necessary that rapid and timely progress is made in this important area so as to dampen the anxiety on the energy front. It is known that organic dye sensitizers are inexpensive, easily extracted, abundant, and environmentally beneficial. Ruthenium dyes are considered as the best dye for the generation of productive DSSC having proficiency in the range of 10–11%. To get much less expensive dye for DSSC, metal-free organic photosensitizes are needed.. Thus, natural dye separated from various effectively accessible bloom and natural products are reasonable options for conceivable application as sensitizers to inorganic dyes in DSSCs.  The sensitizer is the dye in DSSCs.  They should not deteriorate rapidly, so that the cell’s life time will be acceptable.. The cumulative effect of the continual improvements can significantly enhance the DSSC's overall power conversion efficiency. DSSC is currently at its early stage, requiring a significant amount of work to achieve excellent effectiveness. DSSCs have a maximum electrical conversion efficiency of 25%, which is still poor in comparison to traditional silicon-based solar cells. In addition, the DSSC's life is a constraint on its growth; hence, real research would be necessary to improve the DSSC's efficiency and life.
This technology has been threatening to be feasible for the past several decades but it must be realized that developments and improvements on all the four components of the cell are necessary to make it a viable option for energy conversion for the society. It is true that this is yet another technology for energy conversion, this may not exclusive technology for energy conversion.  The future of this technology may be considered to be promising. 
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