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Abstract

:

The pursuit of sustainable energy sources has led to significant advances in solar cell technology, with conducting polymers (CPs) emerging as key innovations. This review examines how CPs improve the performance and versatility of three important types of solar cells: dye-sensitized solar cells (DSSCs), perovskite solar cells (PSCs), and organic solar cells (OSCs). Polymers such as polyaniline, polypyrrole, and poly(3,4-ethylenedioxythiophene) have shown significant potential to increase the efficiency of solar cells. In DSSCs, conducting polymers act as counter electrodes, electrolytes, and dyes, contributing to improved efficiency and stability. In PSCs, they serve as hole transport materials and electron transport materials that improve charge separation and reduce recombination losses. In OSCs, conducting polymers act as HTMs and active layers, significantly impacting device performance and enabling advances in both binary and ternary solar cell configurations. Recent research highlights the important role of conducting polymers in improving both the efficiency and stability of solar cells under different indoor and outdoor lighting conditions. Recent advances have led to impressive energy conversion efficiencies, particularly in low-light environments. This report also highlights the environmental and economic benefits associated with these materials. At the same time, it highlights the challenges associated with optimizing the materials, scalability, and ensuring long-term stability. Future research directions are outlined to overcome these obstacles and promote the commercial viability of next-generation solar technologies.
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1. Introduction


Global energy demand has been steadily rising due to population growth and technological progress. From 1990 to 2020, there was a significant 69% increase in global energy consumption, driven largely by the expanding global population [1]. This upward trend is expected to continue in the coming decades. Currently, fossil fuels—coal, oil, and natural gas—dominate the global energy mix, accounting for approximately 81% of total consumption. However, these resources are finite and diminishing rapidly, posing significant challenges to energy security and environmental sustainability. The combustion of fossil fuels also contributes heavily to greenhouse gas emissions, exacerbating climate change and air pollution. In response to these challenges, there is a pressing need to transition towards renewable energy sources such as wind, hydro, geothermal, and biomass. Wind energy, generated by turbines, is a fast-growing renewable source, although its production is variable depending on location and weather conditions [2]. Wind farms can also impact local wildlife, particularly bird and bat populations [3]. Hydropower, another major renewable source, relies on water flow in rivers and dams to generate electricity, but it can cause habitat disruption and community displacement [4]. Geothermal energy harnesses heat from the Earth’s interior, providing a consistent source of power. However, it is viable only in areas with substantial geothermal activity. Nations like Iceland, New Zealand, Kenya, El Salvador, the Philippines, and Costa Rica obtain 12% to 30% of their electricity from geothermal energy [5]. Biomass energy, derived from organic materials, can produce harmful byproducts like fly ash containing heavy metals and hydrocarbons [6]. Among renewables, solar energy emerges as particularly promising due to its abundant availability, sustainability, and minimal environmental impact. Solar radiation has the potential to meet global electricity demands efficiently while reducing pollution [7]. Photovoltaic (PV) technology, utilizing semiconductor materials like silicon, has become pivotal in harnessing solar energy. Solar cells have evolved through three generations: first-generation cells mainly using silicon, second-generation cells incorporating materials like amorphous silicon and thin films, and third-generation cells employing innovative materials such as organic dyes and quantum dots [8,9,10]. Perovskite solar cells (PSCs) within the third generation have shown significant promise, achieving high efficiencies through simpler, cost-effective fabrication processes compared to traditional silicon cells. However, they face challenges such as device instability, hysteresis, lead toxicity, and color limitations [11,12]. In addition, the perovskite solar cell exhibits reduced stability when exposed to oxygen and humidity, and its complex production process remains a significant barrier to market entry [13]. Organic solar cells (OSCs), on the other hand, offer several advantages. These include their low cost and ability to be prepared at low temperatures, along with mechanical flexibility and compatibility with various substrates. Recent advancements have pushed their energy conversion efficiency to a record 20%, showing potential to surpass traditional silicon cells [14]. However, challenges such as energy production costs and long-term stability still need to be addressed.



Another third-generation solar cell, the dye-sensitized solar cell (DSSC), offers significant advantages over conventional silicon solar cells and other types of third-generation solar cells. DSSCs are particularly easy to manufacture and inexpensive. They can be produced at low temperatures and under non-inert conditions, which is in contrast to the methods commonly used for other types of photovoltaic devices such as PSCs and OSCs. This not only simplifies manufacturing, but also reduces energy consumption during production. In addition to their manufacturing advantages, DSSCs are transparent and flexible, making them ideal for integration into various applications such as building-integrated photovoltaics and portable electronics. Their environmental friendliness also extends to indoor and window modules, further expanding their practical applications [15,16]. Dye-sensitized solar cells thus represent a promising alternative in the field of solar technology, characterized by versatility and sustainability in various applications and environments.



Efficiency comparisons among different solar cell generations are illustrated in Figure 1. First-generation solar cells such as crystalline silicon (c-Si), Si double-sided wafer cells (DS wafer cells), and Si thin transfer submodule cells achieve power conversion efficiency (PCE) of 26.8%, 24.4%, and 21.2%, respectively. In contrast, second-generation photovoltaics like CIGS, CdTe, and amorphous Si exhibit lower efficiencies at 23.4%, 21.0%, and 10.2%, respectively [17]. Moving to third-generation solar cells, a diverse range of efficiency values is observed. Perovskite cells stand out with an impressive 28.8% efficiency in tandem configuration [18] and 26.1% in single-junction configuration [19]. Dye-sensitized solar cells achieve a more modest 15.2% efficiency [20], while binary organic solar cells reach 19.7% PCE [14]. Indoors, DSSCs demonstrate competitive efficiency at 36.3% [21], similar to OSCs at 36.3% [22] and triplet-cation PSCs at 40.2% [23] under 1000 lux irradiation. Continued research and development efforts are essential to fully exploit the potential of these technologies for widespread adoption in the solar energy market. This review paper focuses on dye-sensitized, perovskite, and organic solar cells as representatives of third-generation photovoltaics, offering a comprehensive overview of their current status and future prospects, with a particular emphasis on the pivotal role of conducting polymers.




2. Fundamentals of Solar Cells


2.1. Perovskite Solar Cells


Perovskite solar cells represent a promising advancement in photovoltaic technology, achieving high power conversion efficiencies rapidly [24]. These cells utilize organometal halide light absorbers known for their superior optical absorption and balanced charge transport properties. Contrary to previous assumptions of a p-i-n structure, the working principle involves the formation of a p-n junction. Perovskite materials exhibit advantageous characteristics such as long carrier diffusion lengths, low exciton binding energies, and intrinsic ferroelectric properties [25,26]. Illustrated in Figure 2, a typical perovskite solar cell comprises FTO/ITO-coated glass, a hole-blocking layer, an electron-transporting layer, perovskite, a hole-transporting layer, and a metallic counter electrode. When sunlight strikes the perovskite layer, it energizes electrons from the valence band (HOMO) to the conduction band (LUMO), leaving holes behind. These excited electrons migrate to the electron transport layer or material (ETL or ETM) and diffuse towards the front contact, while holes move through the hole transport layer or material (HTL or HTM). The HTM facilitates hole passage to the external circuit and impedes electron flow. Efficient charge separation and transport occur at the interfaces of these layers. For optimal power generation, the perovskite layer ideally features a bandgap of 1.1–1.4 eV to effectively absorb visible light. The conduction band of the perovskite should marginally exceed that of the ETM for efficient electron transfer, while the valence band should slightly trail that of the HTM for effective hole transfer [27,28,29].




2.2. Dye-Sensitized Solar Cells


Dye-sensitized solar cells comprise three main components: the dye sensitized photoanode, electrolyte, and counter electrode, each crucial for the cell’s efficiency and performance. The photoanode, typically composed of dye-sensitized nanocrystalline titanium dioxide (TiO2), plays a dual role in light absorption and charge carrier transport, with its thickness directly influencing cell performance [31,32]. The electrolyte, whether liquid or solid, facilitates charge transfer and dye regeneration, for instance, liquid electrolytes like the I−/I3– redox couple. The counter electrode (CE) optimizes cell performance by facilitating charge transport, preventing recombination losses, and ensuring long-term durability [33]. Therefore, selecting appropriate CE materials and designs is crucial for maximizing overall performance and reliability of solar cell devices. Understanding the operational principles of DSSCs is essential (Figure 3). When sunlight strikes the DSSC, photons are absorbed by light-sensitive dye molecules. These dyes typically contain chromophores capable of capturing photons across a wide spectrum. Upon absorption, the dye molecule becomes excited, promoting an electron to a higher energy state and creating an electron–hole pair. The excited electron is then injected from the dye molecule into the conduction band of a semiconductor material, such as TiO2, which acts as an electron acceptor. These injected electrons flow through the semiconductor material towards the conductive substrate, often a transparent conductive oxide (TCO) like fluorine-doped tin oxide (FTO), generating an electric current. Simultaneously, the dye molecule, now electron-deficient, undergoes a redox reaction with the electrolyte present in the cell, regenerating the dye by accepting an electron from the electrolyte, which acts as an electron donor. The electrons collected at the conductive substrate flow through an external circuit, powering electrical devices before returning to the dye molecule through the counter electrode. At the counter electrode, usually catalyzed with materials like platinum, these electrons are transferred to the electrolyte, completing the redox reaction and regenerating the electrolyte for subsequent cycles [34,35,36,37,38].




2.3. Organic Solar Cells


Organic solar cells utilize organic materials to convert sunlight into electricity. Typically, these materials include conjugated polymers and small organic molecules. A typical organic solar cell structure consists of a photoactive layer positioned between two electrodes. This layer comprises a blend of electron-donor and electron-acceptor materials. For instance, common donor materials are conjugated polymers such as poly(3-hexylthiophene) (P3HT), while acceptors often include fullerene derivatives like [6]-phenyl-C61-butyric acid methyl ester (PC61BM) [39].



Organic solar cells generally consist of multiple layers (Figure 4): an initial electrode, an electron transport layer, the photoactive layer, a hole transport layer, and a final electrode. The operation of these cells begins with the absorption of light, which generates electron–hole pairs (excitons). These excitons then migrate to the interface between the donor and acceptor materials, where they dissociate into free electrons and holes. Electrons flow through the acceptor material to the cathode, while holes move through the donor material to the anode, thus producing an electric current that can power devices [40,41]. Despite typically having lower power conversion efficiency compared to their inorganic counterparts, organic solar cells offer advantages such as lower cost and flexibility.




2.4. Efficiency of Solar Cells


To fully comprehend the efficiency of solar cells, it is essential to explore the key parameters that govern their performance. The primary measure of efficiency is power conversion efficiency, which quantifies how effectively a solar cell transforms incident sunlight into electrical power. This efficiency is calculated using the formula


  P C E =      J   S C   ×   V   O C   × F F     I   i n       



(1)




where JSC denotes the short-circuit current density, VOC is the open-circuit voltage, FF stands for the fill factor, and Iin is the incident light intensity. Each of these factors plays a pivotal role in determining the overall performance of the solar cell.



The short-circuit current density is a crucial parameter representing the maximum current a solar cell can produce when its terminals are shorted, meaning no external voltage is applied. JSC indicates the cell’s capability to generate current under standard illumination conditions. Higher JSC values generally correlate with a greater potential for power output, provided other factors such as voltage and fill factor are also optimized. The effectiveness of JSC is influenced by factors like light absorption, material properties, and surface recombination losses.



In contrast, the open-circuit voltage signifies the maximum voltage a solar cell can produce when no current flows, thus reflecting the voltage potential under no-load conditions. This parameter is a critical determinant of the cell’s voltage-generating capability. The VOC value is influenced by factors such as the semiconductor material’s bandgap, temperature variations, and the intensity of incident light. A higher VOC indicates a greater potential voltage output, contributing to improved efficiency.



The fill factor assesses the solar cell’s effectiveness in utilizing the current–voltage (I-V) curve to produce power. It is defined as the ratio of the maximum power output to the product of VOC and JSC. A higher FF indicates that the solar cell can convert a greater proportion of the theoretical maximum current and voltage into actual power. FF is influenced by series resistance, shunt resistance, and the overall shape of the I-V curve, with higher values reflecting better efficiency and quality of the cell.



Lastly, the incident light intensity or solar irradiance measures the amount of solar energy per unit area incident on the solar cell. Typically expressed in watts per square meter (W/m2) or in terms of “suns” (where 1 sun equals 1000 W/m2), Iin directly affects the amount of power a solar cell can generate. Variations in Iin are due to factors such as the time of day, weather conditions, and geographical location. Higher light intensity leads to greater energy availability for conversion, thereby impacting the solar cell’s efficiency.



Thus, understanding and optimizing these parameters are crucial for evaluating and enhancing the performance of solar cells. Each parameter contributes to the overall efficiency by influencing the amount of electrical power generated from the solar energy received. Consequently, improving these factors is essential for advancing solar technology and maximizing the potential of solar energy as a sustainable resource.





3. Conducting Polymers and Their Synthesis and Fabrication Techniques


Conducting polymers are a class of organic polymers known for their high electrical conductivity, making them highly valuable in solar cell applications. These polymers have conjugated molecular structures that facilitate efficient charge carrier transport. Due to their excellent conductivity, transparency, and compatibility with flexible substrates, conducting polymers are widely used as hole transport layers in various types of solar cells, including DSSCs, PSCs, and OSCs. Examples of commonly used conducting polymers include polyaniline (PANI), polypyrrole (PPy), poly(3-alkylthiophene) (P3aT), poly(3,4-ethylenedioxythiophene) (PEDOT), polyvinylpyrrolidone (PVP), poly(styrene sulfonate) (PSS), and poly(4-vinylpyridine) (P4VP) [38]. Their structures are depicted in Figure 5. The significance of these polymers lies in their ability to enhance the efficiency and stability of solar cells. In DSSCs, conducting polymers improve hole transport from dye molecules to the counter electrode, thereby enhancing charge separation and reducing recombination losses [43]. In perovskite solar cells, they can function as hole transport materials, anode buffer layers, or additives in the perovskite layer [44,45,46]. In organic solar cells, they are utilized in various device layers, including electron transport, hole transport, and active layers [47]. Thus, conducting polymers play a crucial role in advancing solar cell technologies, contributing to improved performance and broader applicability. Common methods for synthesizing conducting polymers, as illustrated in Figure 6, include chemical polymerization, electrochemical polymerization, in situ polymerization, emulsion polymerization, template-assisted polymerization, controlled radical polymerization, cross-coupling reactions, and Grignard-type metathesis polymerization. Subsequent sections will explore these polymerization methods in detail, focusing on their applications in counter electrodes, HTMs, electron transport materials, transparent conductive electrodes, active layers, dyes, and electrolytes.



3.1. Chemical Oxidative Polymerization


Chemical oxidative polymerization is a key method for synthesizing conducting polymers, offering significant advantages for their application such as the development of cost-effective counter electrodes in dye-sensitized solar cells. This process involves the oxidation of a monomer to form a polymer, utilizing an oxidizing agent such as FeCl3. This method has been particularly effective in producing poly(3,4-ethylenedioxythiophene), a polymer known for its superior electrocatalytic properties. For instance, PEDOT synthesized through chemical oxidative polymerization demonstrates exceptional performance as a counter electrode in DSSCs, outperforming traditional platinum-based electrodes. In a comparative study, a DSSC with a PEDOT-coated transparent conducting substrate as the counter electrode achieved a PCE of 7.88%, slightly surpassing the 7.65% PCE of a DSSC with a platinum-sputtered counter electrode. Electrochemical impedance spectroscopy (EIS) revealed that the PEDOT-based cell had lower charge-transfer resistance for the I−/I3− redox reaction compared to its platinum counterpart. Furthermore, the electron transfer rate constant (k0) for the I−/I3– redox reaction was measured at 3.47 × 10−3 cm/s for the PEDOT electrode, which was higher than the 2.76 × 10−3 cm/s observed for the platinum electrode, despite similar electrode thickness and surface roughness [48].



Recent advancements have refined the synthesis of PEDOT through chemical oxidative polymerization. A notable method involves the use of anhydrous FeCl3 to oxidize the monomer in acetonitrile, yielding a solid product that is then purified to minimize residue content to below 0.5%. The purified PEDOT is sonicated in water to create a stable aqueous dispersion, which can be concentrated up to 1.145 g/L and is stabilized by electrostatic repulsion. This conductive ink is subsequently applied to glass substrates using an air-brush technique, resulting in thin films that are both transparent and conductive. These films exhibit sheet resistances ranging from 1 to 20 kΩ/sq and transmittances of 50% to 80% at 550 nm, demonstrating the versatility and effectiveness of chemical oxidative polymerization in producing high-performance conducting films for various applications [49].




3.2. Electrochemical Polymerization


Electrochemical polymerization involves the process of forming polymers through an electrochemical reaction, typically occurring at an electrode interface. In the context of conducting polymers like PEDOT, this technique uses an electrical current to induce polymerization from a monomer solution. When applied to counter electrodes in dye-sensitized solar cells or as hole transport materials in perovskite solar cells, electrochemical polymerization offers precise control over the polymer’s properties, such as thickness and conductivity.



For instance, the deposition of PEDOT on counter electrodes through this method significantly influences both the thickness and catalytic activity of the electrode. Using a scalable electropolymerization technique in a water-based sodium dodecyl sulfate (SDS) solution allows for the preparation of PEDOT films with controlled thicknesses by adjusting the polymerization time. This control is crucial for optimizing the performance of DSSCs, as different film thicknesses can affect the efficiency of the counter electrode’s catalytic activity. Thicker PEDOT films, for example, were observed to have decreased catalytic efficiency, with the optimal thickness yielding a higher power conversion efficiency [50].



In perovskite solar cells, electrochemical polymerization is used to deposit PEDOT:PSS as a hole transport material. Adjusting the polymerization potential affects the charge carrier density of the HTM, impacting overall efficiency. Specifically, higher potentials can lead to overoxidation and reduced carrier density, which negatively affects performance. By carefully selecting lower synthesis potentials, a significant improvement in power conversion efficiency can be achieved [51].



Thus, electrochemical polymerization not only facilitates the precise fabrication of polymer films but also plays a pivotal role in enhancing solar cell performance by allowing tailored modifications of the polymer’s properties.




3.3. In Situ Polymerization


In situ polymerization refers to the process of synthesizing polymers directly within a specific environment or matrix where the polymerization occurs. This technique is employed to form polymers in their final location or configuration, allowing for precise control over the polymerization conditions and interactions with surrounding materials. By conducting polymerization reactions in place, this method ensures that the resulting polymers integrate seamlessly with their surroundings, which can significantly enhance material properties and performance.



For instance, in the development of solid-state electrolytes for DSSCs, in situ polymerization has proven to be an effective strategy. A novel approach involved creating an all-solid-state polymer electrolyte in situ using a thiolate/disulfide redox couple derived from a lamellar liquid crystal precursor. This technique preserved the lamellar nanostructure of the precursor, ensuring excellent interfacial contact between the electrolyte and the other components of the solar cell. Electrochemical analyses demonstrated that this method resulted in an electrolyte with charge transport and photovoltaic performance comparable to that of the original liquid crystal precursor. Notably, these all-solid-state DSSCs maintained stable performance with a power conversion efficiency exceeding 2% across a temperature range of 35 to 90 °C [52].



Another notable application of in situ polymerization is in the synthesis of polyaniline/polyvinylpyrrolidone blend electrolytes for DSSCs, which enhances their long-term stability. This process involves gradually adding aniline to a solution containing PVP and dodecylbenzenesulfonic acid (DBSA) (Figure 7), followed by the dropwise addition of ammonium persulfate in dimethylformamide. The resulting polymer blend gel electrolytes are uniform and homogeneous, making them well suited for use in DSSCs [53].



In perovskite solar cells, in situ polymerization has been used to incorporate conducting polymers like PEDOT to improve efficiency and stability. In this process, the monomer 5-bromo-2,3-dihydrothieno[3,4-b][1,4]dioxine (Figure 7) is added directly to a perovskite precursor solution and polymerizes within the perovskite film during its formation. This approach aims to passivate surface and bulk defects, enhance charge extraction efficiency, and improve the film’s resistance to thermal and moisture-related degradation [54].



Furthermore, in organic solar cells, the in situ photopolymerization of acrylate-based fullerides, like PC60BAAB (as illustrated in Figure 7), has been utilized to promote vertical phase separation within bulk heterojunctions. By irradiating the active layer with ultraviolet light, a gradient in UV intensity is created, which drives the diffusion of polymerizable monomers. This results in a polymer gradient and a counter gradient of unpolymerized monomers, leading to the formation of a continuous acceptor structure and improved power conversion efficiency of the solar cells [55].



Thus, in situ polymerization of conducting polymers is a versatile and effective approach for developing advanced materials in various types of solar cells. This method enhances performance, stability, and functionality by allowing precise control over polymer formation and integration within the final device structures.




3.4. Emulsion Polymerization


Emulsion polymerization is a versatile technique for synthesizing high-molecular-weight polymers. It involves dispersing monomers in a continuous aqueous phase to form an emulsion, where the monomers are encapsulated in small droplets. These droplets then undergo polymerization, leading to the formation of polymer particles suspended in the water phase. This method is favored for its ability to produce polymers with controlled properties and high molecular weights, as well as for its efficient heat and mass transfer. The process also eliminates the need for additional separation steps after polymerization.



Recent research has explored the use of conducting polymer electrolytes to enhance stability and performance. One significant study utilized emulsion polymerization to synthesize a novel conducting nanocomposite composed of polypyrrole and modified poly(styrene-alt-maleic anhydride) (PSMA) (as illustrated in Figure 8). This composite demonstrates high conductivity and effective heavy metal sorption capabilities. In the study, the emulsion polymerization process began by dispersing 1.5 g of PSMA-g-4ABSA, 2.65 g of dodecyl sulfate, and 20 mL of chloroform in 30 mL of distilled water using an ultrasonic bath for about one hour. Following this, 1 g of pyrrole monomer dissolved in 20 mL of 1 M hydrochloric acid was added to the mixture. An ammonium persulfate (APS) solution (20 mL, 0.435 M) was then added dropwise over 30 min under ultrasonic irradiation. The reaction proceeded at 0–5 °C for 24 h. The resulting black precipitate was filtered, washed with distilled water and acetone, and dried in a vacuum at 50 °C for 24 h. Emulsion polymerization was chosen for this synthesis due to its ability to produce high-molecular-weight polymers, provide precise control over the polymerization process, and ensure efficient heat and mass transfer. Additionally, this method allows for the direct use of the product without further separation. It is particularly useful for synthesizing active layers containing conducting polymers [56].



For instance, blend nanoparticles (NPs) were prepared using the Landfester mini-emulsion technique with minor adjustments [57]. A solution of PC61BM (Figure 7) and BCP5, which is based on a copolymer (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]) (PCPDTBT, structure shown in Figure 8) as the rigid block, was prepared in chloroform and stirred at room temperature for one hour. This mixture was then added to 1 mL of MilliQ water to create a macroemulsion, which was stirred for an additional hour. This macroemulsion was sonicated for 10 min at room temperature to produce a mini-emulsion, which was then heated to approximately 70 °C to remove the organic solvent, resulting in a stable aqueous suspension of the blend NPs. This emulsion polymerization technique is advantageous because it produces stable water-suspended blend NPs without requiring nonconducting surfactants, which can negatively impact the performance of organic photovoltaic (OPV) devices. Additionally, it facilitates the creation of compact and uniform layers with adequate morphology for efficient charge percolation to the electrodes after mild annealing. This makes it a promising approach for the environmentally sustainable fabrication of OPV devices.




3.5. Template-Assisted Polymerization


Recent research has explored template-assisted polymerization as a method to enhance the properties of conducting polymers. This technique involves using templates to guide the polymerization process, which can significantly influence the final morphology and functionality of the resulting materials. In particular, azo dyes such as Acid Red 1, Orange G, and Sunset Yellow FCF have been employed as template agents to create organized supramolecular structures of polypyrrole in aqueous environments [58]. These dyes facilitate the formation of soft templates through self-assembly, which in turn directs the polymerization process, leading to the production of various nano- and microstructured forms of PPy, including rectangular nanotubes, plates, and barrel-like shapes. Template-assisted polymerization is critical as it allows for precise control over PPy’s electrical properties and morphology, which is essential for applications in nanoscience and nanotechnology. The interactions between the azo dyes and the polymerization environment—including ionic and hydrogen bonding, π–π stacking, and hydrophobic interactions—play a crucial role in determining the final shape and properties of the synthesized PPy structures.




3.6. Controlled Radical Polymerization


Controlled radical polymerization (CRP) is a set of polymerization techniques that allow for better control over the molecular weight and distribution, architecture, and functionalization of polymers compared to traditional radical polymerization. The common types of CRP include atom transfer radical polymerization (ATRP) and reversible addition–fragmentation chain transfer (RAFT) polymerization that enable the precise control of polymer chains, making it easier to synthesize materials with specific properties [59].



ATRP involves the reversible transfer of halogen atoms, typically bromine or chlorine, between a dormant polymer chain and a transition metal catalyst, usually copper-based. ATRP provides good control over molecular weight and polymer architecture, enabling the synthesis of block copolymers and other complex structures under mild conditions. In contrast, RAFT polymerization utilizes a chain transfer agent (CTA) containing thioester or dithioester functionalities. The mechanism involves the reversible addition of a radical to the CTA, leading to a temporary intermediate that can fragment to form a new radical, perpetuating the polymerization process. RAFT relies on CTAs to mediate polymerization, allowing precise control over molecular weight and polydispersity. This method is particularly versatile, as it can be applied to a wider variety of monomers and is more tolerant of functional groups compared to ATRP [60].




3.7. Cross-Coupling Reactions


Cross-coupling reactions have become a powerful approach for synthesizing conducting polymers, enabling the formation of well-defined π-conjugated structures with a variety of functionalities. Techniques such as Stille, Suzuki, and direct arylation provide effective methods for polymerization [61]. A significant recent advancement is cross-dehydrogenative coupling polymerization, which allows the synthesis of alternating copolymers without the need for monomer pre-functionalization [62]. Palladium-catalyzed methods like Suzuki–Miyaura and Sonogashira coupling facilitate the production of conjugated polymers with tunable properties and high molecular weights [63,64,65]. Among these, direct (hetero)arylation polymerization (DHAP) stands out as an environmentally friendly alternative that forms C-C bonds between halogenated (hetero)arenes and simple (hetero)arenes with active C-H bonds [66,67]. DHAP has been successfully applied to various monomers, yielding nearly defect-free conjugated polymers [63]. Another recent development is cross-coupling polycondensation via C-O or C-N bond cleavage, which has broadened the range of suitable monomers [68]. These innovations have expanded the scope of π-conjugated polymers, which are increasingly used in organic electronics, including applications in solar cells, light-emitting diodes, and field-effect transistors [69].




3.8. Grignard-Type Metathesis Polymerization


Grignard-type metathesis polymerization (GRIM) is a valuable technique in the synthesis of conducting polymers, particularly within the framework of Kumada catalyst transfer polymerization (KCTP). It has garnered significant attention for its ability to produce high-quality conjugated polymers with precise control over molecular weight, regioregularity, and polymer structure. These advantages make it highly sought-after for applications in organic electronics, including photovoltaics, light-emitting diodes, and transistors [70]. A key advantage of GRIM lies in its use of magnesium-based Grignard reagents, which are highly reactive and enable the polymerization of a broad range of monomers, even those with challenging steric and electronic properties. In recent years, notable advancements have been made in optimizing the GRIM process. For instance, the use of water-scavenging Grignard reagents has significantly improved polymerization efficiency by preventing catalyst deactivation due to moisture exposure. This innovation has led to better control over polymerization kinetics and enhanced yields [71]. Additionally, researchers have explored combining different coupling reactions within the GRIM framework to modulate reactivity ratios in copolymerizations. This approach allows for more precise control over copolymer composition, enabling the tailoring of material properties for specific applications [72]. One notable application of GRIM polymerization is in the synthesis of conjugated block copolymers, such as regioregular poly(3-hexylthiophene). P3HT is extensively studied in organic electronics due to its favorable electronic properties, including good charge transport and high stability. The ability to control the regioregularity of P3HT through GRIM is crucial for achieving high-performance materials, as regioregular P3HT chains exhibit superior crystallinity and charge mobility compared to their irregular counterparts [73]. GRIM also facilitates the synthesis of well-defined block copolymers that can be used to optimize the morphology and performance of devices such as organic solar cells and organic field-effect transistors. By enabling the creation of high-quality, well-ordered conducting polymers, GRIM has significant potential to advance the development of next-generation organic electronic materials.





4. Optimizing Conducting Polymers for Solar Cells: Performance in Outdoor Conditions


4.1. Conducting Polymers in DSSCs


Conducting polymers are crucial for enhancing dye-sensitized solar cells, as they contribute to improved efficiency, stability, and cost-effectiveness. These polymers possess unique properties that make them well suited for multiple roles within DSSCs, such as counter electrodes, electrolytes, and dyes. Their application in these components highlights their pivotal role in advancing solar cell technology.



4.1.1. As Counter Electrodes


Polymer-based counter electrodes in solar cells are pivotal for dye regeneration as they facilitate electron acceptance from the external circuit. Comprising conducting polymers, these electrodes offer excellent electrical conductivity and catalytic activity [74]. Solar cells feature two primary electrodes: the anode, where oxidation occurs and electrons are lost, and the cathode, where reduction occurs, and electrons are gained. The cathode, or counter electrode, is especially crucial in dye-sensitized solar cells.



Polyaniline shows significant promise as a counter electrode in DSSCs due to its tunability through doping and distinct oxidation states. Research has highlighted its superior electrocatalytic activity compared to platinum counter electrodes, leading to higher efficiencies in DSSCs. PANI’s porous structure enhances its ability to electrochemically reduce iodide ions, a key process in DSSCs. Consequently, solar cells with PANI counter electrodes achieved a PCE of 7.15%, surpassing the 6.90% efficiency of those using Pt [75]. Moreover, PANI’s one-dimensional (1D) structure demonstrated superior electrocatalytic activity compared to both random-network PANI films and conventional Pt cathodes, leading to an increased short-circuit current density and fill factor. As a result, DSSCs with 1D PANI counter electrodes achieved an impressive efficiency of 8.24%, significantly higher than those using random-network PANI (5.97%) or Pt (6.78%) [75].



Polypyrrole, which is generally an insulator but becomes conductive when oxidized, also shows potential as a counter electrode in DSSCs. Synthesized PPy nanoparticles have exhibited high electrocatalytic activity, outperforming Pt-based counter electrodes by 11%. Thinner PPy films have achieved efficiencies of up to 6.8%. Composite materials, such as PPy mixed with carbon nanotubes, offer performance comparable to Pt-based counter electrodes, with efficiencies reaching up to 6.15%. These composite counter electrodes provide a promising pathway for creating efficient and cost-effective solar cells [76]. Research has also demonstrated high specific capacitance and excellent electrochemical performance of PPy electrodes in supercapacitors [77]. PPy nanosheets, with their high surface area and active sites, achieved a transmittance of 94% and a PCE of 6.8% in DSSCs, underscoring PPy’s potential in various energy storage and conversion devices [78].



Polythiophene-based conjugated polymers are frequently used as electrodes in DSSCs. To enhance solubility and chemical stability, alkyl groups are often added. For example, a porous poly-3-methyl-thiophene (P3MT) was grown via electrochemical deposition for use as a counter electrode [79]. Incorporating materials like graphene or transition metals can further improve conductivity and catalytic activity. Polythiophene/graphene composites, for instance, achieved a PCE of 4.8%, while adding MoS2 to bare thiophene reduced charge transfer resistance by 22%, leading to a 38% efficiency increase [80].



PEDOT has shown exceptional potential as a counter electrode in DSSCs since its initial use in 2002. PEDOT synthesized on conductive glass has demonstrated performance comparable to Pt-based counter electrodes in I–/I3– based DSSCs [38]. PEDOT’s performance can be optimized through the use of various monomer structures [81]. Recent research has explored PEDOT in neural interfacing and hybrid energy storage systems, highlighting its high capacitance and stability [81,82]. Among conjugated polymers commonly used as counter electrodes in DSSCs, PEDOT exhibits the highest efficiency. Furthermore, DMSO-treated PEDOT:PSS (with 0.1 wt.% carbon) achieved an efficiency of 5.81%, surpassing the reference electrode’s PCE of 5.66% [83]. Similarly, DSSCs with MoS2-GO/PEDOT:PSS counter electrodes achieved a notable power conversion efficiency of 7.73% under standard light conditions of 100 mW/cm2, outperforming DSSCs with Pt-based counter electrodes, which had a lower efficiency of 5.53% [84].




4.1.2. As Electrolytes


Conducting polymers have emerged as promising alternatives to traditional liquid electrolytes in dye-sensitized solar cells, addressing stability and leakage issues [85,86]. Polymer electrolytes, such as blends of polyvinyl alcohol and PANI, offer improved long-term stability and electrode adhesion [53]. Gel polymer electrolytes (GPEs) have demonstrated high ionic conductivity and durability [87], with some achieving conductivities up to 5.14 mS cm−1 [88]. By utilizing polyacrylonitrile as the matrix for the electrolyte, along with propylene carbonate (PC) as a plasticizer and varying amounts of tetrabutylammonium iodide (TBAI) and iodine, the researchers achieved a power conversion efficiency of 3.45% under optimized conditions. This improvement can be attributed to a high charge carrier density of 7.93 × 10 20 cm−3, which indicates enhanced charge transport and electron dynamics. These findings highlight the essential role of conducting polymers in advancing solar cell technology.



Another study investigated the impact of various plasticizers—specifically ethylene carbonate (EC), PC, γ-butyrolactone (GBL), and dibutyl phthalate (DBP)—on a polypyrrole-poly(vinyl alcohol)-based quasi-solid-state polymer electrolyte used in semi-transparent dye-sensitized solar cells [89]. Among these plasticizers, EC demonstrated enhanced conductivity, the lowest activation energy, and the lowest charge-transfer resistance. This enhancement was attributed to faster charge transfer occurring at the interface between the counter electrode and the electrolyte.



Novel materials, such as the dimedone-[N,N′-melaminium]propane sulfonate copolymer (PS, structure shown in Figure 9), represent a significant breakthrough in gel electrolytes [90]. PS, a nitrogen-rich polysulfobetaine-based gel, exhibits high ionic conductivity, measured at 6.8 × 10–3 S cm–1. This conductivity has enabled notable achievements in dye-sensitized solar cells, with reported power conversion efficiencies reaching 6.26%. While slightly lower than the 7.07% PCE of its liquid electrolyte counterpart, these results highlight the potential of conducting polymers to enhance both performance and stability in DSSCs.



PEDOT has proven to be an effective hole-transporting material in dye-sensitized solar cells (DSSCs). Notably, a significant power conversion efficiency of 6.1% was achieved with a fully organic D149 dye when PEDOT was used as the hole-transporting material. This result underscores the potential of PEDOT as a highly effective HTM in DSSCs.




4.1.3. As Dyes


Two conjugated polymers featuring carboxylic acid side groups were synthesized specifically for application in dye-sensitized solar cells, referred to as dyes 1 and 2, as depicted in Figure 9 [91]. These polymers demonstrate broad absorption across the visible spectrum, notably the dye 2 polymer which begins absorbing at approximately 625 nm. The most effective DSSC, utilizing a polymer with a molecular weight of 3980 Da (dye 2), achieved a peak incident photon-to-current conversion efficiency (IPCE) of about 65% and an overall power conversion efficiency of 2.99%. Interestingly, the efficiency of these solar cells showed an inverse relationship with the polymer’s molecular weight, with shorter chains exhibiting greater effectiveness in adsorbing onto TiO2 surfaces. A related polymer, depicted in Figure 9 as dye 3, consists of a blend of polyfluorene and polybenzothiadiazole in a 7:3 ratio [92]. This polymer includes an anchoring moiety attached to the alkyl chains of the fluorene and is capable of absorbing light within the range of 280 to 510 nm. Despite this broad absorption spectrum, it only achieves a maximum PCE of 1.39%.



In a separate study, copolymers based on diketopyrrolopyrrole-thiophene (dyes 4 and 5) and perylenediimide (PDI)-thiophene (dyes 6 and 7) were investigated, with dyes 5 and 7 featuring a perfluoroalkyl side chain [93]. These dyes exhibit broad absorption bands spanning from 350 to 800 nm. The perylenediimide-thiophene copolymer dyes exhibit a bandgap that is approximately 0.34 eV lower than that of their diketopyrrolopyrrole-thiophene counterparts. Additionally, the introduction of a perfluoroalkyl side chain further reduces the bandgap by about 0.01 eV, leading to a slight red shift in their absorption spectra. The perylenediimide-thiophene copolymers resulted in a 21% increase in PCE, attributed to the red-shifted and broadened absorption spectrum and enhanced photogenerated electron injection into the TiO2 conduction band, compared to the diketopyrrolopyrrole-thiophene systems. Additionally, the incorporation of perfluoroalkyl side chains (dyes 5 and 7) improved the PCE by about 8% relative to their non-perfluoroalkyl counterparts, as the favorable π–π stacking of the polymer chains created a more ordered microstructure at the donor–acceptor interface. This arrangement reduced charge recombination and provided additional driving forces for enhanced exciton dissociation at the TiO2/dye/electrolyte interface.



Most conducting polymers used as dyes typically exhibit power conversion efficiencies below 3% [94,95,96,97]. To address this limitation, researchers have explored using conducting polymers as co-sensitizers to enhance efficiency. However, co-sensitization with multiple polymers often results in similarly low efficiencies [98]. A recent study employed a co-sensitization technique with block copolymers of poly(4-vinylpyridine) and poly(styrene) alongside the dye N719, as illustrated in Figure 9 (labeled as dye 8). By utilizing the RAFT polymerization process to control the chain lengths of the individual polymers, the authors produced a P4VP with 67 chains, combined with either 23 or 61 chains of poly(styrene), forming a copolymeric system. The PCE for N719 without co-sensitization was 5.1%, which increased to 6.7% when co-sensitized with P4VP alone. The copolymer containing 23 chains of poly(styrene) yielded a PCE of 7.6%, while the dye with 61 chains achieved a PCE of 7.4%. These improvements were attributed to increased open-circuit voltage and short-circuit current, along with reduced recombination reactions. In contrast, adding chenodeoxycholic acid (CDCA) to the system resulted in a PCE of 6.3%.





4.2. Conducting Polymers in PSCs


The utilization of conducting polymers in PSCs has introduced fresh opportunities to boost their performance, stability, and versatility. These polymers play crucial roles across different aspects of PSCs, serving as materials for transporting both holes and electrons, forming buffer layers, and creating transparent conductive electrodes. This section extensively examines the diverse contributions of conducting polymers, illustrating how they have been employed to enhance the efficiency, stability, and overall functionality of these devices.



4.2.1. As Hole Transport Materials


Conducting polymers have emerged as highly promising additives to enhance the performance and stability of perovskite solar cells. These polymers play critical roles in regulating crystallization, improving morphology, and passivating defects within perovskite films [45]. Specifically, they are being explored as effective hole transport materials in perovskite solar cells, offering significant advantages in terms of stability and performance. Various types of conducting polymers, such as polyaniline derivatives [99], PEDOT [46], and polypyrrole nanotubes [100], have been successfully utilized as HTMs in PSCs. These materials exhibit improved environmental stability, efficient hole extraction capabilities, and cost-effectiveness compared to traditional HTMs like spiro-OMeTAD [45].



PEDOT stands out among these conducting polymers due to its low cost, high conductivity, and ease of processing, making it particularly attractive for perovskite solar cells [46]. Recent studies have demonstrated promising results by combining dopant-free spiro-OMeTAD with water-free PEDOT, effectively passivating the perovskite/HTM interface and achieving high efficiencies [101]. Additionally, self-doped conducting polymers, such as PSS-g-PANI, have shown enhancements in built-in potential and device characteristics, further highlighting the versatility and potential of these materials in advanced photovoltaic applications [102].



Polythiophene-based materials have also shown considerable promise as HTMs in perovskite solar cells, improving both performance and stability. Ester-functionalized polythiophenes, for instance, enhance device efficiency and stability through Lewis-base passivation and improved charge transfer mechanisms [103]. Moreover, higher-molecular-weight variants of poly(3-hexylthiophene) have demonstrated superior photovoltaic performance, while doping P3HT with carbon nanostructures has been found to further enhance efficiency and stability in perovskite solar cells [104,105]. P3HT was employed as a dopant-free HTM in CsPbI3, resulting in the highest reported power conversion efficiency of 17.92% [106].



Dopant-free hole transport materials mark a significant advancement in the development of perovskite solar cells, enhancing efficiency and stability while simplifying production and reducing costs. By removing the need for dopants—substances that can introduce variability and degrade long-term performance—these materials offer a more sustainable and reliable solution. Additionally, dopant-free hole transport materials tend to have better compatibility with the perovskite layer, which improves charge transport and minimizes recombination losses. This innovation is crucial for the commercialization of perovskite solar technology, as it facilitates scalable manufacturing and extends device longevity, ultimately supporting the broader adoption of renewable energy solutions.



Recently, two D-π-A-type polymers, HTM 1 and HTM 2, were utilized as dopant-free HTMs to enhance the PCE of CsPbI2Br perovskite solar cells, as illustrated in Figure 10 [107]. Among these, HTM 2, which features chlorinated thiophene side chains, exhibits superior molecular arrangement, energy level alignment, and passivation. As a result, it achieves a PCE of 17.60% and a notable VOC of 1.44 V. The research also investigates the use of both HTMs in inter-connecting layers (ICLs) for tandem solar cells (TSCs), resulting in a PCE of 22.32% with HTM 2-ICL. The findings highlight that HTM 2 provides better surface passivation, reducing both radiative and non-radiative recombination losses, which significantly enhances the performance of both perovskite solar cells and TSCs.



In another study, researchers utilized a benzodithiophene-based backbone-conjugated polymer, referred to as HTM 3 (Figure 10), as a dopant-free hole transport material [108]. This innovative approach significantly enhances both the efficiency and stability of CsPbI3 perovskite solar cells. The PSCs incorporating HTM 3 achieved a power conversion efficiency of 18.27%, outperforming those that employed the traditional Spiro-OMeTAD HTM. Additionally, HTM 3-based PSCs maintained over 90% of their initial power conversion efficiency after 3000 h in a nitrogen-filled glovebox, compared to only 80% retention for Spiro-OMeTAD-based PSCs. Moreover, HTM 3 enhances the moisture resistance of CsPbI3 films, effectively preventing phase transitions and degradation.



One challenge in developing highly conjugated systems, such as CPs, is their solubility in environmentally friendly solvents. Addressing this concern, one study has successfully integrated the rigid structure of conjugated small-molecule components with a functionalized flexible backbone. This integration combines triphenylamine donors and a binaphthylamine core, forming a unique architecture with an extensive conjugated system, referred to as HTM 4, shown in Figure 10 [109]. HTM 4 has demonstrated high hole mobility and effective passivation of defects, achieving a remarkable efficiency of 20.23% in inverted perovskite solar cells. This performance surpasses that of the commercial polymer poly(triarylamine) (PTAA, see Figure 10). Furthermore, devices based on HTM 4 exhibited enhanced long-term and thermal stability, retaining approximately 82% of their original PCE after 90 days in ambient air.



To improve charge transport in perovskite solar cells, researchers have focused on optimizing the molecular packing and orientation of dopant-free hole transport materials. In their study, they developed two conjugated polymers. The first, HTM 5, served as a control with a benzo[1,2-b:4,5-b′]dithiophene donor unit and a diketopyrrolopyrrole (DPP) acceptor unit (Figure 10). The second, HTM 6, replaced the donor unit with phenanthrocarbazole (PC-T). This alteration resulted in HTM 5 adopting an edge-on orientation, whereas HTM 6 preferred a face-on orientation of the polymer chains. Due to this optimized molecular structure, HTM 6 exhibited increased hole mobility and better interfacial contact with the perovskite surface. Consequently, these structural improvements led to a significant enhancement in device efficiency, with the dopant-free HTM 6-based device improving efficiency from 17.27% to 22.67% [110].




4.2.2. As Electron Transport Materials


Conducting polymers have emerged as highly promising materials for electron transport in perovskite solar cells, significantly improving both stability and performance [45]. Various perylenediimide-based polymers, including poly([N,N′-bis(2-octyldodecyl)-1,4,5,8-naphthalene diimide-2,6-diyl]-alt-5,5′-(2,2′-bithiophene)) (N2200), poly([N,N′-bis(alkyl)-1,4,5,8-naphthalene diimide-2,6-diyl-alt-5,5′-di(thiophen-2-yl)-2,2′-(E)-2-(2-(thiophen-2-yl)vinyl)thiophene]) (PNVT-8), and PNDI2OD-TT (structures are illustrated in Figure 10), have been explored using a spin-coating approach on substrates to ensure uniformity and consistency, which are crucial for efficient perovskite solar cell operation. Among these, N2200 has achieved a notable power conversion efficiency of 8.15% [31,111]. This demonstrates the effectiveness of conducting polymers as electron transport materials in inverted planar heterojunction perovskite solar cells. Additionally, doping semiconducting polymeric electron transport materials with n-type dopants can significantly enhance device performance. For instance, when N2200 is doped with 4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)dimethylamine (N-DBMI, Figure 6), the PCE doubles from 6.5% to 13.93% [112]. A simple addition of a vinyl moiety to the PVI, such as PV-PDI (Figure 10), has also shown promise, achieving a PCE of 10.14% [113]. Additionally, amino-functionalized conjugated polymers like PFN-2TNDI have surpassed traditional materials like PCBM, increasing the PCE from 12.9% to 16.7% [114].



Recent advancements also include the use of polymers as dopants to create uniform and compact electron transport layers due to the lowering of trap defects in the photo absorber and ETM, enhancing charge separation and transfer for efficient perovskite solar cell performance. A simple approach is the use of poly(acrylic acid) (PAA), which acts a buffering agent to stabilize SnO2; this improved the PCE from 15.7% to 17.2% [115]. These developments underscore the potential of conducting polymers in enhancing the performance and stability of perovskite solar cells.



In another study, researchers developed and synthesized diketopyrrolopyrrole (DPP) and di-oxo-benzodithiophene (BDD) polymers flanked with furan, thiophene, and selenophene moieties (ETM 1 to 3, Figure 10) [116]. These polymers were employed both as anti-solvents and as dopants in PCBM within an inverted perovskite device configuration. When used as anti-solvents, all polymers exhibited higher fill factors compared to control PSCs. This improvement was attributed to reduced surface roughness, thereby minimizing defects at the perovskite layer surface. However, their JSC slightly decreased, resulting in lower overall PCE values compared to the control devices. On the other hand, when the polymers were incorporated with PCBM, the polymer devices showed increased JSC and FF. This enhancement was due to additional absorption in the near-infrared spectrum by the hybrid ETM structure and smoother surface morphology, resulting in higher PCE values compared to the control devices. Among the ETMs tested, ETM 1 achieved the highest PCE of 23.48%, closely followed by ETM 3 at 23.35% PCE. In contrast, the PCE for the control device stood at 22.83%.





4.3. Conducting Polymers in Organic Solar Cells


Conducting polymers serves as fundamental materials that facilitate charge transport within solar cell architecture. Their unique properties, including tunable electronic structures and excellent conductivity, enable effective movement of charge carriers, which is critical for optimizing the conversion of sunlight into electrical energy. These polymers can be engineered to achieve desired conductivity levels, absorption spectra, and energy levels, tailoring them for specific tasks within the cell. In the context of OSCs, the performance of these devices depends on the interaction between the active layer and various transport materials. The active layer, where light absorption and charge generation take place, relies on conducting polymers to enhance exciton dissociation and charge separation. This integration is important to maximize light absorption and ensure that the generated charges are collected efficiently.



4.3.1. As Hole Transport Materials


Conducting polymers are increasingly recognized for their potential as hole transport materials in organic solar cells, primarily due to their benefits including low-cost production, solution processability, and environmental friendliness [47,117]. Among these polymers, PEDOT and its derivatives have emerged prominently in both organic and perovskite solar cell technologies. Specifically, PEDOT:PSS is widely adopted as a hole transport material due to its high conductivity and transparency [118,119]. However, challenges such as its acidic nature and hygroscopic properties can compromise device stability. Researchers have explored various strategies to improve PEDOT’s performance, such as incorporating organic solvents [120] or using lignosulfonate as a dopant [121]. A bilayer approach using two polymers can effectively enhance PCE and stability in OSCs. Brabec and colleagues employed PTAA and PEDOT:PSS as bilayer HTMs without the use of surfactants for all-solution-processed inverted OSCs featuring silver nanowire electrodes [122]. This bilayer hole transport layer achieved a PCE of 17.1%. Furthermore, it significantly improved operational stability, with devices maintaining 93% of their initial efficiency after 1800 h at 60 °C. This method is also well suited for industrial-scale production, utilizing solution-processing techniques and conventional materials like PEDOT:PSS.



Another approach involves replacing the acidic PSS with perfluorinated sulfonic acid ionomers as counterions (PEDOT:F) [123]. These ionomers can be dispersed in either water or alcohol, which facilitates their incorporation into various polymer matrices, enhancing compatibility and overall performance across a range of applications. This flexibility in solvent choice not only improves processing techniques but also allows for better control over material properties. PEDOT:F achieved a PCE of 16.28%, compared to only 12.37% for PEDOT:PSS. The reduced efficiency of solar cells using PEDOT:PSS is attributed to inadequate electrical contact, likely caused by energy level mismatches that occur after the addition of the surfactant, as well as the surfactant’s aggregation on the surface of the active layer.



Polyaniline derivatives and conjugated polyelectrolytes (CPEs) have emerged as promising alternatives to PEDOT:PSS. These materials have shown enhanced stability, efficiency, and insensitivity to film thickness compared to PEDOT:PSS [124,125,126]. Particularly, CPEs with narrow bandgaps and high conductivity have demonstrated significant advancements in organic solar cell technology, achieving notable power conversion efficiencies of up to 9.3% [126]. This surpasses the performance of devices relying on PEDOT:PSS. One such polymer, labeled as OHTM-1 and illustrated in Figure 11, stands out for its composition featuring 3,4-dithia-7H-cyclopenta[a]pentalene and thienyl units. This polymer exhibits a self-doping effect, further enhancing its performance compared to PEDOT:PSS.




4.3.2. As Active Layers


Conducting polymers have become highly promising materials for active layers in organic solar cells thanks to their unique electronic properties and versatility. Adding a high-mobility conjugated polymer as an additive to the active layer can notably enhance the efficiency of these solar cells. Conjugated polymers, known for their favorable optical and electronic characteristics, are frequently employed as active layers in organic solar cells [127,128]. Semiconducting polymers, in particular, play a crucial role in improving the performance of such cells. PTB7 and its derivative PTB7-Th (structures presented in Figure 11) are recognized as the most effective polymer donors in organic solar cells, generating significant interest. However, its elevated HOMO level limits the VOC of the organic solar cell devices, as a higher HOMO level can lead to reduced energy levels for electron extraction, ultimately constraining the voltage that can be achieved [129]. To enhance the open-circuit voltage, the study introduced a small quantity of poly(3-hexylthiophene) into the PTB7:PC61BM active layers [130]. This addition enhances exciton dissociation and facilitates hole transport within the layers, leading to an increase in the VOC to 0.84 V, up from a reference value of 0.74 V. This improvement significantly boosts the overall efficiency of the system. Furthermore, it is important to note that optimizing processing conditions, such as spin-coating speed and annealing temperature, can greatly affect device efficiency [131]. In another study, researchers aimed to optimize the open-circuit voltage by incorporating benzo[1,2-b:4,5-b′]dithiophene-2,6-dicarboxylate (VBDTC), a weak acceptor unit, into the PTB7-Th polymer. They synthesized two polymers by varying the PTB7-to-VBDTC ratio at 9:1 and 8:2, designated as P1 and P2, respectively, as shown in Figure 11 [132]. The addition of VBDTC to the PTB7 structure caused a blue shift in the absorption spectra, resulting in a decrease in JSC. However, this modification also lowered the HOMO level, thereby enhancing the VOC.



Certain polymers, such as P3 (structure presented in Figure 11), maintain high performance even in thick films due to their vertical carrier mobility and isotropic morphology [133]. Additionally, partially converted poly(1,4-phenylenevinylene) serves as a thin p-type interlayer in planar organohalide perovskite solar cells, achieving a high VOC of 1.06 V, a power conversion efficiency of approximately 15%, and minimized charge carrier recombination [134].



The highest power conversion efficiency achieved for organic solar cell devices utilized the PM6 polymer as the donor (Figure 11) and BTP-eC9 as the acceptor (Figure 6). Additionally, a self-assembled molecule featuring phosphonic acid anchoring groups was used as the HTM, resulting in a PCE of 19.7% [14]. The researchers also compared the results when using another common acceptor group, Y6 (Figure 6), which produced a PCE of 18.61%.






5. Optimizing Conducting Polymers for Solar Cells: Performance in Indoor Conditions


This section examines the indoor applications of conducting polymers in third-generation solar cells. Under typical indoor lighting conditions, which range from 200 to 2000 lux, a solar cell featuring a PEDOT-covered FTO counter electrode demonstrated optimal performance, achieving a peak efficiency of 28.9% at 1000 lux [135]. In 2018, researchers made a remarkable announcement of a major breakthrough in the field of solar technology. They achieved a new efficiency record for dye-sensitized solar cells specifically designed for indoor applications, achieving an impressive efficiency of 32% [136]. This surpassed the capabilities of even the most advanced silicon and gallium arsenide photovoltaic technologies available at that time. The cells also utilized a PEDOT counter electrode, marking a significant advancement in indoor solar energy generation. Further research using the Y123 dye and cobalt redox system examined the solar cell’s performance across various light intensities from 200 to 1000 lux [137]. The study revealed that a PEDOT layer thickness of 90 nm was optimal, as it facilitated higher diffusivity, enhanced ionic conductivity, and reduced charge transfer resistance at the interface between the counter electrode and the electrolyte. Consequently, the PCEs recorded were 23.98% at 200 lux, 25.83% at 600 lux, and 26.93% at 1000 lux for a traditional DSSC photoelectrode comprising a main layer and a scattering layer. The remarkable performance of DSSCs indoors could signify a pivotal shift in the potential and adoption of photovoltaics.



Perovskite solar cells have emerged as promising candidates for indoor applications, particularly for powering Internet of Things (IoT) devices. However, when polymer-based hole transport materials are used, the polymer backbone often tends to twist, which reduces the perovskite–π-conjugation interaction. This twisting can lead to decreased carrier mobility and injection efficiency. To address this issue and enhance interchain π–π overlapping, researchers introduced a silole moiety into the thieno[3,4-c]pyrrole-4,6-dione structure, resulting in a dopant-free HTM designated as HTM 7 (Figure 10) [138]. HTM 7 demonstrated higher mobility compared to dopant-free P3HT devices and achieved an indoor PCE of 34.2% under 200 lux illumination.



Conducting polymers are well suited for indoor organic solar cell applications due to their tunable bandgaps, high absorption coefficients, and compatibility with low-light conditions. Recent advancements have led to power conversion efficiencies exceeding 20% under indoor lighting. Chemically synthesized PANI:PSS, used as a hole transport layer in organic solar cells for indoor applications, has demonstrated higher efficiency and stability compared to PEDOT:PSS, with over 90% transmittance and a work function of approximately 5.15 eV. Devices using this PANI film achieved around 10% power conversion efficiency under 1000-lux white LED light in indoor environments. Additionally, novel conjugated polymers incorporating thiazolothiazole and other units show promise for practical indoor applications, while strategies to enhance indoor organic solar cell performance include optimizing active layer thickness, improving dim light absorption, and integrating plasmonic metallic nanoparticles.



Researchers have developed an all-polymer configuration using a blend of two polymers: poly[4-(5-(4,8-bis(5-((2-butyloctyl)thio)thiophen-2-yl)-6-methylbenzo[1,2-b:4,5-b0]dithio-phen-2-yl)thiophen-2-yl)-5,6-difluoro-2-(2-hexyldecyl)-7-(5-methylthiophen-2-yl)-2H-benzo[d][1,2,3]triazole (P4) as the donor polymer, and poly[5,10-bis(2-decyltetradecyl)-2-(5-(2,5-difluoro-4-(5-methylthiophen-2-yl)phenyl)thio-phen-2-yl)-4,4,9,9-tetrafluoro-7-methyl-4,5,9,10-tetrahydro-3a,5,8a,10-tetraaza-4,9-diborapyrene-3a,8a-diium-5,11-diuide] (A1) as the acceptor polymer [139]. Their structures are illustrated in Figure 11. This P4:A1 blend achieved an impressive open-circuit voltage of 1.16 V, thanks to optimal energy alignment and an ideal bandgap of 1.93 V for indoor photovoltaics, resulting in a power conversion efficiency of 27.4%.



The highest reported power conversion efficiency in indoor organic solar cell devices has been achieved through the use of 2-(9H-carbazol-9-yl) phosphonic acid (2PACz) [22]. When incorporated into the processing of indium tin oxide and mixed with the active layer composed of PM6:Y6, this approach yielded an impressive efficiency of 36.3% under 1000 lux from an LED lamp. Notably, the device maintained 95% of its initial efficiency after 1000 h in ambient conditions. The integration of 2PACz significantly enhanced the carrier yield-mobility product, improved hole collection, and reduced trap-assisted recombination and transport losses. In contrast, control devices that did not use 2PACz achieved a PCE of only 25.5%.




6. Conducting Polymers in Transparent Conductive Electrodes


Conducting polymers, particularly PEDOT:PSS, have emerged as promising alternatives to traditional metal electrodes in perovskite solar cells. These polymers can serve as top electrodes, offering several advantages. PEDOT-based electrodes are notable for their solution processability, flexibility, and the ability to tune their color. They contribute to improved device stability, performance, and aesthetics by functioning as spectrally selective antireflection coatings. Composite electrodes, which combine conducting polymers with materials like silver nanowires, have demonstrated high transparency, low resistivity, and excellent mechanical flexibility [140,141,142,143,144,145]. Recent advancements in flexible electrodes, including those made from conductive polymers, have facilitated the development of efficient and bendable PSCs suitable for wearable and portable electronic applications [144]. In one study, PEDOT:PSS was successfully utilized as both top and bottom electrodes in PSCs, achieving power conversion efficiencies of 11.29% [140] and 14.5% [145].



Aside from PEDOT:PSS, researchers have also explored the use of p-type conjugated polymers. These polymers maintain an EDOT backbone, which gives them nearly identical optical properties to PEDOT:PSS while simultaneously improving electrical conductivities and using green solvents to facilitate large-scale production [146]. One notable example is the copolymerization of EDOT with a solubilizing agent, 3,4-propylenedioxythiophene (ProDOT), referred to as ProDOT-EDOT (Figure 12) [147]. Initially, researchers employed an ester derivative as the organic soluble precursor polymer, which was later converted into a water-based ink through base hydrolysis for efficient large-scale coating methods. Following coating, a dilute acid was applied to further functionalize the polymer film, imparting solvent resistance and compatibility with organic, aqueous, and biologically compatible electrolyte systems. This demonstrates the polymer’s robustness under varying ionic conditions.



The n-type conjugated polymers, such as derivatives of poly(4-phenylenevinylene) and poly(benzimidazobenzophenanthroline), have been explored for use as transparent conductive electrodes. However, they typically face challenges such as low conductivity, insolubility, and poor doping efficiency, which hinder their practical implementation [146]. A recent study introduced a polymer with an electron-deficient backbone, 7-dihydrobenzo[1,2-b:4,5-b′]difuran-2,6-dione (referred to as n-PBDF (Figure 12)), which exhibits several promising characteristics [148]. n-PBDF boasts the lowest HOMO level among all n-type conjugated polymers at −5.1 eV. Moreover, it demonstrates a low sheet resistance of 45 Ω/sq and achieves a transmittance of up to 80%, comparable to indium-doped transparent oxides. The ink formulation of n-PBDF remains stable on shelves and can be stored at temperatures ranging from −20 to 65 °C. Its work function ranges from 4.4 to 4.6 eV, and it exhibits stability against air, moisture, and heat. These attributes mark a significant breakthrough in the development of n-type polymers for this application.




7. Challenges and Future Outlook for Conducting Polymers


Conducting polymers hold significant promise in various applications, yet challenges remain in optimizing their use in devices such as dye-sensitized, perovskite, and organic solar cells.



To enhance the stability, efficiency, and overall viability of DSSCs, it is crucial to refine material selection, fabrication techniques, and performance evaluation. For instance, while polyaniline serves as a counter electrode, its power conversion efficiency is typically lower compared to platinum-based DSSCs. However, improvements can be made through the use of ternary composites like Ni–PANI–graphene [149] or by doping PANI with surfactants [150]. Additionally, polypyrrole counter electrodes face challenges related to high charge transfer resistance and limited conductivity, which are influenced by synthesis methods, morphology, and doping types [38]. Polythiophene, on the other hand, suffers from performance limitations due to its film thickness, which can adversely affect efficiency [151]. Although poly(3,4-ethylenedioxythiophene) is a viable counter electrode, prolonged exposure to air can degrade its molecular structure, leading to decreased electrical conductivity as the ratios of insulating to conducting components change. To address these issues, integrating polymer-based counter electrodes into composite materials may enhance performance by leveraging synergies with other components. Furthermore, there is a notable lack of research on the use of polymer-based counter electrodes in indoor applications of DSSCs, highlighting the need for further investigation to fully realize their potential.



In contrast, perovskite solar cells have rapidly gained attention as a promising photovoltaic technology, with efficiencies soaring from 3.8% to 28.8% over the past decade. PSCs offer several advantages, including low fabrication costs, tunable bandgaps, and excellent charge transport properties. However, their commercialization is hindered by challenges such as instability in moisture, oxygen, and UV light, lead toxicity, and hysteresis in current–voltage measurements. Researchers are actively exploring various strategies to overcome these hurdles, including the development of lead-free alternatives, improved fabrication techniques, and novel device architectures. Tunability and transparency are two of the properties that need to be carefully controlled in conducting polymers for applications like solar cells and organic electronic devices. The tunability of these polymers is largely determined by factors such as molecular weight, chain length, and the presence of specific side chains and functional groups [152]. For example, poly(3-alkylthiophenes), particularly poly(3-hexylthiophene), can have their properties finely adjusted by modifying the length and structure of their alkyl side chains. These modifications impact the polymer’s molecular packing, absorption characteristics, and compatibility with other materials, allowing for optimization of device efficiency and stability [153]. Transparency, on the other hand, is crucial for applications where light transmission is essential, such as in solar cells and displays. The transparency of conducting polymers is primarily influenced by their optical bandgap and film thickness. Poly(3,4-ethylenedioxythiophene), for example, is known for its high transparency in the visible spectrum due to its wide optical bandgap, making it ideal for use as a transparent electrode in optoelectronic devices. By adjusting film thickness during deposition, both conductivity and transparency can be optimized to suit specific device requirements [154].



Similarly, organic solar cells present numerous advantages such as low cost, flexibility, lightweight design, and the potential for large-area fabrication. Recent advancements have improved their power conversion efficiencies, reaching up to 19.7% in binary devices. OSCs are particularly promising for applications in greenhouse-integrated photovoltaics, wearable electronics, and building integration. However, they continue to face challenges related to device stability, which impacts their commercial viability. Key stability factors include metastable morphology, diffusion of electrodes and buffer layers, and environmental stressors like oxygen, water, and irradiation. Ongoing research aims to improve efficiency through strategies such as bandgap tuning, morphology control, and innovative material design. Despite these challenges, OSCs have the potential to emerge as one of the most cost-effective and environmentally friendly forms of electricity generation, underscoring the need for continued research to unlock their full capabilities.
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Figure 1. Comparison of power conversion efficiencies across different generations and types of solar cells. Data for first- and second-generation solar cells are sourced from [17], while the PCE values for perovskite, dye-sensitized, and organic solar cells are obtained from references [14,18,20], respectively. 
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Figure 2. Various configurations of perovskite solar cells. (a) Mesoporous structure, (b) standard n-i-p configuration, and (c) p-i-n configuration. Adapted with permission from reference [30]. Copyright (2022) the authors, some rights reserved; exclusive licensee MDPI. Distributed under a Creative Commons Attribution 4.0 International License (CC BY 4.0). 
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Figure 3. Working principle of dye-sensitized solar cells. Adapted with permission [38], copyright (2022) Springer Nature. 
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Figure 4. Working principle of organic solar cell with (a) conventional and (b) inverted configurations. Adapted with permission [42], copyright (2012) Royal Society of Chemistry. 
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Figure 5. Chemical structures of common polymers used in solar cells. 
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Figure 6. Common methods for synthesizing and fabricating conducting polymers. 
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Figure 7. Chemical structures of the additives and acceptors discussed in this study. 
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Figure 8. Chemical structures of PSMA and BCP5. 
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Figure 9. Chemical structures of some of the conducting polymers used in dye-sensitized solar cells. 
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Figure 10. Chemical structures of some of the conducting polymers used in perovskite solar cells. 
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Figure 11. Chemical structures of some of the conducting polymers used in organic solar cells. 
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Figure 12. Chemical structures of ProDOT-EDOT and n-PBDF. 
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