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Abstract

:

For the first time in dye-sensitized solar cell (DSSC) technology, a di-carbazole-based dye was synthesized and evaluated for its usage as a potential sensitizer for the development of wavelength selective semi-transparent DSSCs for greenhouses-oriented applications. The dye was designed to demonstrate a blue light absorption, allowing a high transmittance in the red region of the visible light, even after its adsorption on the anode semiconductor, which is the most important one for the photosynthetic action of the plants. The application of the new dye to DSSCs was examined using either a high-performance iodide-based electrolyte or a highly transparent iodine-free electrolyte to determine a good balance between electric power generation and device transparency. The spectral engineered DSSCs demonstrated quite promising characteristics, providing a high external quantum efficiency (higher than 70%) in the whole blue–green region of the visible light, while allowing high transparency (up to 55%) in the red region, where the second peak in the absorbance spectrum of chlorophyll is located. Finally, the derived results were discussed under the consideration of important metrics for this niche application, including the transparency of the solar cells in the region of photosynthetic active radiation and the attained crop growth factor. The present work constitutes one of the few comprehensive studies carried out up to now in the direction of the development of 3rd generation “agrivoltaics” for their possible integration as cladding materials in energy-autonomous greenhouses.
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1. Introduction


The combination of the extreme growth of the earth population, global warming, and increased scarcity of food and fresh water are expected to put significant stress on conventional agriculture in the years to come [1]. On the other hand, global energy needs are growing exponentially and are forecast to increase by 50% until 2050 [2]. For this reason, humanity must soon find sustainable approaches to relieve this impending crisis. In this direction, greenhouse-based agriculture can increase annual crop production and reduce water consumption, providing a suitable environment for the growth of plants, irrespective of the outdoor environment. However, the operation of greenhouses comes with its own set of challenges, with one of the most important to be the meeting of their energy demands, which can constitute the highest percentage of a greenhouse environmental impact [3]. By taking into account the aforementioned, the development of energy-autonomous greenhouses is found as a sustainable approach. Integrating solar power with greenhouses using the so-called “agrivoltaics”, namely photovoltaics (PVs) for agriculture, is considered a new hot topic for research and development.



Approaches of greenhouse-integrated solar cells can be categorized to adjacent, shared structure, and shared structure and sunlight systems. Given that the land usage efficiency is of increasing importance in our days, along with the preference for co-locating agriculture and population centers, systems that share the same land are considered ideal [4]. In this direction, employing opaque solar modules on the roof of greenhouses is one possible strategy. However, this situation results in crop yield loss since the solar cells prevent light absorption by the plans [5]. To overcome this drawback, modern strategies, where sunlight over the photosynthetically active radiation (PAR) (400–700 nm) region continues to reach the plants, while the remaining portion is used for electric power generation by solar cells, are under consideration. For this combinatorial approach, new emerging PV technologies, such as organic photovoltaics and DSSCs, are the candidates of choice, since they offer large flexibility in their spectral characteristics [6]. In addition, DSSCs offer distinct advantages over the other PV technologies, such as high transparency, large area coverage, very good performance in diffuse light conditions, and low cost.



Ever since the first modern DSSC device was developed by Brian O’Regan and Michael Grätzel in 1991 [7], many research teams have been involved and contributed to the vast evolution of this type of PV technology. Today, a series of new materials and device architectures are provided, attaining, in many cases, the desired characteristics regarding the efficiency, stability, and cost for their intended application [8]. However, regarding the niche application of greenhouses, the investigations are only few, with the technology of greenhouse-integrated DSSCs to have great room for improvements. In this direction, most of the investigations deal with the dye-sensitizer, since this is the heart of the DSSCs and determines their absorption spectrum [9,10,11,12].



Up to now, many different types of dyes have been synthesized and evaluated as sensitizers for DSSCs. Amongst them, the ruthenium-based metal complexes are the benchmark, since they lead to the highest energy conversion efficiencies. However, the necessity for abundant metal-free sensitizers is well recognized [13]. In this direction, metal-free, fully organic dyes are promising alternatives, since they are environmentally and economically beneficial, which is especially appreciated when dealing with large-area DSSC panels. Typically, metal-free dyes are based on moieties such as carbazole [14], triphenylamine [15], phenothiazine [16], indoline [17], etc., resulting even in efficiencies of around 10% in some cases [18]. More recently, Zhang et al. presented a new metal-free organic dye with a record efficiency of almost 13% [19].



Amongst metal-free organic substances, carbazoles are efficient electron donors and hole transporters. In general, carbazole is a widely used electron donor with unique optoelectronic properties that makes it a valid candidate for many applications, such as OLEDs [20], PVs [21], photorefractive materials [22], etc. Carbazole is appreciated for its low cost and its fully aromatic structure, allowing versatile and easy modifications. The nitrogen atom and the fused phenyl groups of carbazole provide many sites for substitutions that can affect the optoelectronic properties of the material. For example, introducing an aromatic ring fusion strategy is a burgeoning option to improve the molar absorption coefficient and expand the π-system of the donor moiety to obtain long-wavelength absorption [23]. On the other hand, the binding of two carbazole molecules through the nitrogen atoms results in the synthesis of 9,9′-dicarbazole. This molecule has a large dihedral angle of about 70 degrees between the two-carbazole groups [24], while it has been already used as a building block for conjugated microporous polymers [25] and covalent organic networks [26]. Although this structure is particularly interesting and versatile, only a few studies are reported with 9,9′-’dicarbazole derivatives to be employed in solar cells. For DSSCs, many different carbazoles or carbazole derivative dyes have been used up to now as sensitizers of the anodes of these photo-electrochemical cells. In some cases, the results are quite promising, with the energy conversion efficiency of these solar cells to exceed even 10% [23,27]. However, most of these cases cannot be considered for greenhouses integration because of the interference of the absorption spectrum of the solar cells with the absorption spectrum of chlorophyl.



In the present study, in an effort to develop a low-cost organic dye for DSSCs that are to be implemented as greenhouse cladding materials, a di-carbazole (Cz-2) dye was synthesized and evaluated for its application to solar cells. The new dye was synthesized with a di-carbazole electron-donor central core and periphery cyanoacrylic acid anchoring groups that furthermore serve as electron transporting bridges of the charge carriers generated in the carbazole-based central cores to the anode semiconductor. The organic dye was fully characterized regarding its structural, thermal, optical, and electrochemical characteristics via various complementary techniques. Its application to DSSCs was also evaluated thoroughly, using either a high-performance iodide-based electrolyte or a highly transparent iodine-free electrolyte, to determine a good balance between electric power generation and device transparency. Finally, the derived results were discussed by taking into account important metrics for greenhouses application, including the transparency of the solar cells in the PAR region and the attained crop growth factor.




2. Materials and Methods


2.1. Materials


For the dye synthesis: 2,2′,7,7′-tetrakis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9′-bicarbazole [28] and the catalyst palladium(II) tetrakis triphenyl phosphine [Pd(PPh3)4] [29] were prepared according to the procedures described in the literature. All solvents and reagents were purchased from Sigma Aldrich, Alfa Aesar, or Acros Organics, and they were used without further purification unless otherwise stated. For the preparation of the I2-based and I2-free electrolyte: 1-methyl-3-propylimidazolium iodide (purity 98%, Alfa Aesar), lithium iodide (purity 99.9%, Sigma Aldrich), iodine (purity > 99.5%, Fisher Chemical), 4-tertbutylpyridine (purity 96%, Sigma Aldrich), guanidine thiocyanate (purity ≥ 97%, Sigma Aldrich), acetonitrile (purity 99.9%, Merck), and valeronitrile (purity 99.5%, Sigma Aldrich) were used. For the fabrication of the DSSCs: fluorine-doped tin oxide glass (TEC 8, Pilkington), titania paste for blocking layer (BL-1 Blocking Layer, Dyesol), titanium dioxide nano-powder (P25, Degussa), titanium (IV) chloride (purity ≥ 99%, Sigma Aldrich), synthesized Cz-2-based dye, tetrahydrofuran (analytical reagent grade, Fisher Chemical), homemade I2-based and I2-free liquid state electrolytes, platinum paste (PT1, Dyesol), low-temperature thermoplastic sealant (50 μm thickness, Dyesol), and silver paste (Electrodag 1415, Agar Scientific) were used.




2.2. Synthetic Route of the Di-Carbazole-Based Dye


The synthetic route of the Cz-2 dye is schematically presented in Figure 1 and discussed in detail below.



Synthesis of (I): In a round-bottom flask were placed 2,2′,7,7′-tetrakis (4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9′-bicarbazole (200 mg, 0.24 mmol), 2-bromothiophene (163 mg, 1.20 mmol), Pd(PPh3)4 (23 mg, 0.02 mmol), and ΤHF (6 mL). The mixture was degassed and filled with argon; then, an aqueous solution of 2 Μ Νa2CO3 (2 mL) was added. The reaction mixture was refluxed under argon and vigorous stirring for 48 h. After cooling to room temperature, the precipitated solid was filtrated and washed repeatedly with MeOH and H2O. The produced crude product was dissolved in toluene and filtrated for the removal of any catalyst traces. Evaporation of the solvent afforded the pure product (I) as a white powder. Yield: 90 mg, 56%. 1H NMR (CDCl3, δ ppm): 6.94 (d, 4H), 7.13 (two d, 4H), 7.30 (d, 4H), 7.37 (d, 4H), 7.63 (dd, 4H), 8.46 (s, 4H).



Synthesis of (II): In a round-bottom flask were added (I) (70 mg, 0.11 mmol), dry DMF (8 mL), and POCl3 (0.1 mL). The mixture was heated under argon at 80 °C for 24 h. After the reaction completion, H2O was added, and the organic phase was extracted, washed with H2O, and dried over MgSO4. Removal of the drying agent, evaporation of the solvent, and washing of the solid with MeOH afforded the pure product. Yield: 40 mg, 48%. 1H NMR (CDCl3, δ ppm): 6.96 (d, 4H), 7.48 (two d, 4H), 7.66 (d, 4H), 7.78 (broad, 4H), 8.55 (s, 4H), 9.91 (s, 4H).



Synthesis of Cz-2 dye: To a solution of (II) (40 mg, 0.05 mmol) in CHCl3 (6 mL) were added 2-cyanoacetic acid (50 mg, 0.59 mmol) and piperidine (0.2 mL), and the reaction mixture was refluxed under argon for 48 h. After the completion of the reaction, H2O was added, and the organic layer was extracted, washed with H2O and finally with 20% aq. HCl, leading to the precipitation of the crude product. This was collected by filtration, washed repeatedly with H2O and MeOH, and dried under high vacuum, affording the desired Cz-2 dye as an orange powder. Yield: 33 mg, 61%. 1H NMR (DMSO-d6, δ ppm): 6.99 (broad, 4H), 7.54 (broad, 4H), 7.67 (broad, 4H), 7.82 (broad, 4H), 8.05 (s, 4H), 8.93 (broad, 4H).




2.3. Fabrication of the Dye-Sensitized Solar Cells


DSSCs of 0.25 cm2 active area were fabricated according to the following procedure. The dye-sensitized working electrodes consisted of an ultra-thin compact TiO2 film (blocking layer) and a thin mesoporous TiO2 film sensitized with the dye (main active layer). The blocking layer was fabricated by spin-coating the BL-1 Blocking layer paste on the fluorine-doped tin oxide (FTO) glass at 1500 rpm, while its calcination was carried out at 500°C for 60 min. The main active layer was fabricated on the top of the blocking layer by spin-coating a TiO2 paste that was prepared as reported in previous work [30]. Its sintering was carried out at 550°C for 90 min, followed by gradual cooling to room temperature, leading to uniform semi-transparent mesoporous films, without cracks and peeling-off from the substrate. The thickness of the mesoporous TiO2 film was adjusted at about 15 μm, which is about the optimal thickness for photo-anodes of DSSCs employing ruthenium-based dyes and I2-based electrolytes [31,32,33]. Subsequently, a TiCl4 treatment of the nanostructured working electrodes was conducted, by immersing them into a 40 mM TiCl4 aqueous solution at 70°C for 30 min, followed once again by their calcination at 500°C for 30 min and their gradual cooling to room temperature. The dye-sensitization of the anode was carried out by their immersion into a 0.3 mM Cz-2 dye tetrahydrofuran (THF) solution for 12 h, at room temperature. The counter electrodes of the solar cells were fabricated by doctor-blading the PT1 paste on the FTO glasses, while their calcination was carried out at 500°C for 30 min. Finally, the dye-sensitized working electrodes were sandwiched with the counter electrodes, using a low-temperature thermoplastic spacer/sealant of 50 μm thickness. The sealing procedure was carried out at 120°C for 15 min under pressure given by two clips. The intervening space was filled with a liquid state I2-based electrolyte (0.6 M 1-methyl-3-propylimidazolium iodide, 0.03 M iodine, 0.5 M 4-tertbutylpyridine, 0.1 M guanidine thiocyanate, in a mixture of acetonitrile and valeronitrile (volume ratio: 85:15)) or I2-free electrolyte (0.1 M lithium iodide, 0.6 M 1-methyl-3-propylimidazolium iodide, 0.5 M 4-tertbutylpyridine, 0.1 M guanidine thiocyanate, in a mixture of acetonitrile and valeronitrile (volume ratio: 85:15)), through one hole that was already drilled to the counter electrodes. A special vacuum and filling syringe facilitated the procedure. The fabrication process of the solar cells was completed by sealing this hole using an extra piece of glass, under the same sealing conditions. The contacts of the solar cells were made by silver, using Electrodag 1415 silver paste, to collect the current efficiently. In all cases, a proper shading mask, equal to the active area of solar cells, was used to prevent the light incidence from the edges [34].




2.4. Characterization Methods


1H spectra were recorded on a Bruker Advance (Bruker BioSpin GmbH, Magnet Division, Karlsruhe, Germany) DPX 600 MHz spectrometer with CDCl3 or DMSO-d6 as solvents. Thermogravimetric analysis (TGA) was conducted on samples of 6 mg contained in alumina crucibles in a Labsys TM TG apparatus of Setaram, at a heating rate of 10 °C/min, under nitrogen. Ultraviolet-visible (UV-Vis) spectra of solutions were recorded using a Hitachi U-1800 spectrophotometer. The photoluminescence (PL) spectra of solutions were recorded using a Perkin Elmer LS45 luminescence spectrometer, after excitation at the absorption maxima.



The electrochemical characteristics of the as-synthesized materials were determined by cyclic voltammetry (CV) measurements carried out in a three-electrode cell; a platinum wire served as the counter electrode and an Ag/AgCl electrode served as the reference electrode. Tetrabutylammonium hexafluorophoshate (TBAPF6) 0.1 M in acetonitrile (CH3CN) was used as the supporting electrolyte. Thin films of the synthesized materials were fabricated on FTO-coated glass slides, (Rsheet < 15 Ohm/sq), preheated at 80 °C for 20 min, from precursor solutions of THF, and further annealed at 80 °C for 15 min. For the data collection and analysis, an Autolab PGSTAT 302 N electrochemical analyzer connected to a computer running the NOVA 1.8 software were used. All experiments were carried out at a scan rate of 0.1 V/s. Before the measurements, the cell was purged for 20 min with pure argon to remove the diluted gasses. The potential of the reference electrode was calibrated with respect to Ferrocene/Ferrocenium.



Diffuse reflectance spectroscopy (DRS) measurements were recorded on the dye-sensitized working electrodes using an interval wavelength of 1 nm, from 300 to 800 nm, using a Jasco V-770 spectrophotometer equipped with a 60 mm integrating sphere, embedding a PbS detector (ISN-923). UV-VIS transmittance spectroscopy measurements were recorded on the solar cells using an internal wavelength of 2 nm, from 300 to 800 nm, using a Hitachi U-2900 spectrophotometer. The characterization of the solar cells was carried out under standard test conditions (1000 W/m2, AM 1.5 G, 25 °C), using a solar light (16S-300) solar simulator calibrated by a reference cell consisting of monocrystalline silicon (Newport 919P-003-10); the current density–voltage (J–V) curves of the solar cells were recorded using a Keithley 2601 source meter. Incident photon-to-electron conversion efficiency (IPCE) of the solar cells was determined by a ThetaMetrisis PM-QE equipped with a Xenon (Xe) light source, using a filter monochromator (Oriel Cornerstone™ 260 1/4 m, Newport), which was controlled by the PM-Monitor® software; the IPCE measurements were carried out using an interval wavelength of 5 nm and a delay time of 0.2 s, from 300 to 800 nm. Electrochemical impedance spectroscopy (EIS) measurements were carried out on the solar cells using a Metrohm Autolab 3.v potentiostat galvanostat (Model PGSTAT 128 N); the measurements were recorded in the dark, at -VOC forward bias, using a perturbation of ± 10mV, over the frequency range from 100 kHz to 0.1 Hz, at room temperature.





3. Results


3.1. Synthesis of the Di-Carbazole-Based Dye


As it is mentioned before, the present work aims to synthesize a low-cost sensitizer for DSSCs that can provide suitable optical characteristics for greenhouses application, i.e., the solar cells to demonstrate low light absorption in the spectral regions where chlorophyll absorbs. In this direction, a di-carbazole-based dye was designed and synthesized. More specifically, the central core of the 9,9′-dicarbazole organic dye was prepared from the oxidation of the nitrogen atom of commercial 3,6-dibromo-carbazole using potassium permanganate (KMnO4) in acetone [25,35]. The four bromine atoms of 3,3′,6,6′-tetrabromo-N,N′-bicarbazole were substituted with pinacolato boronic ester moieties through palladium-catalyzed reaction with bis(pinacolato)diboron, in 1,4-dioxane, in the presence of potassium acetate as a base [28]. Ongoing, this pinacolato boronic acid bearing intermediate reacted under palladium-mediated Suzuki coupling conditions with 2-bromo-thiophene (intermediate (I)) and then, the thiophene periphery end-groups reacted with phosphorus oxychloride in dimethylformamide, affording the formyl-functionalized molecule (intermediate (II)). Finally, the periphery aldehyde groups were converted to cyanoacrylic acid groups under Knoevenagel condensation conditions with 2-cyanoacetic acid, in the presence of piperidine in chloroform. The investigation of the thermal characteristics of the Cz-2 dye was performed via TGA, as shown in Figure 2. The Cz-2 dye was found to be thermally stable up to 230 °C, which is sufficient for its application as a sensitizer of DSSCs.




3.2. Optical and Electrochemical Characteristics of the Di-Carbazole-Based Dye


The UV-Vis absorption and PL spectra of the synthesized dye in tetrahydrofuran (THF) solution are shown in Figure 3 in comparison with their respective precursor intermediate (I). As it is observed, the Cz-2 dye showed absorption peaks that are located at 305 and 420 nm (Figure 3a). Obviously, the new peak appearing at 420 nm, when compared to the precursor intermediate (I), is owing to the extended conjugation of the cyanoacrylic acid groups. The emission spectrum of the dye in THF solution, when excited at the absorption maxima, presents an emission maximum at 540 nm (Figure 3b). Moreover, an emission peak at 405 nm is also presented when the dye was excited at 305 nm, which is almost at the same wavelength where the emission of the intermediate (I) is located when it was excited at the same wavelength. Furthermore, by comparing the absorption spectrum of the dye with the McCree action spectrum (which represents the average photosynthetic response of plants to light), it is shown that there is low spectral interference, showing the suitability of the synthesized dye for the fabrication of greenhouse-integrated DSSCs [36].



Regarding the electrochemical characteristics of the Cz-2 dye, Figure 4a presents the CV curves derived using the dye in the film form on the FTO glass, serving as the working electrode, Figure 4b is a schematic depiction of the energy levels of the dye and the remaining components of the DSSC, while the electrochemical characteristics are also tabulated in Table 1. As it is observed, the dye presents oxidation at around 1.2–1.4 eV (vs. Ag/AgCl). The highest occupied molecular orbital (HOMO) energy level of the dye was determined from the first oxidation onset using Equation (1). On the other hand, since carbazoles are strong electron donors, their reduction onset is not always reliable [21,37]. Thus, their lowest unoccupied molecular orbital (LUMO) energy levels were calculated from their respective HOMO levels and the optical band gap (   E  g , o p t    ) using Equation (2). The    E  g , o p t     of the dye was calculated using Equation (3) and found at 2.56 eV.
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As it is observed, the LUMO level of the dye is higher than the conduction band of TiO2. Thus, the electron injection from the dye to the inorganic semiconductor is favored. On the other hand, the HOMO level of dye is more positive than the corresponding of the I-/I3- redox couple. Thus, the regeneration of the dye can also take place effectively.




3.3. Characteristics of Dye-Sensitized Working Electrodes


The DRS curve (Figure 5) of the Cz-2 dye was also recorded after its adsorption on thin (15 μm) semitransparent TiO2 films, corresponding to those employed for the fabrication of the solar cells, using THF as a dye-adsorption solvent.



As it is observed, the absorption spectrum of the Cz-2 dye-sensitized working electrode is broad and located in the blue-green region of the visible light, while the absorption onset was found below 600 nm, in contrast to the corresponding spectra that are usually obtained by the conventional ruthenium-based systems, where the absorption onset is found at much longer wavelengths [38]. This guarantees good transparency of dye-sensitized working electrodes in the red region of the visible light, which is the most important part of light for the photosynthetic action of the plants. The high absorbance in wavelengths longer than 600 nm is considered as an incompatible characteristic for sensitizers developed for greenhouses due to the high overlap with the second peak in the chlorophyll absorbance spectrum [36,39].




3.4. Characteristics of the Solar Cells


In order to evaluate the application of the Cz-2 dye to DSSCs, small-scale devices of 0.25 cm2 active area were fabricated and characterized. To determine a good balance between electric power generation and device transparency, a high performance I2-based electrolyte and a highly transparent I2-free electrolyte were tested as a material for the transport of charges from the cathode to the anode. Figure 6 shows the J–V characteristic curves of the DSSCs that employed the Cz-2 dye and I2-based or I2-free electrolyte, while the short-circuit current density (JSC), open-circuit voltage (VOC), fill factor (FF), and energy conversion efficiency (ECE) of the devices are tabulated in Table 2.



By comparing the electrical characteristics of the DSSCs, it is observed that the solar cells that employed the Cz-2 dye demonstrated satisfactory results, taking into account the absorption spectrum of the dye, which is located in wavelengths below 600 nm. The DSSCs that employed the synthesized organic dye demonstrated ECEs on the order of 3.5% and 3.1%, using the I2-based and the I2-free electrolyte, respectively. As it is observed, the usage of the I2-free electrolyte in DSSCs resulted in a small decrease in the ECE of the solar cells compared to the devices that employed the high-performance I2-based electrolyte, which was in the range of about 10%. This decrease was mainly attributed to the decrease of FF, while the JSC and VOC were found higher when comparing the former devices with the latter ones.



Figure 7 shows the IPCE spectra and the corresponding integrated JSC of the DSSCs that employed the Cz-2 dye, using I2-based or I2-free electrolyte. As it is observed, the solar cells showed a high external quantum efficiency in the blue-green region of the visible light, with the photo-current onset being in both cases at 575 nm. The aforementioned agree with the DRS results, showing once again the suitability of the synthesized organic dye for greenhouse-oriented applications.



With a closer look at the IPCE spectra of the solar cells, it is observed that the usage of the I2-free electrolyte in the DSSCs results in an increase in their external quantum efficiency in the whole blue-green region of the visible light compared to the corresponding devices that employed the I2-based electrolyte. This observation was expected when considering the highly transparent nature of the former electrolyte, arising from the low concentration of triiodides near the dye-sensitized working electrode; the triiodides prevent light absorption by the dye, and thus, they lower the external quantum efficiency of the solar cells in that region [40]. At this point, it worth mentioning that the results coming from the IPCE characterization and J–V characterization of the solar cells are in perfect agreement. In particular, the values of the integrated over the wavelengths JSC (7.98 mA/cm2 and 8.47 mA/cm2 for the device employing the iodide-based and iodide-free electrolyte, respectively)are almost equal to the corresponding ones of JSC determined from J-V curves.



Additionally, the solar cells employing the Cz-2 dye and the I2-based or I2-free electrolyte were characterized by means of EIS, to analyze the charge transfer processes taking place in the devices [41]. The Nyquist plots and the Bode phase diagrams are presented in Figure 8, while the parameters obtained by EIS are tabulated in Table 3. In the Nyquist plots (Figure 8a), due to the use of high-performance liquid state electrolytes, two semicircles were presented; the small semicircle at the higher frequency domain corresponds to charge transfer processes that take place at the Pt/electrolyte interface, while the larger one at the lower-frequency domain arises from the TiO2/dye/electrolyte interface.



By fitting the experimental data with an equivalent circuit model, several parameters can be obtained, e.g., the series resistance of the solar cell (Rs), the charge transfer resistance at the Pt/electrolyte interface (RPt), and the charge transfer resistance at the TiO2/dye/electrolyte interface (Rrec). As it is observed, the values of the aforementioned parameters highly depend on the employed electrolyte (I2-based or I2-free). The results showed that the solar cells that employed the I2-free electrolyte present higher values of Rs, RPt, and Rrec compared to the corresponding devices employing the I2-based electrolyte, underlying a higher charge transport resistance but a lower recombination rate inside the solar cells in the former case compared to the latter. Considering the Bode phase plots (Figure 8b), the frequency of the peaks observed in the middle-frequency domain can be used to determine the electron lifetime within the photo-anode (τe), which can be considered as another indication of the charge recombination rate taking place at the TiO2/dye/electrolyte interface. In agreement with the previous discussion, the solar cells that employed the I2-free electrolyte demonstrate a much higher value of τe compared to the device employing the I2-based electrolyte.



As indicated in the literature, the charge recombination rate and electron lifetime at the TiO2/dye/electrolyte interface of DSSCs are influenced by many factors, including the dye molecules size and geometry, dye adsorption behavior, and the number of triiodides presented near this interface, which in turn influence the photo-voltage of the solar cells [40,42]. Indeed, in the present investigation, the variation of the values of Rrec and τe agreed with the one of the VOC obtained from the characterization of the solar cells. The higher values of Rrec and τe, and subsequently of VOC obtained by the application of the I2-free electrolyte in DSSCs compared to the corresponding devices employing the I2-based electrolyte arises from the much lower concentration of triiodides existing near the TiO2/dye/electrolyte interface in the former case [40]. The reduction of triiodides to iodides by the electrons of the anode semiconductor is considered one of the main reasons for dark current in DSSCs. The low concentration of triiodides in I2-free electrolyte, and the subsequent lower conductivity of this electrolyte compared to the corresponding one of the I2-based electrolyte, is also considered the reason for the increased values of Rs and RPt observed in the devices employing the former electrolyte [40,43].



The transparency in the PAR region of a PV device when it is intended to be implemented as a cladding material of greenhouses is of the greatest importance. In this case, metrics such as crop growth factor (G) are used to evaluate the subsequent impact of the cladding material on the growth of plants. G determines the ratio of the rate of photosynthesis under the greenhouse cladding material (the DSSCs for the present case) and the rate of photosynthesis under the full sun. G can be calculated by Equation (4), where T(λ) is the transmittance spectra of the cladding material, bs(λ) is the AM 1.5 incident solar irradiance, and a(λ) is the action spectrum of plants [44]. In the present study, the plants action spectrum was obtained from an average action spectrum of 22 plants (McCree curve) [36].


  G =     ∫  T  λ   b s   λ  a  λ  d λ        ∫   b s   λ  a  λ  d λ       



(4)







As it is observed from Figure 9, the DSSCs demonstrated high transparency, which exceeded 50% in the red region of the visible light, for both types of devices. The calculated transmittance of the solar cells in the PAR region ranged higher than 25% and the crop growth factor higher than 30%, demonstrating their suitability for greenhouses integration. The usage of the I2-free electrolyte in DSSCs resulted in a 10% increase of the values of the aforementioned metrics compared to the corresponding case of usage of the conventional I2-based electrolyte. The present study demonstrates that the development of DSSCs with a 35% crop growth factor combined with efficiencies higher than 3% is feasible. These combined performance parameters are considered promising for the further development of transparent “agrivoltaics”, proving that DSSCs can be a good competitor to other established and emerging PV technologies that are intended to be used as greenhouse cladding materials [44,45].





4. Conclusions


Greenhouse-integrated PVs are the global trend in our days, allowing a vast urban area to produce both food and sustainable energy. In this concept, DSSCs constitute a unique competitor to other established PV technologies since they are offer distinct advantages, such as high transparency, large area coverage, very good performance in diffuse light conditions, and low cost. The present study proposes a new low-cost organic dye that is specially synthesized for greenhouses-integrated DSSCs to achieve a good balance between light-to-electricity generation and device transparency in the PAR region, which is needed for the photosynthetic action of the plants. The dye shows an intense blue light absorption and an absorption onset below 500 nm, allowing a high transmittance in the red region of the visible light, even after its adsorption on the anode semiconductor.



The application of the dye to DSSCs was evaluated both for the usage of a high-performance I2-based electrolyte or a highly transparent I2-free electrolyte. The results showed that both types of devices demonstrate a high external quantum efficiency (even higher than 70%) in the whole blue-green region of the visible light and high transparency (up to 55%) in longer wavelengths, demonstrating their suitability for application as greenhouses cladding materials. The usage of the highly transparent I2-free electrolyte in DSSCs, arising from the low concentration of triiodides in its composition, led to a much higher absorption of light by the dye in the whole blue-green region of visible light compared to the solar cells employing the conventional yellowship I2-based electrolyte and significantly increased the transparency of the device in the PAR region. At the same time, it led to a much lower charge recombination rate inside the solar cells and thus, to higher photo-voltage production, maintaining the ECE of DSSCs at high levels, almost at 90% of the efficiency attained by the corresponding devices employing the high performance I2-based electrolyte. The results of the present work demonstrate that the development of DSSCs with an almost 35% crop growth factor combined with efficiencies higher than 3% is feasible, shedding light on ways for the further development of greenhouse-integrated DSSCs.
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Figure 1. Synthetic route for the preparation of Cz-2 dye. 
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Figure 2. Thermogravimetric analysis (TGA) thermogram of the Cz-2 dye. 
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Figure 3. Optical characteristics of the (I) intermediate and Cz-2 dye in tetrahydrofuran (THF) solution: (a) UV-Vis spectra and (b) photoluminescence (PL) spectra after excitation at the respective absorption maxima. 
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Figure 4. (a) Cyclic voltammogram of Cz-2 dye in the film form, (b) schematic representation of the energy levels of dye-sensitized solar cell (DSSC) components. 
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Figure 5. Diffuse reflectance spectroscopy (DRS) curve of the working electrode that was sensitized by the Cz-2 dye. 
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Figure 6. J-V characteristic curves of the solar cells that employed the working electrodes that were sensitized by the Cz-2 dye, using the I2-based or I2-free electrolyte. 
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Figure 7. Incident photon-to-electron conversion efficiency (IPCE) curves of the solar cells that employed the working electrodes that were sensitized by the Cz-2 dye, using the I2-based or I2-free electrolyte. 
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Figure 8. (a) Nyquist plots (inset the equivalent circuit) and (b) Bode phase diagrams for the solar cells that employed the working electrodes that were sensitized by the Cz-2 dye, using the I2-based or I2-free electrolyte. 
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Figure 9. (a) Transmittance spectra, (b) transmittance in the photosynthetically active radiation (PAR) region and crop growth factor for the solar cells that employed the working electrodes that were sensitized by Cz-2 dye, using the I2-based or I2-free electrolyte, and (c) digital photo showing the transparency of the spectral engineered DSSCs (the background photo was taken from www.freepik.com, free license for personal and commercial purpose). 
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Table 1. Eg, opt., oxidation onset potential, highest occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) energy levels of the Cz-2 dye in film form on fluorine-doped tin oxide (FTO) glass.






Table 1. Eg, opt., oxidation onset potential, highest occupied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO) energy levels of the Cz-2 dye in film form on fluorine-doped tin oxide (FTO) glass.





	Dye
	     E  g , o p t    ( eV )    
	    E  o n s   o x   ,   V   

(Ag vs. AgCl )
	    E  o n s   r e d   ,   V   

(Ag vs. AgCl)
	HOMO

(eV)
	LUMO

(eV)





	Cz-2
	2.56
	1.24
	−1.10
	−5.89
	−3.33
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Table 2. Electrical characteristics of the solar cells that employed the working electrodes that were sensitized by the Cz-2 dye, using the I2-based or I2-free electrolyte.
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Solar Cell

	
JSC

(mA/cm2)

	
VOC

(mV)

	
FF

(−)

	
ECE

(%)




	
Dye

	
Electrolyte






	
Cz-2

	
I2-based

	
8.02 ± 0.05

	
648 ± 5

	
0.68 ± 0.02

	
3.51 ± 0.05




	
Cz-2

	
I2-free

	
8.50 ± 0.32

	
685 ± 5

	
0.54 ± 0.03

	
3.13 ± 0.06








* The reported mean values and standard deviations were obtained by measuring three at least identical devices.
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Table 3. Parameters obtained from the electrochemical impedance spectroscopy (EIS) measurements for the solar cells that employed the working electrodes that were sensitized by the Cz-2 dye, using the I2-based or I2-free electrolyte.
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Solar Cell

	
Rs

(Ohm)

	
RPt

(Ohm)

	
Rrec

(Ohm)

	
τe

(ms)




	
Dye

	
Electrolyte






	
Cz-2

	
I2-based

	
8.7

	
8

	
65

	
2.9




	
Cz-2

	
I2-free

	
10.8

	
20

	
268

	
19.9








* for V = VOC in dark.
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