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Abstract

:

In an expedition for green-energy generation and to lower the cost per watt of solar energy, environmentally friendly biotic colorants were separated from Tectona grandis seeds. The prime colorant in the extract is pelargonidin which sensitizes titanium dioxide (TiO2)-based photo anodes. The pelargonidin-sensitized TiO2 nanomaterials endured structural, photosensitive, spectral and current-voltage interpretations. Frontier molecular orbital analysis, physicochemical and electronic parameter computation, UV–visible and DOS spectral analysis, van der Waals prediction and molecular electrostatic potential map were performed theoretically with Gaussian tools, and IR symmetry response was computed using the crystal maker software package. The pelargonidin-sensitized TiO2-created dye-sensitized solar cells which exhibited capable solar light energy to photon conversion proficiency. For comparative purposes, the commercial P25 Degussa TiO2-based DSSC was also fabricated and its proficiency was analyzed. The commercial TiO2 exhibited 57 % higher proficiency in comparison to the sol-gel-derived TiO2-based DSSC.
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1. Introduction


Energy researchers are exploring abundantly available natural resources in their quest for global clean alternate energy sources with a low carbon footprint. Through the photoelectric effect, solar energy, a prominent renewable energy source, can be harnessed via various solar cells [1,2,3,4]. Among these, dye-sensitized solar cells (DSSCs) have a lower cost per watt production cost due to their ease of fabrication, relatively simple method and equipment compatible with mass production, and variety of applications such as wearable devices, indoor photovoltaic windows, and so on [5]. Photosensitizers are essential in DSSCs for capturing solar light photons and generating electric charges [6,7]. Harvesting electrical energy from solar energy will benefit the world to meet growing energy demand. Semiconductor, colorant sensitizer, electrolyte and electrode are all part of it. DSSC efficiency is primarily determined by its components, design, and fabrication processes [8,9,10]. Because of its obtainability, superior stability, non-toxicity and cost-effectiveness, TiO2 is a perfect choice for DSSC owing to its size, shape and dimensionality which all have a strong influence on the efficiency of DSSCs. The efficiency of TiO2-based DSSCs can be boosted by raising their photon absorption [11,12]. The most successful dyes, such as ruthenium, are synthetic, expensive, difficult to synthesize, multifaceted in design, limited in availability, toxic in nature and pose high environmental risks, among other things [13,14,15]. In order to generate green energy with a low cost per watt, this research employed an organic photosensitizer extracted from Tectona grandis seeds (pelargonidin). Natural dyes are non-toxic and safe for the environment. Natural dyes have a high potential in the growing demand for eco-friendly coloring agents in process industries such as food, textiles, leather and others. Hence, the high cost, toxic ruthenium chemical dye is eliminated and replaced with pelargonidin dye extracted from Tectona grandis seeds [16,17]. Tectona grandis, generally known for its timber, teak or Sagun, has potential medicinal and pigment value in its seeds, bark, leaves, etc. Pelargonidin, also known as 3,4′,5,7-tetrahydroxy flavylium Pelargonidol chloride, is a multicomponent structure. Its chemical formula is C15H11O5. The major advantage of pelargonidin dye extracted from Tectona grandis seeds is the greater pigment presence than in other parts such as leaves and the seed’s lifetime being long. Many reports have recently been published on the use of extracted natural dyes from natural products that have been tested for DSSCs. Prof. Michael Graetzel’s research at EPFL has shown the efficiency of DSSCs to be 14.1% with ruthenium-based dyes. As sensitizers in DSSCs, pelargonium and pelargonium grandiflorum achieved efficiencies of 0.065% and 0.067%, respectively. The dye was extracted from the leaves of red amaranth and the effect of different solvents, such as water and ethanol, was studied, yielding PCE values of 0.230% and 0.530%. The dye extracted from Sambucus Ebulus had a PCE of 1.15%. Natural colorant extracted from Butea Monosperma petals exhibited 0.87% efficiency. Lawsonia Inermis seed extract based DSSCs showed 1.0% efficiency. The efficiency of Caesalpinia Sappan heartwood extract sensitized DSSC is 1.1%. In addition, the symmetry of TiO2′s crystalline structure is critical for tuning surface energy, binding energy, band structure, charge mobility and other parameters that improve the opto-electronic behavior of solar cells [18]. As a result, it is necessary to investigate the interconnectedness of TiO2 symmetry with the pelargonidin organic colorant to enhance physical and chemical behavior in solar-cell applications [19]. In computational investigations, frontier molecular orbital analysis, physicochemical and electronic parameter calculation, UV–visible and DOS spectral analysis, van der Waals prediction and molecular electrostatic potential map were performed by means of Gaussian tools, and the IR symmetry response was calculated using crystal maker software. The pelargonidin natural photosensitizer extracted from Tectona grandis seeds is used for the first time in DSSCs. This pelargonidin-dye-sensitized TiO2 has the required properties as a possible future photovoltaic device material and for use in DSSCs, according to the experimental and computational detail investigation.




2. Materials and Methods


As a titanium precursor, Sigma-Aldrich’s titanium isopropoxide was employed. The nitric acid, isopropanol and double-distilled water were purchased from Merck. The Tectona grandis seeds were gathered from Coimbatore, Tamilnadu, India.



Tectona grandis, usually known as teak or Sagun, is a strong, tall and high timber-valued tree. Its dry fruits are dark brownish black, spherical-shaped ones and shown in Figure 1a; the pelargonidin dye structure is depicted in Figure 1b.



The Tectona grandis seed extract contains pelargonidin as a major pigment. The fresh, fully matured Tectona grandis seeds were gathered, gutted and dehydrated under shadow for five days to remove the moisture completely. Before using, the outer casing of the Tectona grandis seeds was detached. Seeds were dried at room temperature. The 200 g of Tectona grandis seeds were crushed well and retained in 100 mL ethanol for three days. The blend was filtered by eliminating dense fragments and the filtrate was obtained. The dark-brownish-black-colored aqueous extract of the Tectona grandis seed was utilized as photosensitizer for TiO2-based DSSCs. Pelargonidin is the key pigment of Tectona grandis seed extract; the optimized molecular structure of pelargonidin (PGN) and van der Waals prediction are depicted in Figure 2a,b.



Pure TiO2 was synthesized by mixing 5 mL of titanium isopropoxide, the titanium precursor, with a combination of 250 mL distilled water and 15 mL isopropanol employing vigorous stirring. The white precipitation which formed was heated at 80 °C for 2 h. It was washed in water and ethanol before drying to obtain pure TiO2.



2.1. Fabrication of DSSCs


The conducting glass substrate (FTO) with surface resistivity ~13 Ω / sq was cleaned and rinsed with deionized water and then in 2-propanol. Then, it was dried in air prior to film preparation. Scotch tape was used as a mask for the edge area of the TCO which acted as the contact in the final DSSC. The exposed cell area was 0.75 cm2. The pure TiO2 nanoparticles synthesized using sol-gel technique were made into a paste containing titanium isopropoxide. This TiO2 and titanium isopropoxide solution was mixed and ground well to result in a homogeneous paste. This paste was layered over the FTO plate to form a slim film by employing the doctor-blade technique. In order to form a uniform film, this coating process was repeated. The dried TiO2-coated FTO glass plate was sintered at 450 °C for 30 min to enhance the electronic contact with TiO2 and to eradicate inner gas and voids. The TiO2 photo anode was soaked in 10 mL solution of organic photosensitizer for 12 h to get adsorbed onto its surface in the absence of sunlight. Then, the TiO2 photoanode was cleansed in ethanol to remove loosely bound natural dye. After that, the working photoanode (TiO2 + dye) was dehumidified at 25 °C for 30 min. A thin layer of platinum was coated over the FTO glass plate by means of sputtering, serving as the counter electrode. The iodide electrolyte solution was blended by dissolving 0.127 g of iodine (I2) in 10 mL of ethylene glycol. Then, 0.83 g of potassium iodide (KI) was added to the above solution, stirred and stored in the dark. The triiodide was attained by liquifying 525 milligrams of potassium iodide with 330 milligrams of iodide into 7.5 mL glacial acetic acid. The 0.5 molar alkyl benzimidazole was employed as additive for the electrolyte solution. This solution was stirred in a magnetic stirrer for 30 min to change to a dark-brown triiodide solution. Subsequently, the photoanode and counter electrode were bonded together by crocodile clips without forming air bubbles. The prepared liquid iodide electrolyte combination of KI and I2 with concentration of 0.6 mol/L and 0.075 mol/L was injected into the inter space carefully. Then, the DSSC was sealed using binder clips and assembled to fabricate TiO2-based DSSC. By following the same process, commercial P25 Degussa TiO2-based DSSC was fabricated.




2.2. Computational Information


PGN was calculated using the G09W (M. J. Frisch 2009) and GV5.0.8 (Frisch et al. 2009) applications [20]. In the computations, B3LYP was employed with the 6-311G++ (d, p) set. The optimum geometry, MEP, and IR symmetry response for PGN were calculated. The DOS diagrams were represented using the Gauss Sum [21] program.



A van der Waals complex is a loosely bound complex molecule kept together by intermolecular interactions such as van der Waals forces or hydrogen bonds [22]. Figure 2b shows no van der Waals complex. It demonstrates that the hydrogen bond’s potential energy surfaces are closely connected to the other atoms, indicating the absence of van der Waals complex of pelargonidin. SMILE notation of this compound is [H]OC1=C([H]) C([H])=C(C([H])=C1[H]) C1=[O+]C2=C([H]) C(O[H])=C([H]) C(O[H])=C2C([H])=C1O[H].





3. Results and Discussion


3.1. Structural Studies


The PXRD of pure TiO2 after calcination at 250 °C portrayed in Figure 3 shows the diffraction peaks (101), (004), (200), (211), (204), (116) and (215). This confirms the anatase phase of TiO2 which possesses better photocatalytic properties than rutile and brookite phases. In addition, the diffraction peaks related to rutile and brookite phases do not exist. The average grain size obtained by Scherrer’s equation, D = Kλ/(βcosθ), is approximately 43 nm.




3.2. Morphological Analysis


The pure TiO2 formed by employing the traditional sol-gel practice are revealed to be agglomerated in the transmission electron microscopy (TEM) in Figure 4a. In certain regions, some uniformly sized TiO2 nanoparticles are present. The TEM picture displayed in Figure 4b is that of commercial TiO2 (P25 Degussa). The P25 Degussa TiO2 is free from agglomeration and has well-defined spherical morphology which will influence the proficiency of the pelargonidin-sensitized DSSCs.




3.3. IR Vibrational Symmetry Analysis


The DFT/ B3LYP@ 6-311++G (d, p) was employed to compute vibrational spectra of molecules in both their ground and excited levels. The program can predict spectral frequencies and intensities as well as the molecular dislocations that it experiences during normal modes of vibration. A Gaussian broadening function can be used to create the spectra from a set of frequencies and intensities, as shown in Equation (1) [23].
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The calculated intensity of each band for each of the N vibrational modes is given by Akin km/mol. Figure 5 shows observed FTIR spectra for PGN. For the wavelength range of 4000–400 cm−1, a thorough analysis of the infrared spectra of PGN-substituted derivatives in the solid and solution has been reported [24,25,26]. Table 1 lists the vibrational spectra of the compound prepared for this study. The vibrational assignments were calculated using crystal maker software. Wagging frequencies are in the neighborhood of 519 cm−1 with a second component of frequency around 809 cm−1 and a third set of scissoring at approximately 1329 cm−1. The strong bands appearing in the spectrum at about 2117–3954 cm−1 are typical of C-H symmetric and asymmetric stretching. The band observed at 2117.24 cm−1 is due to C-H stretching with a strong peak. These assignments agree with the spectral work results for a compound that is present in solid form as a strongly hydrogen-bonded acid. Due to the aromatic C-C-C stretching vibrations, aromatic compounds frequently display numerous weak bands at 1948.56 cm−1 and 2467.12 cm−1.




3.4. Physicochemical & Electronic Parameter Computation


The inherent physical and chemical qualities of a substance are its physicochemical properties. These include things like flammability, density, volatility, water solubility, boiling point, etc. The physicochemical properties of PGN are presented in Table 1.



Frontier molecular orbital (FMO) energies were calculated as I = −EH and A = −EL, according to Koopmans, where quantify ionization potential is I and electron affinity is A. Global hardness factor (η) = 1/2(EL − EH), chemical potential factor (μ) = 1/2(EL + EH), global electrophilicity factor (ω) = μ2/2 and global softness factor (ζ) = 1/η [27] were also calculated. Table 2 gives the calculated factors of α spin symmetry for I, A, ζ, η, μ and ω of PGN, which are +4.454 ev, +1.2383 ev, 0.6219 ev + 1.6078 ev, 2.8461 ev and 2.5596 ev, respectively. The β spin symmetries for I, A, ζ, η, μ and ω are +6.128 ev, +2.034 ev, 0.4884 ev, 2.047 ev, −4.081 ev and 4.068 ev respectively.




3.5. FMO (Frontier Molecular Orbital) Analysis


The strength and stability of transition metal complexes, as well as the colors generated in solution, can be predicted using frontier molecular theory. The boundary molecular orbitals are HOMO and LUMO, which are implicated in chemical stability and lower reactivity in chemical processes [28,29]. The HOMO reflects the flexibility to offer the capacity to receive an electron; LUMO is an electron mediator [30]. This electron absorption transition occurs concurrently with the transition from lowest to first excited level and is principally represented by the excitation of an electron from the HOMO to the LUMO. The frontier orbital distance aids in distinguishing between the kinetic and chemical stability of molecular system reactivity [31]. Figure 6 depicts the atomic orbital composition, with positive and negative interactions characterized by red and green colors, respectively. PGN’s HOMO, LUMO and frontier orbital gap energies of α and β spin symmetries are −4.454, −1.2383, −6.1282 and −2.034 eV, respectively.




3.6. UV–Visible Spectral Analysis


An ultimate photosensitizer absorbs all light photons up to the critical wavelength of 920 nm. Therefore, the preferred organic photosensitizers need to absorb higher energy photons in the solar spectrum. The electrons injected into TiO2 were influenced by the attraction between the photosensitizer and its anchoring assemblage. There are several C=O and OH assemblies in the arrangements of atoms in the pelargonidin pigment that are skilled in anchoring to Ti. In addition, the prominent light photon absorption range of pelargonidin makes it a potential organic photosensitizer for DSSCs. The UV–vis spectra of pelargonidin-sensitized sol-gel-derived TiO2 and Degussa TiO2 nanoparticles are depicted in Figure 7. The visible light absorption of TiO2 was enhanced owing to the pelargonidin colorant, and the cutoff wavelength was 368 nm for sol-gel-derived TiO2 and 392 nm for Degussa TiO2. The TiO2’s band-gap energy was determined using cutoff wavelength (λ) with the equation Eg = h C/λc [Eg = 1239.8/λ eV (λ in nm)]. The band gaps of sol-gel-derived TiO2 and Degussa TiO2 were calculated as 3. 36 eV and 3. 16 eV respectively. This variation in Eg will influence the efficiency of the result.




3.7. Molecular Electrostatic Potential Map


The MESP surface, as shown in Figure 8, is very well suited for distinguishing one molecule from another via this potential and is highly valuable for determining the optimal places for electrophilic (negative region) and nucleophilic (positive region) reactions [32]. The levels of charge dispersion at the surface are embodied by the colors red, orange, yellow, green and blue. The color codes for these maps in the identified compound symmetry range from −2.427e−2 (deepest red) to +2.427e−2 (deepest blue), with blue denoting the most acceptor-positive or electron-rich region, and red denoting the most oxidized form or electron-poor region. The five oxygen atoms, which operate as electron donors, are clearly the most electronegative component of PGN molecule.




3.8. IPCE Analysis


The incident photon to current conversion efficiency (IPCE) is very useful in evaluating the performance of solar cells. This measures the efficiency of incident photons converted into photocurrent flowing between the working and counter electrodes. The natural dye extracted from Tectona grandis seeds containing pelargonidin pigment as an acceptor exhibited stronger solar cell response in the 300–500 nm spectral region. The external quantum efficiency at any wavelength λ is [33,34]:


IPCE% (λ) = 1240 × JSC Pin λ











The observed quantum efficiency at the wavelength of 411 nm is 28%. The IPCE response of the pelargonidin photosensitizer is depicted in Figure 9.




3.9. Efficiency Studies


The current-voltage characteristics of conventional sol-gel-prepared and P25 Degussa TiO2-based DSSCs in Figure 10 show the values of Jsc as 2 mAcm−2 and 4.9 mAcm−2, and Voc as 0.42 V and 0.55 V, respectively. Their fill factors are 68% and 61.6%, respectively. The light-to-electron conversion efficiency (η) of pure TiO2-based DSSC was 0.68% and that of commercial P25 Degussa TiO2-based DSSC was 1.18%. The Isc and η were found to be higher for P25 TiO2-based DSSC than for synthesized TiO2-based DSSC. This is attributed to more dye adsorption, superior morphology, abridged agglomeration and fewer colorant aggregations in commercial TiO2 nanomaterials. Therefore, the pelargonidin photosensitizer extracted from Tectona grandis seeds is an operative photosensitizer for generating DSSCs with improved proficiency.



The relation shown below was used to get the total energy conversion efficiency:


η = (Jsc × Voc × FF)/Pin








where Pin stands for the photon’s energy at impact. The relation shown below was used to find the fill factor (FF):


FF = (Jmax × Vmax)/(Jsc × Voc)








where Jsc is photocurrent density and Voc is open-circuit voltage. Jmax and Vmax stand for the maximum current density and voltage, respectively. The solar parameters are given in Table 3.





4. Conclusions


The structure of the organic colorant pelargonidin is validated by comprehensive UV–vis spectra and DFT data. The crystal is clear in the visible range of its spectrum, according to TD-DFT tests. The optical energy gap (DOS spectra and HOMO–LUMO), chemical reactivity (GCRD) and charge distribution all show the importance in electron density and MEP plots. The UV–Vis optical research confirms the molecule’s hyper-conjugative interactions and stability. According to the experimental and computational investigation, this material possesses all of the needed properties for application in optical devices. Such behavior suggests that PGN will be the next diamond replacement, owing to its high thermal conductivity and refractive index but low hardness. PGN has emerged as a possible option for future photovoltaic devices. Hence, it can be adopted for better photosensitizer adsorption, amended morphology, abridged agglomeration, less dye aggregation and upgraded efficacy. The pelargonidin-sensitized, synthesized, commercial P25 TiO2-created dye-sensitized solar cells exhibited capable solar light energy-to-photon conversion proficiencies of 0.68% and 1.18%, correspondingly. The P25 Degussa TiO2-based DSSC exhibited 57% higher proficiency in comparison to sol-gel yielded TiO2-based DSSC.
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Figure 1. (a) Tectona grandis seeds and (b) pelargonidin dye structure. 
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Figure 2. Optimized molecular structure (a) and van der Waals prediction of pelargonidin (b). 
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Figure 3. PXRD pattern of pure TiO2 nanoparticles. 
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Figure 4. TEM images of pure TiO2 by sol-gel process (a) and commercial P25 Degussa TiO2 (b). 
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Figure 5. Computed FTIR symmetrical spectra for PGN. 
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Figure 6. DFT/B3LYP/6–31G (d, p) 3D visualization of FMO orbitals in doublet α & β spin symmetry transition levels (HOMO–LUMO). (a) doublet α spin (b) doublet β spin. 
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Figure 7. UV–Vis spectra of pelargonidin-sensitized sol-gel-derived TiO2 and Degussa TiO2. 
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Figure 8. Potential distribution mapping of studied PGN. 
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Figure 9. IPCE response of pelargonidin photosensitizer extracted from Tectona grandis seeds. 
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Figure 10. Current-voltage characteristics of sol-gel-synthesized TiO2 and P25 Degussa TiO2-based DSSC sensitized by pelargonidin natural colorant. 






Figure 10. Current-voltage characteristics of sol-gel-synthesized TiO2 and P25 Degussa TiO2-based DSSC sensitized by pelargonidin natural colorant.



[image: Symmetry 15 00022 g010]







[image: Table] 





Table 1. Physicochemical properties of PGN.
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Physicochemical Properties






	
Formula

	
C15H11O5+




	
Molecular weight

	
271.24 g/mol




	
Num. heavy atoms

	
20




	
Num. aromatic heavy atoms

	
16




	
Fraction Csp3

	
0.00




	
Num. rotatable bonds

	
1




	
Num. H-bond acceptors

	
5




	
Num. H-bond donors

	
4




	
Molar refractivity

	
74.15




	
TPSA

	
94.06 Å²




	
Energy

	
542.416 kJ/mol




	
Dipole moment

	
2.072D
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Table 2. Electronic parameters of PGN.






Table 2. Electronic parameters of PGN.





	
Electronic Parameters

	
B3LYP/6-311G++(d, p) in GAS Phase

PGN






	
Spin symmetry doublet

	
(α)

	
(β)




	
EL (eV)

	
−1.2363

	
−2.034




	
EH (eV)

	
−4.454

	
−6.128




	
EL/EH (eV)

	
0.278

	
0.3319




	
Ionization-potential factor (I) (eV)

	
+4.454

	
+6.128




	
Electron-affinity factor (A) (eV)

	
+1.2363

	
+2.034




	
Global hardness factor (η) (eV)

	
1.6078

	
2.047




	
Chemical potential factor (μ) (eV)

	
−2.8461

	
−4.081




	
Global electrophilicity factor (ω) (eV)

	
2.5596

	
4.068




	
Global softness factor (ζ) (eV−1)

	
0.6219

	
0.4884




	
Electronic spatial extent (a.u)

	
7604.76




	
Nuclear repulsion energy (Hartrees)

	
1399.85




	
Rotational constants (GHZ)

	
0.7756

	
0.152

	
0.133
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Table 3. Solar cell parameters.
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	Semi-Conductor
	Jsc

mAcm−2
	Voc

V
	Jmax

mAcm−2
	Vmax

V
	Fill Factor

%
	Efficiency

η

%





	TiO2 by sol-gel process (best cell)
	2
	0.42
	1.65
	0.34
	68
	0.68



	TiO2 by sol-gel process (test cell 1)
	1.64
	0.61
	1.34
	0.5
	66.97
	0.67



	TiO2 by sol-gel process (test cell 2)
	1.95
	0.49
	1.55
	0.39
	63.27
	0.6



	P25 Degussa TiO2 (best cell)
	4.9
	0.55
	4.1
	0.4
	61.6
	1.18



	P25 Degussa TiO2 (test cell 1)
	3.3
	0.49
	2.72
	0.40
	67.26
	1.1



	P25 Degussa TiO2 (test cell 2)
	2.99
	0.5
	2.44
	0.41
	66.92
	1
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