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1.Introduction
Dye Sensitized Solar Cell (DSSC) is one of the third-generation solar cells that uses organic or inorganic dyes as the sensitizer (Bernède, 2008). In 1991, Gratzel and co-workers discovered the first solar device of this nature with practical viability (O'regan & Grätzel,  1991). Due to low cost and eco-friendliness, even today researchers are investigating organic dyes of natural pigments as sensitizers. Most natural fruits and petals are composed of anthocyanin dye that can be utilized as a sensitizer of DSSCs (Calogero et al., 2012). Therefore, Black Nightshade (Solanum nigrum) fruit which is one of the fruits that is composed with anthocyanin dye was focused in this study (Patil & Datar, 2015). This study was intended to investigate the performance of DSSCs sensitized with dye from Black nightshade fruit and skin extracted into water and alcohol and also the effect of acidification of those extracts with acetic acid on the DSSC sensitization.
2. Methodology
2.1. Preparation of dye solutions
10 g of fresh Black Nightshade (Solanum nigrum) fruit was crushed using a mortar and pestle. Then 10 g of this mixture was dissolved in 30 ml of distilled water for 10 minutes and filtered to obtain dye aqueous solution. Then the skins were collected from the residue of the above mixture by washing away the flesh and seeds of the fruit. Afterwards those skins were boiled in 20 ml distilled water for 90 minutes at 100 °C until the skins became colourless extracting the purple colour pigment into water. The same procedure was repeated for another 10g of crushed Black Nightshade with ethanol as the solvent and fruit skins were heated for 60 minutes at 80 °C until the skins became colourless. All of the above extracted dye solutions were stored in dark coloured bottles separately until used.
2.2. Preparation of TiO2 films
Fluorine-doped Tin Oxides (FTO) plates were cut into a size of 1 cm × 2 cm. The glass plates were cleaned respectively with tap water, detergent and distilled water by using ultrasonic cleaner for 5 minutes in each case. Washed glass plates were boiled in ethanol, in a beaker on a hot plate at 80˚C for 15 minutes. 0.5 g of P25 Degussa Titanium dioxide (TiO2) powder was mixed with 0.1 g of citric acid in a mortar and pestle adding 7 ml ethanol, one drop of triton-X-100 and one drop of PEG-400. The mixture was ground for 30 minutes to obtain a uniform paste. The prepared TiO2 paste was coated on cleaned FTO glass plates by using the doctor blade technique and the area of the TiO2 films on FTO was 1 cm2 Then the coated TiO2 plates were heated in a furnace at 450 ˚C for 60 minutes.
2.3. Preparation of dye coated photo-anodes
The Black Nightshade fruit and fruit skin dyes which were extracted into distilled water   were taken into two test tubes separately. Then another 2 ml of two samples were taken to two other test tubes from the above solutions and they were acidified with 0.5 ml of acetic acid. Then the above procedure was repeated for dye solutions which were extracted into ethanol as well. In each of these eight dye solutions, a set of TiO2 films were soaked in for 30 minutes. Then the cells were washed with distilled water and dried using an air drier.
2.4 Assembling of the DSSC and characterization
The conducting side of the platinum counter electrode and dye absorbed TiO2 film were sandwiched and held with clamps. The capillary space between two electrodes was filled with an electrolyte which was prepared by using 0.83 g of potassium iodide (KI) and 0.127 g of iodine (I2) added into a solution containing acetonitrile and ethylene carbonate at 8:2 ratio. After that the assembled cells were characterized for photovoltaic measurements under the irradiance of 1000 Wm-2 illumination using a computer coupled galvanostat/potentiostat and ScienceWorkshop 750 Interface. UV-Visible spectra of extractions and acidified dyes were measured by using a Multiskan Sky Microplate Spectrophotometer for optical characterizations.
3. Results and Discussions
3.1. Optical Characterization of Dyes
The absorption spectrum is determined by the chemical structure and colour of the dye. Physically, it can be explained by the difference between the energy levels of the materials (Patil & Datar, 2015). As illustrated in Figure 1 both the extracts in water and ethanol show common intensified peak around 450 nm – 600 nm range after acidification. These peaks may be caused due to structural change in anthocyanin dye by acidification as depicted in figure 2.
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Figure 1: Absorption spectrums of eight different samples. (a) Distilled water-diluted fruit dye. (b) Distilled water-diluted fruit dye + acetic acid. (c) Ethanol diluted fruit dye. (d) Ethanol diluted fruit dye + acetic acid. (e) Distilled water-diluted fruit skin dye. (f) Distilled water-diluted fruit skin dye + acetic acid. (g) Ethanol diluted fruit skin dye. (h) Ethanol diluted fruit skin dye + acetic acid.

Figure 2: Structural change in anthocyanin dye to give different colours at different pH values
3.2 Photovoltaic Characterization of DSSCs
Figure 3 shows the current density (J) and voltage (V) characteristics of DSSCs fabricated using TiO2 photoanodes coated with eight different dye samples of Black Nightshade fruit and fruit skin. Relatively high short circuit current (Isc) were shown in the DSSCs which were fabricated using Black Nightshade fruit and fruit skin dyes with acetic acid. Fill factor (FF) and efficiency () were calculated by using equations 1 and 2 respectively. All photovoltaic characteristics and calculated results for each case are given in Table 1.
FF = (maximum current x maximum voltage) / (Isc x Voc) ……… (1)
= [(FF x Isc x Voc) / 1000Wm-2] x 100% ……………. (2)

Figure 3: J-V characteristics of eight different samples. (a) Distilled water-diluted fruit dye. (b) Distilled water-diluted fruit dye + acetic acid. (c) Ethanol diluted fruit dye. (d) Ethanol diluted fruit dye + acetic acid. (e) Distilled water-diluted fruit skin dye. (f) Distilled water-diluted fruit skin dye + acetic acid. (g) Ethanol diluted fruit skin dye. (h) Ethanol diluted fruit skin dye + acetic acid.
Table 1: photovoltaic measurements, calculated fill factor and efficiency of DSSCs prepared using different dye solutions.
	Sample name
	Type of dye sensitizer in DSSCs
	Jsc
(mA cm-2)
	Voc

(V)
	FF (%)
	η (%)

	A
	Distilled water diluted fruit dye
	0.89
	0.436
	46.40
	0.18

	B
	Distilled water diluted fruit dye + acetic acid
	2.06
	0.438
	61.10
	0.55

	C
	Ethanol diluted fruit dye
	1.40
	0.538
	54.71
	0.41

	D
	Ethanol diluted fruit dye + acetic acid
	1.49
	0.493
	56.80
	0.41

	E
	Distilled water diluted fruit skin dye
	0.89
	0.397
	35.38
	0.13

	F
	Distilled water diluted fruit skin dye + acetic acid
	1.41
	0.404
	48.76
	0.28

	G
	Ethanol diluted fruit skin dye
	0.34
	0.410
	55.77
	0.08

	H
	Ethanol diluted fruit skin dye + acetic acid
	2.12
	0.446
	58.27
	0.55


As illustrated in Table 1, the highest short circuit photocurrent densities (Jsc) 2.12 mA cm-2 and 2.06 mA cm-2 were obtained for acidified extracted dye of Black Nightshade fruit skin and fruit in ethanol and distilled water, respectively. Acidification of extracts in both the solutions involved in the enhancement of the photovoltaic characteristics of the DSSCs. This phenomenon may happen because of the intensified absorption peaks that the dye samples have in 450 nm – 600 nm region. When the acetic acid and anthocyanins react, it enhances the capability of binding to semiconductor surface making a strong contribution to current densities. The results of table 1 clearly illustrate that extracts in ethanol solution contribute to higher voltages. The polarity of the solvents plays a key role in adsorption of pigments on the TiO2 surface. Further, compared to the dye extracted only from the skin, the dye extracted from the fruit has given a higher voltage in DSSC. This may be due to the passivation of traps in the TiO2 film by phenolic compound present in the fruit flesh (Patil & Datar, 2015).
4. Conclusion
Relatively high short circuit photocurrent densities of 2.12 mA cm-2 and 2.06 mA cm-2 with 0.55% of efficiency were obtained for the DSSCs sensitized with Black Nightshade fruit skin dye in ethanol and Black Nightshade fruit dye in distilled water with acetic acid. Also, fill factors of above DSSCs were 61.10 % and 58.27 % respectively. According to UV-visible spectra of above samples intensification of the peak can be seen in 450-600 nm ranges that attributes for high current density and the high efficiency of those DSSCs after acidification. It is also evident that photo voltage was high when the extracts were in ethanol solution where the adsorption of the pigments is strongly determined by the polarity of the solvent. Further, photo voltage is highest in the cell sensitized by Black Nightshade fruit dye in ethanol which could be due to passivation of trap states in TiO2 by phenolic compounds. Therefore, further studies should be done to investigate the effect of the acetic acid concentration and the effect of the solvent that dyes were extracted.
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