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ABSTRACT - The study focuses on the application of natural fruit extract of blackberry in dye- QER;IE:;(E I::;?hTFerzom
sensitised solar cells (DSSC) as a photosensitiser. The widespread availability of the fruits and Revised: 30 Nov 2021
juices, high concentration of anthocyanins in them ease of extraction of anthocyanin dyes from Accepted: 81 Dec 2021
these commonly available fruits, enable them as a novel and inexpensive candidates for solar cell

fabrication. Anthocyanins are naturally occurring biodegradable and non-toxic compounds that can KEYWORDS

be extracted with minimal environmental impact and provide environmentally benign alternatives Indlium Tin Oxide;

for manufacturing dyes in DSSC synthesis. Indium tin oxide (ITO) thin films are synthesised using Sol-gel; _
sol-gel and spin-coating techniques. ITO characteristics are determined by x-ray diffraction (XRD), glatur al fr ‘.’t’.t e’(;tr aclt’ s
scanning electron microscopy (SEM), and Fourier transforms infrared spectra (FTIR) Bl}; i’;:g;;/’se solar cerss,

measurements. To find the transmittance percentage in the visible region of thin films, atomic force
microscope (AFM) and UV-Vis spectroscopy analyses were done. The nanocrystalline phase of
the synthesised ITO films was confirmed through XRD. SEM was used to analyse the morphology
of the synthesised ITO films. Cubic, columnar (edge length ~ 35-45 nm) and rod-shaped (~110 x
14) particles were observed. Narrow size distribution was observed for spherical particles in the
range of ~13-15 nm. The FTIR analysis revealed the presence of carboxyl and hydroxide functional
groups. The AFM analysis revealed the uniform spread of the synthesised dye, while the visible
region absorbance and transmittance of the synthesised ITO films were confirmed through UV-vis
spectroscopy. The thin films showed 83-86% of average transmittance. Finally, we fabricated a
dye-sensitised solar cell with desired properties. The characterisation results confirmed that the
synthesised material could be used in the DSSC application.

INTRODUCTION

The dye-sensitised solar cell (DSSC) is a third-generation photovoltaic (PV) that has a simple manufacturing method
and the potential for cheap manufacturing costs [1]. Michael Gratzel and their team came up with the Gratzel Cell known
as dye-sensitised solar cells that imitate the photosynthesis process by sensitising a semiconductor [2]. However, many
photovoltaic cells assured solar energy conversion from sunlight to electricity in the past years. Lower conversion
efficiency, long-term stability, and higher cost limit their practical implementation [3], [4]. Generally, the significant
components of DSSCs are photo-electrodes, photosensitisers, electrolytes, and counter electrodes[5]. Photosensitisers
play an essential role among these four significant components, as they are the origin of light-harvesting in DSSCs [6].
Figure 1 shows the schematic diagram of the DSSC.
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Figure 1. DSSC schematic band diagram [7].
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Natural dyes are suitable for DSSCs devices due to their non-toxic, environmentally friendly, low cost, and abundance.
Natural dyes, in particular, play an important role in green DSSCs [8]. Several natural pigments such as chlorophyll,
anthocyanins, tannin, and carotene are successfully used as sensitisers in DSSC [9]. The sensitised dye works by absorbing
the sunlight, later converted to electrical energy [2]. There are only a few characteristics that make a dye sensitiser
effective. To begin, it must have a high absorption capacity in the visible range when illuminated by sunlight.

Furthermore, the dye molecules should have hydroxide or carboxyl groups that firmly graft to the TiO, surface's
Titanium (I'V) sites. It should also have the ability of efficient electron injection into the semiconductor's conduction band
[10]. For photosensitisation, anthocyanin is a pigment that imparts attractive red, blue, purple, and violet to berries and
many other fruits and vegetables. Natural colours contain anthocyanins, a water-soluble pigment that absorbs light at the
longest wavelength. Carbonyl and hydroxyl substituents in anthocyanin molecules serve as functional groups attached to
the surface of a porous titanium dioxide substrate. The conduction band (CB) of metal oxides like TiO, receives the
excited electrons [11].

Tabhir et al. [12] synthesised DSSC using Jatropha and Chrysanthemum, which has purple pigment. The results showed
that the dye absorbance was in the visible region. The mixture of both the extracts gave higher performance compared to
the individual ones. Naresh Kumar et al. [9] extracted natural dye from Terminalia Catappa fruits. The cell efficiency
was found to be 1.58% and confirmed its application for DSCC. Kenneth Obi et al. [1] choose Opuntia Phaeacantha and
Morus Rubra natural colours to sensitise TiO, photoanodes in DSSCs. The raw prickly pear extract shows higher
photovoltaic performance than any eluates, with a PV efficiency of 0.73%. Ammar et al. [4] extracted Chlorophyll and
Anthocyanin from spinach, cabbage, and onion peels. The results showed that the DSSC based on chlorophyll dye
performed best, with a power conversion efficiency of 0.17%.

TiO; has a more comprehensive application because of its non-toxicity, high thermal and chemical stability, low cost,
and high transparency [13]. In addition to its application in DSSC, TiO, materials also have applications in electronics
and photocatalysis. [14]. Indium tin oxide (ITO) is a conductive glass with have sheet resistance and high transmittance.
ITO is an n-type wide bandgap semiconductor of around 4 eV and low resistivity. It possesses high transmittance in the
visible region and excellent electrical conductivity [15]. The advantages of the sol-gel method are that it gives better
control of structure, porosity, nanoparticles, better homogeneity, and less energy consumption. It finds application in
smart windows [15], polymer-based electronics, and thin-film photovoltaics. ITO thin films can also serve as anti-
reflective coatings and liquid crystal displays [16]. Thin-film deposition can be done using flame pyrolysis [17], CVD
technique [18], electron deposition [19] and laser printing. [20], laser deposition [21] and sol-gel techniques [22]. The
sol-gel method involves wet chemical processing to synthesise glassy or ceramic materials at low temperatures. It includes
preparation and sol gelation, ultimately leading to liquid removal in the gel. Ammonia and sodium hydroxide find
applications in indium and tin salts hydrolysis [26],[27].

Qiao et al. [23] prepared ITO thin films from screen printing method. The electrical propoerties of ITO film was
improved by changing the mass ratio of cubic-shaped ITO nanoparticles to ethyl cellulose. Dong et al [24] synthesised
ITO thin films using sol gel spin coating technique. ITO thin film was thermal treated at 250 °C showed remarkable
conductivity. Dhamodharan et al [25] synthesised Al doped ZnO thin films onto ITO sunstrate for DSSC application.
Transmittance of 85% was obserd on the AZO film in the visibl region. There was increase in electrical resistivity upon
increase in the Al doping beyond 1.5%. The objective is to use ITO-coated glass substrate as a thin film material to
synthesise DSSC using natural fruit extracts containing anthocyanin pigment and analyse the results.

EXPERIMENTAL
Preparation of Xerogel Powder

Indium chloride tetrahydrate, tin chloride pent hydrate, aqueous NHj3 solution, and ethanol were purchased from
Aldrich, Germany. 1.17 grams of Indium chloride tetra-hydrate and 0.1402 g of Tin chloride pent-hydrate were put into
100 ml distilled water. Later, 2 ml aqueous ammonia solution was added to it at room temperature, and the mixture and
stirred for 30 mins. It underwent ultrasonic treatment for 5 minutes. Then it was placed in a centrifuge at a speed of 5000
rpm for 30 minutes. After this, it is dispersed in 50 ml distilled water and undergoes dialysis for three days. Then, it
underwent centrifugation at 12000 rpm for 30 minutes. Subsequently, it underwent washing with 50 ml of absolute
ethanol. The sediment was washed and centrifuged again and again 3-4 times to remove the unwanted chloride ions from
it. Finally, the sediment was dispersed in absolute ethanol and underwent an ultrasonic water bath. Ethanol was evaporated
from the ITH sol at 80 °C to obtain ITH xerogel powder. Figure 2 shows the schematic flow diagram of the procedure.

Synthesis of ITO Powders and Thin Films

The obtained ITH xerogel powder was calcinated at 550 °C to obtain ITO powders. The ITH thin film was deposited
onto the substrates by spin-coater. 45 pl of xerogel was dropped over the soda-lime substrate rotating at 3000 rpm and
subsequently dried inside the spin coater for the 30 s. The deposited layer was calcined at 550 °C for 30 min in the air to
obtain ITO thin films. FTIR measurements were made with 25 samples at a 4 cm™' using the SHIMADZU IRSpirit-T
model and Rigaku Miniflex 600 (5" generation) with an operating voltage of 40 kV, and a current flow of 15
mA did the XRD analysis. EVO MA18 with Oxford EDS(X-act) operated at 10 kV did the SEM analysis, and
SHIMADZU UV-3600 Plus did the UV-Vis spectroscopy analysis. The efficiency of the solar cell is one of the critical
parameters of the solar cell. To calculate the efficiency, Eq. (1) and Eq. (2) were used.
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Prax = Voc * Isc ¥ FF 1)
_ Voc * Isc * FF 2
P;

Where, V,. is open-circuit voltage (V), I is short-circuit current (A), FF= fill factor, ) is efficiency (%), P is maximum
power output, and power input (W). The open-circuit voltage and short-circuit current are the maximum voltage and
current that the solar cell can handle. At both of these operating points, there is still no power. The fill factor (FF) stands
for the parameter which, in conjunction with V,. and I, determines the maximum power output of the solar cell. The
definition of the FF is the ratio of maximum power from the solar cell to the product of V,. and .. All these parameters
can only be measured when the cell is fully operating.

Two grams of blackberry fruits are mixed into 12 ml of 95% ethanol and 12 ml of 15% acetic acid at room temperature
separately. The fruits were mashed using mortar and pestle. ITO coated glass substrate was taken as a photoanode with a
conductive coating on it. The conductive side of the ITO substrate was measured using a multimeter, as shown in Figure

=

Initial Set-up With precursors

Ultrasound Bath sonication

Sediment kept in dialysis tubing for Ultra-sonication treatment

Final obtained Xero-gel or ITH sol ITH powder

Figure 2. Synthesis of ITH sol.
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Figure 3. Measurement of I-V curve on DSSC [26].
Preparation of Photoanode

The photoanode (working electrode) was prepared by adsorbing the dye (extracted from natural fruit extracts using
mortar and pestle in a beaker) on the porous titanium dioxide TiO, layer, deposited on ITO conducting glass. About 2-3
drops of the dye were poured on the TiO; coated ITO glass substrate.

Preparation of Counter Electrode and Electrolyte

After checking for the ITO coated glass substrate's conductive side, the ITO glass was wiped with ethanol and
deionised water to prepare the carbon counter electrode. Later the ITO glass surface was covered using graphite carbon
pencil with a uniform graphite coating covering the glass. Graphite acts as the catalyst for the reaction.

In the electrolyte preparation, 10 ml of ethylene glycol and 0.127 grams of iodine were mixed in a beaker. 0.83 grams
of potassium iodide was added and stirred well to the existing. Hence the redox mediator was used as the electrolyte. The
iodide redox couple acted as the filler for the dye.

The glass slides were placed on top of each other to maintain offset. The cells were sealed using binder clips on the
sides that were not overhanging. Two electrodes were connected across the cell, and voltage was measured using a
voltmeter.

Optimisation and Characterisation of DSSC

Dyes extracted from natural fruit extracts containing light-harvesting pigments like anthocyanin pigments were used
to fabricate DSSC. The synthesised ITO film was characterised using XRD, AFM, FTIR, SEM, and UV-visible
spectroscopy to account for Morphology, crystallinity, uniform distribution, functional group, morphology, and
transmittance. Hence, all suitable parameters like open circuit voltage and short circuit current can be obtained after
optimising photoanode and counter electrode.

RESULTS AND DISCUSSION

Figure 4(a) and 4(b) show the XRD pattern of ITO powder and ITO thin film. In XRD pattern of the xerogel powder
cubic In(OH);. In (OH); was the dominant crystal phase. The graphs did not display any peaks which could reveal the
presence of Sn, SnO, or SnO,, showing complete miscibility of In and Sn atoms in the In,O; lattice. Sn has tetravalent
valency. Hence, each Sn (IV) replaces In(IIl) substitutionally and donates free electrons for conductivity. The XRD
patterns of all ITO films displayed crystalline structure matching In,O3 reference peaks from the literature [27]. In Figure
4(a), the XRD pattern did not contain any peaks, which meant that the thin film was amorphous. However, the ITO
powder sample, which showed peaks, revealed its nanocrystalline structure [28]. The precipitate was for three days which
favoured the formation of nanocrystalline ITH. The peak bewteen 20 and 30 degree is due to the impurity present in the
synthesised ITO thin films.

SEM analysis was carried out on the ITO nanoparticles to account for their roughness and smoothness. Polyhedral
and spherical shapes were observed for the nanoparticles at 3 um (in Figure. 5(a) and 5(b)) and 10 pm (in Figure 5(c) and
Figure 5(d)). Cubic, columnar (edge length ~ 35-45 nm) and rod-shaped (~110%14) particles were reported. Narrow size
distribution was observed for spherical particles within the range of ~13-15 nm. The above SEM pictures reported a
porous structure. The fine particles were mostly round-shaped.
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Figure 4. XRD pattern of (a) ITO nanoparticles and (b) ITO thin film on a glass substrate.
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Figure 5. SEM image of (a), (b) ITO nanoparticle at 3 um (c), (d) ITO nanoparticle at 10 pm.

From Figure 6, we can analyse the FTIR spectra of the nanoparticles synthesised by the sol-gel over the range of 500
cm! to 4000 cm™!. The vibration modes show the presence of OH at 3230.77 cm™ to 3248 cm™ and 839.03 cm™! to 983.70
cm!. The band at 1157.29 cm™! shows the terminal hydroxyl group of In(OH) and the hydroxyl group of Sn(OH), which
means that some hydroxyl groups were not converted into oxide members. The band from 414.70 cm™ to 507.28 cm’!

relates In-O-In.
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Figure 6. FTIR spectra of ITO nanoparticles.

Figure 7 shows the characteristics of surface composition and structural morphology from AFM under normal
temperature conditions. Characteristics of surface composition and structural morphology were studied from AFM under
normal temperature conditions. The microscope was operated in contact mode, and scans were obtained at various points
on the film surface. AFM images of ITO thin films were collected overscan areas of (1x1), (3x3) um? The height of
AFM data points (scale z) was changed to ASCII data. Figure 7(a) to 7(d) show the ITO thin films possessing a continuous
island structure. The average roughness was 25.98 nm for the scan area of (1x1) um? and its corresponding RMS value
was 34.2 nm. The skewness factor was less than 2. The synthesised ITO got uniformly distributed on the surface.

127 nm

(d)
Figure 7. (a) AFM image of ITO thin film at (1x1) pm?(b) ITO thin film AFM image from a different angle (1x1) pm?
(c) AFM image at (3x3) um?(d) AFM image at (3x3) pm?
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Figures 8(a) and 8(b) show the transmission and absorbance spectra of ITO thin films. The wavelength corresponding
to the measurement was in the range of 300-800 nm, and 83-86 % was the average transmittance. Xia et al. [29] reported
that 92.66% transmittance ranges from 400-700 nm. Thirumoorthi et al. [30] reported the average transmittance rate of
82-87% for tin-doped films. Hence the results confirm that the synthesised material is active in the visible region and has
potential application in DSSC as a photosensitiser.
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Figure 8. UV-Vis (a) transmission spectra and (b) UV-Vis absorbance spectra of ITO thin film.

CONCLUSION

In this work, ITO thin films were synthesised from sol-gel spin-coating techniques using natural plant extract, and the
properties of ITO films were studied. On careful analysis of the results, we can conclude that ITO is well suited for solar
cell applications because of its enhanced transparent nature in the visible region. The natural dyes extracted showed good
characteristics as a photosensitiser, which includes visible light absorption and anchoring groups such as hydroxyl and
carbony! functional groups. The XRD analysis confirmed the crystallinity of ITO thin films. AFM analysis confirmed the
uniform spread of the natural. Hence, the results show the potential of the synthesised natural pant extract in DSSC
application.
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