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ABSTRACT

Owing to the low production costs, easy fabrication process, lightweight architecture and environmentally
conscious qualities, dye-sensitised solar cells (DSSCs) are considered an especially promising substitute for
traditional silicon-based solar cells. Therefore, they may find use in future sustainable and renewable energy
applications. This study explores the use of natural dye extracted from the stem of Giloy (Tinospora cordifolia) and
Onion peel (4llium cepa) as a sensitiser for DSSCs. The Tinospora cordifolia plant belongs to the Menispermaceae
family, and Allium cepa belongs to the Amaryllidaceae family. Both the plant materials used in this research study
are rich sources of primary and secondary metabolites. The TiO2 nanoparticles were synthesised using the co-
precipitation method and characterised using XRD and UV-VIS spectroscopy. The natural dyes were extracted using
ethanol, and their photovoltaic performance was evaluated. The findings indicate that the Cocktail of the two
extracted dyes (Dye-3) achieved the highest efficiency of 1.86%, exceeding the performance of the individual Giloy
(1.38%) and onion peel (1.59%) extracts. The study emphasised the promising role of plant-based dyes as a
sustainable and environmentally benign sensitiser for Dye-Sensitised Solar Cells, paving the way for advancements
in eco-friendly solar energy technologies.
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INTRODUCTION

The growing demand for sustainable and renewable power sources has led to momentous advancements
in solar cell technologies.! Dye-sensitized solar cells (DSSCs) have expanded extensively due to their
low-cost, fabrication of cells without difficulties, and promoting sustainable development.>® Unlike
conventional silicon-based solar cells, DSSCs operate using a photosensitizer that absorbs sunlight and
facilitates electron transfer, making them a promising alternative for next-generation photovoltaics.** One
of the key components of DSSCs is the sensitiser dye, which plays a crucial role in absorbing light and
initiating the photogeneration of electrons.® Despite their high efficiency, synthetic dyes like complexes
based on ruthenium are costly, non-biodegradable, and pose environmental hazards .”® Phyto-dyes,
isolated from plant sources, present a sustainable alternative due to their abundance and ability to provide
broad-spectrum light absorption.>!® These factors make natural dyes an attractive choice for the
development of eco-friendly DSSCs. When dye molecules absorb sunlight, electrons in DSSC are
stimulated from their ground state to an excited state.® An electric current is subsequently produced when
these excited electrons move into a semiconductor's conduction band. By contributing electrons to the
dye's regeneration, the electrolyte in the cell keeps the cell functioning continuously.® In DSSCs, co-
sensitisation plays an essential role. A single dye often has a limited absorption range, restricting its
ability to utilise the full spectrum of sunlight.
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By combining multiple dyes with complementary absorption spectra, co-sensitisation broadens the
spectral response, leading to improved photocurrent generation. Additionally, it helps in reducing charge
recombination, stabilising dye anchoring on the semiconductor surface, and enhancing the long-term
stability of DSSCs. In this study, we explore the use of a natural dye derived from Giloy (7inospora
cordifolia) and onion peel (Allium cepa) as a sensitiser for DSSCs. Giloy plant is rich in bioactive
compounds such as flavonoids, alkaloids, and tannins.!!'> While onion peel contains anthocyanins and
flavonoids, especially quercetin derivatives, which exhibit excellent dyeing properties, the ability to
facilitate electron transfer and strong light-absorbing properties.'>!* By combining these two natural
extracts, the goal of this study is to improve the DSSC's stability and light-harvesting efficiency of
sustainable photovoltaic technology.

EXPERIMENTAL
Synthesis of TiO2> Powder
At normal temperature, TiO. was synthesised using the co-precipitation technique. 1.82g of
Cetyltrimethylammonium bromide (CTAB) was taken into the beaker and mixed with 12.5 mL of
absolute C2HsOH and 50 mL of de-ionised H2O, and then this mixture was rigorously agitated for 1.0 h.
After that, 1.43 mL of titanium isopropoxide [Ti[OCH(CHz3)2)4] was added dropwise to the solution and
regularly agitated for 24 h. The resulting milky colour solution was centrifuged, followed by three rounds
of washing with de-ionised water and ethanol. The final product was dried for 12 h at 80 °C and then
calcined for 2 h at 450 °C to remove any remaining organic material.'®

Preparation of Natural Dye Sensitiser

Stems of Giloy (Tinospora cordifolia) were collected from the surrounding areas of Delhi, India. Onions
(Allium cepa) were purchased from a local market in Delhi, and the peels were separated and stored for
further use. The collected plant materials were thoroughly washed with deionised water and dried at room
temperature. The shade-dried Giloy stems (50 g) were crushed and extracted with ethanol (150 mL) in a
1.0 L round-bottom flask using a water bath for 24 h. The extract was then filtered and concentrated under
reduced pressure (Dye-1).'1® Similarly, onion peels (7 g) were crushed and extracted with ethanol (50
mL) under the same conditions. After 24 hours of extraction, the onion peel extract was also filtered and
concentrated under reduced pressure (Dye-2). To prepare the Dye-3, equal amounts of both extracts were
mixed thoroughly to ensure uniform composition and enhance light-harvesting efficiency.

Fabrication of Dye-Sensitised Solar Cells
The fabrication of DSSCs (Fig.-1) was carried out using the doctor blade technique to deposit the
synthesized TiO2 powder onto the conductive surface of a fluorine-doped tin oxide (FTO) glass slide.

FTO Glass

| Electrolyte

Counter Electrode

Fig.-1: Diagrammatic representation of Natural Dye-
Sensitised Solar Cell

Initially, 0.5 g of TiO2 powder was thoroughly throttled using 0.1 mL of acetylacetone. Next, 0.4 mL of
Triton X-100 was added to a 1:1 mixture of deionised water and 100% ethanol to create a paste. Prior to
coating, the FTO glass slides were cleaned with deionised water and subsequently sonicated in a
methanol-acetone solution (1:1 ratio). The prepared TiO: paste was applied to the FTO glass using the
doctor blade method, followed by calcination at 500 °C for 30 min. The TiO»-laminated FTO glass plate
was then immersed in a natural dye solution for 48 h to facilitate dye adsorption. After the immersion
period, the slides were rinsed with deionised water. For the preparation of the counter electrode, graphite
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carbon was scraped from a pencil onto the conductive surface of a separate FTO glass slide. An
electrolyte solution was prepared by mixing 1mL of 5% Lugol’s iodine solution with 10 mL of water. The
DSSC assembly was completed by placing a few drops of the electrolyte between the photoanode and the
counter electrode, with adhesive tape serving as a spacer. Lastly, the active working area of the solar cell
was defined by placing a black cover with an open area on the leading edge of the TiO-laminated FTO
glass slide.?°

RESULTS AND DISCUSSION
FTIR Analysis of Extracts
The FTIR (SHIMADZU 8400S) spectrum of Dye-1 (Giloy extract) indicates the presence of aliphatic C-
H (2990 ¢cm™), carbonyl C=0 (1750 cm"), aromatic C=C (1510, 1475 cm™), C-O stretching (1160 cm™")
and aromatic C-H bending (735 cm!), suggesting the presence of flavonoids, terpenoids and phenolic
compounds. Dye-2 (Onion peel extract) shows a broad peak at 3310 cm™, indicating the presence of the -
O-H group, while a strong C=0 stretching appeared at 1795 cm™'. Aromatic -C=C- and C-O stretching
appeared at 1460 cm™ and 1110 cm™. All these data observed in the FTIR spectrum of dye-2 indicate the
presence of flavonoids (such as quercetin derivatives), phenolic compounds, and possibly sulfur-
containing phytochemicals. These functional groups confirm the presence of bioactive phytochemicals in
both dyes (Fig-2).

1510em”

Fig.-2: FTIR Analysis of (a) Natural dye-1, (b) Natural dye-2

XRD Analysis of TiO:

Rigaku, model: SMARTLAB instrument is used for the XRD analysis. Figure-3a displays the TiO-
nanoparticle’s XRD patterns. The positions of peak and comparative intensities are similar to the typical
powder diffraction patterns of anatase-TiO», and the anatase phases of TiO2 were in excellent accord with
JCPDS card # 21-1272.2! Its primary summit is located at 24.9°, which is the (100) plane. The positions
of the additional peaks at 37.6 © (004), 48.3° (200), and 54.7 ° (105) correspond to the TiO» anatase phase.
For TiOz-based DSSCs to function well for electron transport and dye adsorption, this pure anatase
structure of TiO; is essential.?? This process yields a crystallite size of 23 nm.
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Fig.-3: (a) XRD of the TiO Nanoparticles, (b) UV-Visible Spectra of the TiO>, (¢c) Touc Plot of the TiO», (d) UV-
Visible Spectra of Natural Extracted Dyes
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The Debye-Scherrer formula.?*> Which is provided by equation 1, was used to determine the crystalline
size.

D=K A/ (f cosB) )]
Here, “D = Crystallite size (nm); K = Scherrer constant or shape factor (0.89); A = X-ray wavelength
(A=0.15406 nm); § = Full Width at Half Maximum of the diffraction peak; 6 = Bragg angle”.

UV-VIS Spectrum Analysis
The optical absorption performance (Fig.-3b) and band gap energy of TiO; (Fig.-3¢) were investigated
using UV-VIS spectroscopy (Shimadzu UV-1800).2* TiO, nano powder was thoroughly dissolved in 10
mL of distilled water to record the UV-VIS absorption spectrum. UV absorption of TiO; nanoparticles is
depicted in Fig.-4b. The optical absorption spectrum of TiO2 was observed at 352 nm. The estimated band
gap of TiOzis 3.1 eV. The band gap was estimated by applying the formula

E;=hc /A
Hear: “E, stand for Band gap energy, h is Planck’s constant (6.626 x 10-* Joules/sec), C is velocity of the
light, A = Absorbance of the sample, 1 €V = 1.6 x 10" Joules”. The UV-VIS absorbance data (Fig.-3d)
indicates that Dye-1 exhibits absorption maxima at 260 nm (48% absorbance) and 360 nm (32%
absorbance), suggesting the presence of flavonoids and phenolic compounds. Dye-2 (Onion peel extract)
shows multiple absorption peaks at 255 nm (56%), 265 nm (60%), and 340 nm (46%), indicating a higher
concentration of conjugated compounds, likely flavonoids (such as quercetin derivatives) and other
phenolics. Dye-3, a 1:1 combination of the two extracts, retains absorption at 250 nm (50%) and 360 nm
(48%), suggesting a synergistic effect in which compounds from both extracts contribute to the
absorbance pattern. The increase in absorbance at 360 nm compared to Dye-1, along with the maintained
UV absorption at lower wavelengths, suggests possible interaction or enhancement of chromophoric
groups. This data confirms that both dyes contain bioactive phytochemicals with strong UV-absorbing
properties, which are useful for dyeing and photoprotective applications.

Field Emission Scanning Electron Microscopy

The FESEM (JEOL JSM-7800F) of FTO+TiO(Fig.-4a) reveals a uniform distribution of TiO»
nanoparticles (~23 nm). Upon dye adsorption, FTO+TiO»+Dye-1 (Fig.-4b) and FTO+TiO2+Dye-2 (Fig.4c)
show increased surface roughness, while FTO+TiO+Dye-3 (Fig.-4d) displays a more homogeneous layer,
ensuring improved charge transport and reduced recombination losses.

Fig.-4: FESEM of (a) FTO+TiO,, (b) FTO+TiOx+ Dye-1, (c) FTO+TiO»tDye-2, (d) FTO+ TiOx+ dye-3

Efficiency Measurements of DSSC
The Circuit diagram (Fig.-5) was used for the measurement of the I-V value.
Efficiency (1) of the DSSC is estimated by applying formula:?>-28

n = Po / PlIl
Here: “P, is output power from the cell; Pi, is input power given to the cell”

“Power per unit area (P,) is estimated by applying the formula”

P.=VI/A
Here: “V is open circuit voltage; I is short circuit voltage; A is the Effective area of the cell”.
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Fig.-5: Circuit of I-V Characteristic Measurement

Table-1: Identification of the Efficacy of DSSC for “Dye-1, Dye-2, and Dye-3”

Dyes Voltage Current Area Output Input power | Efficiency
V) (mA) (cm?) power(Po) (Pin) (m)
(mW/cm?) (%)
Dye-1 0.48 5.2 3 0.832 60 1.38
Dye-2 0.53 54 3 0.954 60 1.59
Dye-3 0.57 5.7 3 1.121 60 1.86

Ethanol Extract of Giloy stem: Dye-1; Ethanol Extract of Onion peel: Dye-2; 1:1 ratio of both the extracts
(Giloy stem and Onion peel): Dye-3 Source meter model Agilent B2900A Series: B2901/02/11/12A is
used to identify I & V of DSSC, and it was observed that at noon, when the sun's intensity was at its
highest (610 W/m?), the current flow was at its highest level. Intensity of sunlight is measured using MP-
100: Silicon-Cell Pyranometer and a solarimeter made by HTC.

Table-2: Current (I) & Voltage (V) Estimation of Dye-Sensitised Solar Cells

Dye-1 Dye-2 Dye-3
Intensity | V I Time | Intensity | V I Time | Intensity | V I Time
(w/m?) (mA) (w/m?) (mA) (w/m?) (mA)
510 0.36 | 3.09 | 10:30 510 0.37 | 3.18 | 10:30 510 0.39 | 3.22 | 10:30
530 039 | 3.17 | 11:30 530 042 | 3.23 | 11:30 530 043 ] 3.25 | 11:30
540 041 | 3.83 | 12:30 540 044 | 3.92 | 12:30 540 045 ] 3.93 | 12:30
575 0.46 | 4.71 | 13:30 575 047 | 473 | 13:30 575 0.52 | 4.75 | 13:30
610 0.48 | 5.20 | 14:30 610 0.53 | 5.40 | 14:30 610 0.59 | 5.70 | 14:30
560 0.44 | 4.28 | 15:30 560 045 | 4.53 | 15:30 560 047 | 4.16 | 15:30
490 032 ] 2.81 | 16:30 490 0.35 | 3.01 | 16:30 490 0.37 ] 3.09 | 16:30

w—=Dye-1 e Dy -1

5 (a) —Dye-2 9 : —Dye-2
24 \ Dye3 . 05 - Dye-3
E 8 04
=3 \ 3 |
- > |

[ O S e e e e e
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Time
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Fig.-6: (a) Current vs Time Study of Prepared DSSCs, (b) Voltage vs Time Study of Prepared DSSCs
CONCLUSION

This study successfully demonstrated the fabrication and performance evaluation of a natural dye-
sensitised solar cell using the stem of Giloy and Onion peel extracts as sensitizers. Dye-3 shows the
highest efficiency (1.86%) compared to dye-1 (1.38%) and dye-2 (1.59%) due to its superior light
absorption and co-sensitisation effect. The combination of Giloy stem and Onion peel extracts provides
complementary absorption spectra, reducing charge recombination and improving electron injections. The
XRD and UV-VIS analysis confirmed the anatase phase of TiOz and its suitable optical properties for
DSSC applications. The findings emphasise the viability of plant-based dyes as cost-effective and
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environmentally friendly alternatives to synthetic sensitisers in DSSCs, paving the way for further
research in sustainable solar energy solutions.
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