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ABSTRACT

Dye-sensitized solar cells (DSSC) have attracted much attention over the past 20 years due
to their significance in energy conversion. However, the dye soaking time may significantly
impact the efficacy of the photoanode semiconductor to carry the electronic charge to which
the dye molecules adhere. An optimized dye soaking time may prevent the recombination of
photo-excited electrons that are injected into the semiconductor of the DSSC. This study
scrutinized the dependence of the zinc oxide (ZnO) photoanode soaking time of Spinacia
oleracea (spinach) dye on the photocurrent-voltage characteristics. The ZnO film layer
(photoanode) was prepared with commercial ZnO nanopowder and applied onto a fluorine-
doped tin oxide (FTO) glass substrate using the doctor blade method. The prepared DSSCs’
were subjected to a variety of characterizations, including current density-voltage (J-V)
characterization, UV-visible characterization, scanning electron microscope (SEM), and X-
ray diffraction (XRD). Comparing four variations of dye soaking time, ZnO-based DSSC
photoanode soaked in the dye for an hour achieved an optimum efficiency of 0.03 %. This
study proved that the efficiency of a DSSC can be improved by optimizing the dye soaking
time.

Keywords: dye-sensitized solar cells (DSSC), natural dye, renewable energy, solar cells,
spinach dye, ZnO

1. INTRODUCTION

Dye-sensitized solar cells (DSSC) use the photovoltaic effect to capture solar energy and
transform it into electricity [1]. A photoanode (working electrodes), a counter electrode, an
electrolyte, and a dye make up the DSSC [2, 3]. A DSSC’s primary components, configuration, and
straightforward operation are depicted in Figure 1. As the photoanode and counter electrode
substrates, TCOs, the transparent conductive glasses, are used [4]. In addition, indium-doped tin
oxide (ITO) and fluorine-doped tin oxide (FTO) has been extensively studied as metal oxides that
can be used as photoanodes because of their transparent and conductive nature [5].

The DSSC’s efficiency is affected by several factors, including the counter electrode material, dye
materials, photoanode morphology, structure, and the type of electrolyte [6]. The photoanode
controls the collection and transportation of photoexcited electrons from the dye molecules to
the external circuit, rendering the material of the photoanode and the type of dye utilized in the
cell the two most essential elements [7, 8]. Although titanium dioxide (TiO2) has been utilized in
DSSC photoanode commercially [9], zinc oxide (ZnO), on the other hand, has the potential to
replace TiO, with the advantages of cost-effective, environmentally friendly, optically and
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chemically stable, and recyclable [10]. The energy gap of the ZnO material (3.37 eV) [11] is very
similar to TiO; (3.2 eV) [12], and the conduction band edge’s energy level is at the same level as
TiO2’s with similar electronic structures. ZnO with high exciton binding affinity (60 meV) [13],
higher electron mobility (100 times larger than TiO;), and a higher electron lifetime has been
reported to efficiently absorb and transport photoexcited electrons from dye molecules to an
external circuit.
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Figure 1. DSSC structure and the working principle [8].

The dye works as a molecular pump [14] in a DSSC and absorbs a range of visible light
wavelengths [15]. Ruthenium (Ru) complexes, N719, and N3 dyes [16], used as a baseline for the
DSSC, are the most reliable dye. However, Ru complexes have several drawbacks, including a high
cost [14], heavy metals, and polluting the environment [13]. Therefore, researchers have been
working on natural dyes derived from the colors of flowers, roots, fruits, and leaves [15]. Natural
dyes are easily synthesized [13] and have a meager processing cost [15]. These dyes are abundant
and biodegradable [11, 12, 14], making them environment friendlier than the Ru complexes,
which consist of noble metals [17]. The low binding energy of natural dyes with semiconductor
oxide [18] causes them to have a low photovoltaic response in DSSC; because of their high
absorption coefficient, natural dyes are still considered an alternative for Ru complexed dyes [19].

In this paper, extracts of Spinacia oleracea were to be used as the natural dye onto the prepared
ZnO photoanodes. Spinacia oleracea is commonly found in central and western Asia and is widely
known as spinach. With the aid of an X-ray diffraction (XRD), UV-visible spectrometer (UV-Vis),
scanning electron microscope (SEM), and photocurrent density-voltage (J-V) measurement, the
optical and electrical characteristics of the constructed cells were investigated.

2. EXPERIMENTAL METHODS
2.1 Materials
In this study, fluorine-doped tin oxide (FTO) coated glass 7()/sq, zinc oxide nanopowder

(Nanoshel, 99.5%), Triton X-100, N719 dye (Sigma Aldrich), ethanol, deionized water, and
Spinacia oleracea (spinach) was used.
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2.2 Preparation of Spinacia oleracea Natural Dye

10 g of fresh Spinacia oleracea leaves were cut and placed in a beaker with 0.1 L of deionized
water and 0.1 L of ethanol, as illustrated in Figure 2(a). 5 g of sodium bicarbonate powder was
added, and the solution was heated for an hour on a hotplate. The solid dregs were removed using
a filter to obtain a pure and natural dye solution. As shown in Figure 2(b), the dye solution was
kept in a sealed bottle at room temperature.

A
Figure 2. (a) Spinacia oleracea (b) Dye of Spinacia Oleracea.

2.3 Preparation of ZnO Photoanode

1 g of ZnO powder, 2 ml of deionized water, and 1 ml of ethanol were added and stirred until a
paste was formed. Next, two drops of Triton X-100 were added. In a precleaned FTO glass (25 mm
x 25 mm), boundaries were made using scotch tape, and the active area of the DSSC was 225 mm?2.
The prepared ZnO paste was spread onto the conductive side of the FTO glass. Doctor blade
method was used to apply the paste. The film was then annealed for one hour at 450 °C in the
furnace after being soft-baked for 10 minutes at 150 °C. The film was then placed in the prepared
Spinacia Oleracea dye for 30 minutes, one hour, two hours, and 24 hours.

2.4 The Assembly of DSSC

Three drops of iodine solution were added to the carbon counter electrode prepared (cleaned
FTO glass was coated with the soot from a burning candle). Next, the dye-soaked photoanode and
the carbon counter electrode were combined and sealed using parafilm. The excessive iodine
solution was wiped off from the edges.

2.5 Characterization of the DSSC

The fabricated samples were analyzed using different characterization methods. X-ray diffraction
(XRD) and scanning electron microscope (SEM) were used to examine the ZnO photoanode’s
crystallographic structure and surface morphology. The UV-Visible spectroscopy (Lambda 950)
was utilized to examine the Spinacia oleracea dye’s absorption spectra. Solar Simulator was used
to investigate the electrical properties of the developed DSSC. Xenon lamp power supply (XPS-
1600, Solar Light) provided a 1000 W/m2 (A.M. 1.5G) light that imitated solar energy for the DSSC.
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3. RESULTS AND DISCUSSION
3.1 Surface Morphology

Figure 3 shows the ZnO photoanode’s surface morphology. Mesoporous ZnO photoanode
composed of commercial ZnO nanoparticles was prepared by the doctor blade method onto the
FTO glass substrate. Figures 3(a) and 3(b) show the ZnO photoanode’s surface morphology and
cross-section. 23.98 pm ZnO film thickness of ZnO was observed through this measurement.

Figure 3. (a) Surface morphology of ZnO nanoparticles, (b) cross-section of ZnO photoanode.

XRD patterns of the ZnO photoanode and FTO glass substrate are shown in Figure 4. The Brag
diffractions were observed at 26.82°, 34.04°, 38.05°, 54.94°, and 61.83° correlate to (110), (011),
(020), (220), and (130) tin oxide, respectively with a crystal structure of FTO according to the
JSCPDS card no. (98-006-3707) [17]. The peaks shifted slightly to the right when the FTO glass
was coated with the ZnO layer.

J J ZnO coated FTO
A N [ W W TN

El

i

2

2 Bare FTO
3

g A -A_;_l " M

ZnO (JCPDS:36-1451)

30 40 50 60 70 80
Diffraction angle, 26 (°)

20

Figure 4. XRD analysis of ZnO photoanode and FTO glass.
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The diffraction peaks other than those related to the FTO substrate were observed at 35.08°,
40.43°,53.77°,64.54°,72.15°, and 78.23° are indexable to the hexagonal wurtzite ZnO (JCPDS 36-
1451) [18]. This peak corresponds to (002), (101), (103), (004), and (202), and no additional
diffraction peaks were detected, demonstrating the purity of the wurtzite phase in the fabricated
ZnO0 films[19] and that the heat treatment does not cause any phase transformations [20].

3.2 Optical Properties

According to the UV-Vis absorption spectra in Figure 5, spinach dye absorbs light at wavelengths
between 300 and 400 nm and 650 and 670 nm. In addition, the spinach dye contains chlorophyll
pigments that give off green color. Chlorophyll ‘a’ and ‘b’ are the two primary forms of chlorophyll
in spinach dye. The wavelength of light that chlorophyll ‘a’ can absorb is 372 and 642 nm, while
chlorophyll ‘b’” absorbs light at 392 and 626 nm [21, 22]. Hence, the spinach dye could absorb light
at a wide range of wavelengths, making it a suitable dye as a sensitizer in DSSC. Furthermore, the
absorption spectra of the ZnO film soaked in the spinach dye show a wide absorption coverage
overlapping at the same wavelengths as the spinach dye. Hence, the ZnO film soaked in the
spinach dye could absorb the light at a visible range, and the spinach dye was proven suitable to
use as a sensitizer in DSSC.
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Zn0 photoanode+spinach dye
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Figure 5. UV-vis absorption spectra of spinach dye and ZnO photoanode soaked in spinach dye
3.3 Electrical Properties
In order to study the effectiveness of the developed DSSC, one solar AM 1.5 G simulated light was
used. The photovoltaic characteristics of the fabricated DSSC soaked in dye at various times are

displayed in Table 1.

Table 1 Electrical characteristics of the ZnO photoanodes soaked in spinach dye

Photoanode Jsc (mA/cm?) Voc (V) FF 11(%)
ZnO0 soaked in spinach for 30 minutes 0.10 0.43 0.27 0.01
ZnO soaked in spinach for 1 hour 0.13 0.40 0.50 0.03
ZnO soaked in spinach for 2 hours 0.12 0.40 0.33 0.02
ZnO soaked in spinach for 24 hours 0.07 0.38 0.33 0.01
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Figure 6 shows the current density-voltage characteristics for the ZnO-based DSSC soaked in the
spinach dye at a different soaking time. The photoanode soaked in spinach dye for 30 minutes
and 24 hours showed the lowest efficiency, 0.01 %, with a short circuit current of 0.10 mA/cm?
and 0.07 mA/cm?, respectively. The short time for the photoanode to soak in the dye was
insufficient, resulting in the lower short circuit current, whereas the longer time, 24 hours, leads
to the deterioration of the ZnO layer. As the dye soaking time increases, the open circuit voltage,
Voo, keeps declining. When the ZnO photoanode was submerged in the dye for one hour, the fill
factor, FF, reached its maximum, 0.50. The highest efficiency in this study was reached when the
Zn0 photoanode was soaked in the spinach dye for an hour, 0.03 %.
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Figure 6. The J-V curve of ZnO photoanodes soaked in spinach dye at different soaking times.

4. CONCLUSION

The extraction, processing, and photovoltaic characteristics of DSSC developed using spinach dye
were examined. Simple techniques can quickly and safely extract natural dyes, such as spinach
dye, for DSSC preparation. The spinach dye’s UV-visible absorption measurement shows that the
developed cell absorbed photons in the visible region. The ZnO photoanodes’ responses to four
variations of soaking time were investigated, and an hour of dye soaking period produced the
optimized DSSC with the highest efficiency of 0.03 % with a fill factor of 0.50. This study
established that using natural dye, an environmentally friendly dye, can increase the energy
conversion efficiency of ZnO-based DSSC. ZnO and spinach dye shows the potential of photoanode

and natural dye to be developed as suitable candidate for research and development of the DSSC
technology.
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