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In this study, 100 mL of distilled water were used to prepare red cabbage dye solutions
at varying concentrations (0.002 g, 0.004 g, and 0.006 g) to investigate how concentration
affects optical properties without altering the material's nature. Spectral analysis showed
a clear increase in absorption within the visible range (400 nm-700 nm) with higher dye
concentrations, indicating strong light-harvesting potential. Subsequently, 1.6 g of zinc
oxide (ZnO) nanoparticles were added to each solution. Four solar cells were arranged at
the edges of a square basin filled with the dye-ZnO mixtures to evaluate their effect on
solar cell efficiency. Results showed a general improvement in efficiency across all
concentrations. The highest solar efficiency was recorded at 0.004 g dye with a light
concentrator, outperforming the baseline efficiency of 0.6% without it. When epoxy resin
was added along with ZnO nanoparticles, the best efficiency shifted to a dye
concentration of 0.002 g, suggesting enhanced nanoparticle stability and improved
energy transfer. Fluorescence spectra revealed shifts in emission intensity with varying
concentrations and ZnO presence, reflecting complex interactions. The dye's quantum
yield increased with concentration up to 0.004 g before declining due to self-quenching
effects at higher levels. These findings demonstrate that ZnO nanoparticles and epoxy
resin synergistically improve the optical and photovoltaic properties of natural red
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cabbage dye for Solar Applications.

1. INTRODUCTION

In the face of escalating global energy demands, climate
change, and the depletion of fossil fuel reserves, the shift
toward renewable and sustainable energy resources has
become a global imperative. Among the various forms of
renewable energy, solar energy stands out as the most
abundant, inexhaustible, and universally accessible resource.
Every hour, the Earth receives more energy from the Sun than
the entire world consumes in a year. However, the effective
harnessing and conversion of this energy into electricity
remains a scientific and engineering challenge [1].

Conventional photovoltaic (PV) technologies, such as
silicon-based solar cells, have achieved commercial success
due to their relatively high efficiencies and long-term stability.
Nevertheless, their production involves energy-intensive
processes and costly materials, raising concerns about
sustainability, particularly in developing countries. In contrast,
dye-sensitized solar cells (DSSCs) offer a low-cost,
lightweight, and environmentally friendly alternative that
mimics natural photosynthesis by using dyes to absorb
sunlight and generate electricity [2-4].

The core components of a DSSC include a photoanode
(usually Titanium dioxide or Zinc Oxide), a sensitizer dye, an
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electrolyte, and a counter electrode. The performance of
DSSCs heavily relies on the light-harvesting ability of the dye,
which must efficiently absorb visible light and inject electrons
into the conduction band of the semiconductor. While
synthetic dyes, particularly those based on ruthenium
complexes, have shown high performance, they suffer from
high costs, complex synthesis, and potential environmental
toxicity [5].

This has led to a growing body of research into natural dyes
extracted from plant sources, which offer several advantages:
they are biodegradable, non-toxic, widely available, and
inexpensive. Among the various classes of natural pigments,
anthocyanins—a subclass of flavonoids—have garnered
attention for their ability to absorb light in the visible
spectrum, particularly in the 500-600 nm range. These
pigments are found in fruits, flowers, and vegetables, such as
blueberries, hibiscus, black rice, and notably, red cabbage
(Brassica oleracea var. capitata f. rubra) [6-8].

Red cabbage is an especially promising candidate for
DSSCs due to its high concentration of anthocyanins, water
solubility, and stability under acidic conditions. Anthocyanins
exhibit pH-dependent coloration, ranging from red in acidic
environments to greenish-yellow in alkaline ones. This
property reflects changes in the molecular structure, which
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also affects their light absorption and emission behavior—
critical characteristics in photovoltaic applications [9].

However, one of the major limitations of natural dyes is
their relatively low photostability and poor binding affinity to
semiconductor surfaces, which can limit the efficiency and
lifetime of the solar cell. To address these challenges, recent
studies have explored the use of nanotechnology to enhance
the interaction between dyes and semiconductors, improve
charge transfer dynamics, and reduce recombination losses
[10].

Among the most promising nanomaterials for DSSCs is zinc
oxide (ZnO), a wide-bandgap (3.37 eV) semiconductor with
high exciton binding energy (60 meV), low toxicity, and
versatile nanostructuring capabilities. ZnO can be synthesized
in various forms—nanorods, nanowires, nanoparticles—and
offers excellent electron mobility and large surface area for
dye loading [11-13]. When integrated with natural dyes, ZnO
nanoparticles (ZnO NPs) can facilitate better anchoring of dye
molecules, enhance light scattering, and improve overall
device efficiency.

Furthermore, ZnO nanoparticles exhibit unique optical and
electronic properties at the nanoscale due to quantum
confinement effects. They can participate in energy transfer
processes with organic dyes, acting as both electron
conductors and optical enhancers. Moreover, they can reduce
dye aggregation and photodegradation by providing a more
favorable environment for dye adsorption [14, 15].

In addition to photovoltaic measurements, optical
characterization techniques such as UV-Vis absorbance
spectroscopy  and  fluorescence  (photoluminescence)
spectroscopy are essential for understanding the interaction
between dyes and nanoparticles. These techniques reveal
important parameters such as absorption peaks, emission
wavelengths, and Stokes shifts, which provide insights into the
energy levels and transitions involved in light harvesting [16].

This research aims to investigate the optical and
photovoltaic behavior of red cabbage dye as a photosensitizer
in DSSCs and to evaluate the enhancement effects of ZnO
nanoparticles on its performance. Specifically, we focus on:

The extraction and characterization of red cabbage
anthocyanins.

The synthesis and stabilization of ZnO nanoparticles.

The preparation and testing of DSSCs with and without
ZnO incorporation.

Comparative analysis of absorbance, fluorescence, and
current-voltage (I-V) characteristics.

Exploring the mechanisms by which ZnO nanoparticles
influence light absorption, emission behavior, and solar cell
efficiency.

By combining natural materials with nanostructured
semiconductors, this study contributes to the ongoing efforts
to develop green, cost-effective, and scalable photovoltaic
technologies [17]. The findings may pave the way for future
innovations in eco-friendly solar energy conversion systems,
particularly in regions with abundant natural resources and
limited access to high-tech manufacturing.

2. MATERIALS AND METHODS
2.1 Materials

Fresh red cabbage (Brassica oleracea var. capitata f. rubra)
was selected as the natural dye source due to its rich content
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of anthocyanin pigments [18]. The dye extraction process was
conducted in a controlled environment to preserve the color
integrity and chemical stability of the anthocyanins. Zinc
oxide (ZnO) nanoparticles [19], with particle sizes ranging
from 10 to 30 nm, were procured from SkySpring
Nanomaterials Inc. (USA), a certified ISO 9001 manufacturer.
All other chemicals and reagents used were of analytical
grade, and distilled water was used throughout all experiments
to avoid contamination.

2.2 Preparation of red cabbage dye extract

Red cabbage leaves were first thoroughly washed with
distilled water to eliminate surface impurities. The cleaned
leaves were then chopped and soaked in distilled water and
subjected to gentle heating at 75°C. The mixture was boiled
slowly to avoid pigment degradation, and approximately 20%
of the water volume was evaporated to concentrate the extract
while retaining its characteristic odor and color.

After boiling, the mixture was filtered to separate the liquid
dye extract. The residual pulp was oven-dried at 75°C for 10
hours, and then mechanically ground into a fine powder. This
powder served as a dry pigment stock for preparing dye
solutions of different concentrations.

To prepare the dye solutions, 1.0 g, 2.0 g, and 3.0 g of the
powdered red cabbage dye were each dissolved in 1 liter of
distilled water, resulting in three concentrations. These
aqueous dye solutions were stirred magnetically for 30
minutes to ensure complete dissolution. The UV-Vis
absorbance spectra and fluorescence spectra of each solution
were then measured using a UV-Vis spectrophotometer and a
fluorescence spectrometer, respectively.

2.3 Preparation of ZnO nanoparticles suspension and
concentration calculations

ZnO nanoparticles were weighed using a high-precision
analytical balance. A mass of 0.8 g of ZnO was added per gram
of dye in accordance with the application concentration
equation below [20].

C =W x1000\ MwxV €8
where,

C: is the concentration of ZnO nanoparticles (mol/L). W is
the weight of ZnO in grams. Mw: is the molecular weight of
ZnO (81.38 g/mol). V: is the volume of the solvent in
milliliters.

Each nanoparticle-dye mixture was prepared by dispersing
ZnO nanoparticles into 200 mL of distilled water via
ultrasonication for 30 minutes to achieve a homogeneous
colloidal solution. This nanomaterial suspension was then
added to the previously prepared dye solutions at varying
volumes, from 10 mL to 100 mL, based on dye concentration.

2.4 Optical characterization

All dye solutions—before and after the addition of ZnO
nanoparticles—were subjected to optical analysis. The
absorbance was measured over a wavelength range of 300-800
nm using a UV-Vis spectrophotometer, and fluorescence
emission was measured by exciting the samples at a fixed
wavelength (typically near the absorption maximum) and
recording the emission spectra. Measurements were repeated



for each dye concentration (1 g/L, 2 g/L, and 3 g/L) both in the
presence and absence of ZnO.

2.5 Solar cell fabrication and efficiency measurement

An experimental luminescent solar concentrator (LSC)
setup was designed for evaluating the photovoltaic
performance of the dye solutions. The LSC consisted of a
rectangular transparent basin filled with the dye solutions, in
which four commercial silicon-based solar cells were mounted
along the sides to capture the light emitted by the dye under
solar simulation.

The solar cells were tested under identical illumination
conditions for all dye concentrations, with and without ZnO
nanoparticles. The output current (I) and voltage (V) of each
cell were measured using a digital multimeter, and the power
conversion efficiency (n) was calculated using the standard
photovoltaic efficiency formula:

n=P, \P x100=1IxV\AxGx100 )
where,

I: is the output current. V- is the output voltage. 4: is the area
of the solar cell. G: is the incident solar power per unit area
(typically 1000 W/m? under standard test conditions) [21].

The baseline efficiency of the solar cell without dye was
measured to be 0.600%. All experiments were repeated three
times to ensure reproducibility. The improvement or reduction
in efficiency upon dye addition and nanoparticle doping was
documented for each concentration.

3. MEASUREMENTS
3.1 Luminescent materials

To maintain an efficient concentration system, luminescent
materials require certain properties. An emission spectrum that
fits the band gap of the employed photovoltaic cell, a broad
range of absorbance, improved absorbance efficiency, and
little overlap between the emission spectrum and absorbance
to prevent reabsorption, and stability in the face of external
weather conditions are some of these characteristics. In
comparison to inorganic fluorescent dyes, the initial
luminescent materials utilized in LSC often have high
quantum efficiency and are reasonably priced. It is also
discovered that some of them are rather stable. They do,
however, exhibit a significant overlap between their emission
and absorption spectra, which results in significant losses from
reabsorption [22]

To maintain an efficient luminescent solar concentrator
(LSC) system, luminescent materials must possess several
critical properties. These include a broad absorption range,
high absorbance efficiency, an emission spectrum that
matches the bandgap of the employed photovoltaic cell,
minimal overlap between absorption and emission spectra (to
avoid reabsorption losses), and chemical as well as photonic
stability under environmental exposure [23, 24].

A key parameter affecting LSC performance is the Stokes
shift, which represents the energy difference between the
maximum absorption and emission wavelengths. Materials
with a large Stokes shift help minimize reabsorption by
ensuring that re-emitted photons are not reabsorbed by the
same or adjacent molecules [25].
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Another fundamental property is the quantum yield, defined
as the ratio of photons emitted to photons absorbed. High
quantum yield dyes, especially organic fluorophores, can
significantly enhance the photon harvesting capability of
LSCs [26]. Although inorganic phosphors tend to be more
stable under prolonged exposure to light and temperature, they
often have lower quantum yields and require more complex
synthesis routes [27].

Moreover, the refractive index of the waveguiding matrix
plays an important role in light trapping. Materials with a
suitable refractive index can support total internal reflection
(TIR), effectively guiding the emitted light toward the
photovoltaic edges with minimal loss [28].

In recent years, ZnO nanoparticles have emerged as
promising additives in luminescent systems. Their wide
bandgap (~3.37 eV), high exciton binding energy, and
efficient photoluminescence characteristics make them
excellent candidates to enhance both absorbance and emission
in dye-based systems. ZnO can also reduce non-radiative
recombination and improve the overall energy transfer within
the matrix [29].

Stability is another concern in LSCs. Many organic dyes are
susceptible to photobleaching—a degradation under UV
exposure. Therefore, integrating photostable inorganic
materials or hybrid organic-inorganic composites is
considered an effective strategy to enhance durability [30].

3.2 Photovoltaic cell (solar cell)

The solar cell, one kind of electronic device that directly
converts light energy into electrical power, is a photovoltaic
cell, often referred to as a photovoltaic device [1]. It is a kind
of photoelectric cell, which is described as an apparatus that
changes its electrical properties, including resistance, voltage,
and current, in response to light. The electrical components of
photovoltaic modules, commonly referred to as solar panels,
are often individual solar cells. The highest open-circuit
voltage of a single-junction silicon solar cell is normally
between 0.5 and 0.6 volts [24]. A photovoltaic panel is one
kind of semiconductor device made of semiconductor
material. Typically, semi-conductive materials are solids that
are either crystalline or amorphous. As temperatures go closer
to absolute zero (0 Kelvin), solids act as insulators because
they lack free electrons. However, at room temperature,
certain insulators have a large number of unbound electrons.
The bond energies between the nucleus and valence electrons
of an atom are (3-5) eV. Materials classified as
semiconductors have electrical conductivity that ranges from
ambient temperature to absolute zero [22].

3.3 Parameters for photovoltaics

A solar cell's photovoltaic characteristics include its
efficiency, power production, fill factor, open-circuit voltage,
and short-circuit current.

3.3.1 Open circuit voltage (Voc)

The highest voltage that may be achieved It is known that
when the solar cell's electrical circuit is open, both ends as the
voltage potential (Vo). Eq. (3) can be used to express the load
resistance (R = o).

Voc =KT /q Ln(IL/10 +1) (3)



where, ¢ is the electron charge, K is Boltzmann's constant, and
T is absolute temperature [31].

3.3.2 Short circuit current ()

The utmost flow that a solar cell can create when its stations
are shorted to produce current while the loop tonnage is zero
is known as the short circuit current, or Isc. Conversely, when
the voltage at the PV cell's terminals is zero, the I is the
current flowing through the cell [32].

ISC =10 (quoc/KT —1) 4)

I1=1L=1ISC 5)
3.3.3 Solar cell efficiency (1)

The efficiency of a solar cell is the ratio of the solar cell's
electrical output power at the maximum power point of the
current voltages to its input power [33].

The PV-cell power conversion Efficiency, 1, can be

Voclsc FF
P;

_ VinaxImax _ Prax _

P, P

(6)

The most often used metric for evaluating the performance
of solar cells is their efficiency. Consequently, the equation
provides the improvement ratio of the solar cell efficiency
[27].

:(11%)LSC_(rl%)bare>< 1 0

M%) pare 00% (7)
where, (1%) LSC, when a luminous solar concentrator is
mounted on the solar cell, the conversion efficiency is (1%)bare
[27].

3.4 External Quantum Efficiency (EQE) and Internal
Quantum Efficiency (IQE)

EQE measures the percentage of incident photons converted
to electrons, while IQE accounts only for photons that are
absorbed, excluding those lost to reflection or transmission
[34].

3.5 Thermal effects on solar cell performance

Temperature significantly affects PV parameters. As the
temperature increases: Voc decreases due to higher
recombination rates. Isc slightly increases. Overall efficiency
tends to decrease.

This underscores the importance of thermal management in
real-world photovoltaic installations [35].

3.6 Geometric and optical design in LSCs

The geometry of LSCs (e.g., flat plates vs. cylindrical forms)
plays a critical role in optical performance. A well-designed
geometry maximizes internal reflection and minimizes escape
cone losses. Internal reflection and minimizes escape cone
losses. Incorporating reflective coatings or photonic structures
can further enhance light trapping, leading to improved photon
absorption and ultimately higher power conversion efficiency
of the solar cell [36].
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4. RESULTS AND DISCUSSION
4.1 Scanning Electron Microscope (SEM)

In Figure 1, because of their special physical and chemical
characteristics, zinc oxide (ZnO) nanoparticles hold great
promise as materials for industrial and medicinal applications.
In order to investigate the variations in size, shape, and surface
texture between zinc oxide nanoparticles (ZnO NPs) and
microparticles (ZnO SMPs), this study will evaluate scanning
electron microscopy (SEM) images of the two types. In
contrast to microparticles that displayed uneven forms and
rough surface textures, the results demonstrated that the
nanoparticles had normal spherical structures and micron
diameters. This study emphasizes how crucial morphological
analysis is in identifying the proper uses for each kind of these
particles.

BEM MAG: 700 kx Dt inseam
WD 487 mem mi: 7.00
Wigw Mgk 1.04 v Daleimidy): 82473

Figure 1. Scanning Electron Microscopy (SEM) images of
zinc oxide nanoparticles (ZnO NPs)

|| Epoxy resin with Zno

SEM MAG: 10,0 ko

Dot InDeam
e

Figure 2. SEM image of ZnO nanoparticles dispersed in
epoxy resin

In order to investigate the size, shape, and surface
characteristics of the particles, scanning electron microscopy
was carried out in the Iran University of Tehran labs using a
high-resolution scanning electron microscope (HR-SEM) at an
accelerating voltage of 5-15 kV. Images were taken at various
magnifications.

ZnO NPs and ZnO SMPs differed significantly, according
to SEM images: SEM scans of ZnO NPs revealed that they
exhibited a homogeneous size distribution and a uniform
spherical shape with a diameter ranging from 20 to 100 nm.
ZnO SMPs: The micronized particles ranged in size from 500



nm to 2 pm and had an uneven appearance with sharp edges
[37]. Surface area and chemical activity are strongly
influenced by particle size. Because ZnO NPs are so tiny, they
are more reactive due to their larger surface area, although
ZnO SMPs might be more stable in a particular structural
form.

The SEM image illustrates a relatively uniform distribution
of ZnO nanoparticles within the epoxy resin matrix (Figure 2).
The nanoparticles display minimal agglomeration, indicating
effective dispersion. This suggests enhanced interfacial
compatibility between ZnO and the epoxy medium, which can
significantly improve the optical and photovoltaic
performance of the resulting composite.

4.2 Transmission Electron Microscopy (TEM)

Figure 3 shows transmission electron microscopy (TEM)
images of zinc oxide (ZnO) nanoparticles. The purpose of the
TEM study was to determine the size and crystallographic
properties of the nanoparticles. The TEM images of ZnO
support the SEM results, which show that the particles are
quasi-hexagonal in shape with slight thickness variation.
According to this image, the majority of the zinc oxide
nanoparticles (ZnO NPs) have a hexagonal shape, with typical
particle sizes of 100 nm. The synthesized ZnO TEM
diffraction rings exhibited the ordered Debye-Scherrer rings
010, 002, 011, 012, 110, and 103, respectively, according to
the SAED pattern.

P

Figure 3. TEM images of ZnO nanoparticles

In Figure 4, the absorbance capacity of each dye solution at
specific quantities (0.002, 0.004, 0.006 g) was plotted using
the UV apparatus.

The absorbance and radiation transmission curves of red
cabbage dye diluted in distilled water solvent at varying
weights 0.002 g, 0.004 g, and 0.006 g are displayed in Table 1
and Figure 4. As can be seen from the figure, the absorbance
increases and the transmittance decreases as the dye
concentration rises. The rise in the dye's concentration in the

solvent is the cause of this, and this It complies with the
legislation of Beer-Lambert. The absorbance curves reveal
two electronic transitions: the first, caused by the transition
type 6-6*, occurs in the UV region at a wavelength of 250 nm,
and the second, caused by the transition type m-n*, occurs in
the visible light region at a wavelength of 426 nm.

Figure 5 and Figure 6 illustrate the results, visualizing
trends in optical and photovoltaic behavior.

1
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ot 0.004 g
s 0.006g
<2 0.5 |
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g
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0+ . "
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Figure 4. Absorbance spectra of red cabbage dye solutions at

varying dye weights
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Figure 5. UV-Vis absorbance and transmittance spectra of
red cabbage dye solutions doped with ZnO NPs, showing the
effect of varying dye concentrations on optical performance

Table 1. Optical properties of red cabbage dye at different concentrations

Dye Dye W (g) A T R ] K n & Eimag
0.002 0.056 0.879 0.064 0.128 4%107 1.287 1.657 1*¥10¢

Red cabbage 0.004 0.092 0.808 0.099 0.212 7%107 1.485 2.147 2%10¢
0.006 0.165 0.683 0.151 0.379 1%#10° 1.775 3.151 4*10°

Table 2 demonstrates that the most significant optical
characteristics increase when ZnO is added to a solution of red
cabbage dye with varying weights.

The size of ZnO nanoparticles (10-30 nm) critically
influences their optical and photovoltaic behavior. At the
nanoscale, ZnO exhibits quantum confinement effects, leading
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to a widened bandgap and enhanced UV absorption. Smaller
particle sizes provide a larger surface area for dye adsorption,
improving electron transfer and reducing recombination.
These attributes contribute to higher photoluminescence
intensity and improved solar cell efficiency.

A fluorescent instrument was used to measure the red



cabbage dye solution's fluorescence. Figure 6 makes it evident
that the phenomena of self-absorption are the cause of the drop
in fluorescence intensity that occurs as concentration rises.
The reason for this is the high dye molecule concentration,

which causes the absorption and emission spectra to overlap.
Pigment molecules absorb photons and change into an excited
state when they come into contact with light.

Table 2. Optical properties of red cabbage dye solution at different weight doped with ZnO NPs

Dye+ZnONPs Dyesco.(g) A(mm) A T R a K n Er Eimag

0.002 508 0.133  0.734 0.131 0.308 1*10°% 1.650 2.821 3*10

Red cabbage 0.004 508 0.176  0.665 0.157 0.429 2*10% 1.818 3.211 4*10

0.006 508 0.281 0.516 0.197 0.659 3*10° 2.098 3.622 5*10
0.2 Red cabbage dye nanomaterials and dye molecules, adding ZnO NPs to the red
gjﬁ cabbage dye solution can increase the fluorescent spectrum.
. 0.14 —— 0002 g This is because it increases the transfer of energy to the dye
£ 012 _2%: molecules, increases the absorption of light photons, transfers
e energy to the dye molecules so they become more excited, and

decreases It minimizes energy loss by self-damping and
offering several pathways for light in the solution. Figure 7
illustrates how the addition of ZnO causes the dye to glow.

0.04
Figure 6. Fluorescence emission spectra of red cabbage dye 0.03
solutions at varying concentrations ‘Eu.uz
140 0.01
120 § Red cabbage dye+ZnO NPs 0
100 ;
% 80 - 2‘““2 0 V volt 6
£ 60
EE 40 ] Figure 8. Photovoltaic [-V characteristics of red cabbage dye
E sensitized solar cell
]
350 400 450 550 600 The efficiency of the solar cell for red cabbage dye
Wavelength weighing (W=0.004 g) dissolved in distilled water is displayed

Figure 7. Fluorescence emission spectra of red cabbage dye
solutions doped with ZnO nanoparticles

in Figure 8. When using Eq. (6), the solar cell's efficiency,
which was 1 =1.080, becomes nA= 1.16% percent As in Table
3. Given that the efficiency of the solar cell without a solar
concentrator was 11 =0.600, this indicates that the dye boosted

By improving the surface interactions between the solar cell's efficiency.
Table 3. Photovoltaic properties of solar cells fabricated with red cabbage dye
Dye Dye Weight (g2) Imax mA  Vmaxvolt IsemA Ve volt  FF n An%
0.002 34.30 4.892 36.00 5.654 0.824 1.076 1.152
Red cabbage 0.004 34.70 4.850 37.00 5.652 0.805 1.080 1.16
0.006 31.60 4.703 34.70 5.631 0.775 0.970 0.94

Table 4. Photovoltaic properties of solar cells fabricated with red cabbage dye solutions doped with ZnO nanoparticles at various
dye concentrations

Dyes + ZnO NPs  Dye Weight (2) Imax (MA) Vmax (V) Le(mA) Ve (V) FF I A%

0.002 54.50 4.883 55.30 5702 0.843 1.705 2.4l

Red cabbage 0.004 54.10 4.852 62.50 5.70 0.820 1.682 2.364

0.006 52.40 4.882 57.90 5.635 0.784 1.639 2.278
0.05 For every weight of the dye solution that was determined,
- “\ ZnO nanomaterial was added at a 1:1 ratio to the red cabbage
E Ay dye solution (Imax, Vmax, Isc, Voo, FF, 1, A). The solar cell
- LY efficiency reaches its maximum at (w=0.002 g) n=1.705,
0 according to Table 4. Using Eq. 6, the solar cell efficiency
0 2 yvelt 4 6 percentage increases to An=2.41%, as shown in Figure 9.

Improved energy transfer between solution molecules and

Figure 9. Photovoltaic [-V characteristics of red cabbage dye
and ZnO nanoparticles sensitized solar cell
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greater light absorption and scattering inside the solar cell are
the causes of this rise in solar cell efficiency levels.



Figure 10 illustrates the investigation of solar cell efficiency
achieved by mixing red cabbage dye with epoxy resin and ZnO
nanomaterial. The computed efficiency results are presented
in Table 5. The results in Table 5 show that incorporating
epoxy resin into the red cabbage dye solution containing ZnO
nanoparticles leads to a further enhancement in the solar cell’s
performance parameters. The presence of epoxy resin
improves dye adhesion and stability on the photoanode
surface, which reduces dye desorption and enhances light-
harvesting efficiency. Consequently, the short-circuit current
(Isc), open-circuit voltage (Voc), and fill factor (FF) increase,
resulting in a higher overall power conversion efficiency (1)).

We draw the conclusion that as concentration rises, so does
the absorption of natural colors. We also determine that the
dye's absorption is increased by the addition of a nanomaterial.
The light concentrator is made up of a dye and a nanomaterial.
The dye improves the efficiency of the solar cell by enhancing
light absorption, preventing scattering, and uniformizing its
orientation [38].

0.1

0 2 Vvelt 4 6
Figure 10. Solar cell I-V characteristics with red cabbage
dye, ZnO nanoparticles, and epoxy resin

Table 5. Photovoltaic properties of solar cells fabricated with
red cabbage dye solutions doped with ZnO nanoparticles and
epoxy resin at various dye concentrations

Dye Weight Dye (g) I]dye+zno Nps
0.002 0.948
Red cabbage 0.004 0.941
0.006 0.930
5. CONCLUSIONS

This study examined the optical properties of natural
paprika dye dissolved in distilled water, by analyzing the
absorption spectra and refractive index over the spectral range
from 180 to 800 nm. The results showed that paprika dye
exhibits strong absorption in the ultraviolet and visible light
regions, with a primary absorption peak observed at short
wavelengths, followed by a gradual decrease in absorption
intensity toward the infrared region. The absorption
relationship with dye concentration was shown to follow the
Beer-Lambert law, demonstrating linear optical behavior and
a regularity in light absorption with increasing concentration.

Regarding the refractive index, measurements revealed a
decreasing behavior with increasing wavelength, a typical
behavior of most organic dye-based materials. This behavior
is reflected in the refractive properties of paprika dye,
enhancing its potential for use in applications requiring precise
light control, such as the fabrication of DSSCs and other
photonic devices.

These results indicate that natural paprika dye, thanks to its
easy accessibility, low cost, and environmentally safe
properties, is a promising option for advanced optical and
photonic applications. Its excellent linear optical properties
also open the way for its integration into practical optical
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systems that require efficient and stable materials.

The study recommends further research to develop the dye
by improving its chemical and thermal stability, as well as
studying its performance in different operating environments,
which would enhance its potential for use in renewable energy
applications and advanced optical devices.
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NOMENCLATURE

B  dimensionless heat source length

CP specific heat, J-kg'-K™!

g gravitational acceleration, m-s

k thermal conductivity, W-m'-K™*

Nu local Nusselt number along the heat source

Greek symbols

o thermal diffusivity, m?-s!

B thermal expansion coefficient, K!

¢  solid volume fraction

©  dimensionless temperature

n dynamic viscosity, kg-m™-s™!

Subscripts

p nanoparticle
f fluid (pure water)
nf  nanofluid
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