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Abstract. A Dye-Sensitized Solar Cell (DSSC) is a solar cell technology that converts solar radiation
into electrical energy. Dyes play a pivotal role in DSSCs by absorbing sunlight and converting it into
electrical energy. The development of natural dyes is driven by numerous negative impacts
associated with the utilization of synthetic dyes. The objective of this study is to evaluate the
performance of a combination of natural dyes from two sources under neutral and alkaline pH
conditions. The performance parameters measured included Isc, Voc, and efficiency. The efficiency
values obtained from the dyes (a), (b), and (c), respectively, were 2.02%, 2.55%, and 3.02% at neutral
pH, and 1.92%, 2.73%, and 2.58% at base pH condition. Dye efficiency was higher in neutral pH
conditions than in base pH conditions. The combination of dye (c) Clitoria ternatea/aquadest and
Pandan leaf/methanol showed the best efficiency, reaching 3.02%.

Keywords: Energy, Natural Dye, pH, Polymer Electrolyte, Solar Cell

INTRODUCTION

The advent of Industry 4.0 has
significantly transformed human lifestyles,
particularly amid escalating energy demands
driven by technological advancements
(Esmaeilian et al, 2020). Currently, fossil fuels
remain the predominant energy source
worldwide (York & Bell, 2019), yet their
continued exploitation poses significant risks
of resource depletion (Olanipekun & Alola,
2020). This scenario has led to an acceleration

of research into sustainable alternatives, with
solar energy emerging as a promising
solution due to its immense power capacity,
exceeding 19,500 GWm (Bonenkamp et al,
2020).

Of the various solar energy conversion
technologies, Dye-Sensitized Solar Cells
(DSSCs) have garnered significant attention in
recent years due to their relatively high
efficiency and simplified manufacturing
processes (Nwaigwe et al., 2019; Kusumawati
et al., 2018; Kusumawati et al, 2023). The
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primary function of DSSCs is attributed to the
photosensitizing action of dyes, which plays a
crucial role in light harvesting and energy
conversion (Selvanathan et al., 2020). Natural
dyes extracted from plant sources offer an
environmentally sustainable alternative to
synthetic sensitizers, with the benefits of
biodegradability and reduced environmental
impact (Zhou et al.,, 2020).

The performance of DSSCs is heavily
determined by the electrolyte component
(Agrawal et al, 2022). While liquid
electrolytes  typically  exhibit  superior
efficiency in comparison to gel and solid
alternatives (Liang et al, 2021), they pose
challenges related to hermeticity and long-
term stability. In contrast, solid electrolytes
offer advantages including enhanced ionic
conductivity, tensile strength, flexibility, and
leak resistance (Golkhatmi et al, 2022).
Recent research has explored the application
of polyvinylidene fluoride (PVDF) membranes
as polymer materials capable of mitigating
liquid electrolyte leakage issues (Kusumawati
et al, 2018). PVDF was selected for its
functional groups (-C-F), high dielectric
constant, mechanical strength, and stability
against corrosive materials, which facilitate
effective ion transport while minimizing
recombination between the photo-anode
and electrolyte (Kusumawati et al., 2024).

However, the hydrophobic nature of
PVDF has been shown to restrict the mobility
of I'/Iz” ions. To address this limitation, PVDF
nanofiber (NF) membranes with amorphous
structures and enhanced ion conductivity
have been developed (Kusumawati et al.,
2023; Kusumawati et al., 2024; Zakiyah et al,,
2024; Rahmawati et al,, 2025). Furthermore,
adjusting the pH of dye sensitizers has been
proposed as a strategy to enhance short-
term stability (Ezike et al,, 2021; Estiningtyas
et al, 2023). Previous studies have

demonstrated that blending multiple dyes in
a gradient manner can expand the range of
light absorption (Kusumawati et al, 2023),
potentially increasing DSSC efficiency as an
alternative  to  fossil-based  electricity
generation (Pattanayak et al., 2022).

Natural pigments, including curcumin,
anthocyanin, and chlorophyll derived from
plant materials, represent viable sensitizer
options for DSSCs. Notwithstanding the
superior efficiency and durability of synthetic
dyes, their high cost, degradation
characteristics, and environmental concerns
have driven interest in natural alternatives.
Plant-based sensitizers containing curcumin,
anthocyanins, and chlorophyll facilitate light
absorption and charge injection into the
conduction band of TiO2. These sensitizers
can be readily extracted from fruits, flowers,
leaves, and seeds.

Although prior studies have examined
numerous facets of DSSC optimization, the
strategic combination of multiple natural
dyes remains relatively underexplored. This
study proposes a novel approach that
employs combinations of natural dyes—
specifically ~ curcumin  from  turmeric,
anthocyanins from purple sweet potato and
Telang flower, and chlorophyll from pandanus
leaf—through a two-component blending
methodology with varied ratios. We
hypothesized that this combination would
broaden the absorption spectrum and
enhance DSSC efficiency. To this end, a suite
of analytical methods, encompassing UV-
visible spectroscopy and cyclic voltammetry,
was employed to assess the interaction and
performance of these dye combinations as
DSSC sensitizers. The mixing ratios were
systematically  optimized to  achieve
maximum  photoconversion  efficiency.
Furthermore, PVDF NF membranes were

incorporated to secure dye molecules and
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maximize absorption, addressing stability
concerns associated with natural dye
sensitizers.

This research makes a significant
contribution to advancing sustainable,
environmentally  friendly ~ DSSCs.  This
advancement is achieved by leveraging
readily available natural resources while
simultaneously addressing critical stability
and efficiency challenges through innovative
materials engineering and photosensitizer
optimization.

MATERIALS AND METHOD

Materials

The following ingredients were utilized:
turmeric, purple sweet potato, Clitorea
ternatea, and pandan leaves. Polyvinylidene
fluoride (~534,000 by GPC); DMAc 99%; TiOz;
ethylene carbonate (EC) anhydrous 99%;
HNOs 0.1; 0.1 M NaOH; propylene carbonate
(PC) anhydrous 99.7%; PEG-1000; acetone for
analysis; FTO glass; pH meter, magnetic stirrer,
micropipette.  Instrument UV-Vis 1800
Shimadzu, and Voltammetry 797 VA
Computrace.
Double Color Component Blend
Manufacture

Light in different visible spectrum
regions will be absorbed by different
pigments. A broader spectrum of sunlight can
be captured by blending multiple pigments,
thereby increasing the number of captured
photons. The DSSC's current increases with
the number of photons, leading to a
corresponding increase in the number of
excited electrons. As a result, total conversion
efficiency may be enhanced (Suseno et al,
2020). The most significant findings from
prior studies on absorption provided the
basis for the pigment materials. In this study,

a low pH reduces oxidation or hydrolysis,
which often degrades color in neutral or
acidic environments. Furthermore, the use of
a basic pH has been observed to decrease
deprotonation and strengthen interactions
with TiO, nanoparticles via hydroxyl or
carboxylic groups (Mejica et al., 2022).

The extraction of dye pigments was
accomplished using a maceration method
with a range of solvents, including distilled
water, methanol, and ethanol, at a ratio of 1:6,
with a variation of 0.5 to 24 hours. The
products extracted from the two dyes were
filtered using filter paper, and the filtrates
were combined into a dye mixture, which was
then evaporated for 4 minutes from 80 mL of
the dye solution. After extraction, the pH-
buffering procedure was implemented to
optimize dye performance. The initial pH of
the evaporated dye solution was measured
using a calibrated pH meter at room
temperature  (25°C). Two  experimental
conditions were established: control solutions
maintained at the original pH without
conditioning, and  alkaline-conditioned
solutions. For alkaline conditioning, 80 mL of
dye solution was placed in a beaker equipped
with a magnetic stirrer operating at 200 rpm.
The calibrated pH electrode was then
inserted into the solution. The 0.1 M NaOH
solution was introduced into the system
(approximately 50-100uL per addition) using
a micropipette. The pH level was continuously
monitored until it reached a target value of
10.0 £ 0.1. Subsequently, the solution was
stirred for an additional 15 minutes to ensure
a homogeneous pH distribution, and the final
pH and the volume of NaOH added were
recorded. The conditioned solutions were
allowed to equilibrate for 30 minutes at room
temperature, and pH stability was monitored
at 2- and 24-hour intervals to ensure
consistency prior to DSSC fabrication.
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Fabrication of DSSC

The DSSC system circuit comprises two
FTO glasses, one functioning as the anode
and the other as the cathode. Semiconductor
TiO2 was sintered for 1 hour at 450°C to form
an anode coating on FTO glass with an active
area of 3 cm? using the doctor’s blade
method. For the subsequent 24-hour period,
the sintered product was immersed in 10 mL
of dye extract. A PVDF NF membrane
measuring 2 x 1.5 cm was immersed in 1 mL
of electrolyte for 1 hour before being placed
on a carbon-coated FTO cathode.

Characterization of DSSC

The UV-Vis spectrum of the pigment was
examined using a Shimadzu UV-1800 UV-Vis
spectrophotometer. Current and potential
alterations were analyzed using Voltammetry
797 VA Computrace Metrohm. The circuit
current was measured using a Krisbow KW08-
267 Multimeter.

Photovoltaic Calculation

The performance of DSSC was verified by
its efficiency, cost, and stability. The DSSC was
verified based on efficiency performance. The
calculation of fill factors was employed to
ascertain the maximum photovoltaic power
as delineated in Eqg. (1). Furthermore,
efficiency was determined through Eq. (2) to
determine the ratio of energy in the form of
sunlight that can be converted through
photovoltaics into electricity (Setiarso et al.,
2023). The standard deviation (SD) value was
determined through Eqg. (3) below.

FF — Pmax — VmaXXImax (1)
PIII VOCXISC
_ FFxVoexlse 2
Pmax

| Exi-%)?
sp = [ZeiD 3)

Pmax (MW) denotes the theoretical solar
power, Pin (mW) signifies the incident light
power, Vmax (MV) represents the voltage at
maximum power, Imax (MA) indicates the
current at maximum power, Voc (mV)
corresponds to the voltage in Open-Circuit,
Isc (MA/cm?) is the current when in Short-
Circuit, FF refers to the filling factor, and n (%)
denotes the efficiency. In the context of DSSC,
xi represents the individual data (i-th
measurement value). Within this framework,
xi can denote the efficiency, Voc, Isc, or FF
value of each device. X denotes the average
(mean) of all measurements. The deviation,
denoted by (xi - x) represents the difference
between each individual data point and the
mean. The square of the deviation, denoted
by (xi - x)> was employed to eliminate
negative values. X(xi - x)* is defined as the
sum of squared deviations. n is the number of
samples, while n-1 is designated as the
degrees of freedom. Standard Deviation (SD)
is derived from the square root of the
variance.

RESULTS AND DISCUSSION

UV-Visible Analysis

In the DSSC system, the dye component
plays a pivotal role in enhancing the visible-
light absorption of TiO2. As depicted in Table
1, the combination of sensitized natural dyes
includes (a) turmeric/aquadest and purple
sweet potato/ethanol; (b) purple sweet
potato/ethanol and Clitoria
ternatea/aquadest; and (c) Clitoria
ternatea/aquadest and pandan
leaf/methanol, as natural dyes sensitized in
the DSSC system. Natural dyes derived from
turmeric contain the pigment curcumin, the
primary compound in turmeric extract, which
has a bright yellow hue (Rahman et al., 2022).
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Curcumin, extracted from turmeric using
distilled water, exhibited an absorption
wavelength in the range of 350-470 nm (Kabir
et al, 2019; Estiningtyas et al, 2023).
Meanwhile, purple sweet potatoes contain
red pigments, anthocyanins. In addition, the
dyes employed in this study were derived
from Telang flower (Clitorea ternatea) and
pandan leaves. The anthocyanin pigments
present in Telang flower (Clitorea ternatea)
have been shown to produce a water-soluble
blue color (Netravati et al.,, 2022). Pandan leaf
dyes contain chlorophyll pigments that
exhibit a green hue when dissolved in alcohol
and water (Igbal et al., 2019; Ezike et al., 2021).

Table 1. Maximum Dye Wavelength

Maximum

Dye pH Wavelength
(nm)
@ KA/ & U/E/I Neutral 312.0
Base 313.0
Neutral 621.0
(b) U/E/II & T/A/ 6205
©  T/A/l & P/M/I Neutral 574.0
Base 572.5

As illustrated in Figure 1(a), the
combination of turmeric/aquadest and
purple sweet potato/ethanol demonstrated
the highest absorption peaks in the
wavelength  range 300-450 nm. This
combination exhibited a wavelength peak at
312 nm at both neutral and alkaline pH. The
UV-Vis  spectrum showed that the
combination of turmeric/aquadest dye and
purple sweet potato exhibited higher
cumulative absorbance across all regions.
This finding indicated that light absorption
was more efficient at neutral pH than at
alkaline pH, as evidenced by higher
absorption. Meanwhile, as illustrated in
Figure 1(b), the combination of purple sweet
potato/ethanol and Clitoria

ternatea/aquadest dyes exhibited the highest
absorption peaks in the 400-700 nm
wavelength range. This combination resulted
in two distinct absorption peaks: one at 621.0
nm for neutral pH and another at 620.5 nm
for alkaline pH. Based on the UV-Vis
spectrum, the higher cumulative absorbance
across all regions indicated that the
combination of purple sweet potato/ethanol
and Clitoria ternatea/aquadest dyes under
neutral pH conditions absorbed light more
effectively than under alkaline pH conditions.
As shown in Figure 1(c), the combination of
Clitoria ternatea/aquadest dye and pandan
leaf/methanol demonstrated the highest
absorption peak in the 400-800 nm
wavelength range. This figure shows two
distinct peaks: 574.0 nm at neutral pH and
572.5 nm at alkaline pH. The UV-Vis spectrum
showed higher cumulative absorbance across
all regions, indicating that the combination of
Clitoria ternatea/aquadest dye and pandan
leaf/methanol under neutral pH conditions
absorbed light more effectively than at
alkaline pH, as evidenced by the higher
absorbance. Figure 1 (a) illustrates the
maximum wavelength absorption of the
combination of turmeric/aquadest and
purple sweet potato/ethanol (a) dyes; Figure
1(b) illustrates the maximum wavelength
absorption of the combination of purple
sweet potato/ethanol and Clitoria
ternatea/aquadest (b); Figure 1 (c) presents
the maximum wavelength absorption of
Clitoria ternatea/aquadest and pandan
leaf/methanol (c). The resulting wavelength
absorption is a mixture of the two dyes
combined with different solvents for the dyes
(@), (b), and (c) located in the visible light
region in the range of 400-700 nm in a
combination of neutral and alkaline pH
variation dyes.
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Fig. 1: UV-vis spectrum of (a) turmeric and
purple sweet potato dye neutral pH (a) and
alkaline pH (a)-B; (b) Purple sweet potato
dye/ethanol and Clitoria ternatea/aquadest
neutral pH (b) and acidic pH (b)B; (c) Clitoria
ternatea and pandan leaf dyes with neutral
pH (c) and alkaline pH (c)-B

These results highlighted the intricate
interactions among natural dyes and their
potential for applications across various
wavelength-sensitive domains in DSSCs.
Meanwhile, Figure 2 illustrates the
wavelength characteristics of the two dyes,
revealing the highest absorption peak in their
combined composition. This combination
was then varied, with and without pH
conditioning, and each variation was carefully
measured in the 300-800 nm wavelength

range. The combination of these two dyes
resulted in different wavelengths. The
absorption spectrum in the wavelength range
above 400 nm was influenced by nine
conjugated double bonds (C=C). The C=C
bonds are responsible for the electron

transfer from n to m* as observed in the
peaks at 300-800 nm.

Fig. 3: The chemical structure of
curcuminoid

Cleavage of the macrocycle

OCH. L
/ and loss of the phytol chain

CH,
Chlorophyl a R-CH;

Chlorophyl b R-CHO

CHj

CH,

Fig. 4: The chemical structure of chlorophyll

Metal substitution: Pheophytinization
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The combination of two distinct natural
dyes - anthocyanins from Clitoria ternatea
and purple sweet potato, curcuminoids from
Curcuma longa L, and chlorophyll from
pandan leaf resulted in a substantial
improvement in the performance of solar
cells. This phenomenon can be attributed to
the chemical structure and molecular
properties of these distinct dyes. Figure 2
shows that anthocyanins possess a multi-
hydroxyl structure and a pyrilium ion core,
thereby exhibiting outstanding surface
binding to TiO2. The presence of multiple
hydroxyl groups (-OH) and one methoxy
group (-OCH3) facilitated efficient electron
transfer and light absorption. The conjugated
ring system facilitated electron delocalization,
a pivotal mechanism for improving charge-
injection efficiency in solar cells. As depicted
in Figure 3, curcuminoids contain phenolic
groups and conjugated double bonds, which
make them highly polar and enable efficient
light absorption. The keto-enol tautomerism
in curcuminoids facilitates intramolecular
charge transfer and stabilizes the excited
state, aiding electron injection onto TiOz. As
illustrated in Figure 4, chlorophyll has a
porphyrin  ring structure that allows
absorption in the 600-700 nm range.
However, the alkyl side chain complicates the
formation of a strong chemical bond with
TiO2, thereby limiting the efficiency of
electron injection. When these two dyes were
combined, their complementary absorption
spectra resulted in a broader spectral
coverage of 300-700 nm, harvesting more
photons. In addition, the presence of binding
groups, such as carboxylates and phenolics,
facilitates dye binding to TiOz thereby
promoting charge-injection/regeneration
kinetics. The synergistic effect of combining
the charge-transfer ability of curcuminoids,
the red-light absorption of chlorophyll, and

the binding ability of anthocyanins
overcomes individual limitations, leading to
improved light harvesting, charge separation,
and overall device performance in a two-dye
system compared to both pH-conditioned
and unconditioned variations.

Voltammetry Cyclic Analysis

As shown in Table 2, the HOMO, LUMO,
and band gap energies are reported for some
of the blending dye components (EI-Naggar
et al, 2022). The condition of the dye was
assessed through an acid pH or no pH test,
which was subsequently measured utilizing
cyclic voltammetry (Mazzaracchio et al,
2021). After analysis, the results indicated that
all blending components used as natural
photosensitizers in DSSC were not
significantly different (Hosseinnezhad et al.,
2020). Theoretically, this blending dye meets
the requirements, as its LUMO energy is
above the TIO2 conduction band of (-3.2 eV),
thereby ensuring its availability in the DSSC
series (Amogne et al., 2020). At this value, the
LUMO conduction band gap is quite large
(Bie et al, 2022). This finding suggests a
significant impact on band-gap results (Chen
and Wang, 2019). This phenomenon can be
attributed to differences in the electrons
released by the natural dye (Sehrawat et al,
2022). Previous studies have shown that
natural dyes without blending exhibit LUMO
values that approximate the conduction band
values (Sinha et al, 2020). In contrast, when a
dye blend is used, the LUMO value will be far
from the band gap (Bekele & Sintayehu,
2022). It becomes larger than a single natural
dye, thereby reducing the band gap (Saboor
et al, 2019). The addition of pH does not
exert a substantial influence on the cyclic
voltammetry here (Morlock et al, 2022). The
membrane involved has a good driving force
when electrons are injected into the
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semiconductor surface with a low band gap
(Ahmadie et al, 2019). Thus, the electron
regeneration process in the blend dye can
occur more rapidly in a DSSC (Lazrak et al,
2020). The three band gap energies in the
table will generally follow the order of (a) to
(c) with the effect of different pH on the
resulting band gap (Odey et al., 2022).

Table 2. Cyclic voltammetry for component
blending dyes DSSC

Bandgap
HOMO LUMO Energy
(eV)

Dye pH

a/l & Neutral -4.2974 -408268 0215
(a)
U/E/l Base -4.29743-407729 0.220

U/E/i Neutral -429746 404713 0250
(b)
&T/A/l Base -4.29742-405158 0.246

T/A/ & Neutral -4.29747-4.06537 0.232
(9
P/M/l Base -429743-4.05891 0.239

*) k = Turmeric (Curcuma longa); U = Purple sweet
potato (I[pomoea batatas); T = Telang Flower (Clitoria
ternatea) and E = Ethanol; M = Methanol; A =
Aquadest

Photovoltaic Studies

Dyes play a pivotal role in the absorption
and conversion of light into electrical energy.
Thus, the performance of dyed solar cells
(DSSCs) is significantly determined by the
type of dye employed as the sensitizer. The
selection of a dye is determined by several
factors, including the dye's spectral
absorption properties, the number of active
electrons, the ability to transfer charge from
the dye to TiOz, and the mechanism of dye
binding to the TiO2 surface (Kaliramna et al.,
2022). Dye variations in DSSC produce several
photovoltaic parameters. The final calculation
of these parameters yields the DSSC's
performance efficiency, which greatly affects
its potential as an environmentally friendly
alternative energy source.

Dye variation in DSSCs has been shown
to affect photovoltaic parameters. The final
calculations of the Voc, Isc, and FF parameters
revealed the DSSC's performance efficiency,
which significantly affects its potential as an
environmentally friendly alternative energy
source. Efficiency is strongly determined by
the dye used. Subsequently, the J-V curve is
generated from the photovoltaic parameters.
The resulting steepness indicated the
performance efficiency possessed by each
sample. Table 3 depicts the double-blended
dye (a) k/A/Il & U/E/II, as clearly delineated in
Figure 5(a), in which the variation without pH
conditioning exhibited a higher efficiency
value of 2.02 + 0.18% in comparison to the
alkaline pH variation of 1.92 + 0.14%. The
dual mixed dye (b) produced higher values
for U/E/Il & T/A/I under pH-conditioned
variation (2.73 * 0.26%) than under
unconditioned variation (2.55 + 0.23%). This
difference in values is explained in Figure 5(b).
The significant increase in E(2) and E(3) could
be attributed to the influence of Telang flower
(C. ternatea L.), which exhibited the highest
efficiency. Telang flower offers enhanced
efficiency due to its extensive absorption
properties, effective interaction with TiO2,
and  color-stable  absorption,  which
collectively improve DSSC performance
(Rahmawati et al, 2025). As Stavenga et al.
(2021) explained, the absorption rate of
striped flowers affects the interaction
between the dye and the TiO:2 surface
(Stavenga et al. (2021). The interaction is
determined by variables such as extraction
temperature, solvent, and pH of the dye
solution. The efficiency of the DSSC is also
affected by the overlap of the dye absorption
spectrum and its luminance spectrum. The
overlap between the dye absorption
spectrum and the luminance spectrum is
crucial, as it affects the DSSC's ability to
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absorb and convert light into electrical
energy, ultimately determining the overall
system efficiency (Kusumawati et al, 2024;
Rahmawati et al., 2025). Hasan et al. (2024)

added that this broad absorption capacity

can also optimize DSSC performance

efficiency due to the stability of color
absorption (Hasan et al., 2024).

Table 3. Photovoltaic Study

Dye pH Isc (mA/cm?) Voc (mV) FF %Efficiency (n)
k/A/ Neutral 1.6x1073 411 3.07 2.02
(a) & SD +0.12x 10°® SD + 18 SD + 0.15 SD £+ 0.18
U/E/N Base 207 x 103 259 3.59 1.92
SD +0.21x 107 SD + 22 SD +0.19 SD +0.14
U/E/N Neutral 1.73x 1073 463 3.17 2.55
(b) & SD +0.16 x 10 SD + 25 SD +0.21 SD + 0.23
T/A/I Base 1.93x 1073 460 3.07 2.73
SD +0.19x 10~ SD £ 20 SD + 0.18 SD £ 0.26
T/A/| Neutral 24x103 385 3.27 3.02
(©) & SD + 0.24x 10°° SD + 28 SD + 0.22 SD +0.29
P/M/I Base 177 x 1073 483 3.02 2.58
SD +0.17 x 10~ SD + 31 SD + 0.17 SD £ 0.21

*) k = Turmeric (Curcuma longa); U = Purple sweet potato (I[pomoea batatas); T = Telang Flower (Clitoria ternatea)
and E = Ethanol; M = Methanol; A = Aquadest
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Fig. 5: -V Curve of DSSC from (a) Turmeric and purple sweet potato dye neutral pH (a) and
alkaline pH (a)-B; (b) Purple sweet potato dye/ethanol and Clitoria ternatea/aquadest neutral pH
(b) and acidic pH (b)-B; and (c) Clitoria ternatea and pandan leaf dyes with neutral pH (c) and
alkaline pH (c)-B.
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The results in Table 3 were further
substantiated by scientific findings indicating
that the wavelength absorption is broadened
by triplicate mixing of dyes. As shown in
Figure 5(c), the J-V curve indicates that
mixing two dyes in a DSSC can significantly
affect its efficiency. This phenomenon was
exemplified in sample (c) T/A/I & P/M/|,
wherein the performance efficiency of the
DSSC exhibited an increase with a value of
3.02 + 0.29% without pH conditioning,
surpassing the efficiency attained through pH
conditioning, which had a value of 2.58 +
0.21%. The composition of this sample was
still dominated by a high concentration of
Telang flowers and pandan leaves, resulting in
the highest performance efficiency among
the samples. Bhuiyan et al. (2021) explained
that an appropriate dye mixture ratio can
enhance the absorption and adsorption
properties of the dye, thereby improving
efficiency performance (Bhuiyan et al., 2021).
This is further supported by Zhang et al.
(2020), showing that dyes with longer
hydrocarbon chains can enhance DSSC
efficiency due to higher molar absorption
coefficients (Zhang et al., 2020).

Recent studies have demonstrated the
considerable potential of polyvinylidene
fluoride (PVDF) membranes in dye-sensitized
solar cells (DSSCs). Notably, PVDF
membranes used with liquid electrolytes
retained 77-84% of their initial efficiency after
390 hours, whereas cells using only liquid
electrolytes failed within the same time frame
(Cheng et al, 2019). Furthermore, a
combination of PVDF and
polyvinylpyrrolidone (PVP) demonstrated
enhanced durability and  maintained
efficiency over a two-week period,
outperforming cells with liquid electrolytes
alone (Shakeel et al, 2024). A PVDF blend
with poly(ethylene oxide) (PEO) exhibited

only minor deterioration after 120 days
(Dotter et al.,, 2021). lonic liquids, such as 1-
butyl-3-methylimidazolium bromide, have
been shown to enhance DSSC stability for up
to 48 days (Tedla et al,, 2017). These findings
highlight the potential of membrane-based
electrolytes in enhancing DSSC longevity.
While liquid electrolytes can initially
demonstrate high efficiency, they are
vulnerable to leakage and rapid performance
decline over time. In contrast, membrane-
based systems exhibit enhanced long-term
stability, positioning them as a compelling
alternative for future DSSC development.

CONCLUSIONS

The combination of coded dyes (a), (b),
and (c) demonstrated an efficiency value of
2.02%, 2.55%, and 3.02%, respectively, under
the neutral pH conditions. Conversely, at the
base pH level, these efficiency values were
1.92%, 2.73%, and 2.58%, respectively. The
combination of dyes under neutral pH
conditions exhibited a higher efficiency value
than the neutral pH variation. Of the three
dye combinations, the most efficient was
shown in the combination of (¢
beetroot/ethanol and turmeric/aquadest
with an efficiency of 3.02%. For future
research, a deeper investigation into the
molecular interactions between natural dyes
and photoanodes across varying pH levels
could offer valuable insights into the
observed efficiency trends. Furthermore,
exploring alternative natural dye sources,
improving dye stability, and optimizing
solvent systems may further enhance
performance. Scaling up the most effective
dye combinations and assessing their long-
term stability under real-world conditions
would be crucial steps toward potential
commercial application.
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