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Abstract: This comprehensive research has explored the potential of enhancing dye-
sensitized solar cells (DSSC) by harnessing environmentally friendly natural dyes, such as
chlorophyll pigments from pandanus (664.1 nm) and papaya leaves (664.0 nm), as well
as betacyanin pigments from sappan-mangosteen (536.2 nm). Electrochemical analyses
elucidated the energy band gaps, revealing a hierarchy with the smallest band gap
observed for papaya leaves (1.387 eV), followed closely by sappan-mangosteen (1.389 eV)
and pandan leaves (1.396 eV). This research effectively addressed the persistent issue of
electrolyte leakage in DSSC development by introducing a polymer electrolyte derived
from polyvinylidene fluoride (PVDEF) through electrospinning and phase inversion
techniques. SEM characterization results and thermogravimetric analysis underscored
the superior characteristics and high thermal stability of the PVDF nanofiber polymer for
DSSC applications. The study's pivotal findings underscore the remarkable DSSC
performance achieved with chlorophyll pigment from papaya leaves, reaching 1.31%
efficiency without a polymer electrolyte. Moreover, the sappan-mangosteen dye emerged
as a promising contender with the highest efficiency values when applied with polymer
electrolyte, recording rates of 1.17% for PVDF NF and 0.95% for PVDF, which are notably
comparable to the efficiency of liquid electrolyte at 1.26%.
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m INTRODUCTION

The surge in global population, combined with

(DSSCs) [4]. DSSCs have garnered significant attention
from researchers due to their attributes such as thin-film
construction, high efficiency, straightforward fabrication,

industrial expansion and technological advancements,
has resulted in a continually growing demand for energy
[1]. To address the pressing issues of escalating global
energy consumption and the  environmental
repercussions associated with the burning of fossil fuels,
the scientific community has emphasized the critical need
for renewable energy development [2-3]. Solar energy is
one of the most promising renewable energy sources,
offering the potential to be converted into electricity by
photovoltaic modules. Several types of solar cells have
been developed, including silicon-based, thin-film

amorphous, organic, and dye-sensitized solar cells

and environmentally friendly processing [5-6]. DSSCs
typically consist of two conducting glass substrates and
three crucial components: a porous semiconductor with
a band gap sensitive to dye molecules, a counter
electrode, and a redox electrolyte [7-9].

The performance of DSSC relies heavily on the
choice of the sensitizer dye employed. Research has
identified ruthenium as one of the most efficient and
stable photosensitizers [1]. Nonetheless, the expense and
heavy metal composition of these dyes contribute to
environmental pollution concerns [5]. In response,

Nafisatus Zakiyah et al.



702 Indones. J. Chem., 2024, 24 (3), 701 - 714

natural dyes derived from plant extracts have emerged as
an appealing alternative to ruthenium dyes, offering cost-
effectiveness, environmental friendliness, biodegradability,
ease of preparation, and abundant availability [10].
Commonly employed natural pigments include brazilin,
chlorophyll, anthocyanins, carotenoids, betalains,
flavonoids, cyanine, and tannins [5].

In the realm of DSSC components, the electrolyte
plays a pivotal role. It is responsible for facilitating the
transfer of internal charge carriers between electrodes and
metal oxides [11]. While liquid electrolytes typically
provide higher efficiency than gels and solid counterparts,
they come with inherent drawbacks, such as seal leakage,
solvent evaporation, iodine sublimation, short-term
stability, dye desorption, and corrosion of the opposing
electrode [12]. As an alternative approach, polymer-based
electrolytes present distinct advantages, including high
ionic conductivity, tensile strength, flexibility, safety, ease
of fabrication, and leak resistance [13].

In the context of this study, the chosen polymer for
the electrolyte is polyvinylidene fluoride (PVDF), notable
for its exceptional electrochemical stability as an
electrolyte solution and superior mechanical strength
when compared to alternatives like polyethylene oxide
(PEO), polyacrylonitrile (PAN), polyurethane (PU), and
polyvinyl chloride (PVC) [14-15].
important to note that PVDF is hydrophobic, which can

However, it is

potentially impede the ionic mobility of I"/I;” ions within
PVDF immersed in the electrolyte [15]. To enhance the
mobility of the ions, a PVDF nanofiber membrane is
employed in the fabrication of a quasi-solid electrolyte
(gel) and solid electrolyte through the electrospinning
method [10].

Considering the challenges concerning the stability
of DSSC, particularly to the electrolytes, this research
endeavors to address these issues through the development
of polymer electrolytes employing PVDF and PVDF
nanofibers (NF) within a liquid electrolyte matrix. The
introduction of electrolyte variations aims to elucidate the
effects of these variations on DSSC efficiency. To
comprehensively understand the structural and property
characteristics of the membranes, Fourier transform
infrared (FTIR) spectroscopy is employed, shedding light

on the intricate interactions among ions, polymers,
solvents, and electrolytes. Simultaneously, differential
scanning calorimetry (DSC) is utilized to delineate
thermal transitions within the system. Further insights
into the morphology of the PVDF membrane are
gleaned through scanning electron microscopy (SEM).
Each DSSC series is meticulously assembled,
utilizing natural dyes derived from a variety of plant
extracts in combination with diverse types of
electrolytes. The evaluation of the most efficient natural
dyes for DSSC applications is contingent on an array of
electrical ~ testing

parameters, encompassing

measurements of current and voltage using a
multimeter, wavelength assessments via a UV-vis
spectrophotometer, and bandgap energy determinations
derived from cyclic voltammetry measurements. This
multifaceted approach is undertaken to enhance the
stability and efficiency of DSSC, and to advance
sustainable and environmentally friendly energy

solutions.

m EXPERIMENTAL SECTION
Materials

The materials used in this study, PVDF, acetone
(2 99.5% purity), propylene carbonate (99.7% purity),
anhydrous EC (99% purity), TiO, (99.5% purity), iodine
(299.8% purity), and HNO; (=99.9% purity), were
purchased from Sigma Aldrich in Singapore. DMAC
(= 99% purity), polyethylene glycol (PEG 1000), and KI
(= 99% purity) were obtained from Merck in Germany.
Methanol (99.8% purity) and Tween 80 were purchased
from PT. Smart Lab in Indonesia. FTO glass (resistivity
10 Q) was purchased from XinYu Xu Tking Glass Co., L,
China. Carica papaya L. leaves, Pandanus amaryllifolius
leaves, and Garcinia mangostana L. peel were collected
from Jember, Indonesia. Caesalpinia sappan L. bark was
purchased from Tanikita, Indonesia.

Instrumentation

Several instruments are used for characterization,
UV-1800 UV-vis
absorption spectrum

such as the  Shimadzu
spectrophotometry for UV

analysis natural photosensitizer, Perkin Elmer Spectrum
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Two FTIR spectrometers with total attenuation reflection
mode (ATR) at 30°C, Zeiss EVO MA-10 SEM, and
Linseis STA PT-1000 DSC at 70-170 °C with a heating
rate of 10 °C/min, respectively for analysis of infrared
spectrum, surface morphology, and thermal stability of
liquid electrolytes and PVDF and PVDF-NF membrane-
based electrolytes. Furthermore, the current reduction
and oxidation using Computrace 797 VA Metrohm
Voltammetry is used for band gap analysis of natural
photosensitizers. The sample solution used is Mix 20 mL
of natural photosensitizer with 5mL KCI 0.3%. DSSC
efficiency is evaluated based on current and voltage
measurement using Krisbow KW08-267 Multimeter with
a resistance of 200 k() and a voltage of 200 mV, while to
obtain the effect of ionic conductivity on J., electron
transport analysis was carried out, in particular the DSSC
electrochemical interface resistance, uses Gamry
reference 3000 electrochemical impedance spectroscopy

(EIS) [16].
Procedure

PVDF membrane manufacturing

The manufacture of PVDF membranes was carried
out by casting knife and electrospinning methods as
previously conducted [16].

Natural photosensitizer

The production of organic photosensitizers through
maceration in this study closely aligns with the
methodology outlined in the research conducted by
Kusumawati et al. [16], which employed a consistent
maceration process with a 1:6 ratio of sample to solvent.
Specifically, C. papaya L. leaves were macerated in
methanol, while P. amaryllifolius leaves underwent
maceration using ethanol. In contrast, C. sappan L. bark
(secang) and G. mangostana L. peel (mangosteen) were
macerated with distilled water and blended at a 2:1 dye
ratio of secang to mangosteen. Following maceration, the
resulting solutions underwent an evaporation process,
These
concentrated natural dye extracts were then carefully

concentrating the natural dye extracts.
stored in a controlled environment with temperatures
ranging from 20 to 25 °C, ensuring their readiness for

application in subsequent phases of the study.
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Fabrication DSSC

The DSSC comprises these components: an FTO
(fluorine-doped tin oxide) anode, an FTO cathode, a
semiconductor (TiO,), a natural dye, an electrolyte, and
a counter electrode. A layer of TiO, paste was applied to
the FTO anode, which had a 3 cm® active area using the
doctor blade method and sintered at 450 °C for 1 h. The
product obtained after sintering is immersed in 10 mL of
natural dye for a duration of 24 h. The PVDF membrane
that was printed by the casting and electrospinning
method was cut with a length of 2 cm and a width of
1.5 cm. For 1 h, the membrane was submerged in 1 mL
of electrolyte. The cathode FTO glass is coated with
carbon from the 2B pencil. The DSSC circuit is
composed of FTO/TiO,/PVDF/Pt/FTO membranes [16].

Characterization

The morphology of the electro-spun polymer
nanofiber membrane was observed by SEM Zeiss EVO
MA-10. Using a Perkin Elmer Spectrum Two FTIR
spectrometer, the sample's FTIR spectrum was acquired
in ATR mode at ambient temperature. The UV-vis
absorption spectra of the color pigments used in the
DSSC were analyzed using a UV-vis instrument
(Shimadzu UV-1800). Changes in the current and
potential of the color pigment used for the DSSC were
analyzed using a Voltammetry Instrument (797 VA
Computrace Metrohm). A DSC (Linseis STA PT-1000)
was utilized to obtain the thermograms for DSC analysis.
The current measurement in the circuit is measured
using a Multimeter (Krisbow KW08-267), performed at
room temperature by flanking the electrolyte sample on
the DSSC circuit using a crocodile clamp connected to a
multimeter and directed at a resistance of 200 k and a
voltage of 200 MV.

m RESULTS AND DISCUSSION
Making Polymer Electrolyte

Electrolyte leakage is one of the main problems of
DSSC fabrication. Most DSSCs are developed using
liquid electrolytes, with problems of electrolyte leakage
and evaporation. Electrolyte polymer is the solution to
this problem by the concurrent electrolyte in it. PVDF is
a polymer with excellent electrochemical stability, has
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good thermal and chemical resistance, so it has the
potential to be used as I/I;™ ion mobility in DSSC systems.
PVDF polymers are made in two variations, namely flat-
sheet, and nanofiber.

Flat-sheet PVDF is made using the phase inversion
method. The phase inversion method works on the
principle of diffusion through an immersion solution in a
non-solvent coagulation bath [16-18]. The diffusion
process occurs between solvent and non-solvent, where
the solvent component will evaporate from the
impression solution and the non-solvent will penetrate
the layer to produce a solidified membrane [19-21].

At this stage, PVDF membranes are made by
dissolving in DMAc and acetone solvents, which have a
slight difference in solubility parameter scale, namely
16.0 Mpa'? for PVDF; 16.8 Mpa'? and 13.0 Mpa'? for
acetone [22-23]. In the phase inversion method, the
coagulation bath is filled with non-solvent in the form of
water with a parameter difference of 25.2 Mpa'? between
DMAc and 28.3 Mpa'” between acetone. The choice of
non-solvent is important in this method because the
diffusion of the non-solvent is the main component that
can drive the process, so the resulting membrane must
solidify [24].

Nanofiber PVDF was formed by the electrospinning
method [25-26]. Nanofiber is a membrane that is suitable
for use as an electrolyte trap with its advantages in the
form of high porosity, wettability of the electrolyte, high
surface area, and the ability to form long-distance
channels as proton transport [27-28]. The PVDF solution
to be electrospinning was prepared according to the
research of Moshfeghian et al. [29] with a composition of
18% in DMACc solvent and acetone in a ratio of 3:2. The
18%
determining the best SEM results from the three

making of the composition resulted from
variations of the composition used, namely 16, 18, and
20% wherein 16% produced membranes in the presence
of beading fibers due to low concentrations, 18%
compositions produced membranes with perfect fibers
with no defects in fibers and beads, while high
compositions yielded membranes with large numbers of
beads around fibers that have decreased in size [30]. The

density of the composition can increase the viscosity of a
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solution so that it can reduce the flexibility of the fiber
and decrease the homogeneity of the dispersion, which
has an impact on the appearance of beads on the fiber
[29]. In addition, a composition that is too low causes
the concentration range to be too low so that it is easy to
form beads on the fiber [31].

UV-vis Analysis

The dye in DSSC has an important role in
increasing the absorption of the visible light spectrum on
TiO.. Natural dyes have advantages over synthetic dyes
because they are more readily available, require fewer
chemical operations to extract, have a high absorption
coefficient, are less expensive, non-toxic, and
biodegradable [32]. To determine the potential of
papaya leaves, pandan leaves, and a mixture of
sappanwood and mangosteen peel as natural dyes in
DSSC, an examination was conducted utilizing a UV-vis
spectrophotometer with visible light wavelengths
between 400-800 nm (Fig. 1) [33].

Based on the UV-vis spectrum image, the results of
the measurement of the absorption area of pandan leaf
and papaya leaf dyes contain chlorophyll-a. This is
confirmed from previous research that chlorophyll-a
shows maximum absorption at 665 nm and chlorophyll-
b at 652 nm. The chlorophyll content in the dye can bind
to TiO; so that it can increase efficiency through a faster

energy conversion rate [34].
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Fig 1. UV-vis spectra of papaya and pandan leaf dye and
sappanwood bark-mangosteen peel
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Conversely, a combination of dyes obtained from

sappanwood and mangosteen peel displayed an
absorption peak at 536.2 nm, affirming the existence of
betacyanin content. The distinctive absorption pattern for
the red-violet betalain group typically falls within the
range from 535.0 to 540.0 nm, where it reaches its peak
absorption [35]. Betalain compounds are phenolic
substances that feature glycoside group substitutions in
the ortho position and include a chromophore group,
enabling a hydroxyl group to form a robust bond with the

semiconductor material [36].
Voltammetry Cyclic Analysis

The important role of the band gap is to increase
photocatalytic activity, which is associated with good
electron transferability, an increase in light-harvesting,
and an increase in catalytic active sites [37]. The CV
method was employed to evaluate the band gap energy of
each dye. This energy parameter was established based on
the disparity between the HOMO and LUMO values [38].
Notably, the HOMO value corresponds to the oxidation
state, represented by the oxidation peak, while the LUMO
value is associated with the reduction state, signified by
the reduction peak in the CV analysis [39]. The
determination of HOMO, LUMO, and band gap energy
values follows the Eq. (1-3) [40]:

E;umo = —€(Epeq +440)eV 2)
E; =Erymo ~Enomo (3)

Based on the band gap energy values obtained for
each dye (Fig. 2 and Table 1), it shows that chlorophyll
pigments from both papaya and pandan leaves as well as
betacyanin pigments from the combination of
sappanwood and mangosteen peel, can be used as natural

dyes/sensitizers in DSSC because they meet the
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requirements of DSSC dyes. The LUMO values of each
dye are significantly higher than the conduction value of
TiO,. It is essential for the dye to fulfill the requirement
of having a sufficiently high LUMO level compared to
the conduction band of the TiO, semiconductor, which
is —4.0 eV [41-42] This allows the positioning of the
LUMO dye energy to ensure sufficient driving force
when electrons are injected into the semiconductor
surface so that the dye regeneration process can take
place in the DSSC [43-44].

The bandgap analysis conducted in this study
reveals that the papaya leaf dye exhibits the smallest
band gap (1.387 eV), followed closely by the secang-
mangosteen dye (1.389 eV). The decreased band gap
signifies an expanded absorption range as dye photon
The
phenomenon lies in the behavior of electrons, where a

energy increases. mechanism behind this
smaller band gap signifies the dye's capacity for facile
electron transitions from lower-energy orbitals to

higher-energy ones when exposed to light. Consequently,
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Sappan-Mangosteen
0.002
< 0.000 -
t
2
5
© -0.002
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T T T T T T T T T T T T
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Voltage (V)
Fig 2. Cyclic voltammogram of papaya and pandan leaf

dye and sappanwood bark-mangosteen peel

Table 1. Cyclic voltammetry parameter of the dye

Dye Voltammetry cyclic
HOMO (eV) LUMO (eV) Band-gap (eV)
Pandan leaf —4.29796 —2.91058 1.39600
Papaya leaf -4.30489 -2.90907 1.38700
Sappanwood bark-Mangosteen peel =~ —-4.29849 -2.90871 1.38900
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this enhanced electron mobility translates into heightened
sensitivity to light, rendering the dye remarkably adept at
capturing solar energy [45]. This makes dyes such as
papaya leaf and secang-mangosteen exceptionally well-
suited for deployment in photovoltaic systems, including
DSSCs.

SEM

Electrolyte-trapping polymers in the form of PVDF
membrane and nanofiber were characterized using an
SEM instrument. The characterization was conducted to
ascertain the surface morphology and cross-sectional
structure of the membrane. The characterization results
were previously published in [16], showing that the PVDF
and PVDF NF polymers have a diameter of 100-300 nm.
Fig. 3 shows PVDF NF polymer has fibers with numerous
pores, greater pore size, and lower density of particles
than PVDF polymer. The payload transport in the DSSC
system decreases in performance with increasing particle
density. This happens because the greater the particle
density level, the greater the force required to pass the
particles so that the performance of the DSSC decreases.
From the above explanation, it can be concluded that
PVDEF NF polymer has more potential to be applied as an
electrolyte trapping polymer in DSSC systems than PVDF
polymer [46-47].

Photovoltaic Studies

In this phase, the DSSC circuit is measured for open-
circuit voltage (Vo), short-circuit current (J..), fill factor
(FF) and efficiency () using a multimeter under a
100 mW/cm? lamp intensity. The mechanism of the DSSC
circuit occurs through several stages, namely the process
of excitation of dye molecules so that dyes are produced

in an oxidized state, reduction of electrolytes (I;~ to I),
oxidation of dyes (S* to S), energy transfer and
recombination of dyes and electrons in the TiO, layer
[9]. The equation used in the measurement is in Eq. (4)
and (5) [48].

— ISC\;OCFF (4)
in
P
FF = x| ( 5)
]SCVOC

Table 2 shows a clear difference in the effect of dye
and electrolyte type on the measurement results in the
form of V,, Ji, FF and efficiency. In the context of this
investigation, the energy conversion efficiency value
serves as a crucial indicator, highlighting the DSSC's
capacity to effectively convert solar energy into electrical
energy [49]. Electrolytes play a major role as a step
process for charge recombination at the
TiO,/dye/electrolyte interface which affects the ionic
conductivity. The presence of polymer in the electrolyte
can reduce the ionic conductivity of the DSSC circuit so
that the results of the J. and V.. produced decrease with
the denser the polymer used. This happens because the
density of the polymer can block the mobility of ions so
that it inhibits the charge transfer process at the
TiO,/dye/electrolyte interface and the J. and V,. values
are increasingly decreasing from the liquid electrolyte,
PVDF, and PVDF NF electrolyte (Fig. 4) [50-51].

Regarding the dyes, which play a crucial role in
broadening the absorption spectrum of sunlight. In this
study, papaya and pandan leaves were used with
chlorophyll pigment content, while a mixture of sappan
and mangosteen produced betacyanin pigments. Based
on the information presented in the provided data, it is

Fig 3. Membrane surface morphology 30.000x of (a) PVDF and (b) PVDF NF
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Table 2. Photovoltaic parameters of the DSSC

No. Dye Electrolyte Jse (LA/cm?) Voo (mV) FF (%) H (%)
Liquid 3.1 390 40.4 x 1072 1.18

1. P-M PVDF NF 2.9 327 45.3 x 1072 0.93
PVDF 2.7 308 421 x 1072 0.84

Liquid 3.0 434 42,4 %107 1.31

2. P,-E PVDF NF 2.7 393 44,1 x 1072 1.07
PVDF 2.1 349 52.7 x 1072 0.72

Liquid 3.1 401 63.5 x 1072 1.26

3. SM-A PVDF NF 3.0 391 57.1 x 1072 1.17
PVDF 2.7 357 48.8 x 1072 0.95

P: pandan; Py: papaya; SM: sappanwood-mangosteen; A: aquadest; M: methanol; E: ethanol; L: liquid electrolyte; NF:

PVDF NF electrolyte; P: PVDF electrolyte
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Fig 4. Photocurrent-voltage curve for DSSC sensitized by various extracts and electrolytes (a) P-M (b) Py-E (c) SM-A

evident that papaya leaves exhibit superior efficiency
when examined without the application of polymer
electrolytes. On the other hand, the efficiency of secang-
mangosteen dye with polymer electrolytes is notably
higher. This observation is in alignment with the earlier

T T T 1
250 300 350 400 450

T T T
0 50 100 150 200 250 300 350 400 450
Voltage (mV)

1
500
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band gap analysis, which indicated that the papaya dye
has a smaller band gap, closely followed by the secang-
mangosteen band gap value. The smaller the bandgap
value, the faster the electron transfer will occur with the
number of conjugated chains [52]. Chlorophyll pigment
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has a major role in the photosynthesis process as the main
capturing unit of sunlight. With the performance of DSSC
from electron transfer in the form of sunlight, the
possibility of regeneration runs faster [53]. In addition,
chlorophyll is composed of a carboxylate group that could
bind to TiO; so it plays a role in the conversion of energy
for the better.

FTIR Analysis

Spectroscopic analysis of FTIR was employed to
investigate the interaction of chemical complexes and
structural properties, especially the membrane structure
and the interaction of ions/polymers/solvents with
electrolytes. Fig. 5 shows the spectrum comparison of
FTIR analysis results on PVDF nanofiber and pure PVDF
which is in the area 598.85-2984.63 cm™.

PVDF polymer exhibits four distinct crystalline
phases, specifically referred to as a, B, y, and 6. From
many research, PVDF shows two peaks namely a-phase
and B-phase. In the PVDF membrane, the a-phase
showed an absorption peak of 762.71 cm™', while the p-
phase was located at 841.15 and 873.09 cm™". The peak of
841.15cm™ also shows CH, rocking and asymmetric
stretching of CF,. Furthermore, the presence of peaks at
613.88 and 873.09 cm™' was detected, indicating the
occurrence of mixed-mode CF, bending and CCC skeletal
vibrations [54]. Pure PVDF and bending of CH, were
shown at the absorption peak of 873.09 cm™'. Meanwhile,
the peaks of 762.71 and 795.97 cm™ are CH, rocking
vibrations and CF; stretching vibrations, and the peak of
1066.92 cm™ is CH bending [10,55]. Stretching CF is
located at the peaks of 873.09, 975.61, 1182.17 and
2984.09 cm™, indicating asymmetric stretching. Among
all the identified peaks, the most notable peak was
observed at 975.61 cm™, indicating the prominent
presence of the polymer's crystalline form [55]. In
addition, there are several peaks of the amorphous phase,
which can be observed in Fig. 5.

The FTIR analysis of PVDF nanofibers reveals a
minor shift in the absorption peak, namely at the
absorption peak of 875.84cm™ from the initial
873.09 cm™ in pure PVDF. In addition, the crystal phase
(a) nanofiber PVDF and the initial rocking vibration CH,
on the pure PVDF located at 762.71 shifted to 740.40 cm™

Indones. J. Chem., 2024, 24 (3), 701 - 714

in the nanofiber PVDF. This may be due to the
preferential orientation of the chains towards nanofibers
which causes high crystallite levels in the electrospinning
process and confirms the presence of hydrogen bonds
and other molecular-level interactions [10]. Fig. 6 shows
a comparative analysis of the FTIR spectra for PVDF
nanofiber, liquid electrolyte, PVDF NEF-electrolyte, and
conventional gel electrolyte which can be concluded to
be closely related to salt-polymer interactions. Fig. 6
depicts the vibrational bands related to the amorphous
phase of the polymer, showcasing prominent peaks
detected at 841.15 and 873.09 cm™.

110
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—— PVDF NF
100 - ——— "
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g |
8 80
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Fig 5. The result of FTIR analysis on PVDF nanofiber
and pure PVDF is in the area 598.85-2984.63 cm™
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Fig 6. FTIR analysis results of PVDF nanofiber +
electrolyte, gel, and liquid electrolyte
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The interaction between the salt-polymer in the
electrolyte can be understood by analyzing the -phase
peak of PVDF, as it becomes challenging to rely on other
commonly observed peaks of the gel electrolyte phase. In
pure PVDF the peaks of 841.15 and 873.09 cm™ are the -
phase, which has a slight shift from 875.84cm™ in
nanofiber PVDF, as seen in Fig. 7, due to their
asymmetrical nature [10]. Meanwhile, after electrolytic
immersion in pure PVDF, peaks were observed at 840.67
and 873.09cm™', while in PVDF nanofibers peaks
appeared at 839.15 and 876.88 cm™, which are CF
stretching and a combination of CF, & CCC stretching
vibrations, and CH, bending, CH, rocking, CF,
asymmetric stretching [10,55]. The reduction in intensity
of both peaks observed in both nanofiber-based and
conventional gel-based electrolytes could be attributed to
the dilution effect caused by the liquid component [10].

Fig. 7 shows two peaks, namely at the peak of 894
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and 1066 cm™', which is the EC (Ring Breathe) which is
only visible on the EC. The presence of the salt in the Li*-
EC system leads to the separation of the two peaks,
indicating the interaction between K* and EC ions within
the system [10]. In addition, basic cations are observed
in the EC Raman spectrum in a similar frequency range.
Thus, band separation like this can be said to be an
energy shift corresponding to the deformation ring
(breath). This the induced
polarization and the strength of polarization exhibited
by K* ions, which is dependent on the electrical charge
densities of the cations. Consequently, the obtained
results tend to be smaller compared to those obtained
with Li* [10]. In addition, EC also appears in electrolytes,
liquid electrolytes are at peaks of 1071.44 and
861.74 cm™', conventional gel electrolytes appear at
peaks of 1071.40 and 840.67 cm™’, solid electrolytes are
located at peaks of 1071.31 and 839.15 cm™.
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Fig 7. FTIR analysis spectrum of (a) pure PVDF, PVDF nanofiber (b) EC, (c) PC, and (d) EC-PC
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Table 3. The absorption peaks of K* & EC complexes in liquid, conventional gel, and solid electrolytes

Absorption area specification  Liquid electrolyte (cm™)

Conventional gel electrolyte (cm™)

Solid electrolyte (cm™)

K* & EC complex 895.20

Fig. 8 and Table 3 illustrate the interactions between
EC and EC-K" absorption regions for different types of
electrolytes. Considering the data, the conventional gel
electrolyte exhibited the lowest peak at 873.09 cm™* for the
interaction between EC and K*, while the highest peak
was the liquid electrolyte at 895.2 cm™. This can happen
because in the electrolyte nanofiber, K* ions are more
bound to the EC so that the salt can easily dissociate
leaving the glass iodide ion fraction free to carry out
charge transport which results in a higher current of light
compared to conventional gel electrolytes. While the
liquid electrolyte has the highest peak due to the lack of a
polymer matrix and its low viscosity. With low viscosity,
it can produce the highest photocurrent so that cargo
transportation is faster [10].

In the electrolyte, the amorphous phase polymer
vibration band () is not very significant because in the
polymer the amorphous phase peak (B) is related to the
polymer solvent interactions in the electrolyte and the
interactions between chains in the polymer. In addition,
in electrolytes the amorphous phase (B) corresponds to
the interactions of the replaced polymer chains [51].

DSC Analysis

Thermogravimetric characterization of PVDF
membranes + electrolyte (PVDF + EI), PVDF
nanofibers + electrolyte (PVDEF NF + EI), PVDF

membranes, ethylene carbonate (EC), and propylene
carbonate (PC) was carried out using DSC (Linseis STA
PT-1000). The previously
published in previous research [16] which can be seen in
Fig. 9, show that the melting temperature of PVDF NF +
electrolyte is lower than that of PVDF + electrolyte. This
is related to the crystallization of PVDF NF decreased by
2.19% compared to PVDF 2.31%.

From the characterization results, the thermal

characterization results

transition of polymers with or without electrolyte can
reach 100 °C indicating high thermal stability for DSSC
applications [56]. The broad endothermic peak observed

873.09 876.88
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—_ Convensional electrolyte
S
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Fig 8. FTIR analysis of the electrolytes
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Fig 9. DSC thermograms of PVDF membranes +
electrolyte, PVDF nanofibers + electrolyte, PVDF
membranes, carbonate,

ethylene and propylene

carbonate at temperatures ranging from 25 °C to 180 °C

in Fig. 9, as depicted by the characterization results,
indicates a close association with the melting points of
the polymers present in the electrolyte [11].

m CONCLUSION

This comprehensive study explored the potential
of natural dyes extracted from pandan leaves, papaya
leaves, and sappan-mangosteen for application in
DSSCs. The presence of chlorophyll-a in pandan and
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papaya leaves was confirmed through absorption peaks at
664.1 and 664.0 nm, respectively, while betacyanin was
confirmed by a peak at 536.2 nm in sappan-mangosteen,
highlighting their suitability for solar cell applications.
Electrochemical analysis revealed promising energy band
gaps, with papaya leaves showing the smallest band gap at
1.387 eV, closely followed by sappan-mangosteen at
1.389 eV, and pandan leaves at 1.396 eV. To address the
significant challenge of electrolyte leakage in DSSCs, this
PVDF  polymer
electrolyte. SEM analysis showed superior properties in

study successfully introduced a
PVDF NF, such as larger pores and lower particle density,
contributing to enhanced performance. Furthermore,
thermogravimetric analysis demonstrated high thermal
stability in both PVDF and PVDF NF with electrolytes,
withstanding temperatures up to 100 °C. Notably, papaya
leaves achieved an outstanding 1.31% efficiency without a
polymer electrolyte, while sappan-mangosteen reached
1.17% with PVDF NF and 0.95% with PVDF, comparable
to a liquid electrolyte's 1.26% efficiency. This study offers
valuable insights into natural dye utilization in DSSC
technology and practical solutions for enhancing
efficlency and stability with polymer electrolytes,
contributing to greener energy solutions.
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