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Abstract

Graphical abstract

In this study, natural dye sensitisers derived from ketum (Mitragyna
speciosa-MS), spinach (Spinacia oleracea-SO), curry (Murraya koenigii-
MK), papaya (Carica papaya-CP), and henna (Lawsonia inermis-LI) were
investigated for dye-sensitised solar cells (DSSCs). Ultraviolet-Visible
Spectroscopy (UV-Vis), Fourier Transform Infrared spectroscopy (FTIR),
Open-Circuit Voltage Decay (OCVD) and Current fo Voltage (I-V) were
used to analyse the natural dye and the fabricated DSSC. It was observed
that all dye solutions contain the majority of important functional groups of
chlorophyll-based sensitisers, which is crucial for the dye-to-TiO2 (Titanium
() Oxide) attachment, making them suitable sources of energy harvesting
pigments. In this regard, the dye pH and chemical bonding of the
respective dyes play a significant role that contribute to the overall
performance of the DSSCs. It was discovered that a dye based on MK
provided the best DSSC performance. This is because MK-based dye has
higher content of functional groups, an optimal pH, and the slowest
properties of back electron recombination among the OCVD
measurements. Because of the combination of these properties, the open-
circuit voltage (Voc), short-circuit current density (Jsc), and power
conversion efficiency (PCE) values have been determined to be 0.58 V,
2.48 mA/cm?2, and 0.47%, respectively.
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Abstrak

Dalam kajian ini, pemeka pewarna semulajadi yang diperoleh daripada
ketum (Mitragyna speciosa-MS), bayam (Spinacia oleracea-SO), kari
(Murraya koenigii-MK), betik (Carica papaya-CP), dan inai (Lawsonia
inermis-LI) telah disiasat untuk sel solar peka pewarna (DSSC). Spektroskopi
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Ultraviolet-Visible (UV-Vis), Fourier Transform Infrared spectroscopy (FTIR),
Open-Circuit Voltage Decay (OCVD) dan Current to Voltage (I-V) telah
digunakan untuk menganalisis pewarna semula jadi dan DSSC yang
direka. Telah didapati bahawa semua larutan pewarna mengandungi
maijoriti pigmen penting dan kumpulan berfungsi asas pemeka berasaskan
klorofil, yang penting untuk lampiran pewarna-ke-TiO2, menjadikannya
sumber pigmen penuaian tenaga yang sesuai. Dalam hal ini, pH pewarna
dan ikatan kimia bagi pewarna masing-masing memainkan peranan
penting yang menyumbang kepada prestasi keseluruhan DSSC. Telah
didapati bahawa pewarna berasaskan MK memberikan prestasi DSSC
yang terbaik. Ini kerana pewarna berasaskan MK mempunyai kandungan
kumpulan berfungsi yang baik, pH yang optimum, dan sifaf
penggabungan semula elektron aliran belakang yang paling perlahan
antara pengukuran OCVD. Disebabkan gabungan sifat-sifat ini, nilai voltan
litar terbuka (Voc), ketumpatan arus litar pintas (Jsc), dan kecekapan
penukaran kuasa (PCE) felah ditenfukan sebagai masing-masing 0.58 V,
2.48 mA/cm2, dan 0.47%.

Kata kunci: DSSC, klorofil, kecekapan penukaran kuasa (PCE), pewarna
semulajadi, pH, OCVD

© 2023 Penerbit UTM Press. All rights reserved

1.0 INTRODUCTION

Since its discovery by Grafzel and colleagues in 1991,
the DSSC has emerged as a promising photovoltaic
device due to its cost-effective production methods,
flexibility and fransparency when compared to the
conventional silicon-based photovoltaic devices [1].
The fabrication of DSSCs requires a number of essential
components, including dye sensifisers, fransparent
conductive oxide (TCO), and TiO2 photoelectrodes. It
was determined that the most important dyes for the
production of DSSC were inorganic dyes such as
ruthenium-based (Ru-based) dyes. On the other hand,
because of the composition of their make-up, they are
hazardous to human health, extremely costly
(because ruthenium is a rare metal), and challenging
to purify [2]. Because of this, organic dyes have
garnered a lot of aftention due to their high absorption
in the visible region, their ease of sample preparation,
their low production costs, and their friendliness to the
environment (they contain no contaminants and do
not require additional refining or purification) [3].

Plants are one of the primary sources of dyes,
which have been divided into four classes based on
their biosynthesis basis and standard structure:
chlorophyll-a  and  chlorophyll-b,  anthocyanins,
flavonoids, and carotenoids [4]. A new solar cell using
chlorophyll molecules solely for all critical stages, such
as light-harvesting,  exciton  diffusion,  exciton
dissociation, and charge fransfer, is strongly suggested
by the diverse physical features of chlorophyll. These
all-chlorophyll solar cells may be able to tackle both
our energy shortfall and environmental pollution issues
at the same time, given the abundance of chlorophyll
on our planet [5].

In our previous research, we reported the use of a
novel dye additive that was utilised in the fabrication
of a chlorophyll-based DSSC extracted from MS leaf

[6]. In the meantime, we aim to evaluate and
compare the properties and performance of the novel
dye sensitiser MS with four other chlorophyll-based dye
sensifisers derived from CP, LI, SO, MK. It is essential to
conduct such research in order to evaluate the
capabilities of this novel sensitiser in comparison to
those of other chlorophyll sensitisers fabricated in the
same laboratory. Since the other primary components
of a DSSC, such as the transparent conduction oxide
(TCO). the thickness of the TiO2 photoelectrode, and
the electrolytes, are fixed. Therefore, the primary
reason for the difference in the performance can be
atftributed to the particular dye sensitiser that s
employed. All DSSCs were tested for their opfical,
chemical, and electrical properties to determine the
best photovoltaics conversion efficiency (PCE) among
the cells.

2.0 EXPERIMENTAL

The preparation of Indium fin oxide (ITO) and porous
TiO2 photoelectrode was based on our group work as
described in [6]. Meanwhile, for natfural dye
preparation, five different natural green dyes namely
MS, SO, MK, CP and LI were washed with distilled
water. Then, 10 g of each plant leaves was ground
using a blender. The ground leaves were then soaked
with 30 mL methanol (97%, R&M) for 2 hours. The
solutions were filtered to remove any residue using a
paper filter (Whatman No. 40). The comparable fresh
leaves and their respective extracted dye solutions are
shown in Figure 1.

The conducting side of the ITO counter electrode
was created with a 2B pencil with carbon graphite
lead (Faber Castell) as the catalyst layer [7], and the
electrolyte was made by combining 0.05 M lodine (l2-
Sigma Aldrich), 0.5 M Tefrabutylammonium lodide
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(TBAI-Sigma Aldrich), and 10 mL acetonitrile. DSSC was
assembled by sandwiching the electrolytes between
the TiO2 photoanode and graphite counter electrode.
Surface morphology and elemental composition were
studied using a Field Emission Scanning Electron
Microscope (FESEM-NOVA NANOSEM 450) and Energy
Dispersive X-Ray (EDX) spectroscopy for
characterization. The functional groups of the dye
solutions were then examined using Fourier Transform-
Infrared (FTIR- Thermo Scientific Nicolet 6700; software:
OMNIC 8) and the adsorptfion was evaluated using
Ultraviolet Visible spectrophotometer (UV-Vis-Lambda
25, Perkin Elmer). Photovoltaic current to voltage (I-V)
measurements of DSSCs (Keithley 4200 SCS) were
performed under LED (Light-emitting diode) light
source to investigate the photo conversion efficiency

of DSSCs.
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Figure 1 Fresh leaves and the extracted dyes solution of (a)
henna (LI), (b) curry (MK), (c) papaya (CP), (d) ketum (MS),
and (e) spinach (SO)

3.0 RESULTS AND DISCUSSION

3.1 Surface Morphology FESEM/ EDX and XRD

The morphology and structural images of TiO2
nanoparticles were characterized by Field Emission
Scanning Electron Microscope (FESEM) as depicted in
Figure 2 (a). Using a 500 nm scale TLD (Through-the-
lens detector) detector, it can be observed that the
electrode is made up of nanoscale TiO2 with a high
surface area and high porosity. It was suggested that
the nucleation and conjoining of microscopic particles
are responsible for the development of such porous
structures [8]. It is the mesoporous TiO2 layer that aids in
the increased adsorption of dye molecules, as well as
the increased penetratfion info the TiO2 layer by the
electrolyte [9].

The crystaline phase of the TiO2 nano-powder
deposited on ITO was investigated with  X-ray
Diffraction (XRD), and the results are depicted in Figure
2 (b). The TiO2 photoelectrode was analyzed in the 2
theta =10°-80° range. The presence of sharp Bragg
peaks indicates that the material has a highly
crystalline structure, which corresponds to peaks
indexed to (101), (103), (200), (201), and (204).
According tfo the standard diffraction card, these
peaks directly correlate to the tetragonal

configuration of pure anatase phase TiO2
nanoparticles (JCPDS No. 21-1272). In addition to this,
several weak peaks connected to thin-film ITO were
seen af (222), (440), and (662). Figure 2 (c) depicts the
EDX spectrum of TiO2 particles. The spectrum features
two significant peaks of Titanium (Ti) and Oxygen (O).
As presented in Table 1, the weight percentages of Ti
and O are 58.17% and 41.83%, respectively. This
indicates the presence of TiO2 nanoparticles that are
free of foreign impuirities [10].
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Figure 2 (a) FESEM image of porous TiO2 photoelectrode, (b)
XRD pattern of TiO2 nanoparticle, and (c) EDX spectra of TiO2
photoelectrode
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Table 1 EDX details of TiO2

TiO2

Elements Atomic % Weight%
@) 68.28 41.83

Ti 31.72 58.17
Total 100 100

3.2 Ultraviolet-Visible Spectroscopy (UV-Vis)

The UV-Vis absorption spectra of MS, CP, LI, SO, and MK
dye solutions are shown in Figure 3. It can be observed
that, all dyes exhibited a similar pattern of absorption
peaks between 400 nm and 800 nm. In addition, a tiny
peak between 460 and 500 nm can be noticed in all
dye solutions. The peaks detected between 460 nm
and 470 nm are probably caused by the presence of
small amount of chlorophyll-b in the exiracted dye
[11]. As a result, the spectra of all dye solutions reveal a
pattern with two primary peaks. These patterns are
associated with dominant peaks of chlorophyll-a and
chlorophyll-b of green leaves [12]. Hence, all dye
solutions contain the same types of pigment, which are

dominated by chlorophyll-a and chlorophyll-b
pigments.
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Figure 3 Optical absorption spectra of five different natural
dyes extracted with methanol

It was recorded that the pH values of the LI, MS, SO,
MK, and CP dyes were 5.32, 5.21, 6.53, 6.36, and 7.22,
respectively. It can be noficed that the changes in the
pH level have altered the green colour appearance of
the dye solution, as shown in Figure 3. The variation in
colour was aftributed to the pH status of each solution.
It was reported that the lower the pH, the higher the
concenfration of dissociated hydrogen ions and the
greater the possibility of substitution [13]. This suggests
that the rate of colour deterioration was faster in lower
pH (acidic than in higher pH solutions, alkaline),
because the rate of substitution of the magnesium
core of the porphyrin ring reduces as the pH rises [14].
This also indicates that the pheophytinization process
(two hydrogen ions replacing the magnesium ion

found in the cenfre of the porphyrin ring under the
influence of pH) is closely linked to the protein
component of the prosthetic group (cofactor
chlorophyll) [15]. Thus, it was determined that the pH
values of SO, MK, and CP which were close to alkaline
to be the optimal pH conditions for dye adsorption on
TiO2 surface owing to less substitution of magnesium
ions in the porphyrin ring [16].

3.3 Transform Infrared (FTIR) Analysis

The FTIR spectra of the five different dye solutions are
shown in Figure 4. In the instance of LI dye solution, it
contains a range of chemicals including flavonoids,
gallic acid, lawsone and tannin. The infrared spectrum
for LI reveals two primary anficipated frequency
sections within the band of interest, namely hydroxyl
(OH) and carbonyl (C=0). The stretching vibration of
the hydroxyl group, was detected at the first lawsone
aromatic ring, which is attributed to the hydroxyl group
of lawsone (2-hydroxy, 1-4-napthoqunone) [17].
Stretching absorption at 3310 cm! corresponds to the
vibration of the related O-H bond. Meanwhile, the
bending and stretching vibrations of C-H are depicted
at peaks 2950 cm and 2830 cm!, and the carbonyl
group in lawsone stretching vibration at 1640 cm-.
Finally peaks at 1440 cm and 1400 cm ! signify the
aromatic C=C group [18].
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Figure 4 FTIR specfra with respect to various natural

chlorophyll-based dyes

Again, the presence of hydroxyl and carbonyl in CP
dye solution can be seen at 3290 cm and 1634 cm,
respectively. As seen, MK leaves have rich sources of
polyphenols, flavonoids, and glycosides [19]. MK has
exhibited a broad absorption band at 3290 cm,
which has been ascribed to the O-H stretch in the
alcohol group [20]. Meanwhile, peaks at 2830 cm!
and 2930 cm! correspond to C-H stretching in alkanes.
[20]. Following that, the peak at 1630 cm' was
identified as aromatic C=C stretching [21].

4000
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It has been reported that the hydroxyl (O-H) and
carbonyl (C=0) groups of the molecule’s sensitisers
may aid dye-sensitised solar cells in converting light
more effectively into electrons [22]. In addition,
asymmetric C-H bending of the methyl and methylene
groups at 2830 cm-! and 2930 cm! was slightly higher
than the rest of the sensitisers, therefore there might be
the possibility of higher dye adsorpfion on the TiO2
photoelectrode later on which can give rise to the
overall performances of the MK-based cell. Hence, MK
cell has the highest efficiency compared with other
cells.

The broad FTIR peak of the SO sample at 3290 cm-!
corresponds to the O-H stretching vibration due to the
presence of methanol [23]. Meanwhile, peaks found af
2830 cm! and 2930 cm! were corresponding fo the
C-H bending. Then, the 1630 cm ! peak corresponds to
C=0 (carbonyl). Meanwhile, MS dye solution exhibited
a prominent peak at 3293 cm!, which can be
attributed to O-H sfretch. Finger print peaks can be
identified between the range 600 cm and 1100 cm-!
for all organic dyes. At pH 5-6, however, the dye's O-H
group and C-C stretching content decreased, possibly
as a result of the enviromnment's high (alkaline) pH
damaging the groups [24].

3,4 Photovoltaic Characteristics

Figure 5 (a) depicts the photocurrent voltage
characteristics of various DSSCs cells, along with an
inset image displaying five cells that were used for the
measurement. The parameters of the photovoltaic
characteristics are summarized in Table 2. Based on
the data, the MK cell had the highest PCE of 0.47%.
Meanwhile, the PCE of CP, SO, LI, and MS DSSC cells
are 0.19%, 0.16%, 0.09%, and 0.11%, respectively.
Notably, the MK and MS dyes have greater Voc values
than the other cells, at 0.58 V and 0.56 V, respectively.
It is worth noting that the fill factor of 42.66% obtained
by employing MS as sensitiser is the highest among
other organic dyes. In this study, the highest efficiency
of the MK cell with 0.47% of PCE is seen to be
attributed to the larger short-circuit current induced by
appropriate  dye adsorption and less back
recombination witnessed by OCVD measurement
(Figure 5 (b)). In other words, increasing dye-loading
leads to higher DSSC photocurrent and, as a result,
higher efficiency [25, 26].

Additionally, it is possible that the superior
performance of MK-based cells is due to their higher
antioxidant properties, which allow them fo restore
and rejuvenate their chlorophyll molecules inside the
cell for a longer period of fime. It has been reported
that MK are anti-carcinogenic, enzymatic antfioxidant
effect, hypoglycemic, and antimicrobial [27].
Antioxidants that are enzyme-based, accomplish their
work by inhibiting, modulating, and ultimately
eliminating the effects of free radical reactions.
Through a series of chemical reactions, the antioxidant
enzymes turn potentially harmful oxidative products
info harmless water [28].
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Figure 5 (a) Photovoltaics properties of DSSCs with various dye
solution (inset image: fabrication of DSSC cell of five different
sensitisers), and (b) Open-circuit voltage decay (OCVD) of
several DSSCs with respect to different dye solution

Table 2 Photovoltaic performances of DSSCs with respect to
various natural dyes sensitiser

25

Type of

sensitisers Jsc (mA/cm?) Voc (mV)  FF (%) n (%)
MS 0.48 560 42.66 0.11
CP 1.61 370 32.36 0.19
L 0.71 430 29.46 0.09
SO 0.73 530 40.18 0.16
MK 2.48 580 32.90 0.47

The oxidative stress is caused by a variety of
pathophysiological conditions and oxidative products
such as reactive oxygen species (ROS) [29]. These ROS
are able fo interact with oxygen-dependent
mechanisms, leading to the destruction of
microorganisms and biological molecules like DNAs,
proteins, and lipids, and subsequently causing
chemical damage to these molecules [30, 31].
Meanwhile, when compared to other organic dyes, LI-
based cell has the lowest conversion efficiency and FF
at 0.09% and 29.46%, respectively. This is most likely
owing to a shortage of accessible bonds between the
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dye and TiO2 molecules, through which electrons can
be transported from the excited dye molecules to the
TiO2 layer [32]. The lower FF could be ascribed to the
dyes being less tightly bound to the TiO2 network,
which could result in greater recombination within the
cell [33]. From the findings, it was discovered that the
interaction between the sensitiser and the TiO2 layer is
critical in enhancing the energy conversion efficiency
of the DSSC.

Open-circuit voltage decay was studied by
monitoring the DSSC's during open-circuit voltage
without illumination under open-circuit conditions [34].
This technique can be used fo frace the progressive
loss of photo-generated electrons due fo
recombination by measuring the transient Voc as a
function of time after the light is furned off. When the
light is switched off with a shufter under a stable
voltage, Voc decays faster due to electron
recombination, which is related to the electron
lifespan [35]. As illustrated in Figure 5 (b), due to the
faster Voc decay rate, the recombination kinetics of
the photogenerated electrons in the CP cell became
faster, indicating that CP cell has the shortest lifetime
compared with other cells. The Voc decay is slower in
the cell constructed with MK dye, resulfing in slower
electrons recombination dynamics and a longer
lifetime in the cell constructed with MK dye. Therefore,
the MK cell has the highest number of
photogenerated electrons that can survive from the
back recombination process, and finally this
contributes to the highest conversion efficiency PCE.

4.0 CONCLUSION

Five distinct chlorophyll-based organic dye sensitisers
were successfully investigated in this work, and the
results were thoroughly discussed as the above. The
investigations into the dyes using UV-Vis spectroscopy
and FTIR spectroscopy demonstrated that all dyes are
suitable to be used as sensitiser due to their visible
absorption of chlorophyll pigment and the presence of
functional groups that can bond with the TiO2. Among
their functional groups are hydroxyl (OH) and carbonyl
(C=0) which play vital parts for the dye-to-TiO2
attachment of the cell. In addition, the optimal pH
condition (which leans toward alkaline) for the
chlorophyll-based cell is found to be one of the factors
associated with the observed improvement in the PCE.
This finding was made possible by the fact that
chlorophyll thrives in an alkaline environment. One of
the other most obvious properties that contributed to
the higher PCE was the lower back recombination of
the cell, which was measured by OCVD. This was one
of the properties that contributed to the higher PCE.
The MK-based cell displayed the slowest back
recombination of all the cells, which in tumn
contributed to the highest Jsc and Voc values. With alll
of its integrated properties, the MK cell demonstrated
the highest DSSC efficiency possible, which came in at
0.47%. In conclusion, organic dyes are a promising

alternative because they are simple fo produce,
readily available in a wide variety of locations, and
affordable. When combined with DSSC, it possesses
the potential to serve as a good sensitiser. In addition,
when all of the other components of the DSSC were
assumed to be constant throughout the cells (the
thickness of the TiO2 layer, the electrolyte, and the
counter elecfrode), the MK-based sensitiser
outperformed the MS-based sensitiser by a factor of
three in terms of its performance and PCE.
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