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ABSTRACT

The purpose of this study is to evaluate the effect of polar solvent acetone and ethanol
towards Morus nigra L. (Mulberry) anthocyanin dye extraction and suitable solvent
sensitization of the same extracted dye on mesoporous titanium dioxide (TiOz) for dye-
sensitized solar cells (DSSCs) applications. Polar extraction solvent, namely acetone, ethanol
and combination of polar protic and polar aprotic solvent of acetone and ethanol which
containing of 0.5% and 1% hydrochloric acid (HCI) were employed to extract anthocyanin
natural dye from Mulberry. The dye extraction effectiveness and dye active component was
analysed using-ultraviolet-visible spectroscopy and fourier transform infrared. Then, the
extracted dye sensitization over TiOz was monitored with current-voltage characteristic to
obtain the cell power conversion efficiency. The DSSCs equipped with Mulberry extraction
achieved the conversion efficiency in ranged of 0.0003% to 0.30%. Open circuit voltage and
current densities obtained ranged from 0.024 to 0.574 V and 0.0023 to 0.352 mAcm=2. The
performance of the fabricated cells was investigated at various pH values in presence of
acidic environment in Mulberry dye extractions. This work provide an insight into the
importance of choosing a right medium for photosensitizer as well as the favourable solvent
for mulberry anthocyanin dye adsorption on TiOz photoanode.
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1. INTRODUCTION

Breakthrough of using dye sensitization occurred in 1991 at Laboratory of Photonic and
Interfaces in Lusanne, Switzerland by Gratzel and his co-workers which was successful developed
a solar cell that have a combination of nano-structured electrodes with efficient charge injection
dyes [1], called as dye-sensitized solar cells (DSSCs). In DSSCs, a wide band gap semiconductor
oxide materials acts as photoanode which accepts electrons from the dye sensitizer. The dye
molecule regenerated by redox mediator system which regenerated electron at the counter
electrode by the electron passing thorough the load [2]. Each component in DSSCs structure
contributes towards the power conversion efficiency of the solar cell and the reliable design of
DSSCs is always the optimization and compensation between of different components [3].
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The use of green energy materials (natural dyes) in the fabrication of DSSCs has proved to be an
alternative source of energy production as it does not contain rare, harmful and inorganic
material of metal [4]. Extensive study focusing using natural dyes as a dye sensitizer instead of
using common dyes such as ruthenium (Ru) based complexes and synthetic dye. Natural dyes
exhibit unique advantages, such as easy to prepare, low cost, no pollution to environment and
have various colors of dyes which can appeared as multi-colored that responsible to be as semi-
transparent solar cells [5] that reflecting to visible region [6].

Anthocyanin is one type of natural plant pigment that used as a photosensitizer in application of
DSSCs. The structure of natural dyes or pigments used as sensitizer determines its attachment
strength to the semiconductor surface. Previous study reported that the dyes or pigments contain
of hydroxyl and carbonyl functional groups strongly bind on the surface of semiconductor oxide
material such as titanium dioxide [7]. Solid-liquid extraction using polar solvents like methanol,
ethanol and acetone under acidic conditions has been popular methods due to the recovery
anthocyanins and phenolic compounds from the plant materials [8]. The most commonly solvent
used for natural plant extraction are hydro-alcoholic solutions containing methanol, ethanol or
acetone at composition of 70-80% in water [9].

Mulberry (Morus nigra L.) is one of the most important species of the genus Morus and Moraceae
that was domesticated thousands of years ago and widely distributed worldwide. Study of
chemical composition of Mulberry come into consideration due to the use of Mulberry in large
extent for variety of purposes [9-11]. Mulberry fruits are rich in phytochemicals such as ascorbic
acid, phenolic compounds, anthocyanins and other flavanoid compound [10] that ascertained by
most of researchers. Previous study reported that Mulberry achieved power conversion
efficiency 0.21% which shows that Mulberry have a potential as dye sensitizer in application of
DSSCs [13].

The aim of this work to evaluate the effect of polar solvent ethanol and acetone on Mulberry dye
extraction and optimization the function of dye extraction as a potential dye sensitizer in
application of DSSCs. Mulberry is chosen due to availability in tropical areas as in native Malaysia
climate. Two solvents base on polar protic and polar aprotic solvent index namely acetone,
ethanol and combination of acetone and ethanol containing 0.5% and 1% hydrochloric acid were
employed to extract Mulberry anthocyanin natural dye. The adjustment pH by adding HCI to the
dye extract caused pigment absorption spectrum spreading [14] and could enhance the efficiency
of DSSCs [15]. The performance of extraction and functional group of anthocyanin exists on
Mulberry was analysed using UV-Vis spectroscopy and FTIR, respectively. The photovoltaic
properties of the DSSCs were carried out under an incident irradiation of 100 mW /cm2light bulb.
Photoelectrochemical analysis parameters including open-circuit voltage, short circuit current
density, fill factor and conversion efficiency were determined to evaluate overall cell performance

2. EXPERIMENTAL METHODS

2.1 Preparation of anthocyanin dye extraction

The dye used in this work has been extracted from Mulbery (Morus nigra L.) (Figure 1(a)) that
available from plants growing in the moderate Malaysia climate is selected. Mulberry fruit
changes the colour from green to black purple through red with maturity [16]. Two major
components of anthocyanins structure (Figure 1(b)) can be identified in Mulberry, namely,
cyanidin-3-0-glucoside and cyanidin-3-0-rutinoside as the major components [17].

68



International Journal of Nanoelectronics and Materials
Volume 14 (Special Issue) December 2021 [67-77]

(b)

Figure 1. Images of (a) Mulbery (Morus nigra L.) and (b) general structure of anthocyanin pigment [18].

In order to determine the Mulberry anthocyanins extraction protocol, different solvent solution
which are acetone and ethanol (v/v 1:2) and acetone were tested. 1g of fresh weight (f.w)
Mulberry were grinded and homogenized in 30 mL of solvent. Then, the extracts was filtered
using Whatman 125 mm filter paper, sonicated in an ultrasonic water bath for 10 minutes and
the pH values of extracts were measured. To investigate the pH control (Table 1) on the DSSCs
performance, the extraction of Mulberry was prepared by adding 0.5% and 1% HCI to the solvent
during extraction process. All dye solutions were stored at 4°C in darkness condition until were
used in order to avoid the degradation [19].

Table 1 Extraction solvent composition utilized in Mulberry extraction.

Non-acidified extraction (%) Acidified extraction (%)
Acetone (100, v/v) pH 5.2 Acetone: HCI (99.5:0.5, v/v) pH 1.5
Acetone: HC1 (99:1, v/v) pH 0.7
Ethanol (100, v/v) pH5.7 Ethanol HCI (99.5:0.5, v/v) pH 1.6
Ethanol: HCI (99:1, v/v) pH1.2
Acetone-ethanol (100,v/v)  pH5.5 Acetone-ethanol: HCI (99.5:0.5, v/v) pH1.4
Acetone-ethanol: HCI (99:1, v/v) pH 1.0

2.2 Preparation of DSSCs device

Glass treated with Indium Tin Oxide (ITO) conductive glass sheet (2 X2 cm) as photoanode, was
first cleaned with acetone and ethanol for 30 minutes in each step using ultrasonic bath and rinse
with DI water. Prepared slurry colloidal titanium paste (Evonik Degussa P25) was deposited onto
ITO glass surface by doctoral blade deposition technique employing glass rod and the prepared
film was annealed on a hot-plate at 450°C. Thickness of the deposited films were in range of 12
to 15 um. Counter electrode was prepared by holding conductive side of the ITO glass electrode
with tweezers at the tip of a candle flame for 30 seconds. The black-carbon soot counter electrode
was allowed to cool before used. Photoanode TiO, was sensitized by dipping in the dyes
extraction for 20 minutes. Coated glass TiO,/dye was rinse with water to get rid the any
unattached dye molecules on the surface of the film and withdrawn from any solution under a
stream of a dry air. Only the cells that have uniform colour of the TiO; surface were assembled as
a DSSCs device. Cells were fabricated by placing the counter electrode above the dye-sensitized
TiO; electrode in a sandwich technique and the gap between two electrodes were filled with the
iodide/triiodide electrolyte. Overall assembling process of DSSCs was shown in Figure 2.
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Figure 2. Graphical abstract of dye-sensitized solar cells fabrication.

2.3 Optical and photoelectrochemical characterization and measurement

Ultraviolet-visible spectroscopy (UV-Vis) absorption characteristic of Mulberry extracted were
measured using PerkinElmer Lambda 950 UV-Vis-NIR. Absorbance of Mulberry anthocyanin
extraction were recorded at wavelength 400 nm to 800 nm. All of measurements were made
directly after the sample preparation. Absorbance reading were made against acetone, ethanol
and mixture of acetone and ethanol, respectively. For each extraction, calibration curve was
conducted before the sample were measured. Fourier transform infrared (FTIR) was used to
probe the structure of dye molecules. FTIR spectra of dye extraction were measured between
4000 cm-! and 400 cm-! with a scan of 200 cm-! at interval on a PerkinElmer FTIR spectrometer
at room temperature.

For measuring performance of the dye as dye sensitizer in DSSCs, I-V characteristics were done
using Keithley Semiconductor Parametric Analyzer (Keithley 2400) instrument under light bulb
illumination of 100 mW/cm? and calibrated by using silicon reference photodiode. The
conversion efficiencies of the DSSCs are calculated from the short circuit current density (/s),
open circuit voltage (V,), fill factor (ff) and the intensity of the incident light (Pin) according to
equations (1) and (2), respectively.

[ Vmax -]max
= Ve Jse (1)
N (%) :%}Sj'ﬁxloo (2)

3. RESULTS AND DISCUSSION
3.1 Absorption spectrum of mulberry anthocyanin dye

All of the absorption peaks of mulberry extraction are closely related to the absorption peaks of
anthocyanin which indicates anthocyanin is the major components of the observed pigments as
reported earlier [19]. The UV-Vis absorption spectra of the mulberry extraction in polar aprotic
solvent of acetone are shown in Figure 3. As can be seen from the Figure 3(a), mulberry extraction
in acetone (MEA) solvent shows the presence of the two broader peaks at wavelength of 518 nm
to 544 nm and 656 nm to 670 nm. There was a shifted peak and strong absorption peak at
wavelength 508 nm in MEA with presence of 0.5% and 1.0% HCI. The absorption spectra shifted
usually interpreted in terms of the different solvation interactions between the polar groups of
the dye molecule and the solvent, and mainly depend on solvent polarity and hydrogen-bond [20].
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Figure 3(b) display the adsorption spectrum MEA onto TiO> film. Absorption spectra of TiO,-MEA
in 0.5% acid appear as higher peak which significant with absorption spectra of MEA (0.5% HCI).

Figure 4(a) and shows the absorption spectrum of Mulberry extraction in ethanol (MEE). MEE
with 0.5% HCI shows the relatively higher absorbance peak than MEE with 1% HCI due to the
optimum pH value of acidification of anthocyanin extraction which leads to a suitable protonation
reaction and the equilibrium shifts from the quinonoidal to the flavylium form [21] and strong
acid media may promote the hydrolysis of glycoside bonds [22]. MEE with 0.5% HCI resulted high
intensity and strong peak at wavelength 537 nm, while MEE and with 1% HCI obtained the
broader peak at 538 nm and 513 nm. When the MEE sensitized onto TiO, surface (Figure 4(b)),
the results show significant spectra with the absorption of extraction which the MME (0.5% HCI)
on TiO2 shows the highest intensity results. The results of MEE shows different performance with
MEA due to the effectiveness of polar aprotic for dye diffusion compare to polar protic solvent as
the intensity of absorption decreases from acetone to ethanol [23].
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Figure 3. UV-Vis absorption spectrum of (a) Mulberry extraction in acetone (MEA) and (b) TiO2
photoanode sensitized by mulberry extraction in acetone (MEA) in different acidity solvent.
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Figure 4. UV-Vis absorption spectrum of (a) Mulberry extraction in ethanol (MEE) and (b) TiO2
photoanode sensitized by mulberry extraction in ethanol (MEE) in different acidity solvent.
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Figure 5. UV-Vis absorption spectrum of (a) Mulberry extraction in mixture of acetone and ethanol
(MEA:E) and (b) TiO2 photoanode sensitized by mulberry extraction in mixture of acetone and ethanol
(MEA:E) in different acidity solvent.

Mulberry extraction in acetone-ethanol (MEA:E) solvent shows the presence of the two broader
peaks at wavelength of 537 nm and 662 nm (Figure 5(a)). In presence of acid, MEA:E with 0.5%
and 1% HCl shows a strong peak at wavelength 510 nm and MEA:E with 1% HCI shows the highest
intensity that proved acidified extraction can enhance the performance of the dye as acidified
solvents due to the sensitivity of pH anthocyanin of the extracted solvent and intense to improve
the solubility of the anthocyanins extraction [9]. Figure 5(b) display the MEA:E onto TiO;
photoanode. The mixture solvent in 1% HCI boost the performance of extraction when sensitized
on TiO; surface. This stipulates that mulberry anthocyanin dissolves better in mixture of polar
solvents acetone and ethanol. The UV-Vis spectra indicated that the stability of anthocyanins from
mulberry pigment was strongly influenced by pH-value. However, increasing of pH resulted the
anthocyanin occurs as a mixture of various equilibrium forms in proportions with unknown for
practically all anthocyanins [16]. Combination factors will determined the optimal condition of
the extraction in order to obtain suitable yield of anthocyanins [24] and also to achieve high
effectiveness in extraction process [25]. Thus, the different of the absorption spectra in each
solvent and pH indicated the stability of anthocyanins from mulberry. The addition of acid
increase the colors intensity as acid can improve the stability of anthocyanin [26] as well as the
identical component in the chemical structure [27].

3.2 FTIR spectra studies of mulberry anthocyanin dye

The plotted FTIR spectra of extracted mulberry in acetone (MEA) solvent is showed in Figure
6(a). In the FTIR spectrum of MEA, a strong and broad band at 3418 cm-! due to the bonded -OH
groups. The peak between 2920 to 2933 cm! is corresponds to the -CH stretching vibration.
Without presence of acid in acetone solvent, the strong vibration was occurred at 1704 cm-! that
assigned to the vibration of carbonyl (C=0) in anthocyanin. In presence of HCl acid, the peak was
existed at 1600 cm-! which correspond to the C+C stretching vibration. However, the spectra
shows the different of vibration peak in MEA with 1% HCI at nearly 1000 cm-!, which cannot be
explained.

As seen in Figure 6 (b), MEE with presence of acid environment resulted the same spectra pattern
as without presence of acid. MEE shows the strong broad adsorbtion spectrum at 3311 cm-1that
indicate the -OH streching. A small shoulder at 2974 cm-! peaks corresponds to the symmetric
and antisymmetric —-CH streching vibration modes of methyl and methylene groups [28],
repsectively, was observed. Medium peak at 1414 cm-! attributed to the O-H bending, while a
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strong peak at 1087 cm is attributed to the C-O streching vibrational modes of acid and
carbohydrate groups. An examination of MEA:E (Figure 6(c)) revelas that the spectra exhibit
broad absorption in the range of 3000 cm-! to 3500 cm-! with wide and strong band at 3391 cm-!
(without HCI), 3338 cm-! (0.5% HCI) and 3348 cm-! (1% HCI), respectively, which attributed to
the -OH streching and due to the wide variety of hydrogen bonding between OH groups. In
presence of acid in MEA:E, the peak was existed at 2885 cm-! that assigned to -CH streching and
a sharp peak at around 1650 cm-, corresponds to the C=C streching vibration that can be
correlated with the streching of aromatic C=C in anthocyanin. In this spectrum also, a small
shoulder in range of 1420 cm! which assigned to the -OH bending that occurred due to the
presence of alcohol.
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Figure 6. FTIR spectra of extraction in different solvent and pH; (a) Mulberry extraction in acetone (MEA),
(b) Mulberry extraction in ethanol (MEE) and Mulberry extraction in mixture of acetone and ethanol
(MEA:E)

As seenin Figure 6 (b), MEE with presence of acid environment resulted the same spectra pattern
as without presence of acid. MEE shows the strong broad adsorbtion spectrum at 3311 cm-! that
indicate the -OH streching. A small shoulder at 2974 cm-! peaks corresponds to the symmetric
and antisymmetric —-CH streching vibration modes of methyl and methylene groups [28],
repsectively, was observed. Medium peak at 1414 cm-! attributed to the O-H bending, while a
strong peak at 1087 cm is attributed to the C-O streching vibrational modes of acid and
carbohydrate groups. An examination of MEA:E (Figure 6(c)) revelas that the spectra exhibit
broad absorption in the range of 3000 cm-! to 3500 cm-! with wide and strong band at 3391 cm-!
(without HCI), 3338 cm! (0.5% HCI) and 3348 cm-! (1% HCI), respectively, which attributed to
the -OH streching and due to the wide variety of hydrogen bonding between OH groups. In
presence of acid in MEA:E, the peak was existed at 2885 cm-! that assigned to -CH streching and
a sharp peak at around 1650 cm-!, corresponds to the C=C streching vibration that can be
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correlated with the streching of aromatic C=C in anthocyanin. In this spectrum also, a small
shoulder in range of 1420 cm-! which assigned to the —-OH bending that occurred due to the
presence of alcohol.

3.3 Photoelectrochemical properties

The most significant parameter to determine the performance of the sandwich-type solar cells
cells using Mulberry dye extraction in diferrent type of solvent (TiO:-dye/electrolyte/carbon
counter electrode) are the current density, Js, and open circuit voltages, v, were determined by
obtaining the current-voltage potential curves displayed in Figure 7(a), Figure 7(b) and Figure
7(c). The short circuit current, density, open circuit voltages, fill factors and efficiencies extracted
from these J-V curves are summarized in Table 2.
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Figure 7. Photocurrent-voltage characteristics of DSSC fabricated with (a) Mulberry extraction in acetone
(MEA), (b) Mulberry extraction in ethanol (MEE) and Mulberry extraction in mixture of acetone and
ethanol (MEA:E)

Table 2 Effect of extracting solvent and pH in Mulberry extraction dye towards the DSSCs performance.

Solvent Voc (V) Jsc (mA cm2) FF 1 (%)
MEA 0.272 0.093 5.051 0.13
MEA (0.5%) 0.138 0.089 24.008 0.30
MEA (1.0%) 0.128 0.047 5.477 0.03
MEE 0.180 0.033 268.052 0.16
MEE (0.5%) 0.574 0.0023 0.176 0.0003
MEE (1.0%) 0.024 0.0467 139.841 0.16
MEA:E 0.180 0.114 1.399 0.03
MEA:E (0.5%) 0.194 0.352 1.832 0.12
MEA:E (1.0%) 0.272 0.162 1.887 0.08
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As shown in Table 2, the efficiencies observed in this study significantly low compare to other
type of dyes. The short circuit current obtained for the DSSCs sensitized with MEA, MEE and
MEA:E without presence of acidic environment were, 0.093, 0.033 and 0.114 mAcm-2, while the
open circuit voltage ranged from 0.272, 0.180 and 0.180 V, respectively. The low performance of
current densities of the cells may be attributed to the how fast the charge is injected into the
conduction band of TiO [29]. The conversion efficiency for the devices cell in acetone, ethanol
and mixture of acetone-ethanol obtained the percentage power conversion of 0.13%, 0.16% and
0.03%, respectively. Previous research [13], [30], [31] also shows that DSSCs sensitized by
natural dyes resulted low performance on conversion efficiency that might be due to the lack of
available bond in between dye molecules with TiO, surface. As observed, in presence of acid, the
device responded the different performance in all types of solvent. Obviously, the results shows
the a significant impact of the pH on the device performance. As observed on Table 2, photovoltaic
properties of the DSSCs sensitized with Mulberry in presence of acid on dye extracted shows the
efficiencies in ranged of 0.0003% and 0.30%. It is obvious that there is significant impact of the
pH on the cell performance. However, based on overall results obtained, the value of fill factor are
higher than one which is not applicable for photovolatic device. Previous research also reported
the highest one FF value which using red cabbage as a dye sensitizer [32]. The reason for this
behaviour unclear and requires further investigation.

4. CONCLUSION

The implementation using muberry dyes shows the potential and the strong candidate of nature-
based dyes to be apply in DSSCs application. Importantly, the results showed the optimal
performance and condition of the dye extraction compared to other natural dyes employed so far
by other groups. The absorption spectrum indicate the maximum peak in ranged of 450 nm to
550 nm in all types of polar solvent extraction. The FTIR ananlysis shows the presence of carbonyl
(C=0) and hydroxyl group (-OH) functional active group in Mulberry dye which ascribed in
anthocyanin pigment. The conversion efficiency achieved in this work ranged of 0.0003% to
0.30% which MEA (0.5% HCI) achieved as highest efficiency at pH 1.5. Based from the obtained
results, proved that ethanol was not suitable solvent for mulberry extraction dye. Thus, it shows
that extraction pH and solvent has a crucial impact on the fabricated cell. Low conversion
efficiency might be due to the short time duration of dye adsorption which governs the amount
of dye to be absorbed which influencing the overall cell performance. However, the scientific
reason behind this kind of behaviour interaction between anthocyanin dye from mulberry and
polar solvent medium still in questioned and the results demand some additional studies on
mulberry dyes as photosensitizer.
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