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technology the weaknesses are also discussed.

1. Introduction

The increase of energy consumption in Indonesia in the interval of a decade reached about 82%
[1]. Currently, the need of energy is supplied by conventional and non-renewable energy sources,
such as coal, and gas and oil. Despite the decrease of energy sources, the need of energy keeps on
increasing. It was reported that the coal reserves are only available for another 6 decades [1]. To
overcome this problem, an alternative energy source is needed to reduce the dependence on non-
renewable energy sources.

Among the growing rapid renewable energies are wind and solar energies. The renewable energy
sources are clean and freely available. The main obstacle with these two types of energy is the
inconsistent supply. Wind turbine requires large land area, the development of wind farms on
productive land raises problem to the surrounding [2]. The land use for wind generator decreases
the agricultural and settlements areas. Solar energy is only available during the day when the weather
is sunny (not cloudy or rainy). Meanwhile, wind energy is available at times that are often
unpredictable (sporadic), and fluctuate greatly depending on the weather or season. To overcome
the above problems, hybrid techniques are widely used to combine several types of power plants,
such as wind, solar and diesel energy generation, wind and solar energy generation, wind and diesel
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energy generation. In this hybrid technique, the battery is generally used as temporary energy
storage, and a controller is used to optimize the energy consumption of each source and the battery,
according to the load and energy availability of the energy source used. Islam et al., [3] presented
previous studied about improvement of conversion efficiency of CZTS solar cells and future
application of thin film solar cell.

The application of solar energy in Indonesia is obstructed by the high investment costs. In
addition, the main equipment for solar power generation, i.e., photovoltaic modules, is still imported,
while the low efficiency of photovoltaic modules of about 16% resulted in the very high price of solar
energy. Therefore, to increase the installed capacity of solar power generation, government
regulations need to be issued. The addition of local content supporting tools to the manufacture of
solar power generation is another alternative. It is believed to reduce the cost of solar power
generation that becomes more reasonable as an alternative power plant [4].

Silicon solar cells are currently the most widely used solar cells, as the first generation solar cells.
However, the high cost of producing silicon makes its consumption cost more expensive than that of
fossil energy sources. The generation of low costs solar cells could be prepared from organic
semiconductor materials. This is because organic semiconductors can be synthesized in large
guantities. However, its efficiency is far below that of silicon solar cells. Therefore, research on
organic material as material for solar cells still needs to be developed.

Given these weaknesses, a dye-sensitized solar cell (DSSC) was developed, which is a third-
generation type of solar cell that utilizes photo electrochemical principles. This type of solar cell is
believed to be able to provide alternative energy concepts at a more affordable cost of production
and with simpler fabrication technology than its predecessor solar cells made from crystalline silicon.

Based on the description above, it is important to study the current progress of the development
of natural dyes-based DSSC as a renewable energy source. Therefore, the aim of this study is to
review the literature on the use of natural dyes on DSSC performance, and their advantages and
disadvantages for DSSC applications. Moreover, alternative form of natural dyes, production
technology, and their advantages and disadvantages are also discussed.

2. DSSC Overview

The DSSC structure consists of an anode photo electrode, a counter electrode used as a cathode,
sensitizer, and electrolyte as given in Figure 1 using Titanium dioxide (TiO2) (semiconductor) based
electrode.

The two electrodes of DSSC i.e., an anode or photo or working electrode and a cathode or counter
electrode, generally made of transparent conductive glass coated with transparent conductive oxide
such as Titanium dioxide, Indium or Fluorine-doped tin oxide. The transmission of indium doped tin
oxide (ITO) is higher than that of fluorine doped tin oxide (FTO) while the resistance of FTO sheets is
smaller than that of ITO. The resistance of ITO sheets increases drastically by the increase of
temperature during the sintering process, while the resistance of FTO sheets remains the same
during the sintering process. TiO2 is commonly utilized in the applications of solar energy. This is due
to the large band gap, suitable band edge levels for charge injection and extraction, long lifespan of
excited electrons, exceptional resistance to photo corrosion, nontoxicity and low cost fabrication
process. Naturally, crystalline TiO; is available in the forms of anatase, rutile, and brookite. Anatase
is the most suitable type for DSSC application for its superior charge transport nature [6].
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DSSC performance is measured by several factors, i.e., open circuit voltage, short circuit current,
charge factor, maximum voltage, and maximum cell current. When sunlight hits the DSSC surface,
the dye molecules collect photons and produce excited electrons. Sensitizer inserts the excited
electrons into conduction band of nanoporous semiconductor film. The lost-electrons dye molecule
is then oxidized. The injected electrons move through a thin non-porous TiO; film towards
transparent conductive electrode (working electrode). Electrical energy is sent, followed by the
return of electrons through the external load, reach the counter electrode, and complete the entire
circuit.

il iy
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TCO glass TiO2  Dye Electrolyte Pt TCO glass

Fig. 1. Scheme of Dye Sensitized Solar Cell [5]

Dye concentrated solar cells have received increasing attention regarding their ability to generate
renewable energy due to their simple and easy fabrication as well as low cost of cell production. In
the last few years, many researchers have concerned in the research of DSSC. The system has high
photovoltaic performance, especially at low light environment. Moreover, it is also flexible in terms
of color and display. The simple fabrication procedure and low cost process are other value-added of
the system.

Sensitizer absorbs solar radiation that increases cell conductivity. The sensitizer, composed of
carboxyl and hydroxyl groups needed for proper binding of semiconductor, exhibits maximum
absorbance of the visible solar radiation area to infrared area and not rapidly degraded [7].
Sensitizers can be metal complexes, metal-free organic compounds, and natural sensitizers. Metal
sensitive sensitizers are expensive, rare and toxic, although they show the highest cell efficiency [8,9].
Figure 2 describes the highest efficiency of 11-12% that was obtained by applying DSSC sensitized by
Ru-containing compounds [10,11].
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Fig. 2. Performance of Dye Sensitized Solar Cell [11]
3. Natural Dyes-based DSSC

Plants generating raw materials of natural dyes are widely available in the world. Natural dyes
extensively applied in the fields of food, clothing and medicine. Application of natural dyes as a
medium for light absorption in Dye Sensitized Solar Cells (DSSCs) is also a major concern of
researchers. As sensitizer, dye plays an important role in absorbing sunlight and converting solar
energy into electric energy. The performance of dye-concentrated solar cells is mainly based on the
dye used as a sensitizer.

Some studies of natural dyes and their effect on various performance parameters of DSSC have
been carried out [12-16]. Das et al., [17] studied the use of several natural dyes from Malabar spinach
seeds, red spinach leaves, and pomegranate leaves as sensitizers. As the electrode, ITO glass coated
with TiO2 sol-gel paste was used. The electrodes were immersed in the dye solution overnight.
Characterization was carried out on the structure, morphology, capacitance, dielectric constant and
impedance as well as electrode current and voltage as a function of the type of sensitizer. It was
found that the Malabar seed extract was the most efficient as a sensitizer to solar energy converters.
Meanwhile, Godibo et al., [18] used natural dyes from several kinds of flowers to assess their
efficiency as sensitizer. The performance of natural dyes as sensitizers was measured based on short
circuit current (Jsc), open circuit voltage (V), charging factor (FF), and power conversion efficiency (n).
In general, as sensitizers, natural dyes are considered promising because they are environmentally
friendly, low production costs, and energy efficient.

Extraction of spinach leaves was carried out using acetone as solvent, while extraction of red
cabbage and onion skin was carried out using water as solvent [14]. The pigments of red spinach,
cabbage, onion skin are chlorophyll and anthocyanin. The dye was characterized using UV-vis
absorption, FTIR, and photoluminescence spectroscopy. The dye extract was used to sensitize solar
panels. The degradation of power conversion efficiency was monitored during the week. The study
also investigated the effect of TiO, mesoporous layer on efficiency. The interface layer of natural dye
and TiO; was tested using electrochemical impedance spectroscopy.

Natural dye extract of pomegranate was used as sensitizer which is low cost and environmentally
friendly. The chemical composition, structure, morphology and optical characteristics of FTO glass
coated with TiO, and pomegranate dye were tested by atomic force microscopy, scanning electron
microscope (SEM), energy-dispersive x-ray spectroscopy, uv-vis and fluorescence spectroscopy. The
results showed an increase in the conversion of solar energy into electricity [13].
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A photo electrode as a sensitizer was developed with several types of natural dyes to increase
the efficiency of solar cells [15]. Extraction of natural dyes was carried out by maceration technique
for a day with methanol as solvent. Photovoltaic characteristics such as efficiency, charge factor,
open circuit voltage and short circuit were assessed using a solar simulator and a source unit of
measurement.

Pigments extracted from pure carminic acid, papaya peel and microalgae Scenedesmus obliquus
were tested as Titania solar cell sensitizers. Papaya peel extract and chlorophyll extract obtained from
the microalgae Scenedesmus obliquus were tested for the first time as a sensitizer on Titania solar
cells. It was found that CA-sensitive cells provided good photo generation despite having
recombination problems. PA and Chl sensitive cells present little photo generation but high
recombination resistance (Rrec) [16].

The study conducted by Igbal et al., [19] revealed the progress of DSSC performance by
incorporating natural photosensitizers such as chlorophyll, anthocyanin, flavonoids, carotenoids, and
betalains extracted from various fruits, vegetables and flowers. Cost effectiveness and easy synthesis
make natural dyes a good competitor to synthetic dyes. Application of natural dyes as sensitizer in
the DSSC was recommended due to the higher efficiency for the next generation of photovoltaic
devices. EI-Ghamri et al., [20] reported their study about application of some plants as natural dyes
for DSSC. They compared the performance of Safflower (Cathumus tincrorius), Senna (Cassia
angustifolia), Calumus draca (Dracaena oinnabari), Carya illinoensis, Rheum, Roselle (Hibiscas
sabdarriffa), Rosa damascena, and Runica granatum as DSSC’s dye. Evaluation on the performance
of each natural dye in term of current density voltage revealed that safflower provides the highest
photo electrochemical performance (Jsc = 1 mA/cm?, Voc = 0.390 V, FF = 0.24, and 1 = 0.1). Safflower
was the applied in the following study on the research. The sintering temperature of photo electrode
was varied from 250° to 600°C at the interval of 50°C. After sintering process, the sample was dyed
in safflower extract to investigate the best performance of photoelectrical response at 100mW/cm.
It is illustrated in Figure 3 that the highest response was generated by the system sintered at 400°C.
Higher photocurrent density could be achieved by loading more dye, resulted by large surface area
and high porosity. The deterioration of cell efficiency could occur as a result of excessive temperature
which leads to the reduction of surface area. Summary of previous studies on the application of
natural dyes for dyes sensitizer is given in Table 1.
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Fig. 3. (a) Current density voltage of DSSC at various sintering temperatures; (b) Current density voltage

of DSSC at various photo electrode thicknesses
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Table 1

Application of natural dyes for dyes sensitizer

Material 1 (%) Isc (mA)/cm? Voc (mV) Fill Factor (%) Reference

Pomegranate 2 12.2 390 0.41 Ghanetal,

Blackberry 1.4 11.16 470 0.26 [13]

Cranberry 1.2 6.78 410 0.42

Blueberry 0.4 2.72 420 0.38

Spinach 0.171 0.41 590 58.76 Ammar et

Onion Red cabbage 0.064 0.24 480 46.63 al., [14]

Spinach 0.060 0.21 510 46.61

Maqui 0.0006 60 4,73 Cerdaetal.,

Black Myrtle 0.04 40 4.89 [15]

Spinach 0.005 10 3.03

Spinach — Black Myrtle 0.009 39 0.59

Papaya Peel 0.093 0.232 576 69.5 Orona-
Navar et al.,
[16]

Malabar spinach seeds 9.23 0.71 0.487 Das et al.,

Red Spinach 4.69 0.505 0.514 [17]

Pomegranate 3.08 0.41 0.479

Amaranthus caudatus 0.610 1.82 0.55 61 Godibo et

Bougainvillea spectabilis 0.325 1.11 0.5 58.6 al., [18]

Delonix regia 0.031 0.114 0.47 57.9

Nerium oleander 0.013 0.046 0.5 57.5

Spathodea companulata 0.003 0.013 0.46 44

Safflower 0.100 1 0.390 24 El-Ghamri

Senna 0.039 0.37 0.371 30 et al., [20]

Roselle 0.004 0.08 0.259 23

Rheum 0.022 0.31 0.259 27

Calumus draca 0.030 0.31 0.348 28

Carya illnoensis 0.025 0.46 0.229 18

Runica granatum 0.010 0.23 0.300 21

Rosa damascena 0.009 0.28 0.170 20

Black Rice 0.551 0.52 Haoetal.,

Erythrina 0.484 0.55 [21]

Variegata 0.492 0.52

Rosa xanthina 0.441 0.62

Kelp 0.412 0.63

Capsicum 0.682 0.67

The advantages of natural dyes as sensitizer can be described as follows

The application of natural dyes is a promising development in this field of technology. The
revival of natural dyes occurred in the last two decades, along with the increase of costumer
awareness of environmentally friendly products and technologies. The emergence of
carcinogenic issues possessed by synthetic dyes strengthens the position of natural dyes.
Natural dyes reduce the high cost of metal complex sensitizers and replace expensive
chemical synthesis processes through a simple extraction process. Abundant natural dyes,
easy to extract and safe ingredients thus harmless to environment. It can be extracted from
flower petals, leaves, roots and bark in the form of anthocyanin pigments, carotenoids,
flavonoids and chlorophyll.

In addition, the production of natural dyes requires only a simple procedure so as to reduce
costs.
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On the other hand, the disadvantages of natural dyes as sensitizer are as follows

i.  One of the main obstacles in the utilization of natural dyes is the long extraction process.
Conventionally, raw materials of natural dyes are selected according to the required
characteristics. After going through the sorting process, the material must be cleaned and
crushed, then extracted.

ii.  Apart from the long process, the stability of dye extract is another problem that it must be
immediately used after preparation. The distribution process of dye extract is also a serious
problem. The colors produced by natural dyes are unrepeatable that for large-scale
production, uniform colors are unreachable.

4. Alternative Natural Dyes Powder

The use of natural dyes as sensitizers has been studied; however, it has not reached optimal
results. DSSC efficiency could be increased by using a dye solution with controlled concentrations. It
is expected that by applying natural dyes powder as a sensitizer, the problem can be solved.

The unstable nature of natural dyes extract that is in liquid form makes it must be immediately
used. Therefore, ready-to-use natural dyes and can be stored longer are needed to be applied
according to the required concentration, with a relatively short preparation process and stable
properties. The presence of natural dyes powder has practical characteristics like synthetic dyes
powder.

New coloring methods were developed to achieve a standardized process. The combination of
application of natural ingredients as well as modern technology to produce natural dyes powder
generates a practical and environmentally friendly product. Studies regarding the conversion of
extracts into natural dye powders have been carried out [22,23]. In these researches, natural dyes
powder applied as a textile dye was produced. They generated stable natural dyes powder with a
uniform color. In addition to textiles, good quality natural dyes powder is possible to be applied to
solar cells as a medium for sunlight absorption.

To produce purified dye powders, the dye must first be extracted from the raw materials and the
obtained extract is then concentrated or dried to obtain a liquid or powder concentrate that is ready
for use. The extraction process is governed by various factors such as type and concentration of
solvent, temperature, extraction time, and particle size of raw materials. Production process of
natural dyes powder is given in Figure 4.
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Fig. 4. Production process of natural dyes powder [24]

Natural dyes extraction method is determined based on the availability of equipment, as well as
the advantages and disadvantages of the method. The most widely used methods are extraction,
fermentation, and solvent extraction [25]. The extraction methods are described as follows

i. Conventional extraction

This is the simplest method; however, it requires long time, large container, and high
temperature. Parameters and operating conditions during the extraction process, i.e., type and
volume of solvent and extraction time, need to be taken into account to produce high extraction
efficiency. The extraction process with water as solvent is carried out at temperature of 90-100°C
[26-28]. The extract must be filtered to separate the dregs which can contaminate the textile
material. In automatic machines, it can clog pumps and spinnerets. In addition, low density raw
materials require large processing volumes.

ii. Fermentation

The fermentation method does not require high temperatures, but it may take longer time. The
growth of bacteria during fermentation causes an unpleasant odor. Fermentation refers to the use
of bacteria to form lactic acid. The extraction of indigo dye is carried out through fermentation
process. During fermentation, indicans in the leaves are hydrolyzed to form indoxyl and glucose
through endogenous B-glucosidase which followed by oxidation process to form indigo as the impact
of air contact [29]. Fermentation reduces insoluble material of indigotin to be soluble material of
alkaline. Fermentation could enhance the color fastness [30].
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iii. Solvent extraction

Solvent extraction could optimally generate natural dye at a lower temperature thus minimizing
fiber breakdown. However, the use of solvents results in the environmentally unfriendly dyeing
method. Solvent extraction is reported to reduce dyeing costs with excellent color strength [31,32].
The raw material is extracted in a suitable solvent and then heated in a water bath for 1 hour at the
boiling temperature of the solvent.

iv. Ultrasound extraction

Ultrasound-assisted extraction can be performed at lower temperatures thereby preventing
thermal damage. This process is more efficient due to the mechanical influence of acoustic cavitation
which increases mass transfer and solvent penetration in the raw material by breaking down the cell
walls [33-35].

v. Microwave extraction

Microwaves are widely used in extraction due to their ability to generate high heat, increase the
reaction rate, and decrease the reaction time [27,36]. This technology is also able to significantly
increase product yield and quality. Ramadevi and Kalaiarasi [37] revealed that this method is simple,
environmentally friendly, and economical for extracting biologically active compounds from plants.
The minimal use of organic solvents put this method as a green technology. Microwaves increase the
mass transfer of dyes from raw materials of plant to the solvent medium [38].

After the extraction of raw material, the obtained natural dye solution is then dried to produce
the dye powder. The following are some of the commonly used drying technologies.

vi. Spray drying

Spray drying is the most common simple and cheap method for converting dye extracts to powder
form. The extract is sprayed into the storage tank through a fine-grained spray nozzle. There is
contact between the blown hot air in the tank with fine grains thus evaporates the solvent. The
obtained dry particles drop at the bottom of the tank. This method can be applied to heat-stable dye
molecules because the dry powder of the dye will come into direct contact with hot air [25,39-42].
Spray drying process is done by spraying extract solution into the drying chamber. This process could
be applied for materials that are soluble in organic solvents. The liquid is atomized using a nozzle; the
tiny liquid droplets are dispersed and contacted with hot air. The droplet dries quickly and falls to the
bottom of the dryer. This rapid evaporation process generates low grain temperatures that could
apply high drying temperatures without affecting product quality. The low product temperatures as
well as the short drying times allow spray drying to be utilized for heat sensitive products. Research
on application of spray dryer was done by Delvitasari [24] as illustrated in Figure 5.
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Fig. 5. Schematic diagram of spray drying process [24]

Prasetyo et al., [43] investigated the energy consumption of spray dryer machine for the
production of natural dyes powder from Caesalpinia Sappan Linn wood as shown in Figure 6. Prior to
the process, the reactor is heated to a temperature of 90°C. The compressor generates pressurized
air to spray the solution through the nozzle into the reactor. The mist is vaporized with hot air from
inlet blower inside the reactor. The water vapor and dry powder are flowed and separated in cyclone
A, B, and C. The formed dye powder is collected in the cyclone A, B and C.

vii. Vacuum drying

The extract can be concentrated under vacuum with a rotary evaporator. The dye concentrate
can be further purified by various solvents [25,44,45].

viii. Freeze drying

In this process, the natural dye extract is frozen and water is removed from the frozen extract
through a sublimation process by lowering the pressure. This equipment is relatively expensive with
high operating costs. However, this process is beneficial in term of low process temperature. The
conversion of dye extract into powder is harmless for heat sensitive dye molecules can be turned into
a powder at the freezing point [32,42,46,47].

The advantages of natural dyes powder for sensitizer application can be described as follows

i.  Natural dyes in form of solid or powder generated stable and uniform color characteristics. In
addition to textiles, good quality natural dyes powder is possible to be applied to solar cells
as a medium for sunlight absorption [48].

ii.  Natural dyes powder offers beneficial in the durability and simplicity of storage and
distribution. The generated color is more uniform; moreover, in the form of powder, it
provides much more stable dyes due to the very low water content [48].

On the other hand, natural dyes powder needs longer production process compared to the liquid
form as it still further processed via drying process. As a consequence, production cost becomes
increase.

Based on the description above, research on utilization of natural dyes powder as sensitizers is
believed to be prospective in contributing to knowledge and technology. Application of natural dyes

163



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 91, Issue 2 (2022) 154-167

powder is able to control sensitizer concentration thus generating qualified DSSC. Dye
standardization plays an important role in minimizing DSSC variability due to the different
characteristics of raw materials.
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Fluid Tanlk I
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Nozzle

Reactor

Cyclone &
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Outlet Blower

R L I R

Cyclone C

Fig. 6. Schematic diagram of spray dryer machine [43]
4. Conclusions

Natural dyes offer a promising sensitizer material for Dyes-Sensitized Solar Cell application. It
plays an important role in absorbing sunlight and converting solar energy into electric energy. The
performance of DSSC mainly depends on the dye used as a sensitizer. Although natural dyes still have
lower cell efficiency than metal-based sensitizers, they are environmentally friendly, low production
costs, and energy efficient. It is believed that the efficiency of DSSC could be increased by using a dye
solution with controlled concentrations. In this concern, instead of liquid natural dyes extract, natural
dyes powder can be an alternative for dye sensitizer as it has stable properties, can be stored for a
long time, and more importantly it can be used anytime. So that, production and application of
natural dyes powder for DSSC is important to be further studied.
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