
  

 

Abstract—The dye-sensitized solar cell (DSSC) is a new type 

of solar cell which converts the visible light into electricity by 

using the photoelectrochemical system. It is based on the 

sensitization of the wide band gap semiconductors which is 

made up of a sandwich-liked structure that consists of a 

semiconductor formed between a photo-sensitized anode and an 

electrolyte. In this research, we focused on the TiO2 

photoelectrode by evaluating the particle size of titania, 

determining the effects of molecular binder PEG towards TiO2 

paste preparation, as well as the effects of natural dye by 

comparing the blueberry, gardenia blue and yellow and red 

yeast dye,  and evaluating the effect of the multilayer of TiO2.  

 

Index Terms—Dye-sensitized solar cell, nano-particles TiO2, 

natural coloring, polyethylene glycol (PEG). 

 

I. INTRODUCTION 

The global energy consumption is increasing year by year. 

In 1998, it was 12.7TW, but in 2050, it is expected to be 

around 26.4 to 32.9TW and in 2100, it will increase up to 46.3 

to 58.7TW [1]. The yearly increase in global energy 

consumption will result in the rise of demands towards natural 

resources such as coal, petroleum and natural gas. These 

natural resources will take thousand of years to form and it 

cannot be replaced as fast as they are being consumed. 

Therefore, it is possible that problems may arive where we 

will be facing the shortage of resources which at the same time 

will caused in the rise of the harvesting expenses. As a result, 

the reliability on the other sources of energy, which is 

renewable will also rise.  

In this generation, a solar cell, which also known as 

photovoltaic cell is one of the promising options of renewable 

energy. A solar cell is a photonic device that converts photons 

with specific wavelengths to electricity. Solar cell is divided 

into two groups which are the crystalline silicon and thin film 

(Fig. 1). The first and second generation of photovoltaic cells 

are mainly constructed from semiconductors including 

crystalline silicon, III-V compounds, cadmium telluride and 

copper indium selenide/sulfide [2].  

The dye-sensitized solar cells (DSSC) which belong to the 

thin film group, emerged as a new class of low cost energy 

conversion devices with simple manufacturing procedures. 

Incorporation of dye molecules in some wide bandgap 

semiconductor electrodes was a key factor in developing 

 
Manuscript received June 11, 2014; revised August 24, 2014. 

Arini Nuran Binti Zulkifili and Fujiki Akira are with the School of 

Engineering, Shibaura Institute of Technology (SIT), 307 Fukasaku, 

Minuma Ward, Saitama City, Saitama 337-8570, Japan (e-mail: 

md13004@shibaura-it.ac.jp, a-fujiki@sic.shibaura-it.ac.jp). 

Terauchi Kento is with Yazaki Co., Japan. 

Matsutake Daiki is with Fujitsu Tokki System Limited, Japan.  

photoelectrochemical solar cells. Since the low cost solar 

cells have been the subject of intensive research work for the 

last three decades [3], Michael Gratzel and coworkers at the 

Ecole Polytechnique Federale de Lausene [4] succeeded to 

produce “Gratzel Cell” or which known as dye-sensitized 

solar cells that imitate the photosynthesis process by 

sensitizing a nanocrystalline TiO2 film using novel Ru 

bipyridl complex [5]. (Table I shown the comparison between 

two solar cells). 

Therefore, the dye sensitized solar cells (DSSC) (Fig. 2(a)) 

have been intensively studied as a new type of solar cells 

which composed of nanocrystalline porous semiconductor 

electrode which absorbed dye, a counter electrode and an 

electrolyte of iodide-triiodide ions. It is a device for the 

conversion of visible light into electricity, based on 

photosensitization produced by the dyes on the wide band-gap 

mesoporous metal oxide semiconductors. This sensitization is 

due to the dye absorption of a part of the visible light spectrum. 

The sensitized dye works by absorbing the sunlight which 

then convert it into electrical energy. 

The operation principle of DSSC is displayed in Fig. 2(b). 

It can be divided into following flows [6]:  

1) An electron passed through a cycle of excitation; 

2) Injection in the TiO2, and the iodine reduction occur at 

the counter electrode and the electron passing through 

TiO2 to the electrode; 

3) External work of electron;  

4) Diffusion in the electrolyte; 

5) Regeneration of the oxidized dye. 

Recently, titanium dioxide (TiO2) has attracted attention 

from researchers worldwide due to its potential applications 

in environmental protection and energy generation [5] and has 

been applied largely in DSSC due to its nanocrystalline 

mesoporous nature that translates to high surface area for dye 

adsorption. The absorbed dye molecules can then be excited 

by the solar energy to generate electron-hole pairs that are 

subsequently separated and transported within the lattice of 

TiO2 [7]. The absorption spectrum of the dye and the 

anchorage of the dye to the surface of TiO2 are important 

parameters in determining the efficiency of the cell [8]. Since 

the dye plays an important role in absorbing visible light and 

transferring photon energy into electricity, much attention has 

been paid to survey the effective sensitizer dyes [9]. 

Several metal complexes and organic dyes have been 

synthesized and used as sensitizers including porphyrins [10], 

platinum complex [11] and others. Ru-based complexes 

sensitizers have been widely used because they have better 

efficiency and high durability. However, these advantages are 

offset by their high cost and tend to undergo degradation in 

the presence of water [12]. Besides, it is also regarded as 

highly toxic and carcinogenic. 
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TABLE I: COMPARISON BETWEEN SEMICONDUCTOR BASED SOLAR CELL AND THE DYE-SENSITIZED SOLAR CELL (DSSC) [3] 

 Semiconductor Solar Cells Dye-Sensitized Solar Cells 

Transparency Opaque Transparent 

Pro-environment (material & process) Normal Great 

Power generation cost High Low 

Power generation efficiency High Normal 

Color Limited Various 

 

 
Fig. 1. Type of solar cells.  

 

 
Fig. 2. (a) The structure of DSSC and (b) The mechanism of DSSC. 

Therefore, in order to overcome these problems, we chose 

to use natural pigments as sensitizing dye. Unlike the artificial 

dyes, the natural dye is easily available, easy to prepare, low 

cost, non-toxic, environmental friendly and fully 

biodegradable [13]. In most cases, their photo activity is due 

to the presence of anthocyanin family [14]-[16]. 

Anthocyanins from strongly colored fruits, leaves and flowers 

are capable of attaching to TiO2 surface and inject electrons 

into the conduction band of TiO2 [17], [18]. In DSSC, natural 

pigments extracted from fruits and vegetables such as 

anthocyanins which is the blueberry, had been proven to be 

applicable of producing high power efficieny. However, 

gardenia (blue and yellow) [19] and red yeast are still new and 

need further research.  

Besides that, in order to have a crack free and high 

efficiency of TiO2 photoelectrode, we need to use a binder. In 

this current research, we chose to use polyethylene glycol 

(PEG) as the binder. PEG is a non-ionic surfactant commonly 

utilized in thin film fabrication as a structure directing agent, 

owing to its favorable burnout characteristics, low glass 

transition temperature and good solubility in water and 

organic solvents [20]-[24]. The presence of binder in an 

appropriate amount can produce a crack free photoelectrode 

besides improving the strength and density of the 

photoelectrode after sintering [25], [26].  

By combining the best condition for each parameter, we 

conducted the final experiment which is the multilayer TiO2 

photoanode. The power produce of a DSSC is depending on 

the thickness of the photoanode. Hence, the experiment was 

conducted to determine the maximum thickness of the TiO2 

photoanode since the multilayer TiO2 research is still new and 

need further research. 

 

II. EXPERIMENTAL PROCEDURE 

A. Examined Materials 

For fabrication of DSSC, TiO2 powder (Ishihara Sangyo 

Company, ST-01), acetic acid (Kanto Chemical Company), 

pure water, polyethylene glycol 400mol (Wako Pure 

(a) 

(b) 
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Chemical Industries), polyethylene glycol 20000mol (Wako 

Pure Chemical Industries), acetylacetone (Kanto Chemical 

Company, JIS K 8027), iodine electrolyte, graphite carbon 

pencil, and FTO (Fluorine doped SnO2 coated glasses) were 

used in this research. For the dye, gardenia - blue (Gaban 

GSO Company), gardenia - yellow (Gaban GSO Company), 

red yeast (Gaban GSO Company) and frozen blueberries were 

used.  

Experimental steps were done in three parts, which are the 

preparation of the cathode electrode (TiO2 photoelectrode), 

preparation of the anode electrode (carbon counter electrode) 

and the preparation of the dye-sensitized solution. 

B. Preparation Method 

The DSSCs were composed of a TiO2 photoelectrode 

which were immersed in a dye solution, a Carbon counter 

electrode and the liquid electrolyte. Therefore, in these 

experiments, we divided the preparation method in three 

methods which based on each layer that require different 

preparation method.  

The TiO2 films were made by spreading TiO2 pastes on the 

fluorine-doped SnO2 conducting glass (FTO) by the spin 

coating technique. TiO2 paste were prepared by mixing- 

grounding the TiO2 powder with distilled water, acetic acid, 

acetylacetone and polyethylene glycol (PEG). Extensive 

stirring were proceeded to ensure complete dispersion of TiO2 

nanoparticles and to facilitate the spreading of the colloid on 

FTO glass [9]. Droplets of each paste were placed onto the 

FTO glass, on the turning table of a spin coater. Adhesive 

tapes were placed on the edges of FTO glass to form a guide 

to spread the pastes for about 10 seconds. Then, the TiO2 was 

sintered at 450°C for 60 minutes. The resulted electrode were 

then cooled down to 80°C. Thickness of the TiO2 film was 

controlled by multiple coating processes in which the coated 

substrates were subjected repeatedly to spin-coating and 

drying steps.  

To prepare the Carbon counter electrode, the FTO glass 

was wiped with ethanol. Then, the FTO glass surface was 

colored by using graphite carbon pencil. After that, the 

surface was checked to ensure that there was no space that the 

carbon did not cover.  

The preparation of the dye-sensitized solutions varries 

based on the dye chosen. For the anthocyanin (blueberry) dye, 

20 frozen blueberries were left to defroze. No water was 

added into the solution. Cathode electrode was then immersed 

in the dye solution for six hours. After that, the surface of the 

TiO2 photoelectrodes were cleaned by using the ethanol to 

ensure that there were no blueberry remained on top of the 

TiO2 surface. For gardenia-blue dye and gardenia-yellow dye, 

20 droplets of each dye were mixed with 15ml of pure water. 

It was then left for six hours for gardenia-blue dye and four 

hours for gardenia-yellow solution. All of these were carried 

out at 21°C, without the presence of light. The TiO2 

photoelectrodes were then taken out of the dye solution, and 

dried using the dryer for two minutes at temperature around 

40°C to 42°C. 

In the preparation of liquid electrolyte, 10ml of ethylene 

glycol was added into a beaker. Then, 0.127g of iodine (I2) 

was added into the beaker containing ethylene glycol. After 

that, 0.83g of potassium iodide was added. By using the glass 

rod, the mixture was mixed until there was no grain of iodine 

and potassium iodide can be seen.  

C. DSSC Assembling  

The cathode electrode and the anode electrode were put 

together, overlapping each other, and a space at the end of 

each electrode was made. Next, both electrodes were fasten 

using the double clip. Three drops of iodide solution were 

added at the end of the electrode and the solutions were 

spread over the entire electrode. Then, the remaining iodide 

solution were wiped off using cotton swab soaked with 

alcohol. After that, a tester with crocodile clip were attached 

at both ends of the electrode. The experiment was conducted 

under the halogen lamp (110V, 250W).  

 

III. RESULTS AND DISCUSSION 

In this research, we conducted a few experiments in order 

to find the best power production for this research. The 

experiments were divided into four parts, which is the titania 

particle size evaluation, the effect of molecular binder PEG to 

TiO2 paste, the effect of dye and the thickness of TiO2 layer. 

A. Titania Particle Size Evaluation Experiment 

Based on Table II, as the size of the particle increases, the 

contact area between the conductive surface and the 

dispersion is insufficient and this will decrease the Coulomb 

force between the titania particles, and thus, will lead to the 

inconstant film thickness when being applied using the spin 

coating technique as the titanium dioxide particles does not 

dispersed completely. After the film application, we can see 

that the film thickness is not constant besides having cracks 

and holes on the surface. This will then lead to the low and 

unstable power generation. The presence of cracks, holes and 

inconstant film thickness made the sintering process difficult 

which made the movement of electron throughout the titania 

electrode is limited. 

 
TABLE II: TITANIA PARTICLE SIZE EVALUATION 

Particle 

size 

[nm] 

Uniformity 

of the film 

thickness 

Surface 

condition 
Sinterability 

Power 

 Stability 

7 △ ○ ◎ ◎ 

60 x x △ △ 

160 x x x x 

◎: Excellent   ○: Good 

△: Acceptable     ×: Not acceptable 

 

From the experiment conducted, we can conclude that the 

best TiO2 powder’s particle size is 7nm. It has the best 

condition for sintering and the most stable power produced 

besides having the uniformity of the film thickness and good 

surface condition. The mesoporous photoelectrodes films 

composed of small-sized TiO2 nanocrystalline particles have 

the advantages of providing a large surface for greater dye 

adsorption and facilitating electrolyte diffusion within their 

pores [27]. 

B. The Influence of Binder Molecular Weight (PEG) 

towards the Power Production 

Based on result in chapter A, the titania particles with the 
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diameter of 7nm was evaluate to have the best characteristics 

to be applied for this current research. Therefore, by using 

7nm titania particles, we conducted experiment to determine 

the influence of the binder molecular weight (PEG) towards 

the power produced.  

From the graph in Fig. 3, we can conclude that the higher 

molarity of the molecular binder, which is PEG 20000 mol 

will produce a higher current density production, but with low 

circuit voltage compared to PEG 400mol. However, the lower 

molarity, which is the PEG 400mol will produce a higher 

circuit voltage production, but with lower current density 

production.  

 

 
Fig. 3. The voltage and current distribution for PEG400mol and 

PEG20,000mol. 

 

From the observation during the application process via 

spin coating method, the PEG 400mol layer was too thin. 

Besides that, we can see that the final film showed the 

presence of large agglomerates and cracks after sintering. 

From these, we can suggest that the length of chains was 

insufficient to produce a stable viscous polymeric template, 

which led to the formation of the non-uniform films.  

On the other hand, it is considered that a high molecular 

weight is required to enhance the binder strength [28]. 

Therefore, the long chain binder, PEG 20000mol was chosen. 

The agglomeration of TiO2 particles was still occurring, but 

not as bad as presence in PEG 400mol. It is suggested that the 

higher molecular weight will have better interconnected 

network of TiO2 particles, which are important for providing 

good photocatalytic performance in DSSC [29]. 

Since this experiment was conducted without using dye as a 

sensitizer, the result obtained have large variability. However, 

for the power produced (Fig. 4), PEG 20000mol produced 

about three to four times larger power than the PEG 400mol. 

From this experiment, we can conclude that a high molecular 

weight, which is the PEG 20000mol is most suitable for 

current research. In the upcoming research, we will try to use 

another molecular weight binder such as PEG 6000mol that is 

believe to form a TiO2 film without the presence of cracks and 

having sufficient pores throughout the TiO2 films besides 

having interconnected network of TiO2 particles [29]. 

C. The Influence of Each Coloring towards the Power 

Production 

When the TiO2 photoelectrode is immersed into the dye 

solution, the power that is produced will also increase. 

However, the power produced will be depending on the type 

of dye used. We chose to use the natural based dye such as 

blueberry, gardenia blue and yellow and red yeast in our 

current research. From the results obtained in Fig. 5, the 

highest power produced was from the bluberry, followed by 

gardenia yellow, gardenia blue and red yeast.  

 

 
Fig. 4. The power produced for each PEG400mol and PEG20,000mol. 

 

 
Fig. 5. The power produced based on each dye used.  

 

Fig. 6(a) shows the structure of the anthocyanin dye that 

were adsorbed into the titanium metal centres on the titanium 

dioxide surface. It can transfer the excited electrons to the 

titanium dioxide and then transfer the electrons to the 

semiconductor plate [30]. Fig. 6(b) shows the chemical 

structure of the gardenia-based dye. Both blue and yellow 

have the same chemical structure. However, the power 

production was different as this might related to the color 

spectrum in the light absorption process.  

It is generally accepted that the chemical adsorption of 

these dye takes place due to the condensation of 

alcoholic-bound protons with the hydroxyl groups that is 

present on the surface of the nanostructured TiO2 thin films 

[31]. This chemical attachment affects the energy levels of the 

highest occupied molecular level (HOMO) and the lowest 

unoccupied molecular level (LUMO) of the dye molecule 

[32], which eventually affects the band gap of these materials 

and this results in a shift in the absorption band of the 

absorption spectra [30]. 
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Fig. 6. (a) The chemical structure of anthocyanin-blueberry [31] and (b) the chemical structure of gardenia [19]. 

 

D. The Influence of TiO2 Multilayer (Number of Layer) 

towards the Power Production 

The results produced (Fig. 7) shows that as the layer of 

TiO2 increases, the power produced will also increase. The 

sufficient film thickness will create the large pore size and 

enough space that will allow more redox electrolyte to diffuse 

into the film. 

 

 
Fig. 7. The average of power produced as the thickness (layer) increases. 

 

It is noted that the amount of dye absorbed for TiO2 

increases with the film thickness. The photocurrent generated 

by the solar cell is directly proportional to the amount of the 

dye adsorbed on TiO2 film [33]. This explains that more dye 

molecules are attached to the increased surface of TiO2. Then, 

it can generate more electrons and improve the electron 

transport. The circuit voltage is almost the same, while the 

current density increases as the thickness of the TiO2 layer 

increases. This brings about the improvement of the 

efficiency.  

Dyes in the TiO2 layers will build up with the increasing 

thickness and results in the increasing of the photocurrent. 

However, at some point, thicker TiO2 layers will result in a 

decrease in the transmittance of TiO2 layers and thus reduce 

the incident light intensity to dyes. 

Moreover, the charge transfer resistance increases with the 

increasing thickness of TiO2 layers. In addition, the charge 

recombination between electrons injected from the excited 

dye to the conduction band of TiO2 and the I3
- 
ions in the 

electrolyte will be higher in thicker TiO2 layer [34]. 

 

IV. CONCLUSION 

There are many factors that will influence the performance 

and efficiency of a DSSC such as the chosen of the materials, 

coloring and the thickness of the electrode. From all of the 

experiments conducted, we discovered that the particle size of 

TiO2 is the best at 7nm and suitable to be applied for the 

current research. Therefore, all the next consecutives 

experiments will be conducted by using the 7nm TiO2.  

We also discovered that in the preparation of TiO2
 

photoanode, the suitable binder was the higher molarity PEG, 

which is the 20000mol. By using the 20000 mol PEG, the 

most suitable natural dye was the anthocyanin(blueberry) and 

the optimum thickness by layer was at the 9
th

 layer. Thus, we 

will continue the experiment by combining all the best 

condition that we discovered, with an intention to continue to 

improve the current performance of the natural-dye-based 

DSSC and achieve the objectives of this research.  
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