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RESULTS AND DISCUSSION

1. The spectroscopic properties of crude dyes extracted from plants and
Monascus rice cultures and a ruthenium complex (N3) dye

1.1 UV-Vis absorption spectra

1.1.1 The absorption spectra of crude dyes extracted from roselle,
turmeric and Monascus red and Monascus yellow rice cultures in ethanol
solution are shown in Figure 20.

1.0
0.0 — Roselle
D.B— Turmeric
n'?— — Monascus red
0.6 Monascus yellow
T Dﬁ'
0.4
0.3
0.2
0.1
0.0 : . : : .
300 400 500 OO 700 8O0

ng,

Figure 20 The absorption spectra of crude dyes extracted from plants and
Monascus rice cultures in ethanol solution.

From Figure 20, it can be seen that the absorptions of roselle
and turmeric in ethanol solutions are in the range 300-700 nm (A;.x 540 nm)
and 300-510 nm (A,,.x 424 nm) which depict the core constituent of
anthocyanin and curcumin, respectively. The absorptions of Monascus red and
Monascus yellow are in the range 300-620 nm (A,,.x 410 and 500 nm) and 300-
550 nm  (Apa 360 nm), respectively. These results show that these dyes are
useful for sensitizing Ti0O, solar cells and roselle and Monascus red extracts
absorb wider range of the photospectrum than turmeric and Monascus yellow
extracts.
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1.1.2 The absorption spectra of mixture of dye extracts in ethanol
solution are shown in Figure 21- Figure 26.
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Figure 21 The absorption spectra of roselle, turmeric and mixture of roselle and
turmeric extracts in ethanol solution.
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Figure 22 The absorption spectra of roselle, Monascus red and mixture of
roselle and Monascus red extracts in ethanol solution.
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Figure 23 The absorption spectra of roselle, Monascus yellow and mixture of
roselle and Monascus yellow extracts in ethanol solution.
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Figure 24 The absorption spectra of turmeric, Monascus red and mixture of
turmeric and Monascus red extracts in ethanol solution.
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Figure 25 The absorption spectra of turmeric, Monascus yellow and mixture of
turmeric and Monascus yellow extracts in ethanol solution.
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Figure 26 The absorption spectra of Monascus red, Monascus yellow and
mixture of Monascus red and Monascus yellow extracts in ethanol solution.

From Figure 21- Figure 26, the absorption intensities of
combinations of mixture of dye extracts are higher than those of the single
dyes, while the absorption range of each combination is up to the range of the
single dye of wider range. These results can be used to predict the best
combination of mixture dyes that would be the best sensitizer on account of
wider range of higher absorption intensity of the mixed dyes.
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1.1.3 The absorption spectrum of [Ru(4,4’-dicarboxylic
bipyridyl),(NCS),] or N3 dye in ethanol solution is shown in Figure 27. The
absorption range is 300-720 nm with maximum absorption (A,,.x) wavelength at
314, 400 and 536 nm. The intense and broad range of absorption depict the
effectiveness of sensitization, as a result, the N3 dye is one of the most
effective photosensitizer in dye-sensitized solar cell.
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Figure 27 The absorption spectrum of [Ru(4,4’-dicarboxylic bipyridyl),
(NCS),] or N3 dye in ethanol solution.
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1.2 Fluorescence spectra

1.2.1 The fluorescence spectra of crude dyes extracted from roselle,
turmeric and Monascus red and Monascus yellow rice culture, in ethanol
solution are shown in Figure 28 — Figure 31. The excitation wavelength of
crude dyes extracted from roselle, turmeric and Monascus red and Monascus
yellow rice culture are 380, 420, 470 and 410 nm, respectively. All four dyes
display a strong fluorescence emission at room temperature.
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Figure 28 The fluorescence spectrum of crude dye extracted from roselle in
ethanol solution. The excitation wavelength was 380 nm.
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Figure 29 The fluorescence spectrum of crude dye extracted from turmeric in
ethanol solution. The excitation wavelength was 420 nm.
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Figure 30 The fluorescence spectrum of crude dye extracted from Monascus
red rice culture in ethanol solution. The excitation wavelength was 470 nm.
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Figure 31 The fluorescence spectrum of crude dye extracted from Monascus
yellow rice culture in ethanol solution. The excitation wavelength was 410 nm.

The fluorescence spectra in Figure 28 — Figure 31 show
intense emission ranges of dye extracts from roselle, turmeric, Monascus red
and Monascus yellow at 380-730 (Ayax 455 nm), 440-700 (Ayax 520 nm), 475-
760 (Amax 545 nm) and 420-750 (Ayax 550 nm), respectively. The fluorescence
spectrum of roselle extract shows additional less intense emission range at 740-
900 nm. The fluorescence property of these dyes indicates the possibility of
using them as sensitizers.
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1.2.2 The fluorescence spectrum of [Ru(4,4’-dicarboxylic
bipyridyl),(NCS),] or N3 dye in ethanol solution is shown in Figure 32. The
emission range is 665 to 880 nm with maximum emission (A, ) wavelength at
800 nm.
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Figure 32 The fluorescence spectrum of N3 dye in ethanol solution. The
excitation wavelength was 460 nm.
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2. Electrochemical property of dyes extracted from roselle, turmeric,
Monascus red and Monascus yellow rice culture and a ruthenium complex

(N3) dye

2.1 The oxidation and reduction potentials of crude dyes extracted from
roselle in ethanol solution were investigated by cyclic voltammetry at room
temperature as shown in Figure 33 — Figure 34.
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Figure 33 Cyclic voltammograms of roselle extract in aqueous solution
containing 1M KNOj as supporting electrolyte (red line) and supporting
electrolyte (blue line).

Cyclic voltammogram of roselle extract in ethanol solution
containing 1 M KNOj; as supporting electrolyte is shown in Figure 33. It was
operated at scan rate of 100 mV/s from -0.9 to 0.1 V, working electrode was Pt
electrode, auxiliary electrode was Pt wire and reference electrode was Ag/AgCl
filled with saturated KCI. The quasi-reversible waves were observed with
reduction wave at potential of -0.63 V and oxidation wave at potential of -0.31
V with reference to a Ag/AgCl electrode.
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Figure 34 Cyclic voltammograms of roselle extract in aqueous solution
containing 0.1 M Na,SO, as supporting electrolyte (red line) and supporting
electrolyte (blue line).

Cyclic voltammogram of roselle extract in ethanol solution
containing 0.1 M Na,SO, as supporting electrolyte is shown in Figure 34. It
was operated at scan rate of 100 mV/s from -0.6 to 0.6 V, working electrode
was Pt electrode, auxiliary electrode was Pt wire and reference electrode was
Ag/AgCl filled with saturated KCIl. The quasi-reversible waves were observed
with reduction wave at potential of -0.52 V and oxidation wave at potential of -
0.38 V with reference to a Ag/AgCl electrode.
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2.2 The oxidation and reduction potentials of crude dyes extracted from
turmeric in ethanol solution were investigated by cyclic voltammetry at room
temperature as shown in Figure 35 — Figure 40.
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Figure 35 Cyclic voltammograms of turmeric extract in aqueous solution
containing 1 M KNOj as supporting electrolyte (red line) and supporting
electrolyte (blue line).
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Figure 36 Cyclic voltammograms of turmeric extract in aqueous solution
containing 0.1 M Na,SO, as supporting electrolyte (red line) and supporting
electrolyte (blue line).
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Figure 37 Cyclic voltammograms of turmeric extract in ethanol solution
containing 0.1 M LiClOy, as supporting electrolyte (red line) and supporting

electrolyte (blue line).
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Figure 38 Cyclic voltammograms of turmeric extract in aqueous solution
containing B-R buffer (pH 4) as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 39 Cyclic voltammograms of turmeric extract in aqueous solution
containing acetate buffer (pH 4) as supporting electrolyte (red line) and
supporting electrolyte (blue line)
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Figure 40 Cyclic voltammograms of turmeric extract in aqueous solution
containing phosphate buffer (pH 3) as supporting electrolyte (red line) and

supporting electrolyte (blue line).

From Figure 35 to Figure 40, the reduction and oxidation waves
were not observed in the cyclic voltammograms of turmeric solution although
various supporting electrolytes had been employed.
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2.3 The oxidation and reduction potentials of crude dyes extracted from
Monascus red in ethanol solution were investigated by cyclic voltammetry at
room temperature as shown in Figure 41 — Figure 47.
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Figure 41 Cyclic voltammograms of Monascus red extract in aqueous solution
containing 1 M KNOj; as supporting electrolyte (red line) and supporting
electrolyte (blue line).
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Figure 42 Cyclic voltammograms of Monascus red extract in aqueous solution
containing 0.1 M Na,SO, as supporting electrolyte(red line) and supporting
electrolyte (blue line).
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Figure 43 Cyclic voltammograms of Monascus red extract in aqueous solution
containing 1 M KCl as supporting electrolyte(red line) and supporting
electrolyte (blue line).
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Figure 44 Cyclic voltammograms of Monascus red extract in ethanol solution
containing 0.1 M LiClOy as supporting electrolyte (red line) and supporting
electrolyte (blue line).
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Figure 45 Cyclic voltammograms of Monascus red extract in aqueous solution
containing B-R buffer (pH 4) as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 46 Cyclic voltammograms of Monascus red extract in aqueous solution
containing acetate buffer (pH 4) as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 47 Cyclic voltammograms of Monascus red extract in aqueous solution
containing phosphate buffer (pH 3) as supporting electrolyte (red line) and
supporting electrolyte (blue line).

From Figure 41 to Figure 47, the reduction and oxidation waves
were not observed in the cyclic voltammograms of Monascus red solution
although various supporting electrolytes had been employed.
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2.4 The oxidation and reduction potentials of crude dyes extracted from
Monascus yellow in ethanol solution were investigated by cyclic voltammetry
at room temperature as shown in Figure 48 — Figure 54.
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Figure 48 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing 1 M KNOj as supporting electrolyte(red line) and
supporting electrolyte (blue line) .
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Figure 49 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing 0.1 M Na,SOy as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 50 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing 1 M KCl as supporting electrolyte (red line) and supporting
electrolyte (blue line).
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Figure 51 Cyclic voltammograms of Monascus yellow extract in ethanol
solution containing 0.1 M LiClO, as supporting electrolyte (red line) and
supporting electrolyte (blue line) .
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Figure 52 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing B-R buffer (pH 4) as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 53 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing acetate buffer (pH 4) as supporting electrolyte (red line)
and supporting electrolyte (blue line).
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Figure 54 Cyclic voltammograms of Monascus yellow extract in aqueous
solution containing phosphate buffer (pH 3) as supporting electrolyte (red line)
and supporting electrolyte (blue line).

From Figure 48 to Figure 54, the reduction and oxidation waves
were not observed in the cyclic voltammograms of Monascus yellow solution
although various supporting electrolytes had been employed.
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2.5 The oxidation and reduction potentials of crude mixed dye extracts
in ethanol solution were investigated by cyclic voltammetry at room
temperature as shown in Figure 55-60.
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Figure 55 Cyclic voltammograms of mixture of roselle and turmeric extracts in
aqueous solution containing 1 M KNOj; as supporting electrolyte (red line) and
supporting electrolyte (blue line).
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Figure 56 Cyclic voltammograms of mixture of roselle and Monascus red
extracts in aqueous solution containing 1 M KNOj as supporting electrolyte
(red line) and supporting electrolyte (blue line).
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Figure 57 Cyclic voltammograms of mixture of roselle and Monascus yellow
extracts in aqueous solution containing 1 M KNOj as supporting electrolyte
(red line) and supporting electrolyte (blue line).
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Figure 58 Cyclic voltammograms of mixture of turmeric and Monascus red
extracts in aqueous solution containing 1 M KNOj as supporting electrolyte
(red line) and supporting electrolyte (blue line).
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Figure 59 Cyclic voltammograms of mixture of turmeric and Monascus yellow
extracts in aqueous solution containing 1 M KNOj as supporting electrolyte
(red line) and supporting electrolyte (blue line).
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Figure 60 Cyclic voltammograms of mixture of Monascus red and Monascus
yellow extracts in aqueous solution containing 1 M KNOj; as supporting
electrolyte (red line) and supporting electrolyte (blue line).

Cyclic voltammograms of mixed extracts containing roselle in
ethanol solution containing 1 M KNOj as supporting electrolyte are shown in
Figure 55 to Figure 57. These results showed that the cyclic voltammogram of
mixed extracts containing roselle were similar to the cyclic voltammogram of
roselle extract. Whereas the reduction and oxidation waves of other mixed
extracts that shown in Figure 58 to Figure 60 were not observed in the cyclic
voltammogrames.
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2.6 The oxidation and reduction potentials of [Ru(4,4’-dicarboxylic
bipyridyl), (NCS),] or N3 dye in ethanol solution were investigated by cyclic
voltammetry at room temperature as shown in Figure 61.
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Figure 61 Cyclic voltammograms of [Ru(4,4’-dicarboxylic bipyridyl), (NCS),]
or N3 dye in ethanol solution containing 0.1 M LiClO, in ethanol solution as
supporting electrolyte (red line) and supporting electrolyte (blue line).

Cyclic voltammogram of [Ru(4,4’-dicarboxylic bipyridyl),(NCS),]
or N3 dye in ethanol solution containing 0.1 M LiClO, in ethanol solution as
supporting electrolyte is shown in Figure 61. It was scanned from 0.4 to 1.0 V
with scan rate of 10 mV/s, working electrode was glassy carbon electrode,
auxiliary electrode was Pt wire and reference electrode was Ag/AgCl filled
with 0.1 M LiCl in methanol. The oxidation wave was observed at a potential
of 0.813 V with reference to a Ag/AgCl electrode.

Generally inorganic elements possess redox properties because of
large electronegativity difference between bonded elements (e.g. 1,/I)). The
heterocompounds (e.g. natural dye) and organo-metallic (e.g. N3 dye) like
inorganic element also show redox property although they are covalent in
nature. Therefore the dye extract, having redox property as well as light
sensitivity, can be used in TiO, solar cells as a redox couple among the two
where the other 1s I,/I" couple.



61

3. Effect of dye concentration on adsorption amount of dye on TiO, film

The amount of dye adsorbed on TiO, film was determined by
spectroscopic measurement of the concentration change of the dye solution
before and after adsorption.
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Figure 62 Amount of roselle and turmeric dye adsorbed on TiO, film on
varying the dye concentration

The result in Figure 62 shows that as the concentrations of roselle and
turmeric dyes were increased, the amounts of adsorbed dyes on TiO, film were
increased. And the amount of adsorbed roselle dye on TiO, film are more than
the amount of adsorbed turmeric dye on TiO, film at the same dye
concentration due to the factor of molecular structure.

In addition, the relations between amount of adsorbed dye on TiO, film
and concentration of roselle and turmeric dye extracts were studied by using
Excel program to calculate the correlation coefficient, r and coefficient of
determination, R*>. These results showed r values as 0.925 and 0.911 and R?
values as 0.8559 and 0.8300, respectively. They indicated that the amount of
adsorbed dye on TiO, film and concentration of roselle and turmeric dye
extracts were highly linear relation. The linear equations showing those
relations were as below:

Amount of adsorbed roselle dye = 0.40 + 0.2(concentration of roselle dye extract)

Amount of adsorbed turmeric dye = -0.19 + 0.1(concentration of turmeric dye extract)
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Figure 63 Amount of Monascus red and Monascus yellow adsorbed on Ti0O,
film on varying the dye concentration

It can be seen from Figure 63 that as the concentrations of Monascus red
and Monascus yellow were increased, the amounts of adsorbed dyes were
increased however the concentration difference between before and after
adsorption was so small that at high concentration of Monascus red and
Monascus yellow, the small difference could be measured with less accuracy.

In addition, the relations between amount of adsorbed dye on TiO, film
and concentration of Monascus red and Monascus yellow were studied by
using Excel program to calculate the correlation coefficient, r and coefficient of
determination, R*. These results showed r values as 0.897 and 0.780 and R*
values as 0.8051 and 0.6081, respectively. They indicated that the amount of
adsorbed dye on TiO, film and concentration of Monascus red and Monascus
yellow were linear relation. The linear equations showing those relations were
as below:

Amount of adsorbed Monascusred = 0.02 + 0.05(concentration of Monascus red)

Amount of adsorbed Monascus yellow = 0.02+ 0.03(concentration Monascus yellow)

Therefore the optimum concentrations for highest amounts of the
adsorbed dyes were further investigated by observing optimum output of power
(I and V) in the following experiments.
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4. The current-voltage characteristics of the assembled dye-sensitized
solar cells

4.1 The performance of TiO, solar cells sensitized with crude dyes
extracted from plants and Monascus rice culture (batch 1) was monitored under
an illuminator (3,000 K) with active area of cell of lcm®. All photoelectric
parameters are shown in Table 1- Table 2.

Table 1 Photoelectrochemical parameters obtained from dye-sensitized solar
cells assembled with liquid electrolyte (batch 1).

Dye e Voo lmp Ve, FF %M
(mA)  (mVv)  (mA) (mV)

roselle 14.7030 g/1

0.0262 110 0.0123 60 0.2561 0.0015

Turmeric 4.4323 g/l

0.0406 90  0.0184 50 0.2518 0.0018

Monascus red 1.7021 g/l

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Monascus yellow 5.2997 g/l

0.0054 15  0.0021 10 0.2593  0.0000

roselle : turmeric (3g :1g)

0.0815 245 0.0449 140 0.3148 0.0126

Monascus red : Monascus yellow (3g :1g)

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

Plight: 50 l'IlV\v/Cl'n-2



Table 2 Photoelectrochemical parameters obtained from dye-sensitized solar
cells assembled with solid polymer electrolyte (batch 1).

> i v S A S

roselle 14.7030 g/1

0.1581 495 0.1247 340 0.5418 0.0848
turmeric 4.4323 g/

0.009 165 0.0045 75 0.2273  0.0007
Monascus red 1.7021 g/

0.0142 145 0.0071 75 0.2586  0.0011
Monascus yellow 5.2997 g/l

0.0433 415 0.0298 285 0.4726 0.0170
roselle : turmeric (3g :1g)

0.1623 425 0.0838 260 0.3159 0.0436
Monascus red: Monascus yellow (3g :1g)

0.0413 325 0.02 195 0.2906 0.0078

Plight: 50 l'IlV\v/Cl'n-2

Generally, the dye-sensitized solar cells using the solid polymer

electrolyte present lower conversion efficiency compared to the liquid

electrolyte because of the incomplete wetting of the photoelectrode by the
electrolyte. However, the results in Table 1 and Table 2 showed that the cells

using liquid electrolyte present lower efficiency than those using solid

electrode. This is due to the leakage of the liquid electrolyte and evaporation
of solvent of the liquid electrolyte. Because of the sophisticated technique in
sealing the cells and for the reason of long term stability of the electrolyte,
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solid polymer electrolyte were employed for the entire subsequent experiments.



4.2 The performance of dye-sensitized solar cells sensitized with Ru
complex (N3) was monitored under an illuminator (3,000 K) with active area
of cell of lem”. All photoelectric parameters are shown in Table 3.

Table 3 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with Ru complex (N3), using solid polymer electrolyte.

0.3 mM N3 I Ve Imp Vinp FF %om
sample batch  (mA) (mV) (MA) (mV)
1 (batch 1)
0.8080 550 0.4260 280 0.2684 0.2386
2
1.4767 677 09925 397  0.3941 0(.7880
3
0.3082 545 0.1703 325  0.3295 0.1107
02477 690 0.1891 495 0.5477 0.1872
4
0.3993 565 0.2136 350 0.3314 0.1495
5 (batch 2)
0.2899 570 0.1456 280  0.2467 0.0815
0.5200 720 0.3563 480  0.4568 0.3420
0.3426 700 0.2137 470 0.4188 0.2009
6 (batch 3)

0.1582 630 0.0741 315  0.2342 0.0467
0.2582 725 0.1569 460  0.3856 0.1443
02778 740 0.1694 485 0.3997 0.1643




Table 3 (cont’d)

0.3 mM N3
sample I Vo lmp Vinp FF %n
batch (MA) (mV) (mA) (mV)
7 (batch 4)
0.4386 620 0.2874 390 0.4122 0.2242
0.5455 665 0.3147 400 0.3470 0.2518
0.6615 570 0.4110 335 0.3652 0.2754
0.6060 575 0.3798 350 0.3815 0.2659
0.5341 585 0.3261 340 0.3549 0.2217
8 (batch 5)
1.0044 550  0.554 320 0.3209 0.3546
1.0844 540 0.6190 295 0.3118 0.3652
1.3405 550 0.7356 300 0.2993 0.4414

Piigni= 50 mWem™

Table 3 presents the performance of dye-sensitized solar cell using

Ru complex (N3) dye as sensitizer. The highest conversion efficiency (%mn),

short-circuit current (Is.) and open-circuit voltage (V) values were estimated
to be 0.79%, 1.48 mA and 677 mV, respectively. The variation on the current

and voltage values in each batch of sample occurs due to errors of the cells

preparation such as variation of thickness of the TiO, film and platinum layer
on the electrodes. And, the variation on the current and voltage values in the
same cell occurs due to connection of the two electrodes from different site of
the conducting glass. A connector at each electrode can be used to avoid this

variation.
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4.3 The performance of dye-sensitized solar cells sensitized with crude
dyes extracted from plants and Monascus rice culture at various concentrations
of dye solutions (batch 2, 3) was monitored under an illuminator (3,000 K)

with active area of cell of lecm®. All photoelectric parameters are shown in
Table 4 — Table 7.

4.3.1 The performance of dye-sensitized solar cells sensitized with
crude dye extracted from roselle at various concentrations of dye solutions
(batch 2, 3) was monitored under an illuminator (3,000 K) with active area of
cell of 1em?®. All photoelectric parameters are shown in Table 4.

Table 4 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with roselle dye at various concentration of dye solutions
(batch 2, 3), using solid polymer electrolyte

Concentration of Isc Voc Imp Vinp FF %mn
roselle extract (mA) (mV) (mA) (mV)

3g/l(a) 0.1957 500 0.099 225 0.2276 0.0446
0.1454 510 0.0931 335 0.4206 0.0624

3g/1(b) 0.2020 505 0.0989 240 0.2327 0.0475
0.1957 505 0.1272 335 0.4312 0.0852

8g/l (b) 0.1880 505 0.0974 225 0.2308 0.0438
0.1308 520 0.0918 340 0.4589 0.0624

12g/1 (b) 0.2115 505 0.1026 230 0.2209 0.0472
0.1333 520 0.0871 355 0.4461 0.0618

14g/1 (a) 0.1818 510 0.0902 235 0.2286 0.0424
0.2416 515 0.1567 340 0.4282 0.1066

16¢/1 (b)
0.2604 495 0.1568 285 0.3467 0.0894
(a) =batch2 (b) =batch3 Pyg= 50 mWem>

Table 4 presents the performance of dye-sensitized solar cells
sensitized with roselle of different concentrations of 3, 8, 12, 14 and 16 g/1. It
can be seen that the effect of concentration of roselle dye solution in the range
3-16 g/l was not significant. Therefore, the concentration of 12 g/l of roselle
dye solution was chosen for fabrication in the subsequent experiments.
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4.3.2 The performance of dye-sensitized solar cells sensitized with
crude dye extracted from turmeric at various concentrations of dye solutions
(batch 2, 3) was monitored under an illuminator (3,000 K) with active area of
cell of 1cm®. All photoelectric parameters are shown in Table 5.

Table 5 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with turmeric dye at various concentration of dye solutions
(batch 2, 3), using solid polymer electrolyte.

Concentration of I Vo Lmp Vinp FF %n
turmeric extract ~ (mA) (mV) (mA)  (mV)

3g/1
0.0955 465 0.0530 235 0.2805 0.0249
0.1976 465 0.1170 280 0.3565 0.0655
0.1585 465 0.0942 280 0.3579 0.0528
6g/1
0.0824 505 0.0451 265 0.2872 0.0239
0.1475 480 0.0851 295 0.3546 0.0502
0.1387 490 0.0797 295 0.3459 0.0470
12g/1

0.0592 470 0.0321 250 0.2884 0.0161
0.1327 460 0.0807 290 0.3834 0.0468

0.0985 465 0.0602 295 0.3877 0.0355
(a) =batch 2 (b) =batch 3 Py, =50 mWem™

Table 5 presents the performance of dye-sensitized solar cells
sensitized with turmeric of different concentrations of 3, 6 and 12g/1. It can be
seen that the effect of concentration of turmeric dye solution in the range 3-12
g/l was not significant. Therefore, the concentration of 3 g/l of turmeric dye
solution was chosen for fabrication in the subsequent experiments.
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4.3.3 The performance of dye-sensitized solar cells sensitized with
crude dye extracted from Monascus red rice culture at various concentrations
of dye solutions (batch 2, 3) was monitored under an illuminator (3,000 K)
with active area of cell of lecm®. All photoelectric parameters are shown in
Table 6.

Table 6 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with Monascus red dye at various concentration of dye
solutions (batch 2, 3), using solid polymer electrolyte.

Concentration of Isc Voc Imp Vinp FF %om
Monascus red (mA) (mV) (mA) (mV)

extract

1g/l (a)

0.0311 380  0.0199 245 0.4125 0.0098
0.0166 345 0.0100 230  0.4016 0.0046

3g/l (a)
0.0754 425 0.0494 260  0.4008 0.0257
0.0168 350 0.0104 230  0.4068 0.0048
8¢/l (a)
0.1160 445  0.0714 240  0.3320 0.0343
0.0454 435 0.0297 280  0.4211 0.0166
8g/1 (b)
0.0449 485  0.0227 265 0.2762 0.0120
0.0432 425  0.0283 280 0.4316 0.0158
12g/1 (b)
0.0954 445  0.0507 225 0.2687 0.0228
0.0437 410 0.0302 280 0472  0.0169
16g/1 (b)

0.0966 455  0.0482 210 0.2303  0.0202

0.0283 405 0.0198 285 0.4923 0.0113
(a)=batch2 (b)=batch3 Pjjgn=50 mWem™

Table 6 presents the performance of dye-sensitized solar cells
sensitized with Monascus red of different concentrations of 1, 3, 8, 12 and 16
g/l. It can be seen that the effect of concentration of Monascus red dye solution
in the range 1-16 g/l was not significant. Therefore the concentration of 8 g/l
of Monascus red dye solution was chosen for fabrication in the subsequent
experiments.
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4.3.4 The performance of dye-sensitized solar cells sensitized with
crude dye extracted from Monascus yellow rice culture at various
concentrations of dye solutions (batch 2, 3) was monitored under an illuminator
(3,000 K) with active area of cell of 1cm”. All photoelectric parameters are
shown in Table 7.

Table 7 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with Monascus yellow dye at various concentration of dye
solutions (batch 2, 3), using solid polymer electrolyte.

Concentration of

Monascus yellow s Voc Imp Vimp FF %on
extract (mA) (mMmV) (mA) (mV)
3g/l (a)

0.0745 440 0.0456 240 0.3339 0.0219
0.0287 375 0.0185 260  0.4469 0.0096

10g/1 (a)
0.1954 455 0.1324 295 0.4393 0.0781
0.0211 365 0.0154 250 0.4999 0.0077
10g/1 (b)
0.1391 485 0.0706 185 0.1936 0.0261
0.0764 440 0.0503 285 0.4264 0.0287
12g/1 (b)
0.1015 460 0.0557 215 0.2565 0.024
0.053 415 0.0368 289 0.4835 0.0213
16g/1 (a)
0.0576 480 0.0342 245 0.3031 0.0168
0.0623 435 0.0388 280 0.4009 0.0217
16g/1 (b)
0.0862 460 0.0476 220 0.2641 0.0209
0.0324 305 0.0208 175 0.3683 0.0073
(a)=batch2  (b) = batch 3 Pjigne= 50 mWem?

Table 7 presents the performance of dye-sensitized solar cells
sensitized with Monascus yellow of different concentrations of 3, 10, 12 and 16
g/l. It can be seen that the effect of concentration of Monascus yellow dye
solution in the range 3-16 g/l was not significant. Therefore the concentration
of 10 g/l of Monascus yellow dye solution was chosen for fabrication in the
subsequent experiments.
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4.4 The performance of dye-sensitized solar cells sensitized with
mixture of crude dyes extracted from plants and Monascus rice culture at
concentration of dye solutions of 6 g/l (batch 2) was monitored under an
illuminator (3,000 K, Pjjgh= 50 chm’z) with active area of cell of 1em?. All

photoelectric parameters are shown in Table 8.

Table 8 Photoelectrochemical parameters obtained from dye-sensitized solar

cells that sensitized with mixture dyes (batch 2) and using solid polymer

electrolyte
Mixture of dyes Isc Voc Imp Vimp FF %om

(mA) (mV) (mA) (mV)

roselle:turmeric 0.1420 515 0.0701 215 0.2061 0.0301
0.1468 530 0.0887 325 0.3705 0.0577

roselle/turmeric 0.0674 525 0.0404 285 0.3254 0.0230
0.0572 485 0.0352 325 04124 0.0229

turmeric/roselle 0.1408 490 0.0681 205 0.2023 0.0279
0.2082 515 0.1198 305 0.3408 0.0731

Monascus red:Monascus yellow  0.0580 460 0.0335 250 0.3139 0.0168
0.0573 435 0.0359 285 0.4105 0.0205
0.0429 435 0.0275 285 0.4200 0.0157

Monascus red /Monascus yellow  0.0916 455 0.0567 250 0.3401 0.0284
0.0447 420 0.0303 280 0.4519 0.0170

Monascus yellow/Monascus red  0.0811 450 0.0498 250 0.3411 0.0249
0.0444 420 0.0283 280 0.4249 0.0158

The results from Table 8 showed that the performance of dye-sensitized
solar cells sensitized with mixed dyes of roselle and turmeric on impregnating roselle
dye after the impregnation of turmeric was better than that with different order of
impregnation of the two dyes, but was not much different from the one with mixed
solution of the two dyes. This might be due to the better sensitization property and
better adsorption on TiO; particles of roselle dye than turmeric dye. Therefore the
subsequent experiments were performed with mixed solution of the two dyes.

The performance of dye-sensitized with mixed dyes of Monascus red and
Monascus yellow showed not much difference on impregnation of dyes with two
different methods, therefore the subsequent experiments were performed with mixed

solution of the two dyes.
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4.5 The performance of dye-sensitized solar cells sensitized with crude
dyes extracted from plants and Monascus rice culture and mixed dye (batch 4,

5) was monitored under an illuminator (3,000 K, Pjizne = 50 chm'z) with

active area of cell of 1cm®. All photoelectric parameters are shown in Table 9

and Table 10.

Table 9 Photoelectrochemical parameters obtained from dye-sensitized solar
cells that sensitized with crude dyes extracted from plants and Monascus rice
cultures and mixed dyes (batch 4), using solid polymer electrolyte

Dye Isc Voc Imp Vmp FF %m
(mA) (mV) (mA) (mV)
roselle 12 g/l
0.2875 455 0.1865 285 0.4063 0.1063
0.3002 445  0.2022 280 0.4238 0.1132
0.2736 460 0.1866 295 0.4374 0.1101
average 0.2871 453 0.1918 287 0.4225 0.1099
turmeric 3 g/l
0.0611 420 0.0388 280 0.4233  0.0217
0.0639 415 0.0395 275 0.4096 0.0217
0.0681 415 0.0430 270  0.4108 0.0232
average 0.0644 417 0.0404 275 0.4146 0.0222
Monascus red 8 g/l
0.0658 420 0.0433 270 0.423 0.0234
0.0518 395 0.0339 270 0.4473 0.0183
0.0612 395 0.0409 265 0.4484 0.0217
average 0.0596 403  0.0394 268  0.4396 0.0211
Monascus yellow 10 g/l
0.0542 440 0.0350 280 0.4109 0.0196
0.0462 425 0.0306 280 0.4364 0.0171
0.0535 425 0.0352 280 0.4335 0.0197
average 0.0513 438 0.0336 280 0.4269 0.0188




Table 9 (cont’d)
Dye ISC Voc Imp Vmp FF %n
(mA) (mV) (mA) (mV)
roselle : turmeric (650g :1g)
0.1772 470  0.1032 295 0.3655 0.0609
0.1914 455 0.1150 285 0.3763 0.0656
0.1819 450 0.1180 290 0.4181 0.0684
average 0.1835 458 0.1121 290 0.3866 0.0650
roselle : Monascus red (112g: 1g)
0.2260 475 0.1477 265 0.3646  0.0783
0.1907 460 0.1314 280 0.4194 0.0736
0.1185 445 0.0864 290 0.4752  0.0501
average 0.1784 460  0.1218 278 0.4197 0.0673
roselle : Monascus yellow (56g : 1g)
0.4898 470  0.3252 275 0.3885 0.1789
0.5257 465 0.3554 275 0.3998 0.1955
0.4546 460 0.3073 270  0.3968 0.1659
average 0.4900 465 0.3293 273 0.3950  0.1801
turmeric : Monascus red (1g : 6g)
0.0587 445 0.0393 290 0.4363 0.0228
0.0627 440  0.0401 300 04361 0.0241
0.0575 435 0.0372 290 0.4313 0.0216
average 0.0596 440  0.0389 293 0.4346 0.0228
turmeric : Monascus yellow (1g: 12g)
0.0626 440  0.0423 290  0.4454  0.0245
0.0647 430  0.0430 295 0.456 0.0254
0.0585 420  0.0396 290 0.4674  0.0230
average 0.0619 430 0.0416 292 0.4563 0.0243
Monascus red : Monascus yellow (1g : 2g)
0.0625 425 0.0427 305 0.4903 0.0260
0.0586 425 0.0410 305 0.5021 0.0250
0.0618 425 0.0428 305 0.4970  0.0261
average 0.0610 425 0.0422 305 0.4965 0.0257

73
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Table 10 Photoelectrochemical parameters obtained from dye-sensitized solar

cells that sensitized with crude dyes extracted from plants and Monascus rice
cultures and mixed dyes (batch 5), using solid polymer electrolyte

Dye I sc VOC I mp Vmp F F %n
(mA)  (mV) (mA) (mV)
roselle 12 g/l
0.9406 465  0.5960 250 0.3407 0.2980
0.8920 465 0.5787 255 0.3558  0.2951
0.9789 470  0.6496 260 0.3671 0.3378
average 0.9372 467  0.6081 255 0.3545 0.3236
turmeric 3 g/l
0.2837 445  0.1780 280 0.3948 0.0997
03111 455  0.1939 280 0.3836 0.1086
0.3043 460 0.1849 270 0.3566  0.0998
average 0.2997 453  0.1856 277 0.3783 0.1027
Monascus red 8 g/l
0.3013 415 0.2104 265 0.4459 0.1115
0.2734 415  0.2005 280 0.4948 0.1123
0.2244 420 0.1646 290  0.5065 0.0955
average 0.2664 417 0.1918 278 0.4824 0.1064
Monascus yellow 10 g/l
0.2793 430 0.1978 270  0.4447 0.1068
0.2674 430  0.2002 290 0.5049 0.1161
0.2698 440  0.2000 285 0.4802 0.1140
average 0.2722 433 0.1993 282  0.4766 0.1123
roselle : turmeric (650g : 1g)
0.7500 470  0.4679 260 0.3451 0.2433
0.7269 465 0.4895 270 0.3910 0.2643
0.7128 460  0.4830 270 03977 0.2608
average 0.7299 465 0.4801 267  0.3779  0.2561




Table 10 (cont’d)

Dye ISC Voc I mp Vmp FF %n
(mA) (mV) (mA) (mV)
roselle : Monascus red (112g: 1g)
0.6605 455  0.4800 280 0.4472 0.2688
0.6929 465 0.4795 275 0.4093 0.2637
0.6868 445  0.4901 255 0.4089 0.2500
average 0.6801 455  0.4832 270  0.4218 0.2608
roselle : Monascus yellow (56g : 1g)
0.5101 485  0.3420 305 04216 0.2086
0.5089 490 0.3445 310 0.4283 0.2136
0.4863 485 0.3318 300 0.4220 0.1991
average 0.5018 487 0.3394 305 0.4240 0.2071
turmeric : Monascus red (1g : 6g)
0.2864 450 0.1961 290 0.4413 0.1137
0.2911 440  0.2059 290 0.4662 0.1194
0.2778 440 0.1951 285 0.4549 0.1112
average 0.2851 443 0.1990 288  0.4541 0.1148
turmeric : Monascus yellow (1g: 12g)
0.2568 470  0.1775 315 04633 0.1118
0.2356 455  0.1672 315 04913 0.1053
0.2374 455  0.1676 310 0.4810 0.1039
average 0.2433 460 0.1708 313 04785 0.1070
Monascus red : Monascus yellow (1g : 2g)
0.1274 445  0.0934 310 0.5107 0.0579
0.1363 445  0.0968 330 0.5267 0.0639
0.1341 445  0.0975 325 0.5310 0.0634
average 0.1326 445  0.0959 322 0.5288 0.0617

Plight: 50 ITI\NCITI-2
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The results from Table 9 and Table 10 were performed from dye-
sensitized solar cells fabricated with similar conditions except that solid
electrolyte used to fabricate dye-sensitized solar cells for Table 10 was freshly
prepared before use while those for Table 9 was 3 weeks olds. This resulted in
better performance of dye-sensitized solar cells shown in Table 10 than those in
Table 9.

From the results in Table 10, it can be seen that roselle dye is the
best sensitizer of the four natural dyes studied. The conversion efficiency
(%m), short-circuit current (I;.) and open-circuit current (V,,.) were 0.32%, 0.94
mAcm™ and 467 mV, respectively.

The turmeric dye and Monascus red and Monascus yellow pigments
showed similar sensitizing effect. The conversion efficiency (%mn), short-
circuit current (I.) and open-circuit current (V) were 0.10, 0.11, 0.11 %, 0.30,
0.27,0.27 mAcm™ and 453,417,433 mV, respectively.

The performances of the solar cells sensitized with mixed dyes with
roselle as one of the combination were better than those sensitized with
turmeric, Monascus red and Monascus yellow alone but were less than that
sensitized with roselle alone due to the most effective sensitizer of roselle dye.
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4.6 The Current-voltage (I-V) curves of dye-sensitized solar cell
sensitized with crude dyes extracted from plants and Monascus rice culture and
mixture of dyes (batch 5) that monitored under an illuminator (3,000 K) with
active area of cell of 1cm® are shown in Figure 64-Figure 73
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Figure 64 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with roselle dye, using solid polymer electrolyte.
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Figure 65 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with turmeric dye, using solid polymer electrolyte
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Figure 66 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with Monascus red, using solid polymer electrolyte.
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Figure 67 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with Monascus yellow, using solid polymer electrolyte.
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Figure 68 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of roselle and turmeric dyes, using solid polymer

electrolyte.
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Figure 69 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of roselle and Monascus red dyes, using solid polymer

electrolyte.
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Figure 70 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of roselle and Monascus yellow dyes, using solid
polymer electrolyte.
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Figure 71 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of turmeric and Monascus red dyes, using solid
polymer electrolyte.
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Figure 72 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of turmeric and Monascus yellow dyes, using solid
polymer electrolyte
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Figure 73 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with mixture of Monascus red and Monascus yellow dyes, using
solid polymer electrolyte
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4.7 The Current-voltage (I-V) curves of dye-sensitized solar cell
sensitized with Ru complex (N3) dye (sample 7, 8) that monitored under an
illuminator (3,000 K) with active area of cell of lcm?” are shown in Figure 74-
Figure 75
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Figure 74 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with Ru complex (N3) dye (sample 7), using solid polymer
electrolyte.
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Figure 75 Current-voltage (I-V) curve of dye-sensitized solar cell that
sensitized with Ru complex (N3) dye (sample 8), using solid polymer
electrolyte.
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5. Effect of light intensity of the sun on out put power (I and V) of the
assembled dye-sensitized solar cells

5.1 The short-circuit current (I ) and open-circuit voltage (V) of dye-
sensitized solar cells assembled with dyes of various concentrations (batch 2)
were measured at different hour of the day on exposure under the sun and are
shown in Figure 76 to Figure 80.
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Figure 76 Variation of short-circuit current (I;.) and open-circuit voltage (V)
of T10, solar cells sensitized with various concentrations of roselle on
measuring under the sun at different hour of the day.
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Figure 77 Variation of short-circuit current (Iy.) and open-circuit voltage (V)
of T10, solar cells sensitized with various concentrations of turmeric on
measuring under the sun at different hour of the day.
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Figure 78 Variation of short-circuit current (I.) and open-circuit voltage (V)

of T10, solar cells sensitized with various concentrations of Monascus red on

measuring under the sun at different hour of the day.
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Figure 79 Variation of short-circuit current (I;.) and open-circuit voltage (V)
of Ti0O, solar cells sensitized with various concentrations of Monascus yellow
on measuring under the sun at different hour of the day.
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Figure 80 Variation of short-circuit current (I;.) and open-circuit voltage (V)
of TiO, solar cells sensitized with mixture of dyes on measuring under the sun
at different hour of the day.

The results from Figure 76 to Figure 80 show that the values of
short-circuit current (I;.) were increased when the light intensity of the sun was
increased since highest values of short-circuit current (I.) were observed
during noon time on a full bright day. The values of open-circuit voltage (V)
were slightly decreased on longer time of exposure under the sun due to an
increase in cell temperature.
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5.2 The short-circuit current (1) of dye-sensitized solar cells assembled
with roselle, turmeric, Monascus red, Monascus yellow and mixture of dyes
(batch 5) were measured at different hour of the day on exposure under the sun
for 3 days and are shown in Figure 81 to Figure 83.

mroselle [ turmeric
O Monascus red O Monascus yellow
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Figure 81 Variation of short-circuit current (I;.) of TiO, solar cells sensitized
with roselle, turmeric, Monascus red, Monascus yellow and mixture of dyes
(batch 5) on measuring under the sun at different hour of the day. (day 1, a full
bright day)
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Figure 82 Variation of short-circuit current (I;.) of TiO, solar cells sensitized
with roselle, turmeric, Monascus red, Monascus yellow and mixture of dyes
(batch 5) on measuring under the sun at different hour of the day. (day 2
cloudy in the afternoon)
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Figure 83 Variation of short-circuit current (Iy.) of TiO, solar cells sensitized
with roselle, turmeric, Monascus red, Monascus yellow and mixture of dyes
(batch 5) on measuring under the sun at different hour of the day. (day 3,
cloudy in the afternoon)

The results from Figure 81- Figure 83 show that the values of short-
circuit current () were increased when the light intensity of the sun was
increased since highest values of short-circuit current (I;.) were observed
during 12.00 hr. on a full bright day.
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5.3 The short-circuit current (1) of dye-sensitized solar cells assembled
with Ru complex (N3) dye (sample 5) were measured at different hour of the
day on exposure under the sun for 3 days and are shown in Figure 84.

0.8 - @mdayl
0.7 1 B day 2
_ O day3

9.00 12.00 16.00
Time (hrs)

Figure 84 Variation of short-circuit current (I;.) of TiO, solar cells sensitized
with Ru complex (N3) dye (sample 8 batch5) on measuring under the sun at
different hour of the day for 3 days (cloudy in the afternoon)

The results from Figure 84 show that the values of short-circuit
current (I;) were increased when the light intensity of the sun was increased
since highest values of short-circuit current (I;.) were observed during 9.00 hr.
on cloudy in the afternoon day.
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6. Durability of the assembled dye-sensitized solar cell

6.1 The durability of dye-sensitized solar cells assembled with roselle,
turmeric, Monascus red and Monascus yellow dyes at various concentrations of
dye solution are investigated by measurements of the short-circuit current (1)
with an illuminator after exposing under the sun and are shown in Figure 85 to
Figure 88.

05, @3g/l(a) m3g/l(b) O8gl(b) O12g/(b) m14g/(a) @16 g/l (b)
0.45 -
0.4 4
0.35 A
0.3 -
0.25 +
0.2 4
0.15 -

0.1 -
O |

0 4 8 12 17 22 27 32 35 42
no. of hours of exposure

Isc (mA)

Figure 85 Short-circuit current (Iy.) measured with an illuminator (3,000 K)
after exposing the TiO, solar cell sensitized with various concentrations of
roselle under the sun at various hours
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Figure 86 Short-circuit current (Iy.) measured with an illuminator (3,000 K)
after exposing the Ti0O, solar cell sensitized with various concentrations of
turmeric under the sun at various hours
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Figure 87 Short-circuit current (Iy) measured with an illuminator (3,000 K)
after exposing the TiO, solar cell sensitized with various concentrations of
Monascus red under the sun at various hours



93

937 m3gl(a) m10g/l(a) O10g/(b) O12g/(b) m16g/l(a) @16 g/l (b)

0.25 4 M

0.05 ~

0 Bl T T il
0 4 8 12 17 22 27 32 35 42
no. of hours of exposure

Figure 88 Short-circuit current (Iy.) measured with an illuminator (3,000 K)
after exposing the Ti0O, solar cell sensitized with various concentrations of
Monascus yellow under the sun at various hours

The results from Figure 85 to Figure 88 showed that the short-
circuit current (I.) was increased on the first 8-12 hours of exposure because
the solid polymer electrolyte was softened under exposure to the sun and thus
gave rise to better contact of the photoelectrode and the electrolyte.
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6.2 The durability of dye-sensitized solar cells assembled with roselle,
turmeric, Monascus red and Monascus yellow dyes (batch 5) are investigated
by measurements of the short-circuit current (Is.) with an illuminator after
exposing under the sun and are shown in Figure 89
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Figure 89 Short-circuit current (Iy.) measured with an illuminator (3,000 K)
after exposing the TiO, solar cell sensitized with dyes (batch 5) under the sun
at various hours

The results from Figure 89 showed that the short- circuit current (1)
was increased on the first 13-19 hours of exposure because the solid polymer
electrolyte was softened under exposure to the sun and thus gave rise to better
contact of the photoelectrode and the electrolyte. The dye-sensitized solar cells
were eventually degradated after 29 hours (approximately 4 days) of exposure.
This due to the leakage and the evaporation of electrolyte and the degradation
of natural dye extracts in dye-sensitized solar cells.
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6.3 The durability of dye-sensitized solar cells assembled with Ru
complex (N3) dye are investigated by measurements of the short-circuit current
(Isc) with an illuminator after exposing under the sun and are shown in Figure
90.
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Figure 90 Short-circuit current (I) measured with an illuminator (3,000 K)
after exposing the TiO, solar cell sensitized with N3 dye under the sun at
various hours

The results from Figure 90 showed that the short-circuit current (1)
was decreased on the 22 hours of exposure because of the leakage and the
evaporation of electrolyte in dye-sensitized solar cells. The dye-sensitized
solar cells sensitizied with N3 dye remained stable after 42
hours(approximately 7 days) of exposure to the sun.
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CONCLUSION

In this work, four natural dye extracts of roselle, turmeric, Monascus red and
Monascus yellow, were selected as sensitizers to be compared with a ruthenium
complex RuL,(NCS), 535 (N3) which is one of the most effective sensitizer for dye-
sensitized solar cells (DSSCs) because natural dyes are readily available and much
cheaper than the ruthenium complexes. The solid-state DSSC fabricated consisted
of 1 cm? effective area of nanocrystalline titanium dioxide (degussa P25) coated on
indium tin oxide (ITO) glass immersed in ethanol solution of dye extract as an
anode and a platinized ITO glass as a counter electrode. The two electrodes were
sandwiched with a composite of poly(ethylene) oxide filled with titanium oxide and
a redox couple of KI and I, as solid electrolyte.

The absorption and fluorescence spectra of the dye extracts in ethanol
solution were obtained in the range 300-700 nm and 550-800 nm respectively,
which meet the requirement as sensitizers. Electrochemical property of dye extracts
were also studied, cyclic voltammogram of roselle extract in KNOj; solution showed
quasi-reversible reduction wave at the potential of -0.62 V and oxidation wave at the
potential of -0.31 V while those of other three dye extracts were not observed. This
is consistent with the effectiveness of sensitization property in DSSC that among the
four dye extracts, roselle extract gave highest short-circuit photocurrent (I.) of 0.94
mA cm™ and an open-circuit voltage (V) of 470 mV while others were 0.27-0.30
mA cm™ and 440-455 mV.

DSSCs sensitized with mixed dyes of different combination of two dyes of
four types : roselle, turmeric, Monascus red and yellow were also fabricated and
tested for their performance. The results showed that roselle dye was better
sensitizer than all 6 combinations of two mixed dyes of four types and the
combinations with roselle as one of the dyes were better than those without roselle
dye.

The performances of DSSCs under the sun were studied by recording I,
and V. at different hour of the day. The highest value of I, was obtained during
noon time of a bright day when the highest intensity from the sun was obtained and
the value was approximately close to the value measured with an illuminator
(3000K). The V. values of each DSSC showed a slight variation and the values
tended to decrease after 5-6 hours of exposure under the sun due to an increase in
cell temperature.

The durability of the performance of the solid-state DSSCs was also studied
by exposing the cells under the sun for several days. The I, was measured with an
illuminator (3000K) after each day of exposure. The DSSCs fabricated with natural
dyes as sensitizers could last for only 4 days (approximately 29 hours) while those
with N3 dye as a sensitizer was still stable.
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