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Abstract: Different natural dye extracts have been prepared and used as sensitizers in the fabrication of dye-sensitized
solar cells (DSSCs). These dyes have been extracted from both fresh and dried raw materials. The absorption spectra of
these dyes have been investigated by UV-VIS spectrophotometry. DSSCs were assembled using TiO2 and ZnO nanostruc-
tured, mesoporous films. Photovoltaic parameters such as short circuit current density Jsc, open circuit voltage Voc, fill
factor FF, and overall conversion efficiency 1 for the fabricated cells were determined under 100 mW/cm2 illumination.
The immersion time of the nanocrystalline-TiO2 electrode in spinach extract and the temperature at which this process oc-
curs were optimized. The optimal dying temperature is found to be 60 °C and the efficiency of the DSSC is found to satu-

rate to 0.29% after 12 hr of soaking in the dye solution.
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1. Introduction

Dye-sensitized solar cells (DSSCs) were first proposed
by Gritzel et al. in the early 1990's. They developed a
DSSC with energy conversion efficiency exceeding 7% in
1991 [1] and 11.4% in 2001 [2] by combining nanostruc-
tured electrodes to efficient charge injection dyes. A DSSC
is the third generation photovoltaic device for low cost
conversion of solar energy into electrical energy. DSSCs
have received an increasing interest due to the simple fa-
brication process and relatively high conversion efficiency.
The principle of operation of DSSCs is based on sensitiza-
tion of a wide band-gap metal oxide semiconductor to the
visible light region by an adsorbed molecular dye. When
the metal oxide semiconductor film is immersed in the dye,
a monolayer of the dye is anchored onto its surface. Excita-
tion of atoms by sun light occurs in the dye and the photo-
generated charges are separated at the interface between
the dye and metal oxide. Nanostructured metal oxide semi-
conducting materials are usually used in the fabrication of
DSSC [3] due to the large surface area they offer for dye
anchoring [4]. The charge transport is highly affected by
the crystalline quality of metal oxide material, therefore it

is important to reduce the charge traps in the films to speed
up charge transport [5]. The amount of light entering the
DSSC and the photocurrent extraction are determined by
the transparent electrode. In the fabrication of DSSCs, the
choice of the metal oxide material and the transparent elec-
trode is crucial to obtain efficient light harvesting, charge
separation, and extraction. TiO, has been widely studied
for efficient DSSCs [6-8], and a power conversion efficien-
cy of 11% was reported [2]. Moreover, ZnO nanoparticles
were investigated for DSSCs [9-11]. DSSCs fabricated
using ZnO nanoparticles have achieved the second highest
efficiency after TiO, [12].

Another crucial parameter in the fabrication of DSSCs is
the sensitizing dye. Due to the dye significant role, consi-
derable interest has been directed towards the development
and improvement of new families of organic dyes and of
metal complexes. So far, the most efficient dye is found to
be Ru(Il) [13,14] and Os(II) [15]. These complexes have a
number of interesting features such as good absorption,
long excited lifetime, and highly efficient metal-to-ligand
charge transfer. The disadvantages of these complexes are
high cost and sophisticated preparation techniques. There-
fore, alternative organic dyes such as natural dyes have
been studied intensively. The main features of natural dyes
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are their availability, environmental friendly and low in
cost.

In this work, natural dyes were extracted from fresh and
dried leaves of anethum graveolens, parsley, arugula, spi-
nach oleracea, and green algae. These extracted dyes were
characterized by UV—VIS absorption spectra. The photo-
voltaic properties of the fabricated DSSCs using these ex-
tracts as sensitizers were investigated. Moreover, the im-
mersion time of the TiO, electrode in spinach oleracea dye
solution and the temperature at which this process occurs
were studied in details.

2. Experiment
2.1. Preparation of Natural Dye Sensitizers

Five types of plant leaves were used: anethum graveo-
lens, parsley, arugula, spinach oleracea, and green algae.
Before drying, the leaves were washed with distilled water,
dried at 60 °C, and then immersed in absolute ethanol at
room temperature in the dark for 24 hr to extract the dyes.
Other leaves of the same plants are left to dry for one week
at room temperature. After drying and crushing into fine
powder using a mortar, the dyes are extracted again in the
same procedure. The solids were filtered out, and the fil-
trates were concentrated at 60 °C for the use as sensitizers.

2.2. Preparation of Dye-Sensitized Solar Cells

FTO conductive glass sheets with sheet resistance of 15
Q/sq and transmission > 80% (Xinyan Tech. Ltd, Hong
Kong) were first cleaned in a detergent solution using an
ultrasonic bath for 15 min, rinsed with water and ethanol,
and then dried. TiO, paste was prepared by adding 50 mg
of TiO, nanopowder 10-25 nm (US Research Nanomaterial,
Inc, USA) to 50 mg of polyethylene glycol then grinding
the mixture for half an hour until a homogeneous paste was
obtained. The paste was deposited on the FTO conductive
glass by doctor-blade technique in order to obtain a TiO,
layer of 0.25 cm?® area. The TiO, layer was preheated at
60 °C for 20 min and then sintered at 450 °C for 40 min.
After cooling down to 60 °C, the samples were immersed
in the natural extracts for 24 h. The dyed TiO, layer and a
sputtered platinum counter electrode were assembled to
form a solar cell by sandwiching a redox (I /I°) electrolyte
solution. The electrolyte solution is composed of 2 ml ace-
tonitrile (ACN), 8 ml propylene carbonate (p-carbonate),
0.668 gm (Lil), and 0.0634 gm (I,).

2.3. Measurements

The UV-VIS absorption spectra of all dyes before and
after drying were measured using a UV-VIS spectrophoto-
meter (Thermoline Genesys 6). The absorption spectra
analysis was carried out in the wavelength range from 350
to 800 nm. The I-V characteristic curves under illumination
were conducted using National Instruments data acquisi-
tion card (USB NI 6251) in combination of a Labview pro-
gram. The I-V curves were measured at 100 mW/cm” irrad-

iations using high pressure mercury arc lamp.

3. Results and Discussion
3.1. Absorption of Natural Dyes

The representative UV—VIS absorption spectra for the
extracts of parsley, arugula, spinach oleracea, green algae,
and anethum graveolens have been investigated. Figures 1-
5 show the UV—VIS absorption spectra of these extracts
dissolved in ethyl alcohol. The most striking feature that
has been observed from these figures is that parsley, arugu-
la, green algae, and anethum graveolens extracts have al-
most the same absorption peak in the visible region at 666
nm. Moreover, this peak does not depend on whether the
extract is taken from the leaves after or before drying. Ex-
tract of spinach oleracea shows an absorption peak at 701
nm.
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Figure 1. Absorption spectrum of the extract of parsley leaves. A: after
drying, B: before drying.
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Figure 2. Absorption spectrum of the extract of arugula (cress) leaves. A:
after drying, B: before drying.
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Figure 3. Absorption spectrum of the extract of spinach oleracea. A: after
drying, B: before drying.
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Figure 4. Absorption spectrum of the extract of green algae. A: after
drying, B: before drying.
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Figure 5. Absorption spectrum of the extract of anethum graveolens. A:
after drying, B: before drying.

3.2. Photoelectrochemical Properties

Photovoltaic tests of the fabricated DSSCs using these
natural dyes as sensitizers were performed by measuring
the I-V curve of each cell under irradiation with white light
(100 mW/cm2) from a high pressure mercury arc lamp.
The performance of natural dyes as sensitizers in DSSCs

was evaluated by short circuit current (Jsc), open circuit
voltage (Voc), fill factor (FF), and energy conversion effi-
ciency (n). Figures 6-10 show the typical I-V curves of the
DSSCs using the sensitizers extracted from anethum gra-
veolens, parsley, arugula, spinach oleracea, and green algae.
As can be seen from these figures, the performance of the
DSSCs is crucially dependent on the sensitizing dye. Some
of the used dyes exhibit better performance after drying
and others before drying. Concerning short circuit current,
higher values were obtained after drying the dye in case of
spinach oleracea, and green algae. However, higher values
of open circuit voltage were obtained after drying the dye
in case of parsley and green algae. The DSSC output power
was calculated as P =1 V using the I-V data. In Fig. 11, we
show as an example the calculated power as a function of
V for the DSSC sensitized by spinach oleracea. The maxi-
mum power (Pmax) of the DSSCs for each cell is then ob-
tained. The current (Imp) and the voltage (Vmp) corres-
ponding to the maximum power point are then obtained.
All the photoelectrochemical parameters of the DSSCs
sensitized with natural dyes are listed in Table 1. As dis-
played in Table 1, the fill factor of the fabricated DSSC
ranges between 21% and 46%. The Voc changes from
0.416 to 0.599 V and the Jsc varies from 0.134 to 1.11
mA/cm2. The best performance was obtained from the
DSSC sensitized by the spinach oleracea extract after dry-
ing where the efficiency of the cell reached 0.29%. These
results are similar to those of the DSSCs sensitized by oth-
er natural dyes in previous works [16,17]. It is clear from
Table 1 that some dyes exhibit higher conversion efficiency
after drying whereas others have better performance before
drying. The DSSCs sensitized with the extracts of parsley,
spinach oleracea, and green algae show higher efficiencies
when using the dyes after drying. Moreover, Table 1 shows
the photoelectrochemical parameters of the DSSCs sensi-
tized with Ru complexcis-dicyano-bis(2,2’-bipyridyl-4,4°-
dicarboxylic acid) ruthenium(II), Ruthenizer 505, ( Solaro-
nix, Switzerland), which is widely used in DSSCs. As can
be seen, Voc of the DSSC using the spinach oleracea ex-
tract as sensitizer is comparable to that of the DSSC sensi-
tized by Ru complex.
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Figure 6. I-V curves for the DSSC sensitized by anethum graveolens. A:
after drying, B: before drying.
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Figure 7. I-V curves for the DSSC sensitized by parsley. A: after drying, B:
before drying.
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Figure 8. I-V curves for the DSSC sensitized by arugula (cress). A: after
drying, B: before drying.
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Figure 9. I-V curves for the DSSC sensitized by spinach oleracea. A: after
drying, B: before drying.
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Figure 10. I-V curves for the DSSC sensitized by green algae. A: after
drying, B: before drying.
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Figure 11. Power-voltage curves for the DSSC made of TiO; electrode in
spinach extract. A: after drying, B: before drying.

Table 1. Photoelectrochemical parameters of the DSSCs sensitized by

various natural dyes. A: after drying, B: before drying.

D e Jsc Voc Jm Vm Pm FF H
¥ (mA/em?) (V)  (mA/em?) (V) (mW) % %
anethum

graveolens (B) 0.965 0.579 0.622 0.365 0.227 40 0.22
anethum 0.454 0.562 0.229 0.362 0.080 32 0.08
graveolens (A)

parsley (B) 0.535 0.445 0.281 0.285 0.079 34 0.07
parsley (A) 0.448 0.553 0.259 0.378 0.097 40 0.09
arugula (B) 0.788 0.599 0.509 0.389 0.196 42 0.20
arugula (A) 0.713 0.594 0.467 0.389 0.180 43 0.18
spinach

oleracea (B) 0.332 0.590 0.176 0.459 0.083 42 0.08
spinach 1.11 0.583 0.775 0.387 0.301 46 0.29
oleracea (A)

green algae (B) 0.134 0.416 0.052 0.223 0.011 21 0.01
green algae (A) 0.397 0.559 0.245 0.386 0.095 44 0.10
Ru 12 0.621 9.78 0.373 3.65 49 3.65
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ZnO electrodes were prepared from ZnO powder with an
approximate nanoparticle size of 50 nm (MTI Corporation,
USA). The ZnO paste was prepared by adding 50 mg of
ZnO and 50 mg of polyethylene glycol and then grinding
the mixture for half an hour until a homogeneous paste was
obtained. Thin layers of nanocrystalline ZnO were spread
on the transparent conducting FTO coated glass using doc-
tor blade method and were placed in an oven at 60 °C for
20 min. Finally, the samples were sintered at 450 °C for 40
min. Samples were then cooled to 60 °C before being dyed
with the extract of spinach oleracea for 24 hr under dark.
The DSSC is then assembled as described in section 2.2.
Table 2 shows the results obtained for TiO, and ZnO elec-
trodes. The efficiencies obtained with TiO, are much high-
er than those for ZnO substrates, in agreement with the
general trends observed for these two substrate materials
[17].

Table 2. Photoelectrochemical parameters of the DSSCs based on TiO,
and ZnO electrodes and sensitized by spinach oleracea.

VOC J Vm Pm FF H

Jsc i
Electrode (mA/em?) (V) mwW) % %

(mA/cm?) (V)

TiO, 1.11 0.583 0.775 0387 0301 46 0.29

ZnO 0.123 0.226  0.065 0.101 0.008 20  0.008

3.3. Optimization of Dying Temperature and Time

The performance of the DSSC is crucially dependent on
many parameters. Among these parameters are the temper-
ature at which the dying process occurs and the time of
immersion of the electrode layer in the dye solution. We
here optimize these two parameters. After spreading the
TiO, paste on the FTO coated glass and sintering at 450 °C
for 40 min, the samples were divided into six groups. Each
group was immersed in the extract of spinach oleracea at a
specific temperature. Dying temperatures that have been
considered are 30, 40, 50, 60, 70, and 80 °C. The photovol-
taic properties of the DSSCs sensitized by the extract of
spinach oleracea dyes at different temperatures were stu-
died by measuring I-V curves, and the corresponding pho-
toelectrochemical parameters are calculated. Figure 12
shows the DSSC efficiency as a function of the dying tem-
perature. As observed from the figure, the efficiency is
enhanced with increasing the dying temperature from
30 °C to 60 °C and then it declines towards lower values
with further increasing of the temperature. A dying temper-
ature of 60 °C could be used as an optimal value.

Moreover, we optimize the time of immersion of the
electrode layer in the dye solution. Seven sets of samples
of TiO, layer on FTO were prepared. Each set was im-

mersed in the extract of spinach oleracea for a specific time.

A set was immersed for two hours, another set for four
hours, and so on. Figure 13 illustrates the efficiency of the

fabricated DSSCs as a function of the immersion time of
TiO, electrode in the dye solution. The efficiency of the
cell increases with increasing the time and saturates after
12 hours of immersion. Increasing the dying time more
than 12 hours does not have a significant impact on the
efficiency.
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Figure 12. DSSC efficiency versus the dying temperature of TiO; film
sensitized with spinach.
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Figure 13. DSSC efficiency versus the time of electrode immersion in the
dye solution.

4. Conclusions

In this paper, dye-sensitized solar cells (DSSCs) were
assembled using extracts from five plant leaves as sensitiz-
ers for nanocrystalline TiO, photoelectrodes. The leaves
were used as sensitizers before and after drying. Photovol-
taic parameters of the fabricated DSSCs were determined
under 100 mW/cm? illumination. It is found that some of
the used dyes exhibit better performance after drying and
others before drying with the best performance was ob-
tained from the DSSC sensitized by the spinach oleracea
extract after drying where the efficiency of the cell reached
0.29%. The results revealed that V. of the DSSC using the
spinach oleracea extract as sensitizer is comparable to that
of the DSSC sensitized by Ru complex. The efficiencies
obtained with TiO, as a semiconducting layer are much
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higher than those for ZnO substrates. The efficiency of the
DSSC is enhanced with increasing the dying temperature
from 30 °C to 60 °C and then it declines towards lower
values with further increasing of the temperature. The effi-
ciency of the DSSC increases with increasing the immer-
sion time of the electrode layer in the dye solution and sa-
turates after 12 hours of immersion. Increasing the dying
time more than 12 hours does not have a significant impact
on the efficiency.
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