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Abstract This work employs extracts from Walnuts, Rhubarb, and Pomegranate as natural dyes for fabrication of
dye-sensitized solar cells (DSSCs). ZnO nanoparticles with crystallite mean value 12 nm as confirmed from XRD data have
been synthesized at pH 12. SEM picture of the ZnO powder reveals homogeneous and well defined nanoparticles with size
ofabout 15 nm. TEM micrograph shows that the powder has a porous agglomerate structure consisting mainly of spherical
crystalline particles with about 15-20 nm diameter. ZnO films were deposited on Fluorinated Tin Oxide (FTO) coated glass
sheets followed by sintering at 450°C. The samples were sensitized by soaking in the dye solution. A Graphite slab was

used as a back electrode, and 17 /15 redox was employed as an electrolyte. Each cell was illuminated with light intensi-

ties in the range 40,000-100,000 Lux to measure the photovoltaic parameters. The experimental results shows that the
highest /. value is obtained fromthe DSSC sensitized with Rhubarb extract while the highest V,. value is obtained fromthe
DSSC sensitized with the Walnuts extract. The P,,,, of the DSSC sensitized by the Walnuts extract is greater than those
sensitized by Rhubarb and Pomegranate extracts. Moreover, the open circuit voltage V,. decay was found to closely follow

a pseudo single exponential form.
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1. Introduction

Direct utilization of solar radiation to produce electricity
is a steadily growing field and solar cell technology has
received huge potential by physicists and engineers. Solar
cells have many advantages over other energy techniques
such as avoiding transmission losses, operating without
noise, and requiring very little maintenance. Moreover,
there are no toxic and greenhouse gas emissions in solar cell
systems. Despite the considerable development in the last
three decades, the high cost and the low efficiency of solar
cells have been the main reasons behind the limited imp le-
mentation of the technology.

Dye-sensitized solar cells (DSSCs) are promising, rela-
tively low cost, and green energy photovoltaic devices[1-8].
A DSSC is usually comprised of a transparent conducting
glass electrode coated with porous nanocrystalline
wide-band gap semiconductor oxide film. The nanostruc-
tured oxide films are particularly attractive for DSSCs as
they provide a large surface area for dye anchoring[9].

Dye molecules are attached to the surface of the nanos

* Corresponding author:

staya@iugaza.edu.ps (Sofyan A. Taya)

Published online at http:/journal.sapub.org/ijjmc

Copyright © 2012 Scientific & Academic Publishing. All Rights Reserved

tructured semiconductor oxide film. Photoexcitation takes
place in the dye, and the photogenerated charges are sepa-
rated at the dye-oxide interface. Moreover, a DSSC also
comprises an electrolyte containing a reduction-oxidation
couple such a I /I3 and a catalyst coated
counter-electrode. During illumination, the cell produces
voltage over and current through an external load connected
to the electrodes.

It is highly significant to reduce the charge traps in the-
semiconductor oxide to speed up the charge transport since
the crystalline quality of the oxide film has a great effect on
the charge transport. The amount of light entering the cell
and the photocurrent extraction are determined by the
transparent electrode. The selection of the proper semicon-
ductor oxide and a corresponding transparent electrode is
critical in the device design to achieve efficient light har-
vesting, charge separation, and current extraction.

The use of dye-sensitization in photovoltaics has received
a great interest after the breakthrough achieved by Gritzel
et al. in the early 1990's. They developed a DSSC with en-
ergy conversion efficiency exceeding 7% in 1991[10] and
11.4% in 2001[11] by combining nanostructured electrodes
to efficient charge injection dyes. Since then, Ti0, nanopar-
ticle films have been widely investigated for DSSCs. How-
ever, TiO, films also have some defects such as the lack of
a large enough energy barriers between the interface of the
films and electrolytes and the existence of plenty of elec-



106 Taher M. El-Agez et al.:

tron-trapped surface states, which is the cause of the re-
combination[12]. The photocatalytic activity of TiO, is so
high under the UV radiation of natural sun-light that or-
ganic materials in DSSCs may be decomposed during out-
door use, resulting in long-term reliability problems for the
conversion efficiency. Hence, some investigations have
been turned to ZnO films, which have a much lower photo-

catalytic activity and less electron-trapped surface states[13].

However, the efficiency of ZnO films is still lower than that
0fT102

The dye that is used as a photosensitizer plays an impor-
tant role in the operation of DSSCs. The efficiency of the
cell is critically dependent on the absorption spectrum of
the dye and the anchorage of the dye to the surface of the
semiconductor. Much work has been concentrated on or-
ganic dyes and organic metal complexes. On the other hand,
natural dyes extracted from fruits and flowers have attracted
the attention of many researchers[14-16], and many natural
dyes have been proven to be efficient dyes as photosensi-
tizers in DSSCs.

In this work, preparation of ZnO nanoparticles and char-
acterization using XRD, SEM, and TEM is presented. Also,
three natural dyes extracted from Walnuts, Rhubarb, and
Pomegranate were investigated for dye sensitization. The
absorption spectra of these extracts were studied. Besides,
the performance of the DSSCs fabricated using ZnO
nanoparticle films and extracts of these natural dyes were
investigated.

2. Experimental

2.1. Synthesis and Characterization of ZnO Nanopar ti-
cles

ZnO nanoparticles used in this article have been synthe-
sized using a method described by Rani et al.[17] by dis-
solving 4.4 g of zinc acetate dihydrate, reagent
Zn(CH3C00);.2H,0 (ACROS) in 100 mL of methanol to
obtain a 0.2 M sol which was stirred overnight. A 3 M
aqueous solution of sodium hydroxide (NaOH) was added
dropwise to the solution under vigorous stirring. A white
suspension was obtained and left under stirring for 12 h. A
pH meter was used to adjust the pH of the solution was ad-
justed at pH 12. To remove the precursor material, the white
slurry was washed with extra methanol. It was then dried in
air at 100°C for 12 h. In order to obtain a fine powder, a
hammer was used to grind the powder to reduce the size of
the agglomerates.

X-ray diffraction (XRD) patterns of the powder were
collected on a Bruker AXS D8 powder diffractometer unit,
using Cu Ka radiation (A=0.154 nm), operating at 40 kV
and 40 mA. A position sensitive detector (LynxEye) based
on Bruker AXS compound silicon strip technology was
used. The ZnO powders supported on glass holders were
scanned between 20 = 10° to 100° with a 20 scan step size
0of 0.005°. The structural refinement of the obtained phases
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and profile analysis of the related diffraction patterns were
carried out using the program TOPAS, and the mean crys-
tallite sizes were calculated using the Scherrer equation
(Scherrer constant k=1).

The surface morphology and the size of ZnO particles
were analyzed using a high resolution scanning electron
microscopy HR-SEM (JSM 67500F, JEOL) using secondary
electron signal excited by a 10 ke V primary beam, at oper-
ating potential of 15 kV. The morphology of the particles
and the particle size were determined using transmission
electron microscopy (HRTEM-CM200 FEG, Philips) oper-
ating at 200 kV.

2.2. Natural Dye Extraction

Walnuts, Rhubarb, and Pomegranate were boiled in dis-
tilled water for many hours until solid extracts were ob-
tained. The solid extracts were then left in an oven at 70°C
overnight for drying purposes. Then a small amount from
each extract has been dissolved in ethylene glycol.

2.3. Preparation of ZnO Electrodes

Fluorinated Tin Oxide SnO,:F (FTO, K glass Ry =8Q)
coated glass sheets (lcm x lcm), were first cleaned in a
detergent solution using an ultrasonic bath for 15 min,
rinsed with water and ethanol, and then dried. An amount of
0.2 g of polyethylene glycol and 4 mL distilled water were
added to two grams of ZnO nano-powder in order to form a
paste. The resulted paste was dispersed mechanically using
a home-made mill until a very soft uniform paste was ob-
tained. Then, an amount of SmL of ethanol was added to the
paste to obtain suitable viscosity for coating purposes. The
ZnO paste was coated on the FTO coated glass sheets. The
samples were dried using a hot plate at 80°C followed by
sintering at 450°C for 30 min. then left overnight to cool
down. The ZnO samples were sensitized by soaking the
samples in the dye solutions overnight at room temperature.
Then, they were washed using methyl alcohol to remove the
leftover dye. Finally, they were dried using a hot plate.

intensity {arb. units y10*
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Figure 1. XRD pattern of ZnO powder synthesized at room temperature
at pH=12 and then dried at 100°C in air. The peaks corresponds to the
hexagonal- wurtzite structure in the reference data (JCPDS No.0036-1451)
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3. Results and Discussions

3.1. Powder Structure

XRD pattern of the prepared ZnO powder is shown in Fig.
1. It is clear from the figure that the powder is highly crys-
talline and that its structure is in accordance with the typical
wurtzite hexagonal structure (JCPDS No. 0036- 1451 WL
15406 Hexagonal-03 24982). The crystallite mean value is
found to be 12 nm and the crystallite size calculated for the
(101) and (002) peaks are found to be 12 nm and 11 nm,
respectively. The lattice dimensions are found to be[a =b =
3.253(0) A, and ¢ = 5.213(4) A].

3.2. Surface morphology and BET surface area analyses
of ZnO powder

The key points for DSSC application are surface mor-
phology and Brunauer—Emmelt—Teller (BET) surface area.
Thus it is significant to study the Surface morphology and
BET surface area of the ZnO powder.

Figure 2. SEM images of the nanostructured ZnO powder synthesized at
pH 12. The scale bars correspondto 100 nm

3 a3 N = |
Figure 3. TEM image of the nanostructured ZnO powder synthesized at
pH 12 and driedat 100 °C for 12 h. The scale bar corresponds to 20 nm
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The BET surface area of the ZnO powder prepared at pH
12 and dried at 100°C was 42.3 m’ g '. This value is higher
than the 23.8 m’ g ! reported by Aghababazadeh et al.[18]
for powders obtained by mechanochemical processing and
sintered at 400°C. This difference can be due to agglomera-
tion of nanoparticles during sintering which accordingly
reduce the surface area.

Figure 2 illustrates a SEM picture for the ZnO powder.
The figure shows obviously that the nanoparticles are ho-
mogeneous and well defined with size of about 15 nm.

TEM micrograph of the powder is shown in Fig. 3. It is
clear that the powder has a porous agglomerate structure
consisting mainly of spherical crystalline particles with
about 15-20 nm diameter.

3.3. Absorption s pectra

The UV-vis absorption spectra of the three dyes were
measured using a UV-vis (spectrophotometer thermoline
Genesys 6). Figure 4 shows the representative UV-vis ab-
sorption spectra for the extracts of Walnuts, Rhubarb, and
Pomegranate dissolved in polyethylene glycol.

Absorbance
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Figure 4. Light absorption spectra of (A) Walnuts extract, (B) Rhubarb
extract, and (C) Pomegranate extract dissolved in polyethylene glycol

3.4. Hectrical Measurements

A Graphite slab was used as a back electrode. A drop of
iodine—iodide redox was inserted between the back elec-
trode and the dyed ZnO. The I-V characteristic curves at
different light intensities were conducted using National
instruments data acquisition card (USP NI 6251). The
power P was then calculated and plotted as a function of
voltage 7 and the maximum power point was determined.
The I-V curves of the fabricated DSSCs were obtained by
applying an external reverse bias to each cell and measuring
the generated photocurrent under different intensities of
white light irradiation.

The incident light intensity in the range 40,000—100,000
Lux was measured and then converted to W/m? using the
simp lified relationship[19,20]:

B, (Lux) E,,(W/m®)

ra (1)
120,000 1,000

or
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E, . (Lux) Q)

120

The -V characteristic curves of DSSCs sensitized with
the extracts of Walnuts, Rhubarb, and Pomegranate are
shown in Figs. 5, 6, and 7, respectively. From these figures
the values of short-circuit current (/) and open-circuit
voltage (V,.) of the cells can be obtained directly using the
-V data corresponding to 10° Lux luminance. These results
are tabulated in table I for the three devices. The cell output
power has been calculated as P =/ - V using the /-V data
corresponding to 10° Lux intensity and plotted as a function
of Vin Fig. 8. The maximumpower (P,,,,) of the DSSCs for
each cell is then obtained from Fig. 8. The current (/,,) and
the voltage (V,,,) corresponding to the maximum power
point are then obtained. The values of the fill factor (FF)
are calculated according to the following equation

E .0V /m*)=

FF = tmo )
[SC'VDC
The efficiency 7 is calculated as follows:
_ FF'IS("V(?C (4)
- E

rad

The highest [ value is obtained from the DSSC sensi-
tized with Rhubarb while the highest V,. value is obtained
from the DSSC sensitized with the Walnuts. The P,,,, of the
DSSC sensitized by the natural dye extract of Walnuts
(10.14 puW) is greater than those sensitized by Rhubarb
(8.75 uW) and Pomegranate (3.85 pW). The lowest P,
value come from the DSSC sensitized with Pomegranate
which may be attributed to weak bonding between the dye
mo lecule and ZnO particles. Good photo-to-electric conver-
sion ability in a DSSC is strongly dependent on available
bonds between the dye molecules and ZnO particles,
through which electrons can transport from excited dye
mo lecules to ZnO film. Obviously, as a photosensitizer, the
interaction and bond between sensitizer (dye) and sensitized
film (ZnO) is very important in enhancing the photoelectric
conversion efficiency ofa DSSC.
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Figure 5. Current-voltage curves for the DSSC sensitized by Walnuts at
different light intensities
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Figure 6. Current—voltage curves for the DSSC sensitized by Rhubarb at
different light intensities
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Figure 7. Current-voltage curves for the DSSC sensitized by Pomegran-
ate at different light intensities
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Figure 8. Power-voltage characteristics of DSSCs (A) Walnuts, (B)

Rhubarb, and (C) Pomegranate in ethanol solution
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Photoelectrical parameters corresponding to E. = 100,000 Lux of DSSCs sensitized by natural dyes

Natural dye

Vt)[’
Q%)

[.VC
(nA)

Pmax
W)

Vmp
™

Imp
(nA)

FF

n (%)

Walnuts

0304

73.3

10.14

0.198

49.1

039

0.0104

Rhubarb

0238

82.65

8.75

0.157

55

044

0.0104

Pomegranate

0.159

63.2

3.85

0.096

37.4

036

0.0043

Table 2. The coefficients of the ¥, decay fitting equation for cells with thethree extracts

Extract

Vo

Al

t

Tn

kre(‘

Walnuts

0.0872305

-0.1703259

-2.3029668

25.4855061

0.03924

Rhubarb

0.0421363

-0.3747801

-6.8775522

8.1777440

0.12228

Pomegranate

0.04292611

-0.1405300

0.3965477

3.1397002

031850
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Figure 9. Open circuit voltage V,. decay of the cells sensitized by (A)
Walnuts, (B) Rhubarb, and (C) Pomegranate extracts. Experimental data
are shown in dotted lines and the fittings are presented in solid lines

Figure 9 shows the open circuit voltage V,. decay due to
turning the light source off after illuminating the sample for
few minutes. Normally, the photovoltage decay closely fol-
lows a pseudo single exponential form[21], thus the recom-
bination rate constant, k.., can be extracted from the slope
of the semi-logarithmic plot. Since the back reaction is usu-
ally taken as the pseudo-first order reaction, k.. is related to
electron lifetime 7, by the relation

k. =1/1, )

The data is fitted with the following equation[21]

V=Vy—4exp[-(t—1,)/7,] (6)

Values of the various coefficients of this fitting equation

for the three cells are shown in table I1.

4. Conclusions

Preparation and characterization of ZnO nanoparticles
using XRD, SEM, and TEM are presented in this work. The
SEM picture of the ZnO powder shows that the nanoparti-
cles are homogeneous with size of about 15 nm. The TEM
micrograph indicates that the powder has a porous agglom-
erate structure consisting mainly of spherical crystalline
particles with about 15-20 nm diameter. Also, we have
used three natural dye extracts as photosensitizers to as-
semble some DSSCs. A short circuit current from 63.2 pA
to 82.65 pA, an open circuit voltage from 0.159 V to 0.304
V, a fill factor from 0.36 to 0.44, P, from 3.85 pW to
10.14 pW, and an efficiency from 0.00431% to 0.0104%
were obtained from these cells. Based on our investigation,
it was found that Walnuts possesses the best photosensitiza-
tion effect among three extracts of natural dyes studied.
Natural dyes as alternative sensitizers for DSSCs are ex-
pected to be promising because of many reasons such as the
simp le preparation technique and low cost.
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