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In this paper, dye sensitized solar cells were prepared using titanium dioxide (TiO2) and natural dye extracted

from purple carrot. The performance of dye sensitized solar cells was significantly improved through the pre- and
post-treatments of the fluorinated tin oxide (FTO) glass substrate and the TiO2 film using hydrochloric (HCl),
phosphoric (H3PO4), and nitric (HNO3) acids. The results showed that the pre-treatment of the FTO with H3PO4

and the post-treatment of TiO2 with HNO3 resulted in improved efficiencies of 130% and 250%, respectively.
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1. Introduction

The supply of clean sustainable energy is considered as
one of the most important scientific and technical chal-
lenges facing humanity in the 21st century. Sun has
always been the most powerful energy source on earth
since it satisfies all requirements of the energy source.
It is clean, environmentally friendly and freely available.
Sunlight can be transformed into electricity using solar
cells. The solar cell that currently has the largest share
in the market is based on crystalline silicon which was
first reported by Chapin in 1954 [1]. Even if the effi-
ciency since then has increased and the production cost
decreased, it is still too expensive to be able to com-
pete with the conventional energy sources. This has led
to a great research interest in finding new ways of uti-
lizing the solar energy with cheaper and more efficient
techniques. Dye sensitized solar cells (DSSCs) are con-
sidered as one of the most promising solar cells for fu-
ture clean energy supply [2–10]. It consists of a working
electrode with a porous layer of a nanocrystalline wide
bandgap semiconductor, such as TiO2, sensitized with a
dye which plays a critical role in light absorption, a re-
dox electrolyte (e.g. I−3 /I

−) and a counter electrode, for
instance, platinized conductive glass. Recently, research
has been focused on the easily available dyes extracted
from natural sources as photosensitizers because of high
light-harvesting efficiency, low cost, easy preparation and
environment friendliness. Calogero et al. studied a group
of natural pigments containing anthocyanins. These ex-
tracts gave a short circuit current up to 8.8 mA/cm2

and an open circuit voltage of 419 mV. The best solar
conversion efficiency of 2.06% with Sicilian prickly pear
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extract was obtained [11]. A set of natural dyes were ex-
tracted from flower petals, leaves and bark and tested as
photosensitizers [12]. The extracts of rosella flowers and
black rice were used as sensitizers and an efficiency of
0.37% and 0.327%, respectively, was obtained [13]. For
the extract of black rice, a blue-shift of its absorption
wavelength was observed related to better interaction be-
tween the carbonyl and hydroxyl groups of anthocyanin
molecule on black rice extract and the surface of TiO2

porous film [13, 14].
Many researches tried improving the performance of

different dyes by acidic treatments. For example, treat-
ing TiO2 thin films by HCl before the adhesion of the
so-called black dye led to a major contribution to the
photocurrent resulting in an improvement of the overall
efficiency by 10.5% [15]. Moreover, according to Wat-
son et al. the acidic treatment led to self-assembly of a
scattering “skin” on the surface of TiO2 film leading to
an increase of the path length of light incident on the
TiO2 film which is similar to the function of a scattering
layer but without any additional depositions [16]. This
effect was clearly obvious in improving electrical conduc-
tivity leading to reduced recombination. Treating the
DSSC sensitized with Glycyrrhiza glabra with HCl led
to an efficiency enhancement of about 300% [17].

The objectives of this work were to prepare DSSCs
using TiO2 as a semiconducting layer and natural dye
extracted from purple carrot and to study the influence
of pre-treatment and post-treatments of the fluorinated
tin oxide (FTO) glass substrate and the TiO2 film us-
ing different acids. The photovoltaic properties of the
fabricated cells were investigated and the electrochemi-
cal impedance spectroscopy was carried out for the fab-
ricated DSSCs.
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2. Experiment

The plant root of purple carrot was washed with dis-
tilled water. The root was then dried for 24 h. One gram
of the root was immersed in 10 ml of ethanol at room
temperature and kept in the dark for one day. After fil-
tration of the solutions, natural extract was obtained.

FTO glass substrates (resistance 12–14 Ω/cm2, trans-
mittance 82–84%; purchased from Xinyan Technology
Ltd, Hong Kong) were cleaned in detergent solution,
rinsed with de-ionized water and acetone and then dried
in ambient conditions. The TiO2 (10–25 nm, US Re-
search Nanomaterial, Inc., USA) paste was prepared by
adding 2 g of TiO2 nanopowder to 4 ml distilled water.
Then 10 µl of acetylacetone were added to prevent the
reaggregation of TiO2 particles. Finally 50 µl of Tri-
ton X-100 were slowly added with continuous mixing for
30 min [5]. The TiO2 paste was spread uniformly over
the FTO substrate using doctor-blade technique by ad-
hesive tape as spacer on the two sides of the FTO sheet
to confine the area and thickness of TiO2 film in order to
obtain a TiO2 layer of thickness of about 20 µm. After
drying, the TiO2 film was sintered at 450 ◦C for about
30 min, then cooled down to 100 ◦C. The samples were
immersed in the natural extract of the purple carrot for
24 h. Finally, the two electrodes were assembled and the
electrolyte redox (I−/I−3 ) was spread within the vicin-
ity between them using a micropipette. The redox elec-
trolyte solution was composed of 2 ml acetonitrile (ACN),
8 ml propylene carbonate (p-carbonate), 0.668 mg potas-
sium iodide (KI), and 0.0634 mg iodine (I2). The redox
electrolyte solution was sandwiched between the two elec-
trodes. The photovoltaic properties of the untreated cells
were studied.

To investigate the effect of the pre-treatment of FTO
glass substrates using hydrochloric (HCl), phosphoric
(H3PO4), or nitric (HNO3) acids, FTO glass substrates
were cleaned by acetone and ethanol successively for
20 min and immersed in 0.1 M of one of these acids at
room temperature for 5 min then washed with ethanol.
The TiO2 paste was then spread uniformly on the treated
FTO substrates. The cell was assembled as mentioned
before.

Hydrochloric acid (HCl), phosphoric acid (H3PO4), or
nitric acid (HNO3) were also used to investigate the effect
of surface post-treatment of TiO2 film on the efficiency of
the fabricated DSSCs. Nanoporous TiO2 working elec-
trodes were prepared on FTO substrates by doctor blade
method. The electrodes were post-annealed at 450 ◦C
for 30 min and cooled down to 100 ◦C in ambient air.
Then, the TiO2 electrodes were soaked in 0.1 M of HCl,
H3PO4 or HNO3 at room temperature for 5 min followed
by washing with ethanol. After the treatments, the TiO2

electrodes were soaked in an ethanol solution of purple
carrot extract at room temperature for 24 h and the cell
was assembled.

Electrochemical impedance spectroscopy was con-
ducted for the untreated DSSC using AUT 85276

Potentiostat-Galvanostat with frequency response ana-
lyzer FRA 32 Module device.

3. Results and discussion

3.1. Absorption spectrum of purple carrot dye solution

The UV-Vis absorption spectra of purple carrot dye so-
lution and dye adsorbed onto TiO2 surface were carried
out in the range 390–700 nm using GENESYS 10S UV-
Vis spectrophotometer. Figure 1 shows the absorption
spectra of anthocyanin solution extracted from purple
carrot and that of the TiO2 electrode after being soaked
in anthocyanin solution. As shown from the figure, a
small peak at a wavelength of 427 nm and a large peak
at 552 nm appear because of existing of an anthocyanin
pigment. The photocurrents observed in DSSCs sensi-
tized by purple carrot extracts are ascribed to antho-
cyanin. Anthocyanins are natural compounds that give
color to fruits, flowers, leaves and roots of plants [6]. The
carbonyl and hydroxyl groups presented in anthocyanin
based dyes are responsible for the binding between an-
thocyanin molecule and TiO2 particles.

Fig. 1. Absorption spectra of purple carrot extract in
ethanol solution and that adsorbed onto TiO2 film.

Anthocyanins are responsible for the unlimited col-
ors from orange then red to purple and blue of several
parts of plants. Chemically they belong to flavonoid com-
pounds, which are widely distributed plant polyphenols.
The anthocyanidins basic structure is a C6–C3–C6 car-
bon skeleton. The most commonly known anthocyani-
dins in nature are six: cyanidin, pelargonidin, peonidin,
delphinidin, petunidin, and malvidin. Three of them
have purple color according to their hydroxylation and
methoxylation patterns.

3.2. Acidic pre-treatment of FTO substrates

The J–V characteristics of the DSSCs with the pre-
treatment of FTO glass substrates with the three acids
under an illumination of 100 mW/cm2 are shown in
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Fig. 2. Moreover, the figure also shows the results of
the untreated cell. Table I shows the photovoltaic pa-
rameters of the untreated and pre-treated DSSCs with
hydrochloric (HCl), phosphoric (H3PO4), or nitric acids
(HNO3). Jsc and Voc represent the short circuit current
density and open circuit voltage whereas Jm and Vm are
the current and voltage of the maximum power point.
FF and η are the fill factor and conversion efficiency. It
is clear that the DSSCs exhibited improved efficiencies
after the pre-treatment of the FTO with any of the three
acids. The reason for that may be attributed to the de-
crease of the sheet resistance of the FTO glass substrate
by the acid treatment then the nanoparticles enhance the
surface area and suppress the charge recombination [5].
The pre-treatment of the FTO also increases the contact
points between the TiO2 film and the FTO and improves
the electronic interconnection, so that the photoelectrons
can be collected efficiently and the probability of electron
recombination is reduced. The pre-treatment of the FTO
with H3PO4 showed an improved efficiency of 130%. It
is worth mentioning that three cells of each kind were
prepared and the average value was considered.

Fig. 2. Current density (J) versus voltage (V ) charac-
teristic curves of DSSCs with the pre-treatment of FTO
glass substrates with HCl, H3PO4, and HNO3 acids.

TABLE I

Photovoltaic parameters of the DSSCs with the pre-
treatment of FTO glass substrates by HCl, H3PO4, and
HNO3 acids.

FTO
Pre-treatment

Jsc
[mA/cm2]

Voc

[V]
Jm

[mA/cm2]
Vm

[V]
FF

η

[%]
untreated 0.87 0.56 0.68 0.47 0.65 0.31

HCl
(0.1 M, 5 min) 0.87 0.57 0.70 0.47 0.65 0.32

H3PO4

(0.1 M, 5min) 1.28 0.55 0.94 0.43 0.57 0.40

HNO3

(0.1 M, 5 min) 1.14 0.56 0.82 0.43 0.55 0.35

3.3. Acidic post-treatment of TiO2 film

DSSCs with untreated electrodes with acids, together
with post-treated TiO2 electrodes are tested under
100 mW/cm2 intensity. Their characteristic J–V curves
are plotted in Fig. 3 whereas their photovoltaic param-
eters are summarized in Table II. Acid treated cells ex-
hibited enhanced Jsc in comparison with untreated cells.
DSSCs treated with HCl, H3PO4 and HNO3 showed Jsc
values of 1.15, 1.22, and 2.90 mA/cm2 and reduced Voc
values of 0.52, 0.51, and 0.49 V, respectively. HNO3

treated cells showed the highest efficiency of η = 0.81%
and other parameters of Jsc = 2.90 mA/cm2, Voc =
0.49 V and FF = 0.57 whereas the untreated cell gave
an efficiency of η = 0.31%, and other parameters of
Jsc = 0.87 mA/cm2, Voc = 0.56 V and FF = 0.65.
The HNO3 treated cells showed an efficiency enhance-
ment of about 250%.

These results may be attributed to the acid contributed
regular arrangement of the photoelectrode via the dis-
persion of TiO2 particles. This dispersion is one of the
factors that make much chemisorption site for the or-
ganic dyes. In addition, another reason behind this be-
havior may be attributed to the enhancement of the neck
points between the nanoparticles which provides an im-
provement of TiO2 electrical conductivity leading to an
increased dye loading and minimizing the recombina-
tion rate between the TiO2 film and the mediator [10].
The positively charged TiO2 surface formed by nitric acid
treatment induces high electrostatic attraction between
the reaction sites and anionic dyes, resulting in a much
faster adsorption reaction [11]. Another explanation for
positive impact of TiO2 protonation might be lowering
the conduction band energy, which better fits to the posi-
tion of the dye excited state and facilitates electron injec-
tion (lowering Voc of the cells with higher current seams
to confirm this, see Table II). This effect is similar to the
effect of increase of the amount of cations (Li+ or K+)
in the electrolyte.

These improvements are comparable with those ob-
tained in Refs. [19] and [21]. In the present work, treating
the TiO2 film with HNO3 showed an efficiency enhance-
ment of about 250% whereas in Ref. [21], treating the
DSSC sensitized with Glycyrrhiza glabra with HCl led
to an efficiency enhancement of about 300% [21].

TABLE II

Photovoltaic parameters of the DSSCs with post-treatment
of TiO2 electrode by the three acids.

TiO2

post-treatment
Jsc

[mA/cm2]
Voc

[V]
Jm

[mA/cm2]
Vm

[V]
FF

η

[%]
untreated 0.87 0.56 0.68 0.47 0.65 0.31

HCl
(0.1 M, 5 min) 1.15 0.52 0.80 0.39 0.54 0.32

H3PO4

(0.1 M, 5 min) 1.22 0.51 0.96 0.39 0.60 0.38

HNO3

(0.1 M, 5 min) 2.90 0.49 2.24 0.36 0.57 0.81
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Fig. 3. Current density (J) versus voltage (V ) charac-
teristic curves of DSSCs with post-treatment of TiO2

electrode with the three acids.

3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a
useful method for the analysis of charge-transport pro-
cesses and internal resistances [12]. The EIS measure-
ments for the untreated DSSC were carried out in the
dark and under an illumination of 100 mW/cm2 at −0.4,
−0.6, and −0.8 V. According to Fig. 4 which shows
the Nyquist plots for these cells, there is a decrease
in the impedances upon exposure to an illumination of
100 mW/cm2. Equivalent circuit were obtained for the

Fig. 4. Nyquist plots of the DSSC sensitized by purple
carrot at −0.4, −0.6, and −0.8 V in the dark and under
an illumination of 100 mW/cm2.

untreated DSSC in the dark and under an illumination
of 100 mW/cm2 at −0.4, −0.6, and −0.8 V applied volt-
ages as shown in Fig. 5. In Fig. 5, RS is the series re-
sistance, CPE is the constant phase element, and RCT

is the charge-transfer resistance. Table III summarizes
the equivalent circuit component values obtained from

fitting the untreated DSSCs. It is clear that RCT � RS

which predicts fast electron transport and long lifetime
of electrons in the film.

Fig. 5. The equivalent circuit for the DSSCs sensitized
by purple carrot without any treatment.

TABLE III

EIS results from data-fitting of Nyquist plots to
the equivalent circuit model.

Without treatment RS [Ω] RCT [kΩ] C [µF]
–0.4 V dark 34.70 40.90 3.16

–0.4 V illumination 34.20 13.90 2.79
–0.6 V dark 34.60 4.42 1.85

–0.6 V illumination 33.30 1.52 1.77
–0.8 V dark 34.20 0.59 1.28

–0.8 V illumination 33.70 0.48 1.29

4. Conclusions

Purple carrot was used as a sensitizer for DSSCs.
This paper described the influence of pre- and post-
treatments of the FTO glass substrate and the TiO2 film
using hydrochloric (HCl), phosphoric (H3PO4), and ni-
tric (HNO3) acids. The pre-treatment of the FTO with
phosphoric acid (H3PO4) resulted in improved efficien-
cies of 130%. The nitric acid (HNO3) post-treated elec-
trode showed an efficiency enhancement of about 250%.
These observations could be conferring to that the acid
treatment contributed regular arrangement of the photo-
electrode by the dispersion of TiO2 nanoparticles which
provides much chemisorption site for the organic dyes.
The improvement of TiO2 film electrical conductivity
is achieved by enhancing the neck points between the
nanoparticles, increasing dye loading and minimizing
the recombination rate between the TiO2 film and the
mediator.
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