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Four natural pigments, extracted from the leaves of teak (Tectona grandis), tamarind (Tamarindus indica), eucalyptus (Eucalyptus
globulus), and the flower of crimson bottle brush (Callistemon citrinus), were used as sensitizers for TiO

2
based dye-sensitized

solar cells (DSSCs). The dyes have shown absorption in broad range of the visible region (400–700 nm) of the solar spectrum
and appreciable adsorption onto the semiconductor (TiO

2
) surface. The DSSCs made using the extracted dyes have shown that

the open circuit voltages (𝑉oc) varied from 0.430 to 0.610V and the short circuit photocurrent densities (𝐽sc) ranged from 0.11 to
0.29mA cm−2. The incident photon-to-current conversion efficiencies (IPCE) varied from 12–37%. Among the four dyes studied,
the extract obtained from teak has shown the best photosensitization effects in terms of the cell output.

1. Introduction

Harvesting energy from sunlight using photovoltaic tech-
nology is one of the most important research areas because
of an ever increasing global energy need. The conventional
solid-state silicon based solar cells, though highly efficient,
are yet to become popular for mass applications as they
are highly expensive. The necessity for developing low cost
devices for harvesting solar energy was, therefore, very
much desirable. A new hope was generated in this direction
when O’Regan and Gräetzel reported to have achieved an
unprecedented high energy conversion efficiency (𝜂) of 7.1%
through a dye-sensitized solar cell (DSSC) developed by
using nanocrystalline TiO

2
thin film electrode sensitized by

a highly efficient Ru(II) polypyridyl complex [1]. This has
proven that significantly high light-to-electricity conversion
efficiency can be achieved through DSSCs as well. Once
this was established, such cells attracted greater attention of
the scientists particularly because of two reasons; first, their
production cost was expected to be quite low due to ease
of their fabrication, and second, they are more environment
friendly as compared to conventional solid-state silicon based

photovoltaic devices [2]. Being optimistic that DSSCs have
the potential to become a commercially viable alternative
to expensive silicon solar cells, extensive studies have been
conducted on such devices during last two decades.

A dye-sensitized solar cell is usually composed of a dye-
capped nanocrystalline porous semiconductor electrode, a
metal counter electrode, and a redox electrolyte mediat-
ing electron transfer processes occurring in the cell. The
performance of the cell is primarily dependent on the
material and quality of the semiconductor electrode and
the sensitizer dye used for the fabrication of the cell. For
their application in DSSCs, many wide band-gap metal
oxide semiconductors have been studied butmost extensively
employed semiconductors are TiO

2
and ZnO [3–8]. Tita-

nium dioxide (TiO
2
) has several advantages, including long-

term thermal and photostability. The essential properties
of semiconductor can be changed significantly by using
different techniques for their deposition on the substrate
[9]. The sensitizer (dye) plays a key role in absorbing light,
and in this respect the highest efficiency obtained so for is
with Ru (II) polypyridyl complexes [10, 11]. However, the
ruthenium complexes are expensive due to the paucity of
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the Ru metal and the complexity of preparation procedure
limiting the production of low cost DSSC.This has stimulated
the search for potential alternative metal complex sensitizers.
Simultaneously, organic dyes [12, 13] and natural dyes [14–
20] extracted from plants were also studied to explore the
possibility of their application as photosensitizer. Organic
dyes have been reported tomeet the efficiency as high as 9.8%
[12]. However, these dyes have been fraught with problems,
such as complicated synthetic routes and low yields. On
the other hand, the natural dyes found in flowers, leaves,
and fruits of plants can be extracted by simple procedures
and then employed in DSSCs. The advantages of natural
dyes, resembling in functionalities to organic dyes, are their
easy availability, nontoxicity, complete biodegradability, and
temperature compatibility. Several of natural dyes such as
tannin [21], carotene [22], anthocyanin [23], betalain [24],
and chlorophyll [25, 26] have been extensively investigated
as sensitizers in dye-sensitized solar cells [27].

In this paper, we report the performance of four
natural dyes extracted from the leaves of teak (Tectona
grandis), tamarind (Tamarindus indica), eucalyptus (Euca-
lyptus globulus), and the flower of crimson bottle brush
(Callistemon citrinus). The basic structures of the coloring
components found in these extracts are given in Figure 1.
Tannin, that is, gallic acid [3,4,5–trihydroxybenzoic acid]
and ellagic acid [2,3,7,8-tetrahydroxy(1)benzopyrano(5,4,3-
cde)(1)benzopyran-5,10-dione] are the main constituents of
these natural dyes along with some minor components [28–
30]. Teak extract mainly contains tectoleafquinone, 1,4,5,8-
tetrahydroxy-2 isopentadienyl anthraquinone and tannin
[28]. To the best of our knowledge, the use of these plant
extracts is being reported for the first time as sensitizers for
TiO
2
based dye-sensitized solar cells (DSSCs).

2. Experimental

2.1. Materials. Ethanol (A.R. grade, 99.9%, Merck) was used
for extracting natural dyes from plants. Titanium paste (HT),
platinum catalyst (T/SP), and the sealing tape (SX1170–
60, 50 𝜇m thick) were obtained from Solaronix. Propylene
carbonate (>99%, Merck) was taken as the medium of
cell electrolyte. Anhydrous lithium iodide (99.9%, Aldrich)
and iodine (G. R. grade, 99.8%, BDH) were used as redox
couple in photoelectrochemical (PEC) experiments without
any further purification. FTO-coated (Fluorine-doped tin
oxide) conductive glass slides (surface resistivity 15Ω/◻,
thickness 2.2mm) obtained fromPilkington, USA, were used
as substrates for preparing TiO

2
thin film electrode and

Platinum counter electrode.

2.2. Apparatus and Instruments. A bipotentiostat (model
number AFRDE 4E, Pine Instrument Company, USA) and
e-corder (model 201, eDAQ, Australia) were used for current-
potential measurements. For photoelectrochemical (PEC)
measurements, a 150W Xenon arc lamp with lamp housing
(model number 66057) and power supply (model number
68752), all fromOriel Corporation,USA,was used as the light
source. The semiconductor electrode was illuminated after

passing the collimated light beam through a 6-inch longwater
column (to filter IR part of the light) and condensing it with
the help of fused silica lenses (Oriel Corporation, USA). The
UV part of this IR-filtered light (referred to as “white light”)
was cut off by using a long pass filter (model number 51280,
Oriel Corporation, USA) and the light obtained this way is
mentioned as “visible light.”The light was monochromatised,
when required, by using a grating monochromator (Oriel
model 77250 equipped with model 7798 grating). The width
of the exit slit of the monochromator was kept at 0.5mm. To
obtain the action spectrum (𝐽photo-𝜆) of the dye-sensitized
TiO
2
electrode, monochromatic light-induced photocurrent

was measured with the help of a digital multimeter (Philips
Model number 2525) in combination with the potentiostat.
The intensities of light were measured with a digital pho-
tometer (Tektronix model J16 with model J 6502 sensor)
in combination with neutral density filters (model number
50490-50570, Oriel, USA). The absorption spectrums were
recorded on Shimadzu UV-1700 spectrophotometer. The FT-
IR spectra were recorded by Varian 3100 FT-IR spectrometer.

2.3. Preparation of Natural Dye Solutions (Extracts). The
natural dyes were extracted with ethanol employing the
following procedure: fresh leaves of teak (Tectona grandis),
tamarind (Tamarindus indica), eucalyptus (Eucalyptus glob-
ulus), and the flower of crimson bottle brush (Callistemon
citrinus) were washed with water and dried. After crushing
them into small pieces in a mortar, these were kept in glass
bottles and filled with ethanol; these solutions were kept for
one week in the dark at room temperature.Then, the residual
(solid) parts were filtered out and the resulting filtrates were
used as dye solutions.

2.4. Preparation of TiO
2
Electrode (Photo Anode) and Counter

Electrode. TiO
2
thin film electrodes (photoanodes) were

prepared by spreading highly transparent paste of TiO
2

(Titanium-HT) on FTO-coated conductive glass plate by
the doctor’s blade method. On the conducting side of glass
substrate, a U-shaped frame of adhesive tape was applied
to control the thickness of the film and to provide non-
coated area for electrical contact. After spreading TiO

2
paste,

the adhesive tapes were carefully removed and films were
annealed at 450∘C in air for half an hour in a tubular
furnace. This resulted in TiO

2
film of ∼6 𝜇m thickness. The

dyes were anchored onto the surface of the TiO
2
thin film

electrode by immersing it into ethanol solution of natural
dye for overnight. The nonadsorbed dye was washed up with
anhydrous ethanol. The dye-coated films were air dried and
used as photoelectrode in the cell (Figure 2). The platinum
counter electrode was prepared on another FTO-coated glass
substrate by depositing platinum catalyst (T/SP, Solaronix)
using screen printing method and annealing at 400∘C for
half an hour in air. The electrolyte consisted of 0.2M lithium
iodide and 0.02M iodine in propylene carbonate.

2.5. Fabrication of Sandwich Type DSSCs. The photo-
electrode (dye-coated TiO

2
film) was put over platinum

counter electrode in such a way that the conductive side
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Figure 1: Basic molecular structure for the main components of the extracts.

Te
ct

on
a 

gr
an

di
s

(te
ak

)
Ta

m
ar

in
du

s i
nd

ica
(ta

m
ar

in
d)

Eu
ca

ly
pt

us
 gl

ob
ul

us
(b

lu
e g

um
)

Ca
lli

ste
m

on
 ci

tri
nu

s
(c

rim
so

n 
bo

ttl
e b

ru
sh

)

Figure 2: Plants, extracted dyes, and the dye-loaded TiO
2
electrode.

of both the electrodes faced each other, and the cell was
sealed from three sides using spacer/sealing tape (heating it at
∼80∘C); one side was left open for the injection of electrolyte.
The cell electrolyte was injected through open side and was
drawn into the space between the electrodes by capillary
action. Thereafter, the open side of the cell assembly was
sealed properly with Araldite and the contacts were made by
copper wires using silver paste (Figure 3).
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Figure 3: Schematic diagram of dye-sensitized solar cell (DSSC)
assembly.

3. Results and Discussion

3.1. Absorption Spectra of Natural Dyes. Figure 4 shows the
absorption spectra of the ethanol extracts of Tectona grandis,
Tamarindus indica, Eucalyptus globulus, and Callistemon cit-
rinus. From this figure, it is evident that these natural extracts
absorb in the visible region of light spectrum and hence
fulfill the primary criterion for their use as sensitizers in
DSSCs. To be more specific, Tectona grandis exhibited broad
absorption band in the range 425–550 nm besides showing
a sharp absorption peak at 662 nm. Tamarindus indica and
Eucalyptus globulus have absorption peaks at 410 nm and
472 nm, respectively. Each of them has a common peak at
663 nmwhich is consistent with the characteristic absorption
band of chlorophyll [25, 26]. Callistemon citrinus absorbs
in the wide range of 410–600 nm with an absorption peak
at 450 nm. The differences and variations in the absorption
characteristics of dyes can be attributed to the different colors
of the extracts due to respective pigments present in them.

3.2. FTIR Spectra. The infrared spectra of these four natural
extracts were obtained by pressing them in pellets with KBr.
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Figure 4: Absorption spectra of ethanol solution of natural dyes
extracted from (a) teak, (b) eucalyptus, (c) tamarind, and (d) bottle
brush, respectively.

The respective FTIR spectra were recorded in the range from
4000 to 400 cm−1 and shown in Figure 5. An examination
of the spectra reveals that they exhibit broad absorption in
the range 3000–3700 cm−1 with a wide and strong band at
3407 cm−1 which is attributed to the –OH stretching and due
to the wide variety of hydrogen bonding between OH. In
these spectrums, a sharp peak at around 2927 and a small
shoulder at 2855 cm−1 associated with the symmetric and
antisymmetric –C–H– stretching vibrations of CH

2
and CH

3

groups, respectively, is observed. Also, the signal character-
istics bands of C=O (carbonyl) stretching vibration at 1730–
1705 cm−1 and C–O at 1100–1300 cm−1 can be observed due
to presence of some aromatic esters. The bands observed in
the range 1669–1400 cm−1 are due to aromatic ring vibrations,
while the ones at 1190 and 1052 cm−1 are due to ester linkage.
The band at around 751 cm−1 is assigned to aromatic C–H
bending vibration. Hence, the IR spectra of extracts contain
bands that can be assigned to the coloring components found
in these extracts as given in Figure 1 Tannin, that is, gallic
acid, ellagic acid, and tectoleafquinone, 1,4,5,8-tetrahydroxy-
2 isopentadienyl anthraquinone.

3.3. Photoelectrochemical Studies

3.3.1. Current-Potential (J-V) Curves. The photovoltaic per-
formances of DSSCs using natural dyes as photosensitizer
(TiO
2
-dye/electrolyte containing I, I−

3
/Pt counter electrode)

were determined by recording the current-potential (J-V)
curves under visible light illumination and displayed in
Figure 6. The similar curve for the cell using bare TiO

2
elec-

trode determined under identical experimental conditions
is also shown in the figure (curve (e)). Almost insignificant

current is observed in this case as expected, since visible light
is incapable of exciting wide band-gap TiO

2
. The values of

photovoltaic parameters derived from these curves are given
in Table 1.

With DSSCs using these dyes, open circuit voltage (𝑉oc)
from 0.430 to 0.610V and the short circuit photocurrent
densities (𝐽sc) in the range of 0.11–0.29mA/cm2 could be
achieved. The highest 𝑉oc (0.610V) was obtained with
tamarind extract-sensitized DSSC, whereas maximum 𝐽sc
(0.29mA/cm2) was obtained with the DSSC sensitized by
teak extract.

3.3.2. Transient Photocurrent-Time (J
𝑝ℎ𝑜𝑡𝑜

-t) Profile. Thetran-
sient current-time profileswere recorded to know the sustain-
ability of the photocurrent observed initially on illumination
of the DSSCs with desired intensity of light. For such an
assessment, initially the dark current wasmonitored for a few
seconds; then the semiconductor electrode was illuminated
and the short circuit photocurrent was monitored as a
function of time. The photocurrent-time (𝐽photo-t) profile
obtained under visible light (256mW/cm2) illumination of
natural dye sensitized DSSCs are shown in Figure 7.

Except for the curve (a), in all the other cases, ideal
behavior (no decay in photocurrent) was observed. In case
of curve (a), initially the photocurrent reached maximum,
but the same was not sustained and it decayed to ∼93% of its
initial value before getting stabilized. This may be the result
of slowness of dye regeneration process as compared to rate
of charge carriers’ injection by the excited dye molecule.

3.3.3. Photocurrent Action Spectrum (IPCE). In order to
conclusively ascertain the sensitization of photocurrent by
the dyes under investigation, the short-circuit photocurrent
(𝐽photo) spectra of dye modified TiO

2
electrodes were deter-

mined. From the values of 𝐽photo and the intensity of the corre-
spondingmonochromatic light (𝐼inc), the incident photon-to-
current conversion efficiency (IPCE) was calculated at each
excitation wavelength (𝜆) using the following relation:

IPCE (%) =
1240𝐽photo (A/cm

2
)

𝜆 (nm) ⋅ 𝐼inc (W/cm2)
× 100. (1)

The IPCE versuswavelength (𝜆) curves for different cases (the
natural dyes) are shown in Figure 8. It is clearly seen from this
figure that there is close resemblance of the nature of IPCE
curve with the absorption spectrum of the respective dye
providing clear evidence of the sensitization of photocurrent
by dye. The IPCE values observed at the characteristic wave-
lengths of the dyes ranged from 12% to 37%, decreasing in the
order Tectona grandis > Callistemon citrinus > Tamarindus
indica > Eucalyptus globules. The variation in IPCE values for
different natural dyes could be due to the varied amount of
dye loaded onto the TiO

2
thin film, different degree of charge

carrier’s recombination, different energy levels of excited dye
molecule, and the quenching of excited state.
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Figure 5: Infra-red spectra of extracts obtained from (a) teaks (b) tamarinds (c) eucalyptuss and (d) bottle brush.

Table 1: The cell output of DSSCs sensitized by four kinds of natural dyes: (a) teak, (b) tamarind, (c) eucalyptus, and (d) bottle brush under
visible light (256mW/cm2) illumination.

Natural extract Peak wavelength 𝜆 (nm) 𝐽sc (mA/cm2) 𝑉oc (mV) IPCE (%) 𝑃max (mW/cm2) FF
Teak (Tectona grandis) 470, 662 0.29 460 37 0.105 79
Tamarind (Tamarindus indica) 410, 663 0.18 610 33 0.061 56
Eucalyptus (Eucalyptus globulus) 472, 663 0.15 500 12 0.070 93
Bottle brush (Callistemon citrinus) 450 0.11 430 34 0.030 63

3.3.4. Power Conversion Efficiency (𝜂) and Fill Factor (FF).
The power conversion efficiency and the fill factor of dye-
sensitized solar cells were determined from the (J-V) curve
of the respective cell under illumination by visible light. From
the experimentally determined J-V curves (Figure 6), the
values of fill factor (FF) and power conversion efficiency (𝜂)
were evaluated using the following relations:

FF =
𝑃max
𝑃ideal
=

𝐽max (A/cm
2
) × 𝑉max (V)

𝐽sc (A/cm2) × 𝑉oc (V)
,

𝜂 (%) =
𝐽max (A/cm

2
) × 𝑉max (V)

𝐼inc (W/cm2)
× 100.

(2)

Here, 𝐽sc, 𝑉oc, and 𝐼inc are short-circuit photocurrent, open-
circuit potential, and intensity of incident light, respectively.
With the use of these dyes power conversion efficiency
follows the order (Tectona grandis > Eucalyptus globulus >
Tamarindus indica > Callistemon citrinus), while fill factor
is obtained as (Eucalyptus globulus > Tectona grandis >
Callistemon citrinus > Tamarindus indica).

The maximum output power (𝑃max) is obtained by
choosing a point on experimentally determined (J-V) curve
corresponding to which the product of current (𝐽max) and
potential (𝑉max) gives the maximum value. Figure 9 shows
the (power versus potential) curves for the natural dye(s)-
sensitized solar cells, and the corresponding powers (𝑃max)
obtained from various extracts are revealed in Table 1. The
maximum photopower was obtained in the case of teak
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leaf extract, however low conversion responses may be due
to poor interaction of sensitizers with the semiconductor
electrode that restricts the transport of electrons from the
excited dye molecules to the TiO

2
film.

4. Conclusions

Four natural dyes extracted from the leaves or flowers of the
plants were used as sensitizer and their photovoltaic charac-
teristics were studied. The extracted dyes contain tannins as
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the major coloring component along with some other minor
components. Chlorophyll is the common component present
in all the dyes extracted from the leaves. Tectoleafquinone
is the key component present in the teak leaf extract. The
chemical adsorption of these dyes becomes possible because
of the condensation of hydroxyl and methoxy protons with
the hydroxyl groups on the surface of nanostructured TiO

2
.

The DSSCs made using the extracted dyes showed the open
circuit voltages (𝑉oc) varying between 0.430 and 0.610V, and
the short circuit photocurrent densities (𝐽sc) ranged from 0.11
to 0.29mA cm−2. The incident photo-to-current conversion
efficiencies (IPCEs) varied from 12 to 37%. Among the four
dyes studied, the extract obtained from teak has shown the
best photosensitization effects in terms of the cell output as
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against the expectation arising from the apparent matching
profile of the bottle brush extract with the solar spectrum.
The natural dye extracts are, generally, a mixture of several
pigments. Therefore, the possible reason for the observed
differences in sensitization actions of dyes is their varied abil-
ities towards adsorption onto the semiconductor surface.The
impact of the different rates of electron transfer from the dye
molecule to the conduction band of semiconductor electrode
(energy levels alignments) is also reflected. Sometimes, a
complication such as dye aggregation on semiconductor film
produces absorptivity that results in either the nonelectron
injection or the steric hindrance preventing the dyemolecules
from effectively arraying on the semiconductor film. This
leads to the weaker binding and greater resistance, resulting
in the low output of cells. Addition of appropriate additives
for improving 𝑉oc without causing dye degradation might
result in further enhancement of the cell performances.
Hence, though photocurrent densities, photovoltages, and
IPCE obtained with these dyes are somewhat low, they are
quite useful for their nontoxicity, greater availability, and very
low cost of production opening up a perspective of feasibility
for inexpensive and environmentally friendly dye cells.
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