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Light harvesting over a wide range of wavelength using natural dyes
of gardenia and cochineal for dye-sensitized solar cells
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ABSTRACT

Two natural dyes extracted from gardenia yellow (Gardenia jasminoides) and cochineal (Dactylopius coc-
cus) were used as sensitizers in the assembly of dye-sensitized solar cells (DSSCs) to harvest light over a
wide range of wavelengths. The adsorption characteristics, electrochemical properties and photovoltaic
efficiencies of the natural DSSCs were investigated. The adsorption kinetics data of the dyes were
obtained in a small adsorption chamber and fitted with a pseudo-second-order model. The photovoltaic
performance of a photo-electrode adsorbed with single-dye (gardenia or cochineal) or the mixture or suc-
cessive adsorption of the two dyes, was evaluated from current-voltage measurements. The energy con-
version efficiency of the TiO, electrode with the successive adsorption of cochineal and gardenia dyes was
0.48%, which was enhanced compared to single-dye adsorption. Overall, a double layer of the two natural
dyes as sensitizers was successfully formulated on the nanoporous TiO, surface based on the differences
in their adsorption affinities of gardenia and cochineal.

© 2014-Elsevier BV Alrightsreserved.

Introduction

Dye-sensitized solar cells (DSSCs) are composed of a nanopor-
ous semiconductor oxide electrode, an adsorbed dye, and an

electrolyte, and a counter electrode [ 1-4]. Many inorganic, organic,
and hybrid dyes have been employed as sensitizers [5,6]. Because
ruthenium dyes, including N719 and N3, are very expensive and
environmentally toxic, numerous metal-free organic dyes have
been applied as potential candidates in DSSCs [1,7]. Recently, sev-
eral natural organic dyes such as anthocyanin, chlorophyll, tannin,
and carotene extracted from various plants, fruits, flowers, and
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leaves have been successfully used as sensitizers in DSSCs [8-15].
Research has focused on the easily available dyes extracted from
natural sources and improved on efficiency, such as red yeast rice,
seeweed, and chlorophyll include chlorin e-6. Ito et al. reported
that a conversion efficiency of 2.3% was obtained using Monascus
Yellow dye as sensitizer [16]. Chlorophyll is employed as sensitizer
for DSSC with efficiency reported by Wang et al. as 4.6% [17].
Although natural dyes have many advantages of lower cost, color
variety, and easy preparation compared to the synthetic ruthenium
dyes, their energy conversion efficiencies are very low. To
overcome this problem, some researchers have investigated dye-
cocktail solutions which use two different dyes that absorb in low-
er and higher wavelength regions to capture light from the visible
to the near IR, for the enhancement of DSSC performance [18-20].
The enhancement of DSSC performance using two or more dyes in
such combinations has been reported. In random dye adsorption,
unfavorable interactions between neighboring dye molecules can-
not be avoided, which often leads to decreased photovoltaic perfor-
mance. Therefore, it would be meaningful to compare the
simultaneous and successive adsorption of the dyes to enhance
both the adsorption amount and the electrochemical properties
in the visible range. Recently, the successive adsorption of dyes
had a significant advantage over dye-cocktails in overcoming the
problem of unfavorable dye interactions [21].

The aim of this work was to study and optimize photovoltaic
performance as a function of the adsorption characteristics and
electrochemical properties of the dyes on TiO, thin films. To this
end, adsorption kinetics data were obtained and analyzed by
employing a pseudo-second-order model to understand the
adsorption mechanisms of gardenia and cochineal mixtures, or
the successive adsorptions of both dyes, for harvesting light over
a wide range of wavelengths.

Experimental
Adsorption measurements

Gardenia dye is an evergreen fragrant flowering plant widely
cultivated in gardens in South and East Asia [22,23]. The principal
components of gardenia are crocin and crocetin (Fig. 1(a)). Cochi-
neal dye is obtained from the dried bodies of females of the scale
insect species, Dactylopius coccus, which feed on wild cacti [24].
The principal component of cochineal dye is carminic acid
(Fig. 1(b)). Gardenia and cochineal were purchased from “the Naju
Natural Dyeing Cultural Center” (Korea). All other chemical re-
agents were the guaranteed reagent grade. TiO, paste (DSL
18NR-T, Dyesol) was used to prepare TiO, films for the DSSCs.
The paste was coated on pre-cleaned fluorine-doped SnO, conduct-
ing glass (FTO, Pilkington, TEC-8, 80% transmittance in the visible
region) by a squeeze printing technique followed by annealing at
723 K for 30 min. A 10-pm-thick TiO, film was deposited on the
0.25 cm? FTO glass substrate. The adsorption kinetics experiments
were carried out by immersing the TiO, cell with an active area of
4 cm? in a small adsorption chamber filled with an aqueous solu-
tion of gardenia and cochineal [25]. The amount of adsorption at
time t (q;) was calculated from Eq. (1):

q, = (Co - C)V/W (1)

where C and C; are the liquid phase concentrations (mg/L) of the
natural dyes at the start and at any time, t, respectively. V is the vol-
ume of the solution, and W is the mass of adsorbent used. The con-
centrations of gardenia and cochineal were determined at 432 and
515 nm using a UV spectrophotometer (Shimadzu UV-160A, Japan)
after filtration through a 0.015 pm UF membrane filter.
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Fig. 1. Molecular structures of gardenia (a) and cochineal (b).

DSSC Fabrication

The adsorption of the gardenia and cochineal dyes was carried
out by immersing a TiO, cell with an active area of 0.25 cm? into
a 20 mL flask filled with an aqueous solution of the two natural
dyes. A Pt-coated FTO (10 Q/cm?, Pilkington Co.) electrode was
prepared as a counter electrode with an active area of 0.25 cm?.
The Pt-coated electrode was placed over the dye-adsorbed TiO,
thin film electrode, and the edges of the cell were sealed with 5-
mm-wide strips of 60-pum-thick sealing sheet (Meltonix 1170-60,
Solaronix). Sealing was accomplished by hot-pressing the two elec-
trodes together at 373 K. The redox electrolyte was injected into
the cell through small holes, which were then sealed with a small
square of sealing sheet. The redox electrolyte consisted of 0.3 M
1,2-dimethyl-3-propylimidazolium iodide (Solaronix), 0.5M Lil
(Aldrich), 0.05M I, (Aldrich), and 0.5M 4-tert-butylpyridine
(4-TBP, Aldrich) and 3-methoxypropionitrile (3-MPN, Fluka) as a
solvent.

Photoelectrochemical measurements

The capacities of the fabricated DSSCs and the current-voltage
(I-V) curves were measured using a source measure unit under
irradiation of white light from a 200 W Xenon lamp (McScience,
Korea). The incident light intensity and the active cell area were
100 mW/cm? and 0.25 cm?, respectively. The -V curves were used
to calculate the short-circuit current density (Js.), open circuit
photovoltage (V,), fill factor (FF), and overall conversion efficiency
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(Mef) of the DSSCs. Electrochemical impedance spectroscopy (EIS)
measurements were performed using alternating current (AC)
impedance (CHI 660A Electrochemical Work-station, USA) over
the frequency range 1-10° Hz with amplitudes of +5 mV over the
Voc.

Results and discussion

Fig. 2 shows photographic images and the UV-Vis absorption
spectra of the gardenia and cochineal dyes dissolved in aqueous
solution. A clear difference in the absorption characteristics of gar-
denia and cochineal dyes was observed. The absorption maximum
for the gardenia extract was observed at a wavelength of approxi-
mately 441 nm, and those of cochineal at approximately 515 and

Absorbance (a.u.)

300 400 500 600 700 800
Wavelength (nm)

Fig. 2. UV-Vis absorption spectra of gardenia (yellow dot) and cochineal (red line)
dyes.
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Fig. 3. Adsorption kinetics of single and binary dyes of gardenia and cochineal on
TiO, electrodes.

544 nm. Therefore, DSSCs adsorbed with both the gardenia and
cochineal dyes could potentially be very effective for harvesting
light over a wide range of wavelengths, resulting in higher photo-
voltaic conversion efficiency.

Recently, it was observed that the photovoltaic conversion effi-
ciency was highly influenced by the adsorption characteristics of
dye molecules and the electrochemical properties of the TiO, elec-
trode. Therefore, it would be very meaningful to systematically
examine the adsorption characteristics of the dyes on the TiO,
films. Many studies of adsorption equilibria and kinetics have been
conducted based on the differences in the amount of dye adsorbed
and subsequently desorbed on TiO, thin films. However, as de-
scribed in the experimental section, the adsorption kinetics data
were directly obtained in a small adsorption chamber in the ab-
sence of the desorption step. The adsorption kinetics of gardenia
and cochineal dyes on the TiO, film from aqueous solutions were
obtained and then analyzed by employing a pseudo-second-order
model. Kinetics data provide valuable information for

(a)

1.00 4
k“*—v—ro—o—o—o—o—o—o
)
)
)
)
)
)
095 | E
\ 1
)
)
i
\ :
g L\ :
S 0.90 L E
N q \:
|
)
)
)
0.85 | !
)
)
)
: Gardenia
E @ Cochineal
0.80 1 1 L L L
0 60 120 180 240 300 360
Time, min
(b)
1.00
:\
)
]
[}
1
P\
0.95 !
AN
i \
PN
S | N
= 0.90 | \
(§) : N
) N
[} ~N
1 R
i -~
i
0.85 !
[}
[}
)
: @ Cochineal
! Gardenia
0.80 . — . . .
0 60 120 180 240 300 360
Time, min

Fig. 4. Successive adsorption kinetics of S-GC (a) and S-CG (b).
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understanding the mechanism of the sorption process [26]. Fig. 3
shows the obtained concentration decay curves of single-compo-
nent adsorption of gardenia and cochineal on the TiO, film ob-
tained in a small adsorption chamber. The solid lines are the
simulated results using the kinetics model. The initial dye concen-
tration and temperature were 450 mg/L and room temperature,
respectively. The pH was not controlled. With increasing time,
the amount of the adsorbed gardenia and cochineal dyes gradually
increased. The adsorption affinity of gardenia involving the anchor-
age of the hydroxyl groups of the dye on the TiO, film surface was
much greater than that of cochineal.

Recently, the Hayase group reported that DSSCs prepared by the
adsorption of two dye mixtures effectively increased the efficiency.
However, unfavorable interactions between the two dye molecules
often decreased the photovoltaic performance. It is well-known
that competitive adsorption generally occurs between binary
components on the TiO, film during the progress of adsorption,
in contrast to single component adsorption. Fig. 3 shows the con-
centration decay curves obtained in a small adsorption chamber
for binary adsorption of gardenia and cochineal dyes (i.e., cocktail
solution) on the TiO, film. As expected, the adsorption of either of
these two dyes is influenced by the other component. The adsorp-
tion capacity of gardenia was 345 mg/g, and that of cochineal was
50 mg/g.

To understand the adsorption mechanism, the two successive
adsorption cases were also employed: adsorption of gardenia fol-
lowed by cochineal (S-GC) and adsorption of cochineal followed
by gardenia (S-CG). Fig. 4 shows the interesting results that were
observed for the adsorption process of S-GC and S-CG for the
dye-bilayer formation. The interesting results can be observed for
dye double layer formation from the S-GC and S-CG. Fig. 4(b)
shows the adsorption of cochineal and followed by adsorption of
gardenia on the same TiO, film. In this case, cochineal dye ad-
sorbed at the TiO, surface was gradually replaced by gardenia.
However, the S-GC sample showed that gardenia adsorbed on the
TiO, surface was not replaced by cochineal because of the latter’s
lower adsorption affinity on TiO, films (Fig. 4(a)). The adsorption
affinity of gardenia was higher than that of cochineal. However,

(a)

(b)
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FTO
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Gardenia

TiO,

O

the rate of adsorption of cochineal on the nanoporous TiO, surface
is faster than that of gardenia which could be attributed to its
smaller molecular size leading to higher diffusion through the
nanoporous layer. Therefore, from the results of S-GC and S-CG re-
sults, the amounts of gardenia and cochineal adsorbed on the
nanoporous TiO, surface can be successfully controlled based on
the adsorption equilibria and kinetics differences of the two dyes.
In other words, it is possible to adsorb two dyes in a dye double-
layer architecture by successive adsorption, if we select one dye
having faster adsorption and weaker binding with TiO, while the
other dye has relatively slower diffusion along with stronger bind-
ing (Fig. 5).

The kinetics data were analyzed with a pseudo-second-order
model [23,25].

dq/dt = ky(q, — q) )

where k; (g/mg/min) is the second-order rate constant determined
by the plot of t/q; vs. t. Note that the correlation coefficients (R?) of
the pseudo-second-order model for the linear plots of TiO, were
very close to 1. This result implies that the adsorption kinetics
was successfully described by the pseudo-second-order model. As
listed in Table 1, the determined rate constants of q. and k, were
in the ranges 34-466 mg/g and 0.03-6.09 g/mg/min, respectively.
In the case of the adsorption of gardenia and successive adsorption
of cochineal on the same TiO, film, the adsorption capacity of for-
mer was 372 mg/g, and the latter was 34 mg/g. On the other hand,
for the adsorption of cochineal and successive adsorption of garde-
nia on the same TiO, film, the gardenia adsorption capacity was
466 mg/g.

It is interesting to compare the influence of the adsorption
mode on nanoporous TiO, surface (i.e., cocktail or successive
adsorption) on the harvesting of light over a wide range of wave-
lengths. The photovoltaic parameters obtained by measuring I-V
curves (Fig. 6) are listed in Table 2. The energy conversion efficien-
cies of the single-dye-sensitized solar cells using gardenia and
cochineal were 0.35% and 0.10%, respectively. Contrary to our
expectation, the mixture of the two dyes (i.e., cocktail DSSCs)
showed decreased photovoltaic conversion efficiency because of

P W ;-

Fig. 5. Schematic explanations of successive adsorption of gardenia and cochineal on TiO, film for S-GC (a) and S-CG (b).


habib
Strikeout


872

Table 1
The pseudo-second-order kinetic parameters of gardenia and cochineal adsorption on
TiO, film.

Dyes Pseudo-second-order-kinetics
qe (mg/g) k; (g/mg/min) R?
Gardenia G 355 0.04 0.99
Cochineal C 108 0.23 1.00
S-GC G 372 0.09 1.00
C 34 6.09 1.00
S-CG C 104 0.27 1.00
G 466 0.03 0.99
GC-cocktail G 345 0.08 1.00
C 50 0.12 0.93
1.8
o Gardenia
—e—Cochineal
1.6 —S-CG
%&W ——S.GC

1.4 ===GC-cocktail

1.2

1.0
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Fig. 6. Photocurrent-voltage curves of DSSCs adsorbed with GC-cocktail, S-CG and
S-GC dyes.

the unfavorable interactions between the two dyes [20]. However,
the S-CG solar cell yielded a short-circuit current density (Js.) of
1.55 mA/cm?, an open circuit photovoltage (V,.) of 0.54 V, and a fill
factor (FF) of 0.57, corresponding to a higher energy conversion
efficiency (#) of 0.48%. To investigate the factors responsible for
the improvement in cell performance, we carried out the imped-
ance analysis to investigate their internal resistance properties.
The EIS fitting results are shown in Fig. 7 and the analyzed data
are summarized in Table 3. Generally, the DSSC spectra exhibited
two or three semicircles, which were assigned to the electrochem-
ical reaction at the Pt counter electrode, charge transfer at the TiO,/
dye/electrolyte, and the Warburg diffusion process of I" /I; [26].
Fig. 7 shows the fitted EIS data obtained with Z-View software
using an equivalent circuit. The circuit elements comprised the
interface charge-transfer resistance (R.), constant phase element

Table 2

Energy conversion efficiency of gardenia, cochineal, S-CG, S-GC and GC-cocktail dyes.
Dyes Voc (V) Jsc (mA/cm?) FF n (%)
Gardenia 0.56 1.29 0.48 0.35
Cochineal 0.51 0.78 0.25 0.10
S-CG 0.54 1.55 0.57 0.48
S-GC 0.52 1.44 0.50 0.37
GC-cocktail 0.51 1.43 043 0.31

1500
CPE1  CPE2 —o—GC-cocktail
R, S5 <5 S-GC
1200 [ —=—8-CG
’g Rcu ct2 Rw
S 900 | 8.071Hz
N
600
300
0
0 500 1000 1500 2000 2500

Z' (ohm)

Fig. 7. The equivalent circuit and electrochemical impedance spectra of TiO, films
adsorbed with S-GC, S-CG and GC-cocktail.

Table 3
Internal resistance of the cells by impedance analysis.
Rs (Q) Rctl (Q) Rth (Q)
GC-cocktail 24 130 1138
S-CG 17 93 774
S-GC 22 108 912

(CPE), Warburg impedance (R,), and series resistance (Rs). The
R. is the electron transfer resistance at the Pt/electrolyte inter-
face, and the R, is the electron transfer resistance at the TiO,/
dye/electrolyte interface. The CPE reflects the interfacial capaci-
tance, taking into account the roughness of the electrodes, which
causes depression of the semicircle to an ellipse in the Nyquist
plots [27]. Compared with Rs of 24 Q, 17 Q, and 22 Q for three
cells, they showed similar Ry values as expected. However, R.
and R.» were significantly different. The R.; values were obviously
reduced from 130 Q of the GC-cocktail to 93 Q of the S-CG. The
trend correlated with the performance of the cells. The cell with
the GC-cocktail as sensitizer had an obviously higher R
(1138 Q) than those of S-CG (774 Q) and S-GC (912 Q). The differ-
ence in R, can be associated with the binding between the natural
dye molecules and TiO, because the two main dyes in the gardenia
and cochineal extracts aggregated or mixed together on the TiO,
films, and thus, led to weaker binding and higher resistance. The
high R, led to decreases in the Ji. This also may explain why
the efficiency of the cell obtained from the GC-cocktail was so
low. Therefore, in order to improve efficiency, it is necessary to im-
prove the binding strength between natural dyes and nanoporous
TiO, surfaces.

Conclusions

The adsorption properties of photoelectrodes that had adsorbed
either a single dye (gardenia or cochineal), or a mixture of the two
dyes were compared with respect to electron generation and elec-
tron transfer. The energy conversion efficiency in terms of adsorp-
tion mode (i.e., successive or cocktail adsorption) was in the range
0.10-0.48%. The conversion efficiency of the TiO, electrode with S-
CG was 0.48%, which was enhanced compared to single-dye
adsorption. The amounts of gardenia and cochineal dyes adsorbed
on the nanoporous TiO, surface could be successfully controlled
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based on the adsorption equilibria and kinetics differences of two
dyes. The cochineal dye adsorbed faster with weak binding to
TiO,, whereas the gardenia dye diffused relatively slower although
with stronger binding. To improve the photovoltaic conversion
efficiency, a double layer of the two natural dyes extracted from
gardenia and cochineal as sensitizers was successfully formulated
on the nanoporous TiO, surface to harvest light over a wide range
of wavelengths. The systematic studies of the adsorption equilibria
and kinetics obtained in this work can be widely applied for other
DSSCs based on natural products.
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