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Dye sensitized solar cells were assembled employing a mixture of anthocyanins extracted from red ceibo's
flowers. At the literature different extraction procedures are reported to extract anthocyanins fromnatural prod-
ucts and sensitize the cells. In order to compare them, different methods were followed to set the cells under the
same conditions. Assembled cells showed very interesting conversion efficiency values, reaching a 0.73% value
for extracts purified using C18 column, in open cells under illumination using a solar light simulator, 1 sun, 1.5
AM. Data reported herein prove that anthocyanins obtained from ceibo's flower, after simple further purification,
might represent an excellent, cheap and clean alternative for the development of DSS cells.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Dye sensitized solar cells (DSSC) are photovoltaic cells, which consti-
tutes an alternative to those based on the use of silicon. These devices
show conversion efficiency values quite close to those displayed by
commercial silicon ones, but without the disadvantages linked to the
extraction of such material [1–6].

DSSC had an explosive growth since they were developed nearly
forty years ago. In the beginning, based on natural dyes as the chloro-
phyll used by plants in photosynthetic paths, they achieved 0.1% con-
version efficiency values [7–10]. More recently, such performance was
improved up to 0.7% for chlorophyll sensitized cells with the addition
of carotenoids or anthocyanins to the dye mixture [11–15].

The choice of photo-sensitizers in solar cells is mostly based on their
visible light absorption characteristics, stability and cost, and several
synthetic dyes have been evaluated for such use. However, the use of
such synthetic dyes seems undesired due to their high cost and complex
synthesis processes. On the contrary, dyes extracted from natural re-
sources (as anthocyanins, carotenoids, flavonoids, chlorophyll, among
others) could be effective to produce low cost solar cells [16–21].
r in a mortar in the presence of
solution after extraction with
C18, purified solution using a
nol.
Literature on the topic showed a great increase in the last years.
Among published reports, the use of natural dyes as sensitizers still rep-
resents an attractive alternative. They are especially interesting for
emergent countries because of low costs of fabrication for cells sensi-
tized with natural dyes.

From many natural dyes tested as sensitizers, red to blue anthocya-
nins show very interesting conversion efficiency values up to 1.0%, with
high Voc values [18,20,22–25]. Anthocyanins also have suitable groups
to anchor the TiO2 surface, a crucial characteristic in sensitizers to assure
a good electron transfer to the semiconductor [17]. In particular, only
few reports of the use of flowers from the erythrina genus as sensitizers
can be found at the literature [17].

In previous works, we reported the evaluation of the blue pro-
tein phycocyanin from Spirulina spp. as sensitizer for DSSC [26,
27], as well as the use of mixtures of dyes (containing blue phycocy-
anin and red phycoerythrin) extracted from Antarctic red algae
[28]. For these natural dyes, using a solar simulator with a power
of 1 sun, 1.5 AM, we reached a conversion efficiency of 0.04% for
open cells. These low values have been mainly attributed to the
big size and the poor adsorption of the used dyes onto the TiO2 sur-
face, issues that could be solved using small molecules as anthocya-
nins as dyes.

Erythrina crista-galli, often known as the cockspur coral tree, is a
flowering tree native to Uruguay, Argentina, southern Brazil and Para-
guay. Identified by several common names within South America,
ceibo is the given one at Uruguay and Argentina, where it represents
their country's national flower.
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Scheme 1. Left: chemical structure of main anthocyanins present at ceibo's flower, where
R1 is H for pelargonidin 3-O-glucoside or OH for cyanidin 3-O-glucoside. Right: how
anthocyanins interacts with the TiO2 surface.
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Flowers owe their red colour to anthocyanin pigments, in particular
pelargonidin (MW: 433.38 g/mol) and cyanidin 3-glucosides (MW:
449.38 g/mol) [29].

As depicted in Scheme 1, due to carbonyl and hydroxyl groups, an-
thocyanins can bind to the surface of TiO2 porousfilm,which is in favour
of photoelectric conversion effect.

The aim of this work was to explore the ability of extracts coming
from ceibo's flowers as sensitizers in DSSC. The deep red colour of the
extracts (with an absorption peak centred at 530 nm), their high con-
tent of anthocyanins, and the ease to obtain them, among their structur-
al characteristics, make this choice an interesting option to evaluate
their use in Grätzel cells.

As mentioned above, DSS cells assembled using anthocyanins from
different natural sources as sensitizers are already reported. Neverthe-
less, extraction methods and cells assembly differs. Some authors use
mixtures of ethanol and HCl or acetic acid (pH = 1) to get the dyes
[29–30]; others use acidified methanol to extract the anthocyanins
[31–32]; and others groups extract the pigments with absolute ethanol
[24,33–35]. Even more, different materials as counter electrodes at the
cell (platinum, graphite or carbon nanotubes) were used. In such condi-
tions, the comparison of the cell performance efficiencies became im-
possible, especially when authors show contradictory results.

We report herein the first systematic and comparative characteriza-
tion of DSS cells based on anthocyanins extracted from the same natural
source as ceibo'sflowers (collected at the samemonth of the year) using
different solvents (i.e., pure ethanol, acidified ethanol or acidifiedmeth-
anol) and/or subject to different purification procedures (i.e., partition
with non-polar solvents or using a reverse-phase column). Moreover,
DSS cells were built andmeasured using the same electrochemical com-
ponents. In this way, data reported here might contribute to assess the
influence of the presence of H+ or even the influence of slightly polar
differences of the alcohols at cell performance.

2. Material and Methods

2.1. Chemicals

MilliQwater and reagent grade chemicalswere usedwithout further
treatment. Anthocyanins were extracted from ceibo flowers according
to the procedure described below.

2.2. Extraction Procedure

Briefly, 2 g of fresh ceibo flower were crushed in amortar in the pres-
ence of 10 ml of ethanol (95%) or acidic methanol and ethanol (1% HCl),
at room temperature. After filtration, solutions were evaporated under
nitrogen to concentrate the sample. This extract was called RAWethanol,
AC ethanol or RAWmethanol.
Also some additional purification steps were added. On some cases
heptanewas added to the RAWconcentrated extract obtained frometh-
anol (1/1) and an extraction step was performed. The remaining alco-
holic solution, called HEPT, was evaporated under nitrogen in order to
get an absorbance value related to anthocyanin's content similar to
that observed at the RAW.

For other instances, HEPT solutionwas purified using a C18 disposable
column (BAKERBOND speTM, octadecyl C18) and amethanol-acetonitrile
(30/70)mixture as elution solvent. The eluted solution was concentrated
under nitrogen and re dissolved using ethanol for similar purposes as for
HEPT, and this solution was named C18.

The procedure was followed by UV–Visible measurements, and the
total concentration of anthocyanins was calculated according to Eq.
(1), where contribution of chlorophyll at 530 nm is considered.

Ant½ � ¼ A530− 0:25 � A657ð Þ ð1Þ

2.3. Absorption and Emission Spectroscopy

i) UV–visible analysis: electronic absorption spectra were recorded on
a SPECORD 200 Plus from Analytic-Jena. Measurements were exe-
cuted using 1 cm path length quartz cells.

ii) Fluorescence emission: steady-state fluorescence measurements
were performed using a Fluoromax4 (HORIBA Jobin Yvon) spectro-
fluorometer. Corrected emission and excitation fluorescence spectra
as well as 3D-matrices were recorded in a 1 cm× 1 cm path lengths
quartz cell at room temperature.nnn

Fluorescence quantum yields were determined from the corrected
fluorescence spectra, integrated over the entire emission profile, using
Rhodamine B in water as reference [36] (ΦF= 0.32). To avoid inner fil-
ter effects, the absorbance of the solutions, at the excitationwavelength,
was kept below 0.10.

2.4. Quartz Crystal Microbalance

A CHI 440 potentiostat/galvanostat time - resolved quartz crystal mi-
crobalance was employed for QCM and EQCMmeasurements. A quartz
crystal microbalance (QCM) measures a mass variation per unit area by
measuring the change in frequency of a quartz crystal resonator. Electro-
chemical Quartz Crystal Microbalance (EQCM) associates mass variation
deposited at the electrode surface during an electrochemical reaction.

Theworking electrode was a circularly shaped Ti/Au/TiO2 layer with
a calculated dioxide surface exposed to the electrolyte of 0.215 cm2

(provided by RenLux Crystal). The system was completed by a Pt wire
counter electrode, and a saturated Ag/AgCl as reference electrode
(E=0.195 V vs. SHE). Potential during the EQCMmeasurements are re-
ported against the Ag/AgCl reference electrode. QCM measurements
were made in time-resolved mode, thus the frequency difference of
the working crystal and the reference crystal was measured. The refer-
ence crystal had an oscillation frequency of 8.000MHz. Adsorptionmea-
surements were carried out at open circuit potential.

The amount of adsorbed anthocyanins onto the TiO2 electrode was
determined through QCMmeasurements using the Sauerbrey equation
(Eq. (2)). The Sauerbrey equation relates the measured change in the
frequency, Δf, produced by the adsorption of a foreign substance with
mass Δm (g):

Δf ¼ � 2f20
A√ μ√ ρ

Δm ð2Þ

where f0 is the resonant frequency of the fundamentalmode of the quartz
crystal (8.0 MHz), A is the piezoelectrically active area of the gold disk
coated over a thin chromium adhesion mediator film (0.215 cm2), μ is
the shearmodules of quartz (2.947·1011 g cm−1 s−2) and ρ is the quartz



Fig. 3. QCM profile for the RAW ethanol extract. Working electrode: circularly shaped Ti/
Au/TiO2 layer.

Fig. 1. UV–visible spectra recorded for RAW ethanol (full black line), HEPT (red line), and
C18 (dotted black line) samples, before concentration under nitrogen. All spectra were
measured in ethanol 95% as solvent. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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density (2.648 g cm−3) [37]. Thus, the absolute mass sensitivity was
6.74·108 Hz g−1.
2.5. DSSC Assembly and Characterization

For DSS cells, FTO/TiO2 electrodes (DYESOL, screen printed with
Dyesol's DSL 18NR-AO Active Opaque Titania paste, 0.7 cm2) and FTO/
Fig. 2. 3D-fluorescence excitation-emissionmatrix of: (a) RAWethanol extract, (b) HEPT, (c) C1
of anthocyanins and chlorophylls, respectively. Gray dots correspond to first order Rayleigh sc
referred to the web version of this article.)
Pt (screen printed with SOLARONIX's Pt Platinum Catalyst) were
used as working and counter electrodes. The selected electrolyte
was 50 mM iodide/tri-iodide in acetonitrile (SOLARONIX Iodolyte
AN-50).

Before cell assembly, FTO/TiO2 electrodes were pre heated at 500 °C
for 30min. This step was followed by overnight immersion into the dye
8, and (d) RAWmethanol extract samples. Dashed red and green lines depict the emission
attering. (For interpretation of the references to colour in this figure legend, the reader is



Table 1
Photovoltaic properties for cells assembled using different sensitizers. All measurements
were performed under one sun light intensity of 100 mW cm−2, AM 1.5G and the active
areaswere 0.7 cm2 for all the cells. Jsc is the current density, Voc the open circuit potential,
FF is the fill factor and η is the conversion efficiency.

RAW ethanol HEPT C18 RAW methanol 1% HCl AC ethanol

Jsc/mA cm−2 1.24 1.08 2.63 0.21 0.57
Voc/V 0.55 0.52 0.50 0.38 0.51
FF 0.62 0.57 0.58 0.54 0.54
η/% 0.42 0.29 0.73 0.049 0.14

Fig. 4. EQCM profiles for Ti/Au/TiO2 electrodes in the RAW acidic methanol extract,
recorded in 0.1 M NaNO3, v = 0.01 V s−1. Black line is the profile for the ceibo's extract
and the red line is for the supporting electrolyte. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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extract's solutions, to assure the adsorption of anthocyanins molecules
onto the TiO2 surface. Then, photoelectrodes were rinsed with ethanol
95%.

After that, a few drops of electrolytewere introduced in between the
sensitized photolectrode and the platinum counter electrode in order to
assembly the cell. The DSS cellwas then tightly closed using binder clips.
Assembled in this way and without sealing, cells are named “open”.

After the solar cells were assembled, current density vs. voltage (J-V)
and electrochemical impedance spectroscopy (EIS) measurements
were performed with a CHI 604E potentiostat. J-V characterizations
were accomplished at a potential scan rate (v) of 0.05 V s−1 (at room
temperature, in the dark and under illumination using a solar simulator
from ABET Technologies, 1 sun, 1.5 AM). On the other side, EIS experi-
ments were carried out at potentials between 0 and 0.65 V measuring
within the frequency range 0.1 Hz to 3MHz (in the dark and under illu-
mination using the solar simulator).
Fig. 5.NormalizedUV–visible absorption and emission spectra of C18 sample (left) and for
RAWmethanol (right).
3. Results and Discussion

3.1. Spectroscopic Analysis of Anthocyanins' Extract

To beginwith, the three different anthocyanins' extracts (see above)
were characterized by UV–visible and fluorescence spectroscopy. Brief-
ly, UV–visible spectra show that the extraction with ethanol was quite
efficient. The sample RAW ethanol reveals the presence of anthocya-
nins, characterized with a broad absorption band centred at 530 nm.
As can be observed at Fig. 1, absorbance values are 1.35 at 530 nm and
0.17 at 657 nm. Therefore, anthocyanins' content was 1.3 mg/ml, calcu-
lated using Eq. (1).

The low absorption band placed in the range of 650–700 nm ob-
served in RAW ethanol is indicative for the presence of a small fraction
of chlorophyll, the most abundant pigment present in photosynthetic
organisms. As expected, the use of heptane and C18-column to purify
the extract, certainly improved the purity.

To further evaluate the raw extract and the purified fractions, 3D-
fluorescence excitation-emission matrixes were recorded (Fig. 2). The
latter studies provide useful information regarding to the nature of the
chromophores present in each extracts. Briefly, the following facts can
be highlighted:

i) RAW ethanol extract shows two main groups of fluorophores
with a maximum of emission centred at ~630 nm and ~670 nm
(Fig. 2a). According to the literature, these emitting species
were attributed to anthocyanins and chlorophylls, respectively
[38–39].

ii) Both HEPT and C18 samples demonstrate the effect of purifica-
tion of anthocyanins from chlorophyll (Fig. 2b and c). In particu-
lar, C18 showed a complete reduction of the chlorophyll content
in the sample (Fig. 2c).
Fig. 6. Photocurrent density-voltage curves for the dye sensitized cells using the pigments
obtained under different extraction conditions: for RAW ethanol (full black line), HEPT
(red line), C18 (dotted black line) and AC ethanol (green line); or RAW methanol (full
blue line). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)



Scheme 2. Equivalent circuit used to fit experimental data measured by EIS techniques.
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iii) Extraction with acidic methanol (i.e., RAW methanol extract)
also shows a low content of chlorophylls (Fig. 2d). However,
the emission maxima are blue shifted (centred at ~610 nm and
~665 nm) with respect to the RAW ethanol extract, suggesting
the presence of other acid-base species of anthocyanins that
might have a quite different photochemical behaviour. In addi-
tion, the effect of the relative high proton concentration has to
be considered, which would represent a disadvantage for the
DSSC development (see below).

iv) With respect to the intrinsic fluorescence, both type of pigments
(i.e., anthocyanins and chlorophylls) show a quite distinctive be-
haviour: Briefly, whereas chlorophyll exhibits a quite high fluo-
rescence quantum yield (ΦF of 0.32 in ethanol), our
investigations indicate that anthocyanins show the opposite be-
haviour (i.e.,ΦF ~0.001, in both in water and ethanol solutions).
The fluorescence quantum yield is for fist time reported here for
anthocyanins coming from the Erythrina genus. In the context of
DSS cells, radiative deactivation processes followed by a highly
fluorescent chromophore as chlorophylls might compete with
the photochemical charge separation processes involved in pho-
tovoltaic cells. In consequence, an increase on the performance of
assembled cells sensitizedwith dyes free from chlorophyll would
be expected.

3.2. Analysis of Adsorbed Anthocyanins Onto the TiO2 Electrodes

The amount of adsorbed anthocyanins obtained fromRAWethanolic
extracts of ceibo's flowers onto the Ti/Au/TiO2 electrode was deter-
mined through QCM measurements using the Sauerbrey equation (Eq.
(2)). Although this equation is valid for ad-layers which are sufficiently
thin and rigid, it is possible to apply this equation to QCM studies to cal-
culate an estimation of the amount of dyes (mostly anthocyanins, see
below) deposited onto the TiO2 containing electrode.

As deduced from Fig. 3, for aΔf of ca. 2000 Hz the calculated amount
of deposited anthocyanins is about 6 nmol cm−2 (assuming that depos-
itedmass is exclusively due to anthocyanins presence). Moreover, com-
paring with the reported value of around 0.9 nmol cm−2 for a
flavonoid's monolayer, it is possible to conclude that TiO2 coverage by
the extracted dyes was complete [40].

3.3. Redox Characterization of the Dyes

Fig. 4 shows EQCM profiles for the raw extract obtained using acidic
methanol. It is possible to observe an anodic contribution at 1.1 V, with
the cathodic counter peak at ca. 0.7 V. According to the literature, this
could be assigned to the redox behaviour arising from OH groups of
the anthocyanins, following a two-steps path. At the first step OH
Table 2
Values obtained from fitted values at V = 0.5 V, in darkness, using a transmission line
based model.

RAW
ethanol

HEPT C18 RAW methanol 1%
HCl

AC
ethanol

Rct/Ω 531.7 339 390 84 99
Rt/Ω 12.6 8.7 11 16.2 10.5
Γt = Rt × Cμ/s 0.0027 0.0015 0.0018 0.0016 0.0054

Γrec = Rct × Cμ/s 0.11
0.053 0.072 0.0084 0.052
adsorption takes place and then, at higher redox potential, oxidation
to ketene occurs [41].

EQCM profiles revealed that in the anodic scan direction adsorption
of anthocyanin takes place from ca. 0 V, followed by a main desorption
process that happened after OH oxidation at 1.1 V. On the other hand, at
the cathodic scan some deposition of mass is detected in the range 0 to
0.7 V. Results are in line with previously reported facts: OH groups are
able to adsorb, whereas ketene not [41].

It is remarkable to show that under this extraction conditions, and as
showed by fluorescence studies, in methanol solutions there is almost
no chlorophyll. For this reason, redox behaviour can be ascribed to
anthocyanin's groups.

3.4. Thermodynamic Analysis of the Photo Induced Electron Transfer
Process

From redox studies (using the value of 1.3 vs. SHE for the oxidation
potential) and data obtained from the absorption and emission spectra,
some predictions could be carried out through calculation.

Normalized UV–visible absorption and emission spectra of C18 sam-
ple depicted in Fig. 5 show an intersection at 590 nm.

Assuming that the electron transfer process would take place from
the first singlet electronic excited state (S1) of the anthocyanins, a E0-0
value of 2.10 eV can be calculated from the spectroscopic data. Upon ex-
citationwith light, the predicted oxidation potential for the excited state
of anthocyanins will be −0.8 V, coming from the difference between
the oxidation potential and the E0-0 value. With these data in mind,
the Rehm-Weller equation can be applied, where:

ΔG ° ¼ e E °D−E °A½ �−E0:0 ð3Þ

Assuming a value of−0.52 V for the conduction potential of the TiO2

(namedE°A at Eq. (3)), and also considering themeasured oxidation po-
tential 1.3 V (called E°D) and E0-0, it is possible to calculate
ΔG°=−0.28 eV, predicting a spontaneous process of electron transfer-
ence between the dyes and the TiO2 [27]. Electron transfer processes be-
tween the excited dye and the semiconductor should then be
favourable from a thermodynamically point of view.

That is, using the anthocyaninsmixture extracted from the red flow-
er, a good cell performance can be expected.

3.5. DSSC Electrochemical Evaluation and Performance

Electrochemical evaluation of the assembled cells showed different
tendencies regarding the used sensitizer. It is important to clarify that
the cells were sensitized with dyes showing same absorbance values
at 530 nm, in order to assure an equivalent anthocyanin concentration
from cell to cell.
Table 3
Values obtained from fitted values at V = 0.5 V, under light 1 sun, 1.5 AM, using a trans-
mission line based model.

RAW HEPT C18

Rct/Ω 70.6 22.9 33.6
Rt/Ω 10.7 8.7 20
Γt = Rt × Cμ/s 0.0051 0.008 0.035
Γrec = Rct × Cμ/s 0.0051 0.008 0.035



Fig. 7. Top: evolution of the charge transfer resistance of the cell, after subtracting platinumand series resistance, and of the capacitance of the cellwithout the contribution of the platinum
capacitance. Using ethanol (RAW ethanol, black square), followed by an extraction step with heptane (HEPT, red dot) and additionally C18 column (white square), or using acidic
methanol as extraction mixture on the flowers (blue triangle). BOTTOM: Time constant evolution for the assembled cells, using ethanol (black square), followed by an extraction step
with heptane (red dot), and additionally C18 column treatment (white square). Results for AC ethanol were very similar to those obtained for RAW methanol and therefore are not
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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As can be observed in Table 1 and Fig. 6, conversion efficiency values
showed an important improvement after purification steps. Best effi-
ciency values were detected for cells assembled from the purified ex-
tract obtained with the use of ethanol followed by the procedure steps
explained at the experimental part.

This can bemainly explained by the absence of chlorophyll after ex-
traction with heptane and the use of the C18 column. As mentioned
above, chlorophyll showed great fluorescence intensities that would
certainly affect cells performance. Moreover, it has been reported that
chlorophyll a does not adsorb efficiently on TiO2 from solvents such as
ethanol or methanol, due to the weak interaction of its ester and keto
Scheme 3. Measured differences at Voc val
carbonyl groups with the hydrophilic oxide surface, showing rather
low energy conversion efficiency in sunlight [9–10].

Blanc experiments were carried out without the use of dyes, show-
ing no detectable photocurrent density values in the exploited potential
range.

More information was obtained from EIS measurements. Sensitized
cells were evaluated in darkness and under light illumination, using a
solar light simulator.

As illustrated at Scheme 2, experimental data were fitted using dif-
ferent equivalent circuits, according to the expected behaviour at low,
intermediate and high voltages ranges [26,42–45]. In particular, a
ues are illustrated in a schematic way.
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transmission line-based model was successfully used to describe the
electrochemical behaviour of dye-sensitized solar cells in the dark and
under illumination at intermediate potential values.

Tables 2 and 3 show the values obtained after fitting the experimen-
tal results, where:

Rct is the charge transport resistance related to recombination of
electrons at the TiO2/dye/electrolyte interface, the resistance of interfa-
cial charge-transfer from the TiO2 to the triiodide in the electrolyte.

Rt is the electron transport resistance in the photo anode.
Cμ is the chemical capacitance at the TiO2/dye/electrolyte interface,

an equilibriumproperty that relates the variation of the electron density
to the displacement of the Fermi level.

Γt = Rt × Cμ is the time constant for the transport of the injected
electrons that diffuses through the nanoparticle network.

Γrec=Rct× Cμ is the recombination time that reflects the lifetime of
an electron in the photo anode.

From results presented at Tables 2 and 3 and Fig. 7, some important
observations can be remarked.

The difference in the observed Voc values at different assembly cells
can be estimated using:

ΔVOC ¼ ΔEF þ ΔVOC;τ ¼ ΔEF þ kBT
q

ln
τt1
τt2

ð4Þ

From Table 2, τ1 is 0.0018 s for C18 samples and τ2 is 0.0016 s for
RAWmethanol ones, giving a ΔVoc,τ value of 0.003 V.

From Fig. 7 at the chemical capacitance vs. E diagram, Cμ indicates a
lower lying conduction band edge of the TiO2 (ca. 120 mV) for devices
containing C18 purified dyes extracted with ethanol than those devices
containing dyes extracted with acidified methanol. Then
ΔEF = −0.12 V.

Subsequently, taking into account both results, Eq. (4) gives place to
a ΔVoc value of−0.117 V, in accordance with data showed at Fig. 6 and
Table 1.

Scheme 3 illustrates the observed differences at Voc values between
C18 and RAW methanol sensitized cells.

With respect to the conduct of the charge transfer resistance, higher
values are observed for the RAW extract with ethanol and for those ob-
tained after using the C18 column. Cells sensitized with these extracts
showed higher performance efficiencies and it is possible to explain
such behaviour considering these resistance values. Cells with high re-
combination resistance values will show lower losses following such
path. On the contrary, those extracts acquired using acidic ethanol or
methanol showed low values, and here electron recombination with
the triiodide in the electrolyte is favoured.

Similar observation can be carried out considering recombination
time values. In darkness, Γrec was larger for RAW extract with ethanol
and C18 sensitized cells, and this is one of the reasonswhyphotovoltatic
performance was superior. A larger time constant is consistent with a
slower recapture of conduction band electrons by triiodide.

The presence of chlorophyll and other compounds such as carotenes,
could explain the performance's differences observed. Chlorophyll is a
big molecule that can affect the efficiency, by occupying the electrode
surface in a competition for the available surface sites with anthocya-
nins. After extraction using heptane, carotenes and other alkaloids
remained with anthocyanins, and surface competition could also take
place. In this case with an important difference: cells sensitized with
carotenes have lower efficiencies than those sensitized with chloro-
phylls [46–47].

In the case of extracted anthocyanins using acidified alcohols the
problem is focalized in the presence of H+. Protons affect the position
for the Fermi level of the TiO2 as reported previously [48–49]. Slightly
differences in the polarity of the solvents do not show conclusive re-
sults. Additionally, the presence of chlorophyll in those extracts also in-
fluences the performance of the assembled cells. The presence of
protons also affects the spectral characteristics of the dye: as can be
observed at Fig. 5 and Scheme 2, it is possible to get an E0-0 of 2.1 eV
for C18 and 2.2 eV for RAW methanol, giving place to more favourable
processes from the thermodynamic point of view for cells sensitized
with RAW methanol than for those with C18. Nevertheless, measured
Voc and conversion efficiency were lower in the presence of a relatively
high concentration of protons. High concentrations of H+ at the TiO2

surface can repel positively charged anthocyanins and affect their ad-
sorption. Besides, the presence of H+ affects the position of the Fermi
level of the semiconductor as already mentioned.

Under high-illumination intensity, the resistance of interfacial
charge-transfer from the TiO2 to the triiodide in the electrolyte de-
creases due to the increase of the electron concentration in the TiO2.

Also under light illumination some facts are detected, that could ex-
plain the high conversion efficiency values observed for cells sensitized
with purified anthocyanins named C18. In this case, cells presented the
highest Γt and Γrec values, indicating that electron recombination is less
favourable in these cells, and also electron transport of the injected elec-
trons is enhanced in the absence of chlorophyll. On one side, this could
be explained by a better absorption of the almost isolated anthocyanins
to the electrode surface. On the other hand, losses of energy due to high
intensity emission of the chlorophyll could also affect the overall ex-
change process between dyes and the photo anode.

4. Conclusions

The use of dyes extracted from natural products such as Ceibo's
flowers, which are widely found in countries as Uruguay and Argentina
at summer times, constitutes an interesting source that could be used to
obtain energy when used as sensitizers.

We were able to compare results for cells sensitized with dyes com-
ing from different extraction methods, including the evaluation of how
the presence of H+ could affect the performance. Slightly differences in
the polarity of the solvents do not show conclusive results.

Our present data provide evidences that anthocyanins extracted
from these red flowers with ethanol, when subject to quite simple iso-
lation and purification procedure, might represent an excellent, cheap
and clean alternative for the development of DSS cells. Following a
very simple path, assembled cells sensitized with purified anthocyanins
reached a conversion efficiency of 0.73%value, situated among larger re-
ported values for these dyes.
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