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Abstract We have tailored the extraction solvent of natural
anthocyanin pigments from Ixora coccinea flower to lower
charge transport resistance and enhance effective electron dif-
fusion coefficient as well as absorption properties in DSSC
sensitization. Six different extraction solvents were used in this
study, namely, absolute ethanol, 70% ethanol, acetone, dimeth-
yl formamide, dimethyl sulfoxide, and distilled water. Dimethyl
formamide was found to be able to extract the most anthocya-
nins from the Ixora flower, followed by dimethyl sulfoxide,
acetone, absolute ethanol, 70 % ethanol, and distilled water,
respectively. Dye-sensitized solar cells were fabricated using
these extracted dyes as sensitizers and the cell performances
were measured and characterized. The dye-sensitized solar cell
equipped with a dye sensitizer extracted in 70 % ethanol
achieved the highest conversion efficiency (ɳ=0.50±0.04 %)
owing to its highest electron diffusion coefficient and lowest
transport resistance in the TiO2/dye/electrolyte interface. This
was followed by the cell equipped a with dye sensitizer

extracted in acetone (ɳ=0.30±0.04 %), absolute ethanol (ɳ=
0.27±0.01 %), dimethyl formamide (ɳ=0.17±0.01 %), di-
methyl sulfoxide (ɳ=0.16±0.01 %), and distilled water (ɳ=
0.09±0.003 %) in conversion efficiency performances, respec-
tively. This study provides an insight into the importance of
choosing the right medium for both dye extraction as well as
the favorable solvent medium for dye adsorption onto TiO2.
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Introduction

The demand for energy increases with increasing world pop-
ulation. Current sources of energy that come from fossil fuels
release hazardous and greenhouse gases to the atmosphere
and, hence, pose a negative impact on climate, the environ-
ment as well as human health [1, 2]. Calculated solar energy
that falls onto the Earth surface is at a rate of 120 PW (1 PW is
equivalent to 1015 W). If this energy that comes from the Sun
could be harnessed effectively, the world energy demand
could be satisfied [3]. The benefits that come when harvesting
light from the Sun would provide ample energy, thus making
solar energy to be an important renewable energy resource [4].

Dye-sensitized solar cell (DSSC) has come up as a part of
preferable photovoltaic devices that provide a solution toward
harvesting of solar energy and convert it to electricity [5, 6].
This is due to its potential low cost, simple to fabricate, and
use of nontoxic, recyclable materials [7–9]. However, its po-
tentially high photovoltaic conversion efficiency still remains
debatable and scientifically challenging to be opted practically
[10–15]. A DSSC is comprised of a wide bandgap semicon-
ductor thinly layered on a photoelectrode, electrolyte, and a
counter electrode as well as dye sensitizers which are
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responsible for harvesting light and as a whole transforming
solar energy into electrical energy [10]. The mechanisms of
this photovoltaic device are based on the absorption of light by
the adsorbed dye on the TiO2 surface, effective electron exci-
tation from the dye which are transferred to the conduction
band of the TiO2 passing through the electrode and out to the
external circuit [16, 17].

Dye sensitizer remains one of the key elements in DSSC.
High conversion efficiency has been achieved when DSSC is
fabricated with ruthenium complex dye [18]. But the presence
of heavy metals as well as their rarity, complicated synthesis,
and expensive nature has inspired more studies to find alter-
native sensitizers from nature which do not pose threats to
health and the environment [19–21]. Natural dyes which are
utilized as dye sensitizers can easily be extracted from fruits,
vegetables, and flowers with simple and direct chemical pro-
cedures at room temperature [22–24]. However, natural dye
sensitizers have been reported to perform poorly in DSSC, and
to date, the overall conversion efficiencies produced have
been below 2 % [22, 25]. This low efficiency is due to the
weak binding energy between dye molecules with the TiO2

film, low charge transfer with limited light absorption in the
visible range, the structure of the dye molecules in relation to
its stability, and the nature of the anchoring group itself
[25–27].

Anthocyanins as dye sensitizers are able to bind with TiO2

which are mainly due to the presence of carboxyl and hydrox-
yl groups. This binding onto the surface of the TiO2 film will
then facilitate electron transfer from anthocyanin molecules to
the conduction band of TiO2 [5, 11]. Having said that, the
sensitizing performance of anthocyanins differs from one an-
other depending on the sources from where the anthocyanins
are being extracted [10].

Solvents used to extract these natural dyes must be careful-
ly chosen to achieve high effectiveness in the extraction pro-
cess [28, 29]. This is because the solubility of different dyes
varies depending on the polarity of the extraction solvents,
hence affecting directly the solubility and anchoring behavior
of the extracted dyes onto TiO2, which then affect cell overall
efficiency [29, 30]. Polar aprotic solvents and polar protic
solvents are two polar solvents commonly used to extract
anthocyanins, and the polarity of these solvents can influence
in terms of diffusion of dyes onto the TiO2 surface, and hence,
careful selection of solvent for extraction is important [31].

The performance of DSSC using dyes extracted in different
solvents has been studied, and the reported results show that
the performance does depend on the solvent properties such as
polarity, acidity, dye combination, and temperature [21, 31].
However, such studies focused on a few extraction solvents.
For example, DSSC fabricated with curcumin dye in acetone,
dimethylformamide, dimethyl sulfoxide, and ethanol yielded
cell conversion efficiencies of 0.63, 0.44, 0.38, and 0.31 %,
respectively [31]. Dyes extracted from Lawsonia inermis

(henna) extracted in ethanol and a mixture of ethanol and
water (4:1) showed conversion efficiencies of 0.66 and
0.52 %, respectively [25], whereas the dye extract of
Melastoma fruit in deionized water and ethanol generated
conversion efficiencies of 1.37 and 0.72 %, respectively [29].

This paper discusses a study on the effect of six different
extraction solvents potentially used in natural dye extraction.
The objectives of the study are to investigate the effect of
extraction solvent to overall cell conversion efficiency and,
hence, identify a suitable extraction solvent for DSSC appli-
cation. Analyses include absorption properties of the dye ex-
tracts which were analyzed using a UV-Vis spectrophotome-
ter, incident photon-to-current efficiency, calculation of antho-
cyanin dye concentrations using pH differential method, de-
termination of aggregation of dye particles in the dye extracts,
current-to-voltage characterization, and electrochemical im-
pedance spectroscopy measurement of working DSSCs.

In this study, the natural anthocyanin dye sensitizer was
extracted from Ixora coccinea flower which is abundant in
Brunei Darussalam. It is a shrub with a height commonly
growing up to about 4–6 ft. This flower has several cultivars
which come in different shapes, sizes, and colors. The flower
often appeared in clusters at the end of branches, with four
petals. A study has reported that the major anthocyanin pres-
ent in Ixora is pelargonidin-3-glucoside (Fig. 1) [32].

Materials and method

Extraction, characterizations, and preparation of natural
dye sensitizer

The natural anthocyanin dyes were extracted in six different
solvents: distilled water, absolute ethanol, 70 % ethanol, di-
methyl formamide (DMF), dimethyl sulfoxide (DMSO), and
acetone. Fresh petals (10 g) of I. coccinea were crushed using
a pestle and mortar in the respective solvents and left over-
night (refrigerated at 3 °C), to make 50 mL of the dye extract.
The extract was then stirred for 2 h and then filtered to remove
the solid residue which was then purified using petroleum
ether. To further remove any remaining small solid residues,
the resultant extract was centrifuged at 4500 rpm for 15 min
and the extract (50 mL) was stored and refrigerated in an
enclosed bottle.

The dye extracts were then characterized for their light
absorption properties using the UV-Vis spectrophotometer.
The initial concentration for anthocyanin presence in each
extract was determinedwith the pH differential method, where
all dye extract concentrations were then adjusted and leveled
equally by dilutions. In determining the degree of possible
aggregations of dye molecules in the extract, sizes of aggre-
gated dye molecules were analyzed using Zetasizer (Nano
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MAN 0317) after shaking the extract using a vortex mixer for
30 s.

Fabrication of photoelectrode

Photoelectrodes were fabricated using a TiO2 paste Solaronix
(nanoxide-T, colloidal anatase particles size ~13 nm,
~120 m2 g−1 (BET), Switzerland). The TiO2 was coated on
precleaned fluorine-doped conducting tin oxide (FTO) glasses
(Nippon sheet glass ~7 Ω sq−1) by the doctor blade method.
Electrodes were preheated (~50 °C) using a hair dryer and
sintered at 450 °C for 30 min. The thickness of the TiO2

electrodes used for this investigation was ~9 μm (scanning
electron microscope, SEM) [33].

Dye-synthesized solar cell preparation, incident
photon-to-current efficiency, and current-voltage
measurements

The prepared photoelectrodes were dipped in the dye extracts
overnight allowing adsorption of dye molecules onto the TiO2

surface. Overnight dipping is necessary to allow dye mole-
cules to attach onto the TiO2 surface efficiently. The dyed
electrode was then rinsed with respective solvents, which
was then assembled after introducing an electrolyte containing
tetrabutylammonium iodide (TBAI, 0.5 M)/I2 (0.05 M), in a
mixture of acetonitrile and ethylene carbonate (6:4, v/v) in
between the dyed electrode and the platinum counter elec-
trode. The assembled cell was then exposed to irradiation of
100 mW cm−2 for 4 h prior to the current-voltage measure-
ment, allowing optimum incorporation of the electrolyte into
the TiO2 layer [33]. Measurement on incident photon-to-
current efficiency was carried out using PVE 300 system
(BENTHAM: photovoltaic characterization), with xenon arc
lamp and quartz halogen bulb as the light source, which cuts at
700 nm. The photoelectric current-voltage (I-V) measurement
was carried out by placing the assembled cell under solar
simulator (model: DYESOL LP-156B).

Electrochemical impedance measurement

The electron kinetics of the cell was investigated using elec-
trochemical impedance spectroscopy. This measurement was
carried out using a computer-controlled electrochemical inter-
face (SI 1287, Solatron) and impedance/gain-phase analyzer
(SI 1260, Solatron). The frequency range and the amplitude of
the alternative voltage used were from 0.01 to 106 Hz and
10 mV, respectively. The impedance measurements were per-
formed at open circuit condition under irradiation of
100 mW cm−2. Impedance parameters and equivalent circuits
were then obtained by fitting the spectra with ZView software
(v3.3, Scribner Associate Inc.).

Results and discussion

Absorption spectra and aggregation behavior of the dye

The absorption of light was analyzed using the UV-Vis spec-
trophotometer in the wavelength range from 300 to 800 nm
and is shown in Fig. 2. Figure 2a shows the absorption spec-
trum of the dye extracted in 70 % ethanol, absolute ethanol,
acetone, DMF, DMSO, and distilled water. Figure 2b illus-
trates the absorbance spectra of the dye adsorbed onto the
TiO2 layer. The dye extracted in distilled water exhibits the
highest absorbance followed by 70 % ethanol, absolute etha-
nol, acetone, DMF, and DMSO in pure dye solution. As
shown in Fig. 2b, the absorbance was broader when the dye
was adsorbed onto the TiO2 layer compared to the absorbance
of TiO2 anode only. This indicates the binding of the dye
molecules with TiO2 surfaces. Dye extracted in distilled water
that adsorbed onto the TiO2 layer tends to have a broad ab-
sorption range compared to the other extraction solvents.
Similar findings by Hong et al. mentioned that the broad
absorption range is due to that distilled water contained ions
which are able to absorb light and thus broaden the absorp-
tion range [34].

Fig. 1 Pelargonidin-3-glucoside
from Ixora coccinea flower
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The presence of anthocyanin in each dye extract was con-
firmed by adding a few drops of hydrochloric acid, which
resulted in the formation of bright red coloration. The change
in color is due to an equilibrium shift of anthocyanin toward
their flavylium cation (AH+) at low pH [35]. UV-Vis measure-
ment was also carried out and intense peaks can be observed
between 500 and 550 nm confirming the presence of antho-
cyanin molecules, which are known to absorb light strongly
between those wavelength ranges at pH 1.0 [36]. This is
shown in Fig. 3.

Determinations of the initial concentration of extracted an-
thocyanin from different extraction solvents were calculated
by the pH differential method. This is depicted in Fig. 4. It was
found that DMF as extraction solvent yielded the highest an-
thocyanin extracts, which was then followed by DMSO, ace-
tone, absolute ethanol, 70 % ethanol, and distilled water, re-
spectively. Polar aprotic solvents used in this work such as
DMF, DMSO, and acetone managed to extract more anthocy-
anins than those of polar protic solvents such as ethanol and

water. This indicates that the extracted natural anthocyanin
dissolves better in polar aprotic solvents, hence showing the
importance of selecting the appropriate solvent for anthocya-
nin extraction.

The dye extracts were then individually leveled in terms of
anthocyanin dye concentration by dilution in order to study
the aggregation behavior of anthocyanin molecules in each
extracting solvent. The size of the aggregated molecules was
measured using Zetasizer (see Fig. 5).

Figure 5 shows the particle size analysis in terms of aggre-
gation size in solution. Larger aggregation size means that the
dye molecules are intensely aggregated in their respective ex-
traction solvent. It was observed from the size analysis that the
dyemolecules aggregate more in absolute ethanol followed by
70 % ethanol, DMSO, distilled water, acetone, and DMF. The
aggregations were caused by interaction of molecules in the
solvents, and if the aggregations are intense, this would theo-
retically be unfavorable for DSSC.

Incident photon-to-current efficiency and current-voltage
measurements

The incident photon-to-current efficiency for each tested cell
was obtained and plotted as Fig. 6. Dyes in 70 % ethanol and
acetone performed better in the visible light region than the
dye in absolute ethanol, DMF, DMSO, and distilled water,
although the dye in absolute ethanol was more active toward
the violet region; however, it decreased tremendously after
510 nm wavelength. This suggests that the type of solvent
does affect the absorption spectrum of the dyes as well as
the bonding between the dyes and the surface of TiO2 [37].
One of the requirements for an effective dye sensitizer in
DSSC is to have a broader spectral absorption activity in the
visible light region [33]. In this case, it could be expected that

Fig. 3 Absorbance spectrum of dye extracts when added with
hydrochloric acid to indicate the presence of anthocyanin

a

b

Fig. 2 a Absorption of dye extracted in different solvents. b Absorption
of dye adsorbed onto the TiO2 surface
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dyes extracted in 70 % ethanol and acetone would perform
better than dyes extracted in other extracting solvents.

To further evaluate the effectiveness of these extracted
dyes, their performances in terms of current-voltage charac-
teristic were obtained and hence plotted as Fig. 7. The current-
voltage parameters were also tabulated in Table 1. Progressive
error analysis was carried out to estimate experimental errors
that arise from open circuit voltage (Voc) and short circuit
voltage (Isc), with values of ±0.001 V and ±0.01 mA cm−2,
respectively. The samples taken for each cell were carried out
in triplicates (n=3) and the error functions based on the cell
conversion efficiency were then calculated and shown by
reporting the cell performances (Table 1). It was found that
DSSC fabricated using the dye extracted in 70 % ethanol
showed the best performance, which obtained 0.50±0.04 %
in conversion efficiency, with Voc of 0.362 V and Isc of
0.559 mA cm−2 with a fill factor of 0.534. It was also found
that with an increase in short circuit current, the conversion
efficiency of the overall cell was increased, which, in this case,
was in agreement to the study conducted by Sreekala et al.
[31].

Despite the finding from the dye aggregation size analysis
has shown that the dyes in absolute ethanol aggregate the
most, and hence, the lowest conversion efficiency could be
expected, the performance of DSSC fabricated using dye in
absolute ethanol obtained a conversion efficiency of 0.27±
0.01 %. This performance by dye in absolute ethanol is much
higher than that of DMF, DMSO, and distilled water (lowest
conversion efficiency 0.09±0.003 %), respectively. The per-
formance of DSSC fabricated using dye in acetone obtained a
conversion efficiency of 0.30±0.04 %. This may suggest that
70 % ethanol is the preferable solvent for efficient dye adsorp-
tion to take place among all the studied solvents. These results
indicate that there is no obvious correlation between the dye
interaction behavior in their respective extraction solvents and
the performance of the dye after adsorption onto the TiO2

layer.

Electrochemical impedance spectrophotometer

The DSSC performances of the dye extracted in different sol-
vents were further evaluated using electrochemical impedance

Fig. 4 Total concentration of
anthocyanin extracted into each
solvent calculated using the pH
differential method

0.69 ±0.04 nm 

Fig. 5 Average sizes of
aggregated dye molecules in
different extraction solvents
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spectroscopy (EIS), which investigates the kinetics of electron
in DSSCs under the irradiation of 100 mW cm−2 at open
circuit condition. Nyquist plots and Bode plots are as shown
as Fig. 8a, b, respectively, with the data obtained from DSSCs
sensitized using Ixora dye in absolute ethanol, 70 % ethanol,
acetone, DMF, DMSO, and distilled water.

Nyquist plot determines the charge transfer resistance
which relates to a recombination of excited electrons (Rk) in
the TiO2/dye/electrolyte interface [38], which was observed
from the diameter of the semicircle. The larger the arc indi-
cates higher Rk value which corresponds to the lower proba-
bility of the excited electrons to recombine. The Rk values are
126.8, 181.7, 492.5, 423.9, 773.1, and 1185 Ω for DSSCs
sensitized with Ixora dye in 70 % ethanol, acetone, absolute
ethanol, DMF, distilled water, and DMSO, respectively. The
low recombination resistance (Rk) in the TiO2/dye/electrolyte
interface directly relates to the decay of Voc in DSSCs due to
the high recombination process. Similar values of Voc of that

of DSSC sensitized with dye in acetone and in 70 % ethanol
were exhibited, which may result from their similar recombi-
nation resistance. However, higher electron density of DSSC
sensitized with dye in 70 % ethanol (ɳs=1.90×10

26 cm−3)
than DSSC sensitized with dye in acetone (ɳs=1.07×
1026 cm−3) gives rise to a higher current (Isc); hence, better
cell performance was achieved. [39].

Fig. 6 IPCE spectra showing activities of DSSCs sensitized with dyes in
different solvents

Fig. 7 Comparison of current-voltage performances of DSSCs fabricated
with dye extracted in the studied extraction solvents

Table 1 Photovoltaic parameters of DSSCs fabricated with dye
extracted in six different solvents

Extraction solvent Voc (V) Isc (mA cm−2) FF Efficiency (%)

70 % ethanol 0.362 0.559 0.534 0.50±0.04

Acetone 0.370 0.366 0.489 0.30±0.04

Absolute ethanol 0.382 0.278 0.48 0.27±0.01

DMF 0.284 0.239 0.499 0.17±0.01

DMSO 0.353 0.162 0.531 0.16±0.01

Distilled water 0.284 0.172 0.392 0.09±0.003

a

b

Fig. 8 a Nyquist plot with an inset showing the equivalent circuit
diagram. b Bode plot as obtained from EIS analysis measured under the
illumination (100 mW cm−2) and open circuit conditions
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Bode plot consists of two peaks: one peak is at a lower
frequency and the other one is at a higher frequency which
corresponds to effective lifetime of electrons on the TiO2/dye/
electrolyte interface and effective lifetime of electron on the
platinum, respectively [38]. The peak frequency at the low-
frequency range is inversely proportional to the effective elec-
tron lifetime of electrons in the TiO2/dye/electrolyte interface,
and the values obtained were 12.6 Hz for DSSC using dye in
70 % ethanol, 7.9 Hz for DSSC using dye in DMF and dis-
tilled water, and 6.3 Hz for DSSC using dye in acetone,
DMSO, and absolute ethanol. These results show that DSSCs
fabricated using dye in acetone, DMSO, and absolute ethanol
have higher effective electron lifetime, which is essential for
efficient flow of electrons in the TiO2 matrix.

Other parameters such as effective diffusion coefficient of
electron (Deff), electron transport resistance (Rw), and electron
density (ɳs) in the TiO2 matrix were determined and tabulated
in Table 2. In order to achieve high efficiency of DSSC, it is
hence necessary to obtain high electron diffusion coefficient,
high electron density, and high electron recombination resis-
tant [40]. Importantly, our results show that DSSC using dye
extracted from 70 % ethanol exhibited the highest effective
Deff to a factor 10 times compared to the other tested cells.
Additionally, with the lowest electron transport resistance
(3.34Ω) obtained in DSSC using dye using 70 % ethanol, this
positively allowed better diffusion of electrons within the
TiO2 matrix and, thus, undoubtedly enhanced the overall
DSSC performance. From our experimental data, the effect
of different solvents used in the extraction does affect the
kinetics of electrons in the TiO2/dye/electrolyte interface,
and the consistency of both findings is best indicated by low
electron transport resistance and high electron density that
lead to the higher conversion efficiency achieved.

Conclusions

Dye sensitizers from I. coccinea flower were extracted in six
different solvents, namely, 70 % ethanol, absolute ethanol,
acetone, DMF, DMSO, and distilled water. More anthocya-
nins were extracted when using polar aprotic solvents as the
extraction solvent.When tested in DSSC, polar protic solvents

exhibit better cell conversion performances than the dyes ex-
tracted in polar aprotic solvent. Interaction between dyes-sol-
vent-TiO2 was the determining factor in this case. Overall, it
was found that the dye sensitizer extracted in 70 % ethanol
achieved the highest conversion efficiency (0.50±0.04%) and
was opted to its highest electron diffusion coefficient and low-
est transport resistance in TiO2/dye/electrolyte interface. Dye
extracted in distilled water (despite being known as a universal
solvent) achieved the lowest with 0.09±0.003 % conversion
efficiency. This study highlights the importance of selecting
the right medium for extraction as well as the favorable sol-
vent medium during dye adsorption onto TiO2 is important as
it can affect the overall efficiency of the fabricated DSSC.
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