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Abstract: Bixin is one of the potential natural sensitizers used in dye-sensitized
solar cells (DSSCs). In this study, bixin was complexed with Cu(Il) and Zn(II) to
increase its stability. The formation of the complexes was indicated by shifting
peaks absorption and the changes in the fine spectral structure observed from the
UV-Vis absorption spectra. The metal-bixin complex occurs due to the interaction
between the ester groups of bixin and the metal. Bixin, Cu-bixin, and Zn-bixin
were used separately as sensitizers in DSSCs. The DSSCs performance was then
improved by adding 1-methyl-3-propylimidazolium iodide (MPII) to the
electrolyte system. The presence of MPII 0.4 M in KI-I, electrolyte produced a
higher ionic conductivity value (20.44 mS cm™) than that without MPII (11.14
mS cm™). This electrolyte system significantly improved DSSCs performance.
Under a light intensity of 300 W/m?, the maximum energy conversion efficiencies
of DSSC with bixin, Cu-bixin, and Zn-bixin as sensitizers are 0.084, 0.081, and
0.005%, respectively. The Zn-bixin-based DSSC was stable under high light
intensity. Under 700 W/m?, its maximum energy conversion efficiency reaches
0.125%. There was a synergistic work observed between the metal-bixin complex
and the MPII based electrolyte. This result can open the way for constructing
functional materials for solar cell applications.

Keywords: bixin; complex; dye-sensitized solar cells (DSSCs); 1-methyl-3-
propylimidazolium iodide (MPII)

m INTRODUCTION

Dye-sensitized solar cells (DSSCs) are a third

Among naturally occurring carotenoids, bixin
(methyl hydrogen 9’-cis-6,6’-diapocarotene-6,6’-dioate,

generation of the photovoltaic cell. It is a low-cost solar
cell belonging to thin-film solar cells due to inexpensive
constituent materials and a simple fabrication process [1-
2]. Dye sensitizer is one of the essential components of
DSSCs [3]. Organic or natural dyes-based sensitizers offer
a suitable alternative to high-cost inorganic dyes.
Ruthenium and several materials used as inorganic dye
sensitizers are also toxic and low natural abundance [4].

C25H3004, CAS Number: 39937-79-5) is a potential dye
that has been explored as a sensitizer in DSSCs because
of its 9'-cis structure and two carboxylic groups, one of
which is a methyl carboxy ester as shown in Fig. 1(a). The
bixin's carboxylic group can react readily with the metal
oxide's surface hydroxyl groups [5-7]. Bixin can absorb
UV-A, UV-B, and UV-C with absorption coefficients in
aprotic polar solvents of over 10* M1 cm™ [5,8], which is
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Fig 1. Structure of cis-bixin (a) and 1-methyl-3-propyl
imidazolium iodide (MPII) (b)

an advantage for dyes as sensitizers in DSSCs. However,
due to their conjugated double bonds system, the stability
of natural sensitizers like bixin in DSSCs is debated [9].

De Sousa Lobato et al. [10] have conducted research
to increase bixin stability by using polymer encapsulation
to produce bixin nanocapsules. This method was able to
increase the stability of bixin up to 100 + 0.02%. However,
encapsulation could inhibit the role of bixin as a
sensitizer. Another way to increase the stability of the dye
sensitizer is the complexation method. This method can
prevent cloudiness or loss of color from the dye. Cortez et
al. [11] reported that metal ions used in complex
processes were shown to stabilize the dye extract color.
Besides that, the oxidation state of metal ions plays a vital
role in forming dye-metal complexes. Therefore,
complexes of bixin with divalent transition metal ions
(Zn** and Cu’") were prepared. In a coordination
complex, the transition group metals tend to act as a Lewis
acid (an electron acceptor). They are bonded by ligands
which act as Lewis bases (an electron donor) [12-13]. The
different electronic properties of these two transition
metals (Cu*', Zn*") are interesting to study because they
will show different interactions with ligands in
organometallic complexes [14-15].

In addition to the sensitizer stability, electrolyte
stability also has an essential role in improving the DSSCs
performance. The electrolyte is a charge transport
medium produced by sensitizer and photoanode. The
electrolyte system that has been widely used is the liquid
electrolyte type of the redox I/T" pair. Rahmalia [12]
fabricated DSSC with a bixin-based sensitizer using liquid
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electrolyte KI-I,, showing a maximum performance of
0.08%. The low viscosity of liquid electrolytes makes it
easy for the solvent to leak or evaporate, thereby
drastically reducing performance.

Shi et al. [15] have reported that electrolyte stability
can be improved by adding an additive ionic liquid such
as imidazolium. This leads to an increase in the
conductivity and energy conversion efficiency of the
DSSC
increasing electrolyte density due to the increased

system. Ionic conductivity increases with
concentration of free ions formed after adding
imidazolium to the liquid electrolyte [16]. One of the
imidazolium groups is 1-methyl-3-propylimidazolium
iodides (MPII, Fig. 1(b)). The concentration of ionic
liquid added to the electrolyte system affects the
viscosity, conductivity, and mobility of electrons.
Therefore, this study discusses the effect of MPII
concentrations in the KI-I, electrolyte system on the
performance of bixin and bixin-metal complexes
sensitized solar cells, focused on short circuit current
(Isc), open-circuit voltage (Voc), and the maximum
energy conversion efficiency.

m EXPERIMENTAL SECTION
Materials

Kesumba (Bixa orellana L.) seeds were obtained
from West Kalimantan Indonesia, NH,OH-activated
metakaolinite prepared by Rahmalia et al. [17]. Acetone
(CH;COCHs, 2 99.9%) was supplied by Mallinckrodt
Chemicals, iodine (I,) by VWR Chemicals, plastisol by
Solaronix, transparent conductive oxide (TCO) glass with
fluorine-doped tin oxide (FTO) type thermal evaporation
coating, 7-8 ohm/sq (TEC-7) conductive glass by SOLEM.
Anatase nanopowder titanium dioxide (TiO, < 25 nm
particle size, 99.7% trace metals basis) and 1-methyl-3-
propylimidazolium iodide (MPII) were supplied by Sigma
Aldrich. Acetonitrile (C;HsN, > 99.8%), ethyl acetate
(C4Hs03, 2 99.9%), potassium iodide (KI), copper sulfate
(CuSO4xH,0), zinc sulfate (ZnSO.-H,0), triton-x-100
(CsH17,CsH4(OCH,CH,).OH), acetylacetone (CsHsO,)
absolute ethanol (C;HsOH), and aluminium thin layer
chromatography plate, silica gel coated with fluorescent
indicator F254 (TLC Fzs) were supplied by Merck.
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Procedure

Preparation of bixin and metal-bixin complexes
Preparation of bixin. Kesumba seeds (75 g) were
immersed in 200 mL of ethyl acetate in an Erlenmeyer
flask, stirred for 1 h, and filtered. The process was repeated
until all the colors are extracted into the ethyl acetate
solution, and it was then evaporated at 40 °C to give 6.9 g
of crude residue (9.4%). The 2 g crude residue was
chromatographed over silica gel 60 A (70-230 mesh) using
hexane, mixtures of hexane-ethyl acetate (9:1, 8:2, 7:3, 6:4,
1:1), acetone, a mixture of acetone—methanol (1:1), and
methanol. The eluates were collected, monitored by thin-
layer chromatography, and combined in major fractions.
Bixin (0.13 g) was obtained from the last fractions.
Preparation of complexes M-bixin (M = Zn(ll) and
Cu(ll)). ZnSO+H,O and CuSOs;xH,O were separately
heated at 100 °C for 24 h to remove hydrates. The complex
of Zn-bixin was prepared as follows. An aqueous solution
of Zn(II) (12.2 mg in 1 mL of distilled water) was added
gradually into bixin solution (30.0 mg in 30 mL of
acetone), then stirred until homogeneous. The mixture
was refluxed for 1 h. It was evaporated on heating in an
oven at 50 °C for 2 h to remove the solvent. The powder
complex of Zn-bixin was obtained and stored in the dark
at 4 °C until further treatment. The Cu-bixin complex was
prepared by the same method by replacing Zn(II) with
Cu(Il) (12.3 mg in 1 mL of distilled water) and bixin
solution (30.5 mg in 30 mL of acetone). The bixin (Bx),
Zn-bixin (Zn-Bx), and Cu-bixin (Cu-Bx) complexes were
analyzed by a double-beam Shimadzu UV-1800 UV-Vis
and a Shimadzu FT-IR spectrophotometer.

Fabrication of dye-sensitized solar cells (DSSCs)
Preparation of transparent conductive oxide (TCO).
TEC7 FTO glasses measuring 2.5 x 2.0 cm” were washed
using soap and water. The glasses were immersed in 70%
ethanol using a bath sonicator for 30 min, then dried at a
temperature of 100 °C for 1 h. The conductive side of the
glasses was determined.

Preparation of anode. Photoanode was prepared by
adopting the method of Rahmalia [12]. The mixture of
anatase-TiO, (2.375 g) and a mixture of ammonia-
activated metakaolinite (MKA, 0.126 g) were added with
15 mL of absolute ethanol, 16 drops of triton-x, and 12
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drops of acetylacetone. The mixture was then stirred for
24 h to form a paste. The photoanode paste formed was
sonicated for 3.0 h.

Preparation of electrolytes. The electrolyte used in
this study is a redox pair (I'/I57), where KI (1.66 g) and I,
(0.127 g, 0.05 M) were mixed in 20 mL acetonitrile and
stirred until homogeneous. The electrolyte solution was
stored in a dark and closed bottle. The electrolyte
variation was carried out by adding MPII ionic liquid
with various concentrations of 0.3, 0.4, and 0.5 M. The
electrolytes were determined their viscosity, density, pH,
and ionic conductivity.

Assembling of DSSCs. DSSCs were prepared by doctor
blading using TEC7 FTO-covered glass as follows.
TiO,/MKA paste and plastisol paste were deposited on
FTO glass with 1 cm® active side forming photoanode
and cathode separately. The photoanode was heated in
the furnace at 450 °C for 30 min, while the cathode was
heated at 400 °C for 5 min. Photoanodes were immersed
Zn-Bx, and Cu-Bx)
concentrated of 5 g/L (in acetone solvent) for 24 h.

in sensitizer solution (Bx,
Furthermore, one drop of electrolyte was added to the
photoanode, then covered with a cathode to form a layer
like a sandwich. Each cell was tested for performance
(Isc and Voc) using a scientific multimeter of 6.5 digits
Agilent 34461A. The light source used in the test is a
500 W halogen lamp. The test conditions are carried out
with variations in light intensity of 0-1000 W/m®.

m RESULTS AND DISCUSSION
Characteristics of Bx, Zn-Bx, and Cu-Bx

The TLC analysis (as seen in Fig. 2) shows changes
in Rf after reacting bixin with metal precursors for
60 min. R¢ values' differences are due to the bonding of
7Zn** and Cu*" to Bx molecules, which affects the
resulting product polarity. The Rf values of Bx, Zn-Bx,
and Cu-Bx are 0.31, 0.73, and 0.26, respectively,
indicating that the Zn-Bx and Cu-Bx had been formed
with polarity properties Bx-Cu > Bx > Bx-Zn. This
polarity can be influenced by the ion electronegativity of
the Cu?* (1.90), which is greater than Zn** (1.65).

The conjugated double bond system constitutes
the light-absorbing chromophore of bixin, resulting in a
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Fig 2. Thin layer chromatogram of Bx (a), Zn-Bx (b), and
Cu-Bx (¢)

strong absorption band above 400 nm, as seen in Fig. 3.
Based on this figure, there are three characteristic peaks
for Bx at 488, 459, and 430 nm. The nine conjugated
double bonds influence the absorption spectra in the
wavelength range above 400 nm on the Bx molecule. The
peaks at the 488 and 459 nm wavelengths show an
electron transition from 7 to m*, which comes from the
C=C conjugated double bond [8]. In contrast, the peak at
430 nm occurs due to the electron transition from n to ©*,
originating from the carbonyl group (C=0) [8,17].

The UV-Vis absorption band of Zn-Bx coincides
with the Bx, while the absorption band of Cu-Bx tends to
shift towards a lower wavelength (hypsochromic) to 3 nm.
The hydroxyl substitution of the carboxylate or ester
group in Bx (as a ligand) interacting with the metal does
not affect their chromophore group. Consequently, it will
not affect the resulting absorption spectra [18]. The
slightly blue shift occurs probably due to the transfer of
electrons from the ligand ion to the metal [19]. The charge
transfer in the Cu-Bx and Zn-Bx complexes is most likely
derived from the transfer of charge from metal to ligand
(Metal to Ligand Charge Transfer or MLCT). The
interaction between Bx and Zn®* or Cu*" can also be
identified by the change in the % III/II ratio (fine spectral
structure) in the absorption spectrum, illustrated in Fig. 4
[17]. In this research, the ratios % III/II of Bx, Zn-Bx, and
Cu-Bx are 51.89, 39.28, and 15.91%, respectively.

The FTIR spectrum of Bx (Fig. 5) shows the
following bands: at 3183 cm™ for the ~OH stretching
vibration, at 2937, 2924, and 2852 cm™ for the H-C-H
bending vibration, at 1716 cm™' for the ester C=0O group,

Indones. I. Chem., 2021, 21 (3), 669 - 678
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Wavelength (nm)

Fig 3. Normalized UV-Vis absorption spectra of Bx
(blue), Cu-Bx (red), Zn-Bx (grey) in acetone

Absorbance

350 400 4510 S0 350 600
Wavelength (nm)
Fig 4. Calculation of %III/II for a carotenoid [17]

at 1689 cm™ for the carboxylic C=0 group, at 1608 cm™
for the -OH bending vibration, at 1563 and 1518 cm™
for the alkene C=C stretching vibration, at 1379 cm™ for
C-H bending vibration of the methyl groups, at 1288
and 1255 cm™ for the C=0 stretching vibration of the
ester functional group, at 1160 cm™ for the symmetric
and asymmetric vibrations of the C-O-C ester group, at
1011 cm™ as the asymmetric C-H bending vibration, at
728 cm™' indicated methylene oscillating vibrations of
cis-carotenoid. The FTIR analysis results in agreement
with Rahmalia et al. [20] and Lorand et al. [21] that
presented FTIR analysis for cis-bixin compounds.

FTIR spectra of Zn-Bx and Cu-Bx do not show any
significant differences compared to Bx. However, the
—OH carboxylate group absorption band became wider,
accompanied by a decrease in the absorption peak

Winda Rahmalia et al.
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Fig 5. FTIR spectra of Bx (blue), Cu-Bx (red), and Zn-Bx (grey)

intensity. There is a shift to the lower wavenumber for the (3183 cm™). Tayyari et al. [22] postulated that a stronger
Cu-Bx complex (3179 cm™) and the longer wavenumber ~ hydrogen bond would show a wider absorption band
for the Zn-Bx complex at (3184 cm™) as compared to Bx ~ accompanied by a decrease in absorption intensity. The

Winda Rahmalia et al.



674

ester group's C=0 absorption band undergoes a shift to a
larger wavenumber, which for Bx-Cu and Bx-Zn show
bands at 1718 and 1728 cm™', respectively, as compared to
Bx (1716 cm™). The absorption bands at 1288 and
1255 cm™ are observed to overlap into a wide peak. There
were also decreases in the intensities of vibration peaks of
the C-O-C ester group at 1160 cm™ and C-H bending
vibration at 1011 cm™. These phenomena indicated that
the metal-bixin complex occurs due to the interaction
between the ester groups of bixin and the metal [23-24].
According to FT-IR analysis data, the mechanism of
complex formation is predicted as given in Fig. 6.

Characteristics of the KI-I; Electrolyte with Various
MPII Concentrations

Table 1 shows the characteristics of the KI-I,
electrolyte with various concentrations of MPII. The
greater the MPII concentration added leads to higher

CHj; CHj;

(6]
\\\\\

H

CHs CHs l

X
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density and viscosity values. This phenomenon is due to
the increasing number of ion pairs formed by free ions
moving randomly in the medium. MPII can form MPI*
and I" ions. This is in good agreement with Chowdhury
[25], the effect of
tetrabutylammonium iodide (TBAI) concentrations in

et al who investigated
the KI-I, electrolyte system in a polyacetonitrile (PAN)
based gel electrolyte. They reported that the higher
concentration of TBAT added caused the free ion density
of TBA* and I" to increase.

The addition of MPII in the KI-I, electrolyte
system increased the viscosity value almost two times.
Although the increase in viscosity causes a decrease in
fluid velocity and the rate of electrolyte diffusion, which
can affect the transport of electrons in the electrolyte, it
can decrease evaporation rate and prevent leakage
electrolyte system from cells [26]. The addition of MPII
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\ \
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Fig 6. Prediction of the mechanism of complex formation
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Table 1. The results of the electrolyte analysis
Electrolytes* KI-I, KI-L/MPII0.3M KI-I,/MPI104M KI-I,/MPI10.5M
p (g cm?) 0.82 0.87 0.88 0.88
n (mPas) 0.27 0.46 0.48 0.49
pH 2.39 3.00 3.17 3.37
K (mS cm™) 11.14 0.02 20.44 20.46
* p = density (g cm™), ) = viscosity (mPa s), x = ionic conductivity (mS cm™)
did not have a significant effect on the pH of the electrolyte. 0.22 m B
The ionic conductivity of the KI-I, electrolyte 0.2 m = = 8@ °
without MPII was 11.14 mS cm™". The addition of 0.3 M e "
MPII in the KI-I, electrolyte system significantly % ' . "
decreased the conductivity values. However, adding 0.4 = o
and 0.5 M MPII significantly increased the viscosity oosp ™
values to 20.44 and 20.46 mS cm™, respectively. MPII is N S ) ) ) _
an ionic liquid (IL) that increases the electron transport 0 200 Lig:ﬂttllmensiw ﬁﬂjﬂm 300 1000
from electrolytes. These results are consistent with the 15
research conducted by Shing et al. [27]. They reported .
that the addition of MPII in poly (ethylene oxide) polymer . . A & 3 = ®
electrolyte (PEO) could increase the conductivity of £ 09 C I
electrons in the electrolyte. However, the excessive 08
concentration MPII addition does not significantly affect 03 =
the conductivity value and can even reduce the NI
conductivity due to the ion aggregation process in the 0 200 Lig:E?ntensityﬁ.-D.r?mz] E00 1000
electrolyte. Therefore, based on the density, viscosity, and 0.06
conductivity values, the optimum concentration of MPII & =
added in the KI-I, electrolyte system in this study is 0.4 M. ig’_. . - .
DSSC Performance %E ' =
. . . g.e B = g
Fig. 7 shows the relationship between Voc, Isc, and EE 0.02 =
the maximum energy conversion efficiency to the light £ -
intensity of the DSSCs using the KI-I, electrolyte without & o
MPII. Voc is the maximum voltage available from a solar Uu_”‘g*‘_'zﬁu Y 00 200 000

cell that occurs at zero current, while Isc is the current
through the solar cell when the voltage across the solar cell
is zero. They are the key parameters that govern the
attainable power from a DSSC. The maximum energy
conversion efficiency describes the performance of a
DSSC, how much solar energy (photons) can be
converted into electrical energy without considering the
value of the fill factor. It is the ratio between power
generated by DSSC and the power of the light sources.
As shown in Fig. 7, Voc and Isc increase
logarithmically with light intensity. All DSSC have the

Light Intensity (W/m?)

Fig 7. Performance parameter of DSSCs using Bx (¢),
Bx-Zn (=), and Bx-Cu (A) as sensitizer and KI-I,
electrolyte system

same curve pattern. However, under various light
intensities, Zn-Bx and Cu-Bx-based DSSCs showed
higher Voc values than pure Bx-based DSSC. Voc is
given by the difference of the electrons Fermi level in the
TiO, and the electrolyte redox potential [28]. In this
work, the presence of metal in the dye, which then covers
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the semiconductor surface, may increase the
semiconductor's electrons’ Fermi level. Zn is a better
redox catalyst than Cu, causing the highest Voc value
under various light intensities. Zn-Bx and Cu-Bx-based
DSSCs show higher Isc values than those based on pure
Bx. This phenomenon indicated that Zn** and Cu*" in the
bixin molecule could increase the number of excited
electrons from dye sensitizer and promote the rapid
these

semiconductor conduction band.

injection  of excited electrons into the

Based on Fig. 7, the maximum energy conversion
efficiency of DSSCs using KI-1, electrolyte occurs under a
light intensity of 300 W/m? with the values of 0.003, 0.055,
and 0.013% for Bx, Zn-Bx, and Cu-Bx based DSSCs,
respectively. The maximum energy conversion efficiency
of DSSCs decreases under light intensity higher than
300 W/m?. This is due to increased cell temperature that
may evaporate liquid electrolyte KI-I, and/or provoke
charge recombination between dye sensitizer and
semiconductor.

The effect of MPII 0.4 M addition in the KI-I, liquid
electrolyte system on the performance of the DSSC based
on Bx, Zn-Bx, and Cu-Bx has also been investigated. The
relationship between Voc, Isc, and the maximum energy
conversion efficiency to the light intensity with MPII
0.4 M addition can be seen in Fig. 8. The addition of MPII
to the KI-I, electrolyte system significantly affects the Isc
values. For all DSSC, Isc increases almost linearly with
increasing light intensity, indicated that MPII plays a role
in increasing the electrolyte stability. These results are in
good agreement with Ramesh [29], who reported that
MPII could
conductivity of iodide ions or ion transfer in the MPI'I"

increase Isc due to increased ionic
electrolyte. The K* ions can intercalate into the
semiconductor layer, causing a positive shift in the
conduction band and increasing the charge injection rate.
MPII is high ionic hopping, which can accelerate the
dissociation initiation of KL

The stability of the DSSCs performance under high
light intensity is supported by the increase in the value of
electrolyte viscosity due to MPII. Leakage and evaporation
of liquid electrolytes were prevented. DSSC that used Zn-

Bx as a sensitizer even shows good performance under
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Fig 8. Performance parameters of DSSCs using Bx (4),
Bx-Zn (=), and Bx-Cu ( A) as sensitizer and KI-I, + MPII
0.4 M electrolyte system

700 W/m? of light intensity. Under this condition, the
maximum energy conversion efficiency shows values of
0.076, 0.125, and 0.008% for Bx, Zn-Bx, and Cu-Bx-
based DSSCs, respectively. This phenomenon proves
that complexion bixin with Zn** can improve the
stability and performance of bixin. Zn** is a metal ion
that is not oxidized.

m CONCLUSION

The metal-bixin complexes were successfully
synthesized due to the interaction between the ester
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groups of bixin and the metal. Complexing bixin on metals
has a positive impact on increasing bixin's stability and
performance as a sensitizer. The presence of MPII in the
KI-L, electrolyte system also produces several advantages,
including an increase in the electrolyte's conductivity,
density, and viscosity. A synergistic work was observed
between the Zn-bixin complex and the KI-I,-MPII 0.4 M
electrolyte system in the DSSC with a maximum energy
conversion efficiency of 0.125 under 700 W/m® light
intensity and no significant decrease when the light
intensity increased. Although there are some problems
with natural DSSCs, such as their stability and durability,
this research's results can solve the disadvantages. Finally,
with the advance of technology, their good application
prospect will be apparent.
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