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Introduction

Abstract

Titanium dioxide (TiO2) with magnesium (Mg) doping for dye-sensitized
solar cell (DSSC) photoanode application has been synthesized. DSSC
components used in this study were photosensitizer (bixin), electrolyte

(I'/L,), cathode (platinum), and photoanode (Mg-TiOz). This research aims
to determine the characteristics of Mg-doped TiO: photoanode with
variations in dopant concentration based on the results of XRD and DR/UV-
Vis analysis, as well as to determine the maximum efficiency conversion
energy of DSSC using Mg-doped TiO:2 and undoped TiO: as photoanodes.
The synthesis of TiO2 and Mg-TiO: was carried out using the hydrothermal
method with variations in the concentration of Mg dopant of 0, 0.5, 1, and
2% based on the molar ratio. The presenceof 2% of Mg in anatase TiO:z paste
decreased the TiO: band gap from 3.15 to 2.60 eV. Analysis results show
that adding Mg dopant decreased the crystal size. Mg dopants on TiO:
could also form new energy levels, which reduced the band gap energy of
TiOz. In addition, the increased concentration of Mg dopants also shifted
the absorption capacity of TiO: from the ultra-violet (UV) wavelengths
region to the visible light area. The maximum energy conversion efficiency
of the DSSCs with Mg-doped TiO: photoanode of 0.5, 1, and 2% are 0.045;
0.070, and 0.172%, respectively, where these three efficiency values are
higher than undoped TiOz2 (0.017%). The results proved that the presence of
Mg dopants on the TiO2 photoanode can increase the efficiency of DSSC.

Keywords: bixin; DSSC; Mg doping; photoanode; band gap energy.

absorption efficiency because only about 5% of
sunlight is emitted in the area. The wide band

Dye-sensitized solar cells (DSSCs) are third-
generation photovoltaic cells that convert
visible light into electrical energy. The essential
components of DSSC consist of conductive
transparent glass, a
semiconductor photoanode, an electrolyte, and
a dyel' 3 Titanium dioxide (TiO2) is a
photoanode widely used in DSSC. It has a good
chemical stability under irradiation!*. However,

counter electrode, a

this material can only absorb solar ultraviolet
light because it has a wide band gap energy
(ranging from 3.0 to 3.2 eV). It has a low

gap energy also affects the excitation process of
electrons from the valence band to the
conduction band®l. The high recombination rate
inhibits the of TiO: as a
photoanode materiall®l. The electron transport

performance

process that takes place randomly in the pores
of the TiO: nanoparticles causes a charge
recombination process (electron-hole) which
causes the performance of the DSSC to
decrease. In this case, photoanode engineering
with the aim of making efficient charge
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transport is essential to improve the
performance of DSSC.

Several efforts have been made to increase

electron transport and prevent charge
recombination by modifying the TiO2 surface,
one of them by doping other materials to the
TiO:z surfacel’l. Some materials that have been
used as dopants include ammonia-activated
metakaolinite®], chitosan!®l, rare earth(10M11],
transition!!2, and alkaline earth(3114 metals.
Magnesium is one of the metals currently being
used as a dopant for TiO2. Magnesium (Mg) is a
low-cost and easy availability metal dopant that
can be wused to improve photoanode
performance. Mg is an alkali metal that can
increase light absorption activity in materials
and reduce electron recombination. Mg is also
the best material that can replace Ti in large
quantities and improve injection and electron
transport in the materiall®®ll6l. Therefore, we

used Mg as a dopant for TiO: in this study.

Several studies state that Mg metal was chosen
as a doping material because it has several
advantages compared to other types of metal in
the same group. Mg has a ion radius value of
(0.57 A) which is smaller and close to the radius
of Ti* (0.68 A), so that Mg is able to replace
some Ti* cations in the TiO: lattice structure 71,
Metal ion Be? tends to enter interstitial sites
because its radius is much smaller, Ca2?* is more
difficult to substitute for Ti* and is able to
cause lattice deformation. Other large ions such
as Ba?* and Sr* cannot enter the crystal lattice
and only stay on the surface because their
cation radius is very largel'. In addition, Mg
which can replace Ti in large quantities can
increase electron injection and transport in the
materiallt6l.

The method chosen in this study is
hydrothermal because it can control nucleation
better, the dispersion rate is higher, it is easy to
maintain the shape, and the high reaction
ratel1019, In addition, the choice of TiO:
precursor can affect the size and structure of
the formed crystals. Karkare?], reported that
the samples
isopropoxide showed film-like structures,

prepared using titanium

whereas those prepared wusing titanium
butoxide showed spherical granules. A red shift
of 0.13 eV was observed in the band gap in the
case of non-spherical particles compared to
spherical ones. Hence, in this work, we used
titanium isopropoxide as a precursor.

Khan et al.lfl, reported that using Mg-TiO:
photoanode in DSSC with ruthenium solution
(N719) as a dye resulted in an efficiency of
1.68%. DSSC with ruthenium (Ns) dye using
TiO2 doped with Mg was also investigated by
Liu, resulting in an efficiency of 7.12%, with a
current increase of 26.7% compared to undoped
TiO2. These previous studies used synthetic
ruthenium dyes, which are toxic,
environmentally unfriendly, and expensive.
Therefore, the best alternative is to use natural
dyes that can be extracted from biological
sources, availability, are cost-efficient, non-
toxicity, biodegradable, and environmentally
friendly.

In this research, we used bixin (methyl
hydrogen 9’-cis-6,6’-diapocarotene-6,6’-dioate)
as a natural sensitizer. Bixin is a color pigment
found in the seeds of the annatto plant (Bixa
orellana L.)?2l. Bixin is reddish-orange and can
absorb light in the visible light region in the
wavelength range of 400-500 nm®124. Among
the many types of carotenoids, bixin has a
unique structure with a carboxylate group at
one end of its conjugation chain. Therefore,
bixin can interact chemically with TiO: via
monodentate ester-type, bidentate chelating,
bidentate bridging, H-bonded, or double H-
bonded. Rahmalia et al.l®l reported that DSSC
with bixin sensitizer had a maximum energy
conversion efficiency of 0.08%.

Throughout the literature search that has been
carried out, no research has been found that
utilizes Mg- TiO:z as a photoanode of bixin dye-
sensitized solar cells. Therefore, this study
investigated the effectiveness of Mg-doped
TiO:2 based-photoanode for bixin-sensitized
solar cells. TiO2 was doped with Mg in the 0.5,
1, and 2 mol% range. The variation used
adopted the research of Liu [, aimed to
determine the effect and variation of the best
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dopants concentration on the characteristics of
the TiO: with different precursor and to
increase DSSC performance using natural dye.

Experimental

Materials

Annatto (Bixa Orellana L.) seeds obtained from
West Kalimantan, Indonesia. Acetonitrile
(C2HsN, = 99.8%), ethanol (C:HsOH), ethyl
acetate (CsHsO2, 299.9%), glacial acetic acid
(CHsCOOH), methanol (CHsOH), n-hexane,
potassium iodide (KI), sodium hydroxide
(NaOH), TLC Fzs4 and triton-x were supplied by
Merck. Standard bixin (6-methyl hydrogen

(9Z)-6,6'-diapocarotene-6,6"-dioate, >90%),
magnesium nitrate hexahydrate
(Mg(NOs)2.6H20, >99%), 1-methyl-3-

propilimidazolium iodide (CsHisIN2) and
titanium(IV)isopropoxide (Ti[OCH(CHas)2]4)
were supplied by Sigma Aldrich. The other
materials like acetone (CHsCOCHs 299.9%,
Mallinckrodt Chemicals), plastisol (Solaronix),
transparent conductive oxide (TCO) glass with
fluorine-doped tin oxide (FTO) type coated
TEC-7 conductive glass (SOLEM) were also
used.

Instruments

Spectrophotometer UV-Vis SHIMADZU, FTIR
SHIMADZU.

Methods

Preparation of bixin

Bixin extraction from annatto seeds in this
study adopted the method of Gomez-Ortiz et
al.24 and Rahmalia et al.?¢], which has been
modified. Annatto seeds (107 g) were immersed
in 200 mL of ethyl acetate in an Erlenmeyer
flask, stirred for 1 hour, and filtered. This
process was repeated until all the colors were
extracted. The extracted filtrate was evaporated
at 40°C to minimize solvent. Furthermore, the
crude extract was partitioned using n-hexane
and methanol. The fraction that was not soluble
in n-hexane or methanol was then dried using
N2 gas to remove the solvent so that a dry
extract was obtained. The dried extract was

analyzed by thin-layer chromatography (TLC)
and UV-Vis spectrophotometer.

Synthesis of TiO2 and Mg-TiO:

Photoanode was prepared by modifying the
method of Unlii and Mahmut{2l. The procedure
begins by mixing 60 mL of deionized water and
5 mL of 1 M NaOH solution, then adding
titanium isopropoxide (TTIP) to the mixed
solution. After stirring for 30 minutes, the
mixture was transferred into a Teflon vessel
and placed in a hydrothermal autoclave for
hydrothermal reaction at 210°C for 6 hours. The
mixture was then cooled wuntil room
temperature, then centrifuged at 2000 rpm for
15 minutes. The white TiO: precipitate obtained
was washed with deionized water and ethanol
three times and dried overnight at 80°C. The
TiO:2 anatase was obtained by calcining the
dried sample at 450°C for 3 hours. The
synthesis of Mg-TiO:2 was carried out using a
similar procedure by adding 0.5; 1.0; and 2.0%
molarity of Mg(NOs3)2.6H0  with the
composition was 0.04; 0.08; and 0.16 g
respectively, to the mixture before adding TTIP.

Fabrication of dye-sensitized solar cells
(DSSCs)

Preparation of transparent conductive oxide
(TCO)

TCO glasses measuring 2.5 x 2.0 cm? were
immersed in 70% ethanol using a bath sonicator
for 30 minutes, then dried at 100°C for 1 hour.
The conductive side of the glasses was
determined using a multimeter [?3,

Preparation of photoanode, cathode and
electrolyte

Photoanodes and cathodes were prepared by
the doctor-blading method. The TiO: and Mg-
TiO2 pastes (separately) were deposited on
TCO glass with an active side of 1 cm? to form
photoanodes. The Pt paste was deposited on
the others TCO glass to form cathodes. The
photoanodes were heated in a furnace at 450°C
for 5 minutes. The electrolyte used in this study

was a redox pair (I'/I;). The 1.66 g KI and 0.127
g I» were mixed in 20 mL of acetonitrile and
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stirred until homogeneous. The 1-methyl-3-
propylimidazolium iodide (MPII) 0.4 M was
added to the electrolyte to increase conductivity
26, The electrolyte solution was stored in a
dark, closed bottle before being used.

Cell assembly

The photoanode was immersed in 5 g/L bixin
solution (in acetone) for 24 hours. One drop of
electrolyte was added to the photoanode; then,
it was covered with cathode to form a
sandwich-like layer. The performance of each
cell in the form of short circuit current (Isc) and
open circuit voltage (Voc) values were tested
using an Agilent 34461 A 6,5 digits scientific
multimeter. The light source used in the test
was a 500 W halogen lamp. The test conditions
were carried out with variation in light
intensity form 0 to 1000 W/m?.

@
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Results and Discussion

Preparation of bixin

Fig. 1 shows the results of TLC analysis of
standard bixin, crude extract, and partitioned
extract with n-hexane followed by methanol.
The eluent used was a mixture of n-hexane and
ethyl acetate with a volume ratio of 6:4. The
crude extract (Fig. 1b) shows the complexity of
the compounds contained in the annatto seeds.
Meanwhile, the partitioned extract (Fig. 1c)
shows a single spot with the same Rf value as
the standard bixin (Rf = 0.32) (Fig. 1a),
indicating that bixin was successfully obtained
in this work.

The results of UV-Vis spectrophotometry
analysis, as presented in Fig. 2, show typical
spectra the bixin molecule the

wavelength range of 400-500 nm.

for in

Figure 1. TLC result of standard bixin (a), crude extract (b), and partitioned extract with n-hexane

followed by methanol (c)
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Figure 2. Spectrum of bixin in acetone
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This is in line with Rahmalia et al. 126, who
reported that bixin (in acetone) has strong
absorption in the 400-500 nm wavelength
region. This is because bixin has a conjugated
double bond as a chromophore group which
will produce strong absorption spectra
characteristics at wavelengths above 400 nm.
Three absorption peaks were observed at 487,
458, and 430 nm. This is almost the same as the
report of Rahmalia et al. %], that bixin with a
purity of 81.30%, has three absorption peaks at
wavelengths of 487, 458, and 430 nm.

The absorption spectra of bixin, as shown in
Fig. 2 show the absorption band according to
the transition energy of the carotenoid pigment,
namely the electronic transition n— w*
equivalent to SO — S2. In this case, SO
represents the ground state, S1 is the lowest
excited state, and S2 is the second excited state.
The three absorption peaks of the carotenoids
correspond to the three lowest vibrational
bands of the SO — S2 electronic transition called
0-0, 0-1, and 0-2 1281,

The spectral fine structure or ratio %III/II (the
height of the longest-wavelength absorption
peak to the middle absorption peak) in
carotenoids is one of the analytical methods
that can be used to identify the chromophore
characteristics of carotenoid compounds 9.
The peak ratio of %III/II bixin in this study was
51.02% where this value is close to the peak
ratio of %III/Il pure bixin in the study of
Rahmalia et al. 2%l, which was equal to 51.89%.

|
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Characteristic of TiO2 and Mg-TiO: prepared
by the hydrothermal method

The photoanode is a thin porous film of metal
oxide semiconductor supported onto a
transparent conducting oxide (TCO) glass.
Modification of photoanode has proven to be a
very functional approach for improving DSSC
performance. In this work, we synthesized TiO:
and Mg-doped TiO:2 wusing TTIP by
hydrothermal method.

X-ray diffraction (XRD) test on undoped TiO2
and Mg-doped TiO:2 was carried out to
determine crystallinity, crystal size, and crystal
lattice parameters. Based on the diffractogram
in Fig. 3, undoped TiO:2 has a diffraction peak of
20 at 25.24; 38.02, and 48.07°, which correspond
to hkl (101), (200), and (211) (JCPDS No. 21-
1272). They are characteristic of the crystalline
phase of tetragonal anatase. The anatase phase
is advantageous for photoanode applications in
the DSSC system because it converts solar
energy better than the rutile and brookite
phases [B0H32I, Rahmalia et al. ?I. have also
investigated that TiO: anatase surface can
absorb bixin better than TiO2 P25. There is no
rutile and brookite peaks found in all
diffractogram. It is indicated that hydrothermal
method is being a proper method to produce
the anatase crystal type. The same result was
also reported by many researchers [331134],

Mg-TiO, 2%

S T A -

|
1 " Mg-TiO; 1%
\\-—.J \..._."\_,“..../\_AW__
|
\\‘—-_«‘ '-——.../K-..~./ - - TR N )
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Figure 3. X-ray diffractogram of TiO2 and Mg-TiO:
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Table 1. Crystal size and lattice of TiOz Mg-TiO2 0.5%; Mg-TiO2 1% and Mg-TiO2 2%

No Material Crystallite size (nm) d-spacing (nm)
1. TiO:2 33.257 0.259
2. Mg-Ti020.5% 30.770 0.259
3. Mg-TiO21% 27.561 0.258
4. Mg-TiO22% 22.704 0.258

No significant difference was observed between
the Mg-doped TiO2 and wundoped TiO2
diffractograms, but the resulting 20 shift could
indicate Mg insertion to TiO2. Mg-TiO: with a
dopant concentration of 0.5% showed
diffraction peaks at 20, namely 25.34, 38.09, and
48.04°. Mg- TiO2 with 1% dopant concentration
showed diffraction peaks at 20, namely 25.58,
3791, and 48.15°. Mg-TiO: with a dopant
concentration of 2% showed diffraction peaks
at 20, namely 25.50, 38.21, and 48.17°. The
diffraction peak of Mg was not observed in
the diffractogram. This was presumably
because the concentration of Mg?* used was too
small. The diffraction peaks shift was caused by
the change in the distance between the crystal
lattices.

The diffraction peaks with the highest intensity
were then analyzed using the Debye-Scherrer
equation to determine the size of the
crystallites. At the same time, the distance
between the lattices was determined using
Bragg's Law. The calculation results in Table 1
show that the crystallite size and the distance
between the Mg-doped TiO: lattices decreased
although not significant with the increased Mg
dopant concentration. This value is much
smaller than TiO: without dopants. Following
the equation 2dhkl sin@ = nA, with the
increasing value of O, the value of d indicates
the distance between the planes will be smaller.
This indicates that the growth of the TiO2
crystal matrix was limited by Mg 331,

The analysis using XRD showed that TiO2
anatase containing Mg was always formed in

all compositions, and the absence of peaks of
other compounds indicated that the TiO2
annealing process was successful. This
indicates that Mg has been doped into the TiO2
crystal lattice without changing the anatase
structure. The higher intensity of Mg- TiO2
diffraction peaks than pure TiO: indicates that
adding Mg dopant can increase the crystallinity
of TiOz. The hydrothermal process will cause
the interaction between the reactants to be
perfect, and the formation of crystal nuclei will
take place optimally so that the product is
crystalline.

The synthesized TiO2 and Mg- TiO: materials
were also characterized using UV-Vis DRS to
determine their absorption characteristics and
band gap energy (Egap). Band gap energy
affects the excitation of electrons from the
valence band to the conduction band. When a
semiconductor is energized, electrons will be
excited to the conduction band leaving a
positive charge called holes. Most electron-hole
pairs will survive on the surface of the
semiconductor, so the holes can work by
initiating oxidation reactions and electrons
initiating the reduction reactions of chemical
compounds around the TiO: surface. If the
band gap energy is small, the light energy
needed is also small. The results of determining
the Egap value using the Tauc Plot method are
presented in Table 2. The wavelength value
was obtained from the Egap conversion using
the Planck equation (E = h. c¢/A), where the
energy (E) is directly proportional to the Planc
constant (h) and the speed of light (c), but
inversely proportional to the wavelength (A).
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Table 2. . The band gap energy value and the maximum absorption wavelength of TiO2, Mg-TiO2

0.5%, Mg-TiO2 1%, and Mg-TiO2 2%

No Material Band gap energy (eV) Wavelength (nm)
1. TiO2 3.26 381
2. Mg-Ti020.5% 2.90 428
3. Mg-TiO21% 2.72 456
4. Mg-TiO22% 2.60 477

Based on Table 2, the band gap energy of TiO:
decreases as the concentration of Mg dopant
increases. This is because of the effect of adding
Mg metal to the TiO:2 crystal lattice. Mg metal
can be inserted into the TiO: crystal lattice
because the ionic radius of Mg (0.57A) is
smaller than the ionic radius of Ti* (0.68) B3¢l In
addition, Mg has a lower conduction band than
TiO2, which can cause a decrease in the TiO2
conduction band. In this case, doping caused
the formation of additional states, between
conduction band and valence band of TiO2 3],
have reported that doping induced to sp-d
interaction between the band electrons of TiO2
and dopant d electrons that are localized. In the
other study, Unlii & Ozacar 12, have
investigated that more dopant cations cause to
creation of impurity states below the
conduction band of TiOz, hence it can be seen
that band gap energy were decreased in
response to increase at dopant amount. As the
band gap energy decreases, the light energy
(photons) required to excite electrons from the
valence band to the conduction band will be
smaller. This is in accordance with the
definition of band energy, namely the
minimum energy required for electrons from
the valence band to be excited in the
conduction band of a material.

The decrease in band gap energy also affects
the maximum absorption wavelength of TiO,
which is increasingly shifted towards the
wavelength of visible light absorption, which
can increase the photon absorption process.
This shows that the presence of Mg doping can
increase the effectiveness of TiO2 photovoltaic,
which initially only absorbs photon energy in

the UV region with a wavelength range of 290-
400 nm and can only utilize about 3-5% of the
total solar radiation that reaches the earth's
surface [¥7l. The decreasing the band gap energy
will widen the TiO: absorption band area
towards visible light wavelengths, so that when
applied to DSSC systems it will increase the
efficiency of converting light energy into
electrical energy.

DSSC performance

In this study, the performance of DSSC was
observed from the values of open-circuit
voltage (Voc) and short-circuit current (Isc)
exposed to
polychromatic light at various light intensities.
Voc is the maximum voltage generated by the
cell when the current is equal to zero, while Isc
is the current value produced by the cell when

produced by cells when

the voltage is equal to zero. These two values
are essential parameters that determine the
performance of DSSC 8. 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 241,

The maximum energy conversion efficiency (1)
can be mathematically calculated using
equation 1:

o/ \—_ YocxIsc o
! max( A)) light intensity x 100% (1)
Variation of light intensity was given to
determine the optimum light intensity where
the cell shows the best performance.
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Figure 4. Parameters affecting DSSCs performance using undoped TiOz and Mg-TiO:

Fig. 4a and 4b show that the Isc and Voc values
increase with increasing light intensity. The
higher the light intensity, the more photons are
received by cell, resulting in faster electrons
that can be excited from the highest occupied
molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO). In
effect, the filling of holes in the HOMO orbitals
by electrons from the electrolyte will be
relatively faster [}121],

The presence of Mg dopants in the TiO2
photoanode causes an increase in Isc and Voc
values. DSSC with 2% Mg- TiO: photoanode
experienced the highest
compared to other TiO: variations. This was
also indicated by the higher Voc value in DSSC
with Mg- TiO:z photoanode than pure TiO:. In
this study, the Voc value with Mg- TiO:2 2%
photoanode was the highest compared to pure
TiOz, Mg- TiO2 0.5%, and Mg- TiO2 1%. Low
band gap energy will increase injection and

increase in Isc

electron transport 1126, This increase indicates
the role of Mg dopant in TiO2 photoanode.

The maximum energy conversion efficiency
DSSC value was achieved at an intensity of

1000 W/ecm?, which is 0.017; 0.045; 0.070; and
0.172% for cells with undoped TiO2
photoanode, 0.5% Mg- TiO:, respectively; Mg-
TiO2 1% and Mg- TiO2 2%. The effect of the
doping on the DDSCs performance parameters
is closely related to the electronic structure of
the TiO:2 photoanode. The high energy
conversion efficiency due to the cell with 2%
Mg-doped photoanodes having better photon
absorption capabilities due to their smaller
band gap energy. Low-efficiency value of DSSC
with undoped TiO: photoanode was due to the
large energy band gap (Egap). Hence, the
number of electrons that can move from the
valence band to the conduction band when
exposed to polychromatic light was Iess.
Similar results have been previously reported
by several researchers regarding the effect of
band gap on the energy conversion efficiency of
DSSC (881,

In addition, the maximum conversion efficiency
value of DSSC in this study is also higher than
that of DSSC wusing bixin dye and
metakaolinite-doped TiO: photoanode, which
has been carried out by Rahmalia et al. 18], with
an efficiency value of 0.086%. Thus, this study
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shows that the presence of Mg doping on the
TiO2 photoanode can increase the maximum
conversion efficiency of bixin-sensitized solar
cells.

Conclusions

Mg-doped TiO2 has better electronic properties
than undoped TiO.. The higher the
concentration of dopants, the crystallinity of
TiO2 increases, the band gap energy of TiO:
decreases until it reaches 2.60 eV, and the
wavelength shifts towards visible light. The
highest DSSC energy conversion efficiency was
obtained at a dopant concentration of 2%,
which is around 0.1719%. The greater the
intensity of light hitting the DSSC, the greater
the value of the short circuit current (Isc), open
circuit voltage (Voc), and the maximum energy
conversion efficiency obtained by the DSSC.
The efficiency of DSSC increases as the energy
gap decreases.
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