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Abstract: The optimization of dye in dye-sensitized solar cells (DSSCs) can improve their
electrochemical performance. Therefore, this study aimed to investigate the effect of Dyenamo red
dye (DN-FO05) with the addition of chenodeoxycholic acid (CDCA) to inhibit the aggregation of
molecules in the dye and suppress charge recombination. The results showed that the highest DSSC
performance was achieved with a combination of 0.5 mM DN-F05 and 7.5 mM CDCA, with a Jsc
value of 8.35 mA.cm™, Voc 0.689 volts, and efficiency 2.988% compared to 1.974% without CDCA.
Furthermore, DSSC efficiency increased slightly after 50 days, showing good stability at ambient

temperature.

Keywords: dye-sensitized solar cell; chenodeoxycholic acid; DN-FO5 dye; solar energy

1. Introduction

Currently, the problems associated with environmental
pollution and a green environment are gaining significant
attention. Several investigations have been carried out to
developed the integration of different renewable energy
into energy storage systems'). Renewable energy, sourced
from nature, is abundant and inexhaustible with
continuous use. In this context solar energy>™, has shown
significant potential, capable of transforming into
electrical energy through the use of solar cells. The
advantages of solar cells include abundant solar energy,
safety, environmentally friendly, and simple installation
system®. Moreover, the search for cost-effective solar
cells has gained substantial attention globally, particularly
Dye-Sensitized Solar Cells (DSSC)®. An ideal DSSC
device consists of dye, electrolyte, counter electrode,
working  electrode, and transparent conductive
substrate”®. The working principle of DSSC is that when
sunlight (photons) hits the photoanode, the photons will
be absorbed by the dye which will then excite the
electrons in the dye from the Highest Occupied Molecular

Orbital (HOMO) to the Lowest Unoccupied Molecular
Orbital (LUMO). Subsequently, the semiconductor's
conduction band receive the excited electrons and the dye
left behind by the electrons will be in an oxidized state.
The excited electrons reach the Transparent Conductive
Oxide (TCO) layer and transferred to the counter
electrode through an external circuit. This phenomenon
leads to regeneration of oxidized dye by redox pair in the
electrolyte”. The generated current depends on the
distance or width of the gap between HOMO and LUMO,
while the resulting voltage is based on the disparity in the
redox potential level of the electrolyte and the electron
Fermi level of the semiconductor'?.

In DSSC, dye serves as a light sensitizer, playing a
crucial role in absorbing sunlight and generating exciton.
At this stage, electrons are transferred from dye LUMO to
TiO; conduction band, while simultaneously injecting
holes from HOMO into the redox electrolyte!V. Various
kinds of dye that can be used as light sensitizer include
natural, metal-complex, and metal-free organic sensitizer.
Several studies have been carried out regarding natural
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sensitizer due to environmentally friendly properties,
availability, and low production costs, but the resulting
performance is still low (< 2%). Metal-complex has also
shown high efficiency and stability, but requires high cost
and long process for the synthesis of dye®. Metal-free
organic sensitizer shows the advantages of low synthesis
costs, a high extinction coefficient, environmentally
friendly, and a higher absorption coefficient'”. The
addition of Chenodeoxycholic acid (CDCA) into dye as a
co-absorbent has shown potential to increase the number
of hydroxyl and carboxylic functional groups'?,
improving the binding of TiO, semiconductor'®. This
process successfully mitigates the phenomenon of dye
aggregation, resulting in an enhanced electron yield'?.
The effects of various concentrations of CDCA on DSSC
performance of the N719 dye'® were also investigated,
including natural dye quercetin'® and pinang palm (4reca
catechu) dye'®).

Based on the background above, this study used metal-
free organic dye with the type of 3-{6-{4-[bis(2'4'"-
dibutyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-
cyclopenta-[2,1-b:3,4-b"]dithiophene-2-yl1}-2-
cyanoacrylic acid (DN-F05/Dyenamo red, D35CPDT,
LEG4), sourced from the Dyenamo company with the
addition of various concentrations of CDCA. UV-visible
(UV-Vis) and Fourier Transform Infrared (FTIR)
characterizations were carried out on DN-FO5 solution
without and with the addition of CDCA. Subsequently, the
characterization of the working electrode soaked in dye
was also investigated using FTIR and Scanning Electron
Microscope-Energy Dispersive X-ray (SEM-EDX). To
determine the effect of adding CDCA on increasing DSSC
performance, current density-voltage J-V)
characterization and cell stability were investigated. The
result showed a significant improvement in DSSC
performance and cell stability after 50 days,
corresponding to the efficacy of CDCA supplementation.

2. Methodology

Working electrode: FTO (Fluorine-doped Tin Oxide)
glass substrate (Greatcell Solar Materials) was used,
measuring 2 cm X 2.5 cm, with an active area of DSSC
of 0.7 cm X 0.7 cm. FTO glass was cleaned in an
ultrasonic cleaner and the pre-treatment process was
carried out by immersing into TiCls (Merck) solution at
70°C for 30 min, followed by annealing at a temperature
of 450°C for 45 min to block the layer!”. A double layer
of TiO, T-SP paste (TiO; transparent, anatase 15-20 nm,
Solaronix) and TiO; R-SP paste (reflector, Solaronix) was
coated on FTO glass. Subsequently, each TiO, T-SP or
TiO, R-SP was coated into the substrate and heated at
450°C for 45 min using a muffle furnace. The substrate
was post-treated with the same procedure as the pre-
treatment process.

Counter electrode: FTO glass for the counter electrode
was drilled to make two holes in the edge of the active
area. Subsequently, cleaning was carried out using an

ultrasonic cleaner with an ethanol solution (Smartlab).
Platinum paste (Solaronix) was deposited on FTO glass
and the substrate was annealed at 450°C for 45 min using
a muffle furnace'®.

Dye solution: DN-F05 dye (Dyenamo) solution at a
concentration of 0.5 mM was prepared with various
CDCA (Solaronix) concentrations. Subsequently, 3 mg of
DN-F05 was dissolved in 5 ml solvent of tert-butyl
alcohol (Merck) and acetonitrile (Sigma Aldrich) with a
volume ratio of 1:1'? by stirring at a temperature of 50°C
for 2 h. CDCA variations were 5 mM, 7.5 mM, and 10
mM, as shown in Table 1.

Table 1. Sample code based on CDCA concentration.

Sample | DN-FO5(mM) | CDCA (mM)
A 0.5 0
B 0.5 5
C 0.5 75
D 0.5 10

DSSC fabrication: Working electrode substrate was
immersed in 0.5 mM DN-FO05 dye for 24 hours followed
by rinsing using ethanol to clean dye particles that were
not absorbed. Subsequently, both counter electrode and
working electrode were stacked and spaced with Surlyn
(Solaronix)??. Sealing process was conducted by pressing
the sample using a hot press at a temperature of 250°C for
6 min. Electrolyte mosalyte TDE-250 (Solaronix) was
injected into counter electrode through holes, which were
sealed using silicone rubber.

Characterization: The four dye solutions were analyzed
using  UV-Vis  (GENESYS 150  UV-Visible
Spectrophotometer, Thermo Scientific) and FTIR
(Shimadzu, Japan). UV-Vis analysis was carried out in the
wavelength range of 200-800 nm and FTIR at wave
numbers 400-4000 cm. The substrates of the working
electrode were tested by SEM-EDX (JEOL, Japan) with
magnifications of 5000x and 1000x and FTIR at the same
wave numbers. The photovoltaic performance and
impedance parameter of DSSC were characterized by the
Keithley Series 2400 SourceMeter at light intensity of 1.0
sun. The characterization results in the form of short-
circuit current density (Jsc), open-circuit voltage (Voc),
fill factor (FF), conversion efficiency, series resistance
(Rs), and shunt resistance (Rsh) were obtained from
Peccel IV Curve Analyzer 3.0 software. DSSC conversion
efficiency was also determined using the equation
below!?:

n= (%) x 100% (1)
Where Pin represents the incident power. To ensure the
stability of DSSC at ambient temperature, the
photovoltaic performance of the DSSC was measured
after 50 days using the same procedure. The increase in
efficiency after 50 days was measured using the equation
below:
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Effin day 50—Effin day 1
Effinday 1

%increase in eff = ( ) x 100% 2)

3. Result and Discussion

3.1 UV-Visible Spectroscopy Characterization

The optical characteristics of DN-F05 0.5 mM without
and with various CDCA concentrations were evaluated by
UV-Vis irradiation. Moreover, the absorption spectra of
UV-Vis are shown in Fig. 1.

Abs (a.u)

400 500 600 700 800
Wavelength (nm)

Fig 1: UV-Vis spectra of DN-F05 0.5 mM and DN-F05 0.5
mM with various CDCA concentration.

200 300

Figure 1 shows that DN-F05 0.5 mM without and with
various CDCA concentrations absorb excellently in the
visible region. Specifically, the results of UV-Vis
irradiation of dye solution have relatively the same
absorption pattern. The maximum absorption of dye in
UV light was at a wavelength of 279 nm and 299 nm,
while visible light was 516 nm and 536 nm. Additionally,
the decrease in the absorption spectra of DN-F05 0.5 mM
with various CDCA concentrations was approximately
comparable. The absorption spectra of the four dye
solutions gradually decreased as the concentration of
CDCA increased, with the lowest absorbance obtained by
adding 10 mM CDCA. A similar decrease was also
observed for A. catechu dye due to the effect of CDCA
and molecule competition'®,

3.2 Fourier Transform Infrared (FTIR)
Characterization

DN-FO05 dye solution (sample A) and DN-FO5 with a
CDCA concentration of 7.5 mM (sample C) were
subjected to FTIR testing to determine the chemical
structure, as shown in Fig. 2. Both samples, A and C, have
the same functional groups, showing O-H stretching
vibrations at wave number 3485 cm!. The sharp peak at
wave number 2972 cm! indicated the C-H functional
group, while C-N was observed at wave number 2253 cm
!. The presence of a band at 1366 cm™ was attributed to

the symmetric O-C-O stretch of the carboxylate (-
COO0-)?Y. Additionally, a C-O peak was found at wave
number 1205 cm’.

Transmittance (%)

ré
Cc-0

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Fig 2: FTIR spectra of DN-F05 0.5 mM (sample A) and DN-
F05 0.5 mM with CDCA 7.5 mM (sample C) dye solution.

Figure 3 shows FTIR spectrum of the working electrode,
indicating the influence of CDCA concentration on DN-
FO05 0.5 mM. The interaction of the co-adsorbent molecule
with dye was shown by the various functional bonds, and
the vibration of each bond was observed in the
transmittance spectrum.

Transmittance (%)
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Fig 3: FTIR spectra of working electrode pure TiO2 and TiO2
immersed at DN-F05 0.5 mM with various concentration of
CDCA.

Figure 3 shows FTIR spectra of pure and immersed
TiO; at DN-F05 0.5 mM with various concentrations of
CDCA. Pure TiO; has a molecular vibration band at 418
cm’!, denoting TiO> (O-Ti-0)??, along with Ti-O bond
peak at 628 cm! 2. Furthermore, the band appearing at
1293 c¢cm’! was attributed to the C-O bond®” and the
functional group of -OH was found at approximately 1600
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cm’! after immersing into DN-F05 0.5 mM with 7.5 mM
CDCA. The results also showed that the presence of the
band at 2932 cm! was associated with the characteristic of
C-H bond stretching?. Vibrations at a broad range of
3674 cm! and 1172 cm’!' correspond to O-H and C-O
functional groups, respectively. This indicated that the
addition of CDCA showed the potential to increase the
level of O-H and C-O'?. All dye solutions have a similar
transmittance spectrum, without considering CDCA
concentration, showing functional groups and vibrational
bonds. The crystal lattice network on the electrode surface
was observed to expand based on the strong
intermolecular hydrogen bonds provided by CDCA?.

3.3 Current-Voltage Characterization

The performance of DSSC with various concentrations
of CDCA as an additive for dye is shown in Fig. 4 and
Table 2.

Table 2. Performance of DSSC sensitized with DN-F05 0.5
mM at various concentrations of CDCA.

Sample Jsc Voc FF Eff
Code (mA.cm?) | (V) (%) (%)
A 6.86 0.671 | 42.9 1.974
B 7.36 0.671 | 41.2 2.035
C 8.35 0.689 | 51.9 2.988
D 7.92 0.663 | 36.1 1.897

0.0 0.1 02 03 04 05 06
V (Volt)
Fig 4: Current-voltage curve of DSSC sensitized with DN-
FO05 0.5 mM at various concentrations of CDCA.

The addition of 7.5 mM CDCA into dye DN-FO05 0.5
mM shows the highest performance at 2.988% with Jsc of
8.35 mA/cm? and Voc of 0.689 volts. CDCA shows
potential to inhibit the occurrence of molecular
aggregation®® in dye and suppress charge
recombination®”, thereby increasing Jsc and Voc values.

However, DSSC performance with the addition of 10
mM CDCA into DN-FO5 decreased due to different
saturation levels of each solution. The addition of a higher
concentration of CDCA makes dye solution more
saturated, as shown by UV-Vis test in Fig. 1. A high
concentration of CDCA causes a decrease in dye
adsorption on TiO, substrate, leading to reduced

performance of DSSC?®. In high concentrations of CDCA
can replace the sensitizer?® and cause competition in the
adsorption process between dye and CDCA on TiO»
substrate?®. This phenomenon facilitates the obstruction
of TiO; surface due to high concentration of CDCA?,

Table 3. Impedance parameters of DSSC sensitized with DN-
FO05 0.5 mM at various concentrations of CDCA.

Sample Code Rsh (©) Rs ()
A 685.299 54.162
B 421.540 62.083
C 989.381 42.081
D 396.289 69.322

FF value obtained by the device is relatively high when
Rs value generated is low. This indicates an inverse
relationship between Rs and FF, while Rsh and FF are
directly proportional, as shown in Table 3. Rs and Rsh
relationship also affects J-V curve in Fig. 4 where the
crossline between A, B, and D on the middle curve occurs
due to the difference of Rs. This phenomenon is attributed
to the presence of a significantly large contact between the
semiconductor and the electrolyte in DSSC, which
increases the reduction process of I3 ions in dye.
Moreover, the relationship also contributes to an increase
in the concentration of electrons in the semiconductor
layer, which consequently reduces the amount of Rs*" and
vice versa. The correlation between Rs of DSSC device
and the performance can be attributed to the electron
injection process from dye into the semiconductor and the
charge transfer to the counter electrode. This interaction
directly affects FF value, influencing the overall device
performance’”. Rsh corresponds to the charge
recombination loss inside DSSC. Therefore, a decrease in
Rs and an increase in Rsh is responsible for DSSC
performance’?.

3.4 Scanning Electron Microscope-Energy
Dispersive X-ray Characterization

SEM images in Fig. 5 show TiO; layer immersed with
DN-F05 0.5 mM (sample A) and DN-F05 0.5 mM with
CDCA concentration of 7.5 mM (sample C). In this study,
the morphology and topography of the surface of samples
were determined through SEM characterization with
1000x and 5000x magnification.

As shown in Fig. 5 (b, d) the surface of the
semiconductor layer without CDCA is smoother than the
sample with CDCA concentration (Fig. 5 (a.c)). In
comparison, the semiconductor layer with CDCA has a
more porous layer. Furthermore, the large particle size of
TiO, shows potential to expand the surface of TiO,. This
show that there will be more photocatalytic activity to
produce electron-hole pairs, thereby making self-cleaning
properties more efficient®?.

EDX test in Table 4 showed that the predominantly
detected elements were Ti and O. Meanwhile, elements C,
O and S were obtained from DN-FO05 dye, while C and O
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were found in CDCA. H element, which should be present
in DN-F05 and CDCA, was not detected in this test.

Fig 5: SEM images of (a,c) smle C with a magnification of
5000x and 1000x (b,d) sample A with a magnification of 5000x
and 1000x.

Table 4. EDX result of Sample A and Sample C.

Element | Sample A (mass%) | Sample C (mass%)
C 0.15 0.29
(6] 38.50 40.71
S 0.12 0.16
Ti 61.23 58.85

3.5 Stability Performance

The sample was sealed using surlyn and silicone glue
as the primary and hole sealing materials, respectively.
The main function of the sealing materials in DSSC is to
prevent any leaking of electrolytes toward the cells*>. To
further confirm the stability of DSSC under ambient
temperature, the photovoltaic performance of DSSC was
measured after 50 days, as shown in Table 4 and Fig. 6.
The measurement results presented in Table 5 show an
increase in voltage and current, with a slight improvement
in DSSC efficiency between 12.3%-24.3% from day 1,
indicating good stability at ambient temperature.

Table 5. Stability performance of DSSC sensitized with DN-
FO05 0.5 mM at various concentrations of CDCA.

Sample | Days | Jsc Voc FF Eff
(mA.cm?) | (V) (%) (%)
A 1 6.86 0.671 42.9 1.974
50 6.37 0.696 | 553 2455
C 1 8.35 0.689 | 51.9 2.988
50 8.55 0.705 | 55.7 3.357

Figure 6 shows that there are crossed lines in sample A
but not in sample C on day 1 and day 50. This difference
is attributed to a significant increase in the value of Rsh
and a decrease in Rs in sample A. The combination of Rsh
and Rs values will produce a current-voltage (J-V) curve
that reaches a rectangular shape®®. Meanwhile, in sample

C, there is no significant increase in Rsh or decrease in Rs,
showing a similar trend in J-V curve as shown in Table 6.

8
— B
&
£
<
E 4
&
i
2 ——Aday1
A day 50
p—C day 1
C day 50
0
0,0 0.1 0.2 03 04 0,5 0,6 0,7

Voltage (Volt)
Fig 6: Current-voltage stability curve of samples A and C.

Table 6. DSSC impedance parameters on day 1 and day 50.

Sample | Day Rsh (Q) Rs (Q)
A 1 685.299 54.162
50 1800.164 35.644
C 1 989.381 42.081
50 1591.288 35.806

4. Conclusion

In conclusion, this study successfully investigated the
effect of adding CDCA to DN-FO05 dye. The optical
properties, functional groups, surface morphology,
composition, and photovoltaic performance of all DSSC
samples have been studied. The results of UV-vis analysis
showed that the addition of CDCA could reduce the
absorption spectra of dye solution. DN-F05 dye solution
without and with CDCA had the same functional groups.
FTIR characterization showed a significant increase in the
absorption spectrum of the -OH and C-O functional
groups, along with DSSC performance at ambient
temperature. The optimum addition of CDCA was
obtained at 0.5 mM DN-F05 with a concentration of 7.5
mM, which showed Jsc value of 8.35 mA, Voc of 0.689
volts, and efficiency of 2.988%. Similarly, SEM results
showed that the addition of CDCA had more pores
facilitating increased dye absorption and higher
photovoltaic performance. Based on EDX analysis, the
predominant elements were found to be Ti and O. After 50
days, DSSC efficiency increased by 12.3%-24.3% from
day 1, showing good stability at ambient temperature.
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Nomenclature
N power conversion efficiency (%)
in incident light intensity
FF fill factor (%)
Jse short-circuit photocurrent density (mA/cm?)
Voe open-circuit photovoltage (Volt)
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