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Abstract. Dyes are significant components in Dye Sensitized Solar Cell (DSSC) performance because they act as photosensitizers. Natural dye-based 
DSSC system fabrication innovations continue to be produced in an effort to improve DSSC performance efficiency. In this study, a DSSC system was 
developed using double components of natural dyes as natural photosensitizers to enhance DSSC efficiency. This method of making natural dye-
based DSSC uses a combination of dye extracts from two different dye sources that have the potential as natural photosensitizers in DSSC. The 
research aims to investigate the impact of the combined use of two natural dyes and pH variations on DSSC performance. DSSC performance 
measurements encompass the short-circuit current (Isc), open-circuit voltage (Voc), and DSSC efficiency parameters. The obtained results indicate 
efficiency values for dyes (a) sappan wood/ethanol and turmeric/methanol; (b) turmeric/methanol and beetroot/ethanol; and (c) beetroot/ethanol 
and turmeric/distilled water. At neutral pH, the efficiency values are 2.09%, 2.10%, and 2.19%, respectively. Meanwhile, at acidic pH of 2.59%; 2.39%; 
and 2.71%. Notably, the dye efficiency values at acidic pH surpass those found at neutral pH conditions. The highest efficiency is observed in the 
combination of dye (c) beetroot/ethanol and turmeric/distilled water with efficiency reaching 2.71% at acidic pH. 
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1. Introduction 

Energy is an essential component of all human activities 
(Hdom & Fuinhas, 2020). Humans will have challenges if energy 
is limited (Ganiyu et al., 2020). Accordingly, the majority of 
energy used today, namely non-renewable fossil energy, is 
depleting petroleum resources, so it is necessary to use 
alternative energy sources (Wu et al., 2021). Renewable energy 
is an alternative way to prevent fossil scarcity in the future 
(Panagopoulos, 2021). One of the abundant renewable energy 
sources is solar energy, with an estimated capacity of 150.73 
PWh in 2050 (Ji et al., 2022). Consequently, to generate 
electricity, solar panel systems are required (Alirahmi et al., 
2020). Dye-sensitized solar cells (DSSC) are solar cells that 
transform solar energy into electrical energy by using 
semiconductor materials (Moharam et al., 2021). Solar cells have 
attracted many researchers due to their high efficiency, 
environmental friendliness, and ease of manufacture 
(Kusumawati et al., 2018; Noorasid et al., 2022). The 
components of DSSC’s are working electrode (WE), dye or 
sensitizer, an electrolyte, and the counter electrode (CE) 
(Sunder, et al., 2021) 

Electrolytes are a key component of DSSC (Selvanathan et 
al., 2020). In general, the type of electrolyte used in DSSCs is 
liquid electrolyte. Liquid electrolytes outperform gels and solid 
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electrolytes (Bandara et al., 2018). However, the issue of liquid 
electrolyte leakage frequently arises, posing potential obstacles. 
Furthermore, the limited longevity of liquid electrolytes has 
implications for the enduring performance and stability of DSSC 
(Önen et al., 2019). To overcome these problems, polymer-
based electrolytes that have high ionic conductivity, tensile 
strength, flexibility, no leakage and long-term performance are 
made (Bußmann et al., 2021; Morsada et al., 2021). 
Polyvinylidene fluoride (PVDF) membrane can therefore be 
employed as a polymer material to conceal the weak point of 
the liquid electrolyte in the event of seal leakage (Pradhan & 
Chakraborty, 2020).  

The performance of DSSCs is significantly influenced by the 
role played by dye sensitizers (Ganta et al., 2019). Different 
varieties of dyes, including both organic and inorganic types, 
were employed in DSSCs (Rekha et al., 2019; Sharma et al., 
2018). Currently, inorganic dyes such as Ruthenium are 
acknowledged as the most significant dyes for manufacturing 
DSSCs due to their remarkable efficiency (Jalali et al., 2020). 
However, these types of dyes tend to be costly, possess toxic 
properties, and present challenges in terms of their purification 
(Rekha et al., 2019). Recently, there has been extensive research 
into natural dyes because of their significant absorption in the 
visible spectrum, widespread availability in nature, 
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straightforward sample preparation, cost-effectiveness, and 
eco-friendliness (Jalali et al., 2020). 

According to another study, pH modulation of dyes as 
sensitizers can be utilized as an alternate approach to disguise 
dye stability (Golshan et al., 2021). In the research of Mejica, et 
al (2022), optimisation of malabar spinach (Basella alba) as a 
single sensitizer with pH variation was obtained, the best light 
to electricity conversion efficiency was observed at pH 9, with 
an efficiency of 0.1021%, electric current of 0.0682 mA, voltage 
of 0.4877 V, and power density of 0.0227 mW/cm2. (Mejica et 
al., 2022). Research by Golshan et al, 2021, has investigated the 
effect of co-sensitization in dye-sensitized solar cells using dye 
extracts from Malva verticillate and Syzygium cumini as a single 
sensitized. The solar cell obtained has an efficiency of 0.05% for 
Malva verticillate and 0.03% for Syzygium cumini at neutral pH. 
On the other hand, the dye cocktail of Malva verticillate and 
Syzygium cumini gave an efficiency of 0.05% in alkaline medium 
and 0.6% in acidic medium. The better performance in acidic 
medium is due to the reduced steric hindrance and multiple 
anchor groups to the TiO2 surface (Golshan et al., 2021). Junger 
et al. (2019) stated that the efficiency of dye-based DSSC 
depends on the pH content of the solution due to hyperchromic 
or hypochromic effects. It was reported that the efficiency of the 
dye cell increased from neutral pH to acidic pH by 50%. Dye 
cells at pH 1 have the highest efficiency, namely 0.058% (Junger 
et al. 2019).  According to research by Rajaraman, et al (2022), 
two dyes combined enhance light absorption thereby increasing 
the efficiency and stability of DSSCs (Rajaraman et al., 2022). 

This research aims to determine the effect of the 
combination of two natural dyes which are sappan 
wood/ethanol and turmeric/methanol, turmeric/methanol and 
beetroot/ethanol, beetroot/ethanol and turmeric/distilled 
water at acidic pH and neutral pH using polyvinylidene fluoride 
(PVDF) polymer electrolyte on the performance of dye-
sensitized solar cells. The use of a combination of natural 
materials to enhance DSSC performance and this approach is 
considered an alternative to employing inorganic dyes, 
particularly when comparing performance at both acidic and 
neutral pH conditions. 

2. Materials and Methods 

2.1 Materials 

Polyvinylidene fluoride (PVDF) (powder, Mw~534,000), 
Titanium dioxide (TiO2) (21 nmF nanopowder; 99.5%), Ethylene 
carbonate (EC) (99% anhydrous), Propylene carbonate (PC) 
(99.7% anhydrous), Polyethylene glycol (C2nH4n+2On+1) (Mw 
1000), Nitric acid (HNO3) (≥99.9%)., Hydrochloric Acid (HCl) 
and Aceton (CH3COCH3) (≥99.5%) were purchased from Sigma 
Aldrich, USA; Tween-80 (PT. Brataco Chemika; Indonesia);  
Ethanol (C2H6O), Methanol (CH₃OH), and Iodine (I2) (≥99.8%); 
were purchased from  PT. Smart Lab, Indonesia. Potassium 
iodide (KI), Sodium Hydroxide (NaOH), N, N-
Dimethylacetamide (DMAc) were purchased (≥ 99%) from 
Merck Germany, and Changchun Yutai Optics Co., Ltd. (China) 
provided fluorine-doped tin oxide (FTO) (resistivity 10) glass. 
All reagents are of analytical grade. Sappan wood, turmeric, and 
beetroot were procured from the local market 

2.2 Methods 

2.2.1 Double Colour Component Blend Manufacture 

The dye source components were extracted by maceration 
using various solvents such as distilled water, methanol, and 
ethanol in a ratio of 1:6 with a variation of 0.5–24 hours. The 

product extracted from the two different dyes was filtered using 
filter paper Whatman no 1, then the filtrate of the two dyes was 
homogenized, after which the 80 mL dye solution was 
evaporated for 4 minutes. The evaporated dye was then 
conditioned at the original pH 7 solution (without pH 
conditioning) and acidic pH. 0.1 M HCl was used to condition 
the acidity of the solution to reach pH 4. 

2.2.2 Making of TiO2 paste 

TiO2 paste prepared by mixing 0.2 g titanium oxide (TiO2), 0.08 
g propylene glycol (PEG-1000), 0.4 mL 0.1 M nitric acid (HNO3) 
solution, and 0.05 mL tween-80, all while stirred for 30 minutes 
at 100 rpm. 

2.2.3 Making polymer-electrolyte Membrane 

A polymer-electrolyte membrane is formed in two steps: 
initially, an electrolyte solution is prepared, followed by the 
creation of a PVDF membrane. The magnetic stirrer (NESCO 
LAB MS-H280-Pro magnet) was employed for 30 minutes to 
blend 9.2 mg of solid iodine (I2), 0.06 g of potassium iodide, 0.4 
g of propylene carbonate (PC), and 0.4 g of ethylene carbonate 
(EC). PVDF membranes are manufactured utilizing phase 
separation, electrospinning, and casting knife techniques 
(Kusumawati et al., 2018). PVDF was dissolved in a 3:2 mixture 
of DMAc and acetone on a hot plate magnetic stirrer at 65oC 
and 270 rpm for 12 hours to get an 18% (w/v) PVDF solution 
(Kusumawati, et al., 2018).  

Membrane with casting knife technique, An 18% (w/v) 
PVDF solution was cast on glass with thickness variations of 0.6 
mm, 0.4 mm, and 0.2 mm at 30 oC with an initial immersion 
period of 5 minutes, then immersed in 1000 mL of water 
distillate non-solvent coagulation bath for 30 minutes at 30 oC.. 
The solid PVDF membrane was then washed twice in 500 mL 
of non-solvent distilled water for 1 minute each time before 
resting for 24 hours at 25 oC room temperature. Membrane 
electrospinning casting technique, 18% (w/v) PVDF solution, 5 
cm, 10 cm, and 15 cm distances between injection and drum 
collector, a flow rate of 1 mL/hour, and a voltage of 15 kV for 5 
hours were used. 

2.2.4 Fabrication of DSSC 

Two FTO glasses, an FTO anode, and a cathode comprise the 
DSSC system circuit. Semiconductor TiO2 was sintered for 1 
hour at 450 oC after being coated on FTO glass with an active 
area of 3 cm2 using the doctor blade method. For duration of 24 
hours, the sintered product was immersed in 10 mL of dye 
extract. Subsequently, a PVDF-NF membrane measuring 2x1.5 
cm was soaked in 1 mL of electrolyte for 1 hour before being 
positioned on a carbon-coated FTO cathode. 

2.2.5 Characterization of DSSC 

The UV-Vis spectrum of the pigment was analyzed using the 
Shimadzu UV-1800 UV-Vis spectrophotometer. Current and 
potential changes were analyzed using Voltammetry 797 VA 
Computrace by Metrohm. The current measurement of the 
circuit were conducted using a Krisbow KW08-267 Multimeter. 

2.2.6 Measurement of the photoelectric parameters of DSSC 

Under the simulated white light source (100 mW/cm2 and AM 
1.5), the current-voltage (I-V) curve was observed. The energy 
conversion efficiency can be defined as follows: 

https://www.merckmillipore.com/ID/id/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_formula_chemical_value%3DCH%25E2%2582%2583OH
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η = 
𝑰𝒔𝒄 × 𝑽𝒐𝒄 × 𝑭𝑭 

𝑷𝒊𝒏
                                                (1) 

Where, Fill factor (FF) = = 
𝑽𝒎𝒂𝒙 × 𝑰𝒎𝒂𝒙 

𝑽𝒐𝒄× 𝑰𝒔𝒄
 , 𝑽𝒎𝒂𝒙= maximum output 

voltage, 𝑰𝒎𝒂𝒙= maximum output current, Voc = Open circuit 
voltage, Isc = Short-circuit currentand Pin = Incident photon 
energy. 

3. Result and Discussion 

3.1 UV-Visible Analysis 

The dye component is an important component in the DSSC 
system. In this study, a combination of sensitized natural dyes 
was employed, including: (a) sappan wood/E and turmeric/M; 
(b) turmeric/M and beetroot/E; (c) beetroot/E and turmeric/A, 
as natural dyes sensitized in the DSSC system. Turmeric, 
functioning as a natural dye, contains the pigment curcumin. 

Curcumin is the main compound in turmeric extract and 
appears as a bright yellow. The absorption spectrum of 
curcumin extracted from turmeric with methanol is in the range 
of 350–470 nm, with a strong absorption peak at 427 nm (Kabir 
et al., 2019). On other hand, sappan wood (Caesalpinia sappan 
L.) as a natural dye source contains homoisoflavonoid, which is 
responsible for the pigment brazilein, this dye has an absorption 
wavelength range of 283.4-538.6 nm (Kebede et al., 2022). Fig. 
1 (I) shows the highest absorption peaks for the combination of 
sappan/E and turmeric/M dyes in the wavelength range of 
400–550 nm, resulting in peak wavelengths of 422 nm for 
normal pH (a) and 428 nm for acidic pH (a)-A. The increased 
cumulative absorption qualities across the region in the UV-Vis 
absorption spectrum to indicate that the combination of sappan 
wood and turmeric dyes exhibits superior light absorption in 
acidic pH conditions, as evidenced by higher absorbance 
compared to neutral pH settings. While beets contain the 
pigment betaine, the pigment is soluble in water and alcohol. 
This dye has an absorption wavelength range of 480–540 nm 
(Surana et al., 2021; Nouairi et al., 2021). The combination of 
dyes Fig.1(II) shows the highest absorption peaks for the 
combination of turmeric/M and beet/E dyes in the wavelength 
range of 400–700 nm, resulting in peak wavelengths of 422 nm 
for normal pH (b) and 421 nm for acidic pH (b)-A The increased 
cumulative absorption qualities across the region in the UV-Vis 
absorption spectrum to indicate that the combination of sappan 
wood and turmeric dyes absorbs light better in acidic pH 
conditions, as evidenced by higher absorbance compared to 
neutral pH settings. Fig 1(III) shows the highest absorption 
peaks for the combination of beetroot/E and turmeric/A dyes  
in the wavelength range of 400–700 nm, giving rise to peaks at 
525 nm for normal pH (c) and 450 nm for acidic pH (c)-A The 
increased cumulative absorption qualities across the region in 
the UV-Vis absorption spectrum tend to indicate that the 
combination of sappan wood and turmeric dyes absorbs light 
better in acidic pH conditions, as evidenced by higher 
absorbance compared to neutral pH settings. The maximum 
wavelength absorption pigment of the brazilein/E- curcumin/M 
(a) dye combination is shown in Fig.1 (I); curcumin/M-
betanine/E (b) in Fig. 1 (II); and betanin/M-curcumin/A (c)  in 
Fig. 1 (III). Where the wavelength absorption is the result of 
mixing the two dyes in the dye combination (a); (b); and (c), 
situated in the visible light region, which is in the range of 400–
750 nm in the dye component of normal and acidic pH 
conditions. 

3.2 Voltammetry Cyclic Analysis 

Identification was conducted using voltammetry with analytical 
data on the blending component using an acidic pH (without 
pH) conditions, as presented in Table 2. The results report that 
the natural photosensitizer in the DSSC meets  the requirements 

 
(I) 

 
(II) 

 
III 

Fig.1 UV-Vis spectrum of (I) sappan wood/E and turmeric/M dyes 
with normal pH (a) and acidic pH (a)-A; (II) turmeric/M and 
beetroot/E dyes with normal pH (b) and acidic pH (b)-A; (III) 
beetroot/E and turmeric/A dyes with normal pH (c) and acidic pH 
(c)-A 

 

Table 1 
Dye Maximum Wavelength 

 Dye pH Wavelength (nm) 

(a) S/E/I & k/M/II 
Neutral 422 

Acid 428 

(b) kk/M/II & kB/E/I 
Neutral 422 

Acid 421 

(c) kB/E/I & k/A/II 
Neutral 525 

Acid 450 
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when the LUMO value of dyes exceeds the LUMO of 
conduction band of the semiconductor used, specifically TiO2 (-
4.0 eV), suggesting that the electron injection from these 

LUMOs to the TiO2 conduction band is possible (Setiarso et al., 
2023). The results indicate that the samples don’t significantly 
differ from one another. However, a reduction in the band gap, 
especially smallest band gap, can still evident in sample (c) 
compared to other samples. The short distance between the 
LUMO and the conduction band of the TiO2 semiconductor 
shows a significant effect on the band gap results. This is related 
to the ease with which electrons are released in natural dyes 
(Hitam & Jalil, 2020; Karthikeyan et al., 2020; Omar et al., 2020; 
Selvaraj et al., 2021). Conductivity increases as electrons are 
more easily removed (Mao et al., 2021), thereby impacting the 
band gap and resulting in a smaller value (Wang et al., 2019). 

In a single natural dye, the resulting LUMO is close to the 
value of the conduction band (Maurya et al., 2019). However, in 
the case of component mixture dyes, the LUMO is more distant 
from the band gap (Benson et al., 2020). Sample (a) is larger than 
a single natural dye and has an impact on reducing the band gap 
(Pakdel & Peighambardoust, 2018). This happens because the 
band gap energy is influenced by the length of the lattice 
parameters in the crystal structure (Ul Islam & Mohd, 2019). The 
longer the lattice parameter, the smaller the band gap energy 
(Khan et al., 2020). This is due to the low interatomic bonding 
force, facilitating easier electron movement (Cao et al., 2021). 
This significantly influences the distinction between a single dye 
and blending, resulting in a tendency for a larger band gap 
energy due to lattice and crystal changes (Nair et al., 2020). In 
PVDF membranes, a favorable driving force occurs when 
electrons are injected into the semiconductor surface with a low 
band gap (Janjua et al., 2021; Daoud et al., 2022;  Kusumawati et 
al., 2023). Hence, the electron regeneration process in dye can 
occur more rapidly in DSSCs. This means that the membrane 
will greatly affect the results of the current generated due to 
samples with a low band gap (Li et al., 2019). As mentioned 
earlier, a low band gap leads to a high conductivity value due to 
the easier process of attracting electrons in the dye from the 
valence band to the conduction band, thus the higher the quality 
of the dyes. (Bittau et al., 2018). Therefore, the improvement is 
notably enhanced with the assistance of membranes (Qi et al., 
2020). 

3.3 Photovoltaic Studies 

The short-circuit current (Isc) and open-circuit voltage (Voc) 
were measured experimentally. The IV characteristics curve 
was employed to determine Pmax and fill factor (FF), and the 
cell efficiency was calculated using in equation (1). The 
characteristics of a solar cell are explained through the current 
versus voltage curve (I-V curve) (Fig.2). According to the I-V 
curve the photovoltaic performance parameters, such as open-
circuit voltage (Voc), short-circuit current density (Isc), fill factor 
(FF), and power conversion efficiency (𝛈) DSSC, which used 
with variations in composition and pH can be obtained as 

Table 2 
Voltammetry for component blending dyes 

 Dye pH HOMO LUMO 
Bandgap 

Energy (eV) 

(a) S/E/I & k/M/II 
Normal -4.29799 -3.94126 0.357 

Acid -4.29745 -3.96278 0.335 

(b) k/M/II & kB/E/I 
Normal -4.2977 -3.91131 0.386 

Acid -4.29774 -3.92772 0.370 

(c) kB/E/I & k/A/II 
Normal -4.29752 -4.13384 0.164 

Acid -4.29751 -4.00386 0.294 

*S = sappan wood (Biancaea sappan); k = turmeric (Curcuma longa); kB = beetroot (Beta vulgaris); E = Ethanol; M = Methanol; A = Distilled water 

 
 (I) 

 
 (II) 

 
(III) 

Fig.2 I-V Curve (I) sappan wood/E and turmeric/M dyes with normal 
pH (a) and acidic pH (a)-A; (II) turmeric/M and beetroot dye normal 
pH (b) and acidic pH (b)-A; (III) beetroot/E and turmeric/A dye 
normal pH (c) and acidic pH (c)-A. 
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summarized in Table 3. Dyes have an important role in 
increasing the absorption spectrum of sunlight. 

Photoconversion efficiency for DSSCs sensitized with 
red and yellow colouring pigments were 0.416% and 0.921%, 
respectively (Abdullah et al., 2022). In the combination of dyes 
(a) sappan wood/E and turmeric/M with neutral pH, the values 
of Isc, Voc, and FF are 1.7 x 10-3 mA/cm2, respectively; 382 mV; 
3.22%; and an efficiency was 2.09%. Meanwhile, at acidic pH, 
the values of Isc, Voc, and FF are 2.4 x 10-3 mA/cm2, 
respectively; 241 mV; 4.48%; and an efficiency was 2.59%. This 
shows that the combination of these dyes can increase 
efficiency compared to the individual efficiency of each dye, and 
the best efficiency is shown under acidic conditions. 

DSSCs sensitized with natural yellow from curcumin 
pigment in turmeric and natural red from betaine in beetroot 
pigment have photoconversion efficiencies of 0.378% and 
0.15%, respectively (Khan et al., 2020). In the combination of 
dyes (b) turmeric/M and beetroot/E with neutral pH, the values 
of Isc, Voc, and FF were 2.5 x 10-3 mA/cm2, respectively; 231 
mV; 3.64%; and an efficiency was 2.10%. On other hand, at 
acidic pH, the values of Isc, Voc, and FF are 1.73 x 10-3 mA/cm2, 
respectively; 417 mV; 3.31%; and efficiency was 2.39%. This 
shows that the combination of these dyes can increase 
efficiency compared to the individual efficiency of each dye, and 
the best efficiency is shown under acidic conditions. 

In the combination of dyes (c) beetroot/E and turmeric/A 
with neutral pH, the values of Isc, Voc, and FF were 1.7 x 10-3 
mA/cm2, respectively; 403 mV; 3.20%; and efficiency was 
2.19%. Simultaneously, at acidic pH, the values of Isc, Voc, and 
FF were 2.23 x 10-3 mA/cm2, respectively; 363 mV; 3.35%; and 
an efficiency was 2.71%. This shows that the combination of 
these dyes can enhance efficiency compared to the individual 
efficiency of each dye, with the optimal efficiency observed 
under acidic conditions. 

The efficiency values in the combination of coded dyes (a), 
(b), and (c) variations at acidic pH variations were higher than 
those at normal pH variations. The table 3 shows that among 
the three combinations of natural dyes mentioned above, the 
highest efficiency is observed in the combination of dyes (c), 
beetroot/ethanol, and turmeric/distilled water at acidic pH with 
an efficiency of 2.71%. 

4. Conclusion 

The efficiency values in the combination of coded dyes (a), (b), 
and (c) at neutral pH variation are 2.09%, 2.10%, and 2.19%, 
respectively. Meanwhile, the efficiency values are 2.59%, 2.39%, 
and 2.71% at acidic pH. The combination of dyes at acidic pH 
conditions demonstrated higher efficiency values compared to 

the neutral pH variation. Among the three dye combinations, 
the highest efficiency was observed in the combination of (c) 
beetroot/ethanol and turmeric/distilled water, reaching 2.71%. 
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