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 Abstract: This study optimizes dye-sensitized solar cell (DSSC) performance using a 
combination of natural dye components extracted from Beta vulgaris L. (beetroot), 
Curcuma longa L. (turmeric), and Pandanus amaryllifolius (pandanus leaf). These plants 
were selected for their natural pigments—betacyanin, curcuminoids, and chlorophyll—
which potentially act as DSSC sensitizers. Dyes were extracted via maceration with 
ethanol solvent (1:6 sample:solvent ratio) for 24 h. Filtrates were combined in various 
ratios to test DSSC performance. The optimal C4 dye combination, with a 2:1:1 ratio 
(betacyanin:curcumin:chlorophyll), demonstrated the best performance. The UV-vis 
analysis revealed complex interactions and synergistic effects among dye combinations, 
characterized by increased light absorption in the 400–700 nm range. Cyclic voltammetry 
analysis showed favorable energy band gap values, confirming the pigments' suitability 
for DSSC applications. FTIR analysis confirmed the stable coexistence of the three dyes 
without new bond formation. Photovoltaic performance testing showed the C4 three-dye 
combination achieved the highest energy conversion efficiency of 3.57%. These results 
demonstrate the potential of this dye combination to contribute to the development of 
sustainable and efficient solar energy conversion in DSSCs. 

Keywords: DSSCs; triple-component blending; Beta vulgaris L.; Curcuma longa L.; 
Pandanus amaryllifolius 

 
■ INTRODUCTION 

Global energy needs are on the rise [1]. Based on the 
estimations provided by the International Energy Agency, 
there is a projected 45% increase in world energy demand 
by 2030, equating to an average annual growth rate of 1.6% 
[2-3]. Approximately 80% of the world's energy needs are 
supplied by non-renewable energy sources, primarily in 
the form of fossil fuels [4]. This heightened interest in 
renewable energy as an eco-friendly option, prompting 
the exploration of different solar cell technologies [5]. 
Dye-sensitive solar cells (DSSCs) have garnered great 
attention for their cost-effectiveness, straightforward 
manufacturing process, and notable efficiency [6-8]. 

The principle of DSSC is converting solar energy 
into electrical energy using photosensitive dyes [9]. 
DSSC has components such as glass substrate, 
transparent conducting, TIO2, electrolyte, counter 
electrode, and natural dye [10]. This study employs 
polyvinylidene difluoride nanofiber (PVDF NF) 
electrolyte membranes due to their significant 
advantages in stability [11-12], despite a marginal 
reduction in efficiency compared to liquid electrolytes. 
The utilization of PVDF NF membrane-based 
electrolytes represents a strategic choice, emphasizing 
the importance of enhanced stability in DSSCs, as 
revealed by the referenced study [13-16]. 
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Natural dyes are gaining prominence as favorable  
substitutes for synthetic counterparts in DSSC due to 
their environmental friendliness, low cost, and abundant 
availability [17-19]. Beta vulgaris L., Curcuma longa L., 
and Pandanus amaryllifolius are some of the natural 
sources that have been explored for their potential as 
sensitizers in DSSC [20-21]. The advantage of each 
material lies in its optimal absorption of sunlight to 
produce the best excitation energy [22-23]. The dye 
absorbs sunlight and generates electrons, which are then 
collected by the electrodes and transferred to an external 
circuit [24]. 

The development of natural dye-based DSSC has 
significant relevance in today's industry. With the 
increasing demand for renewable energy sources, 
alternatives to sustainable and environmentally friendly 
synthetic dyes are needed. Natural dyes offer a promising 
solution to this problem, and their use in DSSCs could 
contribute to developing inexpensive and efficient solar 
cells. Furthermore, exploring natural sources for dyes 
may also lead to the discovery of new sensitizers with 
better properties. Most previous studies have focused on 
using a single synthetic or natural dye. However, an 
interesting new approach combines two or more types of 
natural dyes to be used as photosensitizers in DSSCs. 

In this study, we propose the use of a combination 
of three different types of natural dyes, namely betacyanin 
from beetroot, curcuminoids from turmeric, and 
chlorophyll from pandanus leaves, through a three-
component mixing approach with different ratio 
variations. The combination of these natural dyes is 
expected to broaden the absorption range and 
synergistically improve the efficiency of DSSC. Detailed 
characterizations such as UV-vis, cyclic voltammetry, and 
FTIR were performed to understand the interaction and 
suitability of the dye combination as a DSSC sensitizer. In 
addition, the mixing ratio was optimized to achieve the 
highest photoconversion performance. This approach 
contributes to developing sustainable and 
environmentally friendly DSSCs by utilizing easily 
available natural dye sources. The PVDF NF membrane 
will trap the dye so that it does not easily escape, thus the 
absorption results are maximized. 

■ EXPERIMENTAL SECTION 

Materials 

The materials utilized in this research comprised 
PVDF (Mw ~534,000) and dimethylacetamide (DMAC, 
≥ 99.9%) obtained from Sigma Aldrich in Germany. 
Acetone (≥ 99.5%), nitric acid (HNO3, ≥ 99.9%), and 
anatase titanium dioxide powder (TiO2, ≥ 99.5%, 
particle size: 21 nm), anhydrous ethylene carbonate (EC, 
99%), and propylene carbonate (99.7%) were obtained 
from Sigma Aldrich in the USA. Polyethylene glycol 
(PEG) and potassium iodide (KI) have a purity of at least 
99% from Merck in Germany. Ethanol (≥ 99.7%), Tween 
80, and iodine (≥ 99.8%) were obtained from PT. Smart 
Lab in Indonesia. Fluorine-doped tin oxide glass (FTO, 
resistivity 10 Ω) manufactured by XinYu Xu Tking Glass 
Co., Ltd. in China. Beta vulgaris L., Curcuma longa L., 
and Pandanus amaryllifolius were bought from the local 
agricultural farm in Surabaya, Indonesia. 

Instrumentation 

The experimental setup utilized various analytical 
and laboratory equipments including a Buchi R-300 
rotary evaporator for solvent removal and a NESCO 
LAB MS-H280-Pro magnetic stirrer for mixing 
solutions. Spectroscopic analysis was conducted using a 
Shimadzu UV-1800 UV-vis spectrophotometer and a 
Perkin Elmer Spectrum Two FTIR spectrophotometer. 
Electrochemical measurements were performed with a 
797 VA Computrace Metrohm voltammetry system. 
Electrical parameters were measured using a Krisbow 
KW08-267 multimeter. 

Procedure 

Preparation of the natural dyes 
Preparing organic photosensitizers through 

maceration follows a similar approach [12]. Each natural 
dye, namely B. vulgaris L., C. longa L., and P. 
amaryllifolius, was obtained and subsequently washed 
with water. After cleaning, each dye was extracted using 
the maceration method with ethanol solvent at a ratio of 
1:6 (sample to solvent) for 24 h. The filtrate of each 
natural dye was combined in the following ratio to 
achieve a total amount of 50 mL. Different combinations 
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of dyes were prepared by combining these dyes at varying 
volume ratios: A1 (100% red), A2 (100% yellow), A3 
(100% green), B1 (50% red + 50% yellow), B2 (50% yellow 
+ 50% green), B3 (50% red + 50% green), C1 (60% red + 
30% yellow + 10% green), C2 (30% red + 10% yellow + 
60% green), C3 (10% red + 60% yellow + 30% green), C4 
(50% red + 25% yellow + 25% green), C5 (25% red + 50% 
yellow + 25% green), and C6 (25% red + 25% yellow + 
50% green). All twelve dye combinations were utilized as 
sources of dye sensitizers for DSSC. 

PVDF NF membrane manufacturing 
The production of PVDF membranes was 

performed using electrospinning techniques, following 
the established procedures [14]. 

Preparation of electrolyte 
In the formulation process, 0.60 g of KI, 0.09 g of I2, 

4.00 g of PC, and 4.00 g of EC were stirred at 100 rpm for 
1 h. This resulting solution, serving as the electrolyte, was 
meticulously stored in an opaque container to protect it 
from light exposure, ensuring optimal stability for 
subsequent applications. 

TiO2 paste preparation 
The TiO2 paste was meticulously prepared in 

accordance with the procedure established in a prior 
study [14]. In this process, 0.40 g of TiO2 was combined 

with 0.16 g of PEG 1000. The mixture was further 
enriched with 0.10 mL of HNO3 and 0.80 mL of Tween 
80, undergoing thorough stirring for approximately 
30 min at 100 rpm to ensure even dispersion. 
Subsequently, the prepared TiO2 paste, utilizing the 
doctor blade method, was applied onto the FTO anode 
with a 3.00 cm2 active area and TiO2 0.20 mm of 
thickness. The coated substrate underwent sintering at 
450 °C for 1 h, resulting in a well-defined product. 

Fabrication DSSC 
After sintering, the TiO2 photoanode undergoes 

immersion in a 10 mL solution of natural dye for 24 h. 
Subsequently, a precisely cut PVDF membrane, 
fabricated through a combination of casting and 
electrospinning methods, measures 2.0 cm in length and 
1.5 cm in width. The membrane is immersed in 1.0 mL 
of electrolyte for 1 h. The cathode on an FTO glass 
substrate receives a carbon coating derived from a 
candle. The configuration of the DSSC circuit is defined 
as FTO/TiO2/PVDF/Pt/FTO. The construction process 
of DSSC can be seen in Fig. 1. 

Characterization of DSSC 
The absorption spectra of dye pigments within the 

DSSC were analyzed using UV-vis. Changes in both the 
current and potential  associated with the  color pigment  

 
Fig 1. Diagram depicting the construction process of the DSSC 
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used in the DSSC were assessed utilizing a 797 VA 
Computrace Metrohm. Functional groups in the 
pigments were identified through the application of a 
FTIR spectrophotometer. The current and voltage were 
measured using a multimeter to assess the performance of 
the DSSC circuit. 

■ RESULTS AND DISCUSSION 

UV-vis Analysis 

In the context of DSSC, the dye plays an important 
role by enhancing the absorption of the visible light 
spectrum on TiO2. Natural dyes present several 
advantages over synthetic counterparts, as they are more 
readily available, cost-effective, require fewer chemical 
operations for extraction, possess a high absorption 

coefficient, and exhibit non-toxic and biodegradable 
properties [25]. Evaluating the potential of blending the 
three dyes from B. vulgaris L. (red dye), C. longa L. 
(yellow dye), and P. amaryllifolius (green dye) as natural 
dyes in DSSC involved a thorough examination using a 
UV-vis spectrophotometer, focusing on visible light 
wavelengths within the range of 400–750 nm. 

This study delves into the optical properties of three 
dyes extracted from beetroot, turmeric, and pandanus, 
utilizing ethanol as the solvent. The research significantly 
contributes to understanding the intricate characteristics 
emerging from the blending dyes of beetroot, turmeric, 
and pandanus dyes, which are essential for their potential 
use as natural sensitizers in DSSC. The investigation 
includes a  meticulous determination  of wavelengths for  
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Fig 2. UV-vis spectrum of a) each single dye (red, yellow, and green), b) double blending of two dyes, and c) triple 
component blending of three dyes 
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each dye combination, offering pivotal insights into the 
initial characterization of these blends. 

Fig. 2(a) illustrates the highest absorption peaks for 
individual dyes, namely beetroot (red dye), curcumin 
(yellow dye), and pandanus (green dye), within the 
wavelength range of 400–750 nm. The peak wavelengths 
are recorded as 532 nm for betacyanin (A1), 424 nm for 
curcumin (A2), and 433 and 664 nm for pandanus (A3). 
Betacyanin, found in B. vulgaris L., is soluble in common 
polar solvents like water, ethanol, and methanol [26-27], 
exhibiting an absorption wavelength range of 480–
540 nm [28]. Notably, a strong absorption peak at 532 nm 
has been observed, as reported by Devadiga et al. [29]. 
Turmeric, known for its diverse applications, has been 
explored as a natural dye due to the presence of the 
curcumin pigment [30]. Curcumin, the primary 
compound in turmeric extract, imparts a vivid yellow 
color [31]. The absorption spectrum of curcumin spans 
the critical wavelength range of 350–470 nm. In 
comparison, chlorophyll P. amaryllifolius exhibits two 
absorption peaks at 434 and 664 nm, as reported in the 
study by Ishak et al. [32]. 

The absorption characteristics of the double-
blending dye are illustrated in Fig. 2(b), where the 
synergistic effects of dual dye combinations are evident. 
Notably, the double blending of beetroot and turmeric 
dye (designated as B1), the combination of turmeric and 
pandanus dye (B2), and the amalgamation of beetroot 
with pandanus (B3) dye collectively exhibit pronounced 
absorption peaks within the wavelength range of 400–
700 nm. The specific peak wavelengths for these 
combinations are measured as follows: 664.13 nm for B1; 
664.53 nm for B2; and 664.21 nm for B3. These outcomes 
underscore the intricate interplay of natural dyes and 
illuminate their potential for applications across diverse 
wavelength-sensitive domains in DSSCs. Meanwhile, in 
Fig. 2(c), the wavelength characteristics of three dyes were 
investigated, revealing the highest absorption peak in 
their combined composition. This combination was 
further varied through six distinct compositions (C1–C6), 
and each variation was meticulously characterized within 
the wavelength range of 400–700 nm. The amalgamation 
of the three dyes yielded analogous wavelengths, 

unveiling two prominent peaks observed at 664 and 
426–430 nm. The absorption spectrum in the 
wavelength range above 400 nm is influenced by nine 
conjugated double (C=C) bonds. The C=C bond is 
responsible for the electron transfer from n to π*, as 
shown in the peak at 400–700 nm. Meanwhile, the peak 
at 430 nm is associated with the electron transition from 
n to π*, originating from the carbonyl group (C=O) [33]. 

The improved cumulative light absorption 
observed in the UV-vis spectrum indicates that the 
combinations of all dyes absorb light more effectively 
than a single dye, as evidenced by higher absorbance. 
These findings show potential applications of these 
blends as sensitizers in DSSC, showcasing the viability of 
solar energy conversion systems. In addition, the 
stability of the absorption characteristics of each dye in 
the blend indicates good compatibility between these 
dyes, which is crucial for the long-term performance of 
the solar cell. 

Voltammetry Cyclic Analysis 

In the pursuit of elevating the overall efficiency of 
DSSC and optimizing the efficacy of natural dyes as 
photosensitizers, it is crucial that the band gap energy of 
the dye is narrower than that of the semiconductor TiO2. 
The efficacy of the extracted dye improves as the 
disparities between the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) values decrease. The dye's capacity to 
regenerate shows how easily electrons may go from the 
I− or I3

− electrolyte to the substance's HOMO band [34]. 
This has to do with the fact that dye electrons can be 
stimulated more easily from the valence band to the 
conduction band when they have a tiny enough amount 
of energy. TiO2 exerts influence on the conduction band, 
aligning its impact with the energy level of the LUMO 
dye molecule and facilitating electron injection. In 
particular, the anatase phase exhibits a band gap energy 
of 3.2 eV, whereas the rutile phase manifests a slightly 
lower value at 3.0 eV. The determination of the dye's 
band gap energy relies upon the subsequent Eq. (1–3) 
[35]: 

( )HOMO oxE E 4.40 eV= − +  (1) 
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( )LUMO redE E 4.40 eV= − +  (2) 

g LUMO HOMOE E E= −  (3) 
Based on the energy band gap values obtained for 

each dye with the various compositions, it shows that 
triple component blending pigments can be used as 
sensitizers in DSSC because they meet the requirements 
of DSSC dyes (Table 1). The LUMO values of each dye are 
significantly higher than the conduction value of TiO2. It 
is essential for the dye to fulfill the requirement of having 
a sufficiently high LUMO level compared to the 
conduction band of the TiO2 semiconductor, which is 
−4.0 eV, which ensures the capability of electron injection 
from the excited dye into the semiconductor [36]. 

Fig. 2 shows that each combination of dyes has 
energy gaps between 0.1309 and 0.7003 eV. Notably, the 
three-component blending exhibits the smallest energy 
gap, followed by the two-component blending and single-
dye without blending. The specific composition variation 
C4 (2:1:1) stands out as having the most favorable energy 
gap within the study, with a band gap value of 0.1309 eV. 
This indicates the suitability and stability of the dye 
mixture for DSSC applications. This smaller band gap 
facilitates more efficient electron transfer, which is 
important for long-term DSSC performance. A reduced 
band gap implies a narrower energy difference between the 
valence and conduction bands, facilitating the movement 
of  electrons  and  enhancing  electrical  conductivity  [37].  

Table 1. The HOMO, LUMO, and band gap values for 
diverse dye combinations 

Dye 
(composition) 

HOMO 
(eV) 

LUMO 
(eV) 

Eg 
(eV) 

A (1) 1:0:0 −4.2543 −3.7061 0.5482 
(2) 0:1:0 −4.2801 −3.5798 0.7003 
(3) 0:0:1 −4.2862 −3.8441 0.4421 

B (1) 1:1:0 −4.1562 −3.7241 0.4321 
(2) 0:1:1 −4.1990 −3.8231 0.3759 
(3) 1:0:1 −4.2963 −3.9511 0.3452 

C (1) 6:3:1 −4.2584 −4.0503 0.2081 
(2) 3:1:6 −4.1069 −3.9357 0.1712 
(3) 1:6:3 −4.0742 −3.9204 0.1538 
(4) 2:1:1 −4.0868 −3.9559 0.1309 
(5) 1:2:1 −4.0693 −3.9132 0.1561 
(6) 1:1:2 −4.2085 −3.9654 0.2431 

The lower energy gap promotes a shift towards longer 
wavelengths in the absorption spectrum, known as a 
bathochromic shift, which is advantageous for 
improving the efficiency of photovoltaic devices [38]. 

FTIR Analysis 

The investigation extended to analyzing functional 
groups within the extracted dyes using FTIR 
spectroscopy. The outcomes are depicted in Fig. 3, 
wherein the respective FTIR spectra for each dye with 
varied combinations are presented.Based on Fig. 3, all 
the dyes show very similar transmission wavenumber 
spectra ranging from 4000 to 500 cm−1 C–Cl stretching, 
indicating the presence of alkyl halides at 803.17 cm−1. 
The C–H bending indicates the presence of alkenes at 
1087.28 cm−1. The broad absorption band at wave 
numbers 600–900 cm−1 indicates the presence of C–H 
bending vibrations of unsaturated alkenes. The C–O 
stretching indicates the presence of ether at 1044.88 cm−1 
[39]. The 1416.91 cm−1 peak in the C=C stretching 
region signifies the existence of aromatic compounds. 
Additionally, the distinct absorption band at 1710 cm−1 
points to the presence of C=O stretching vibrations, 
indicative of compounds such as ketones, aldehydes, 
carboxylic acids, or esters. The ability of the 
chromophore groups in chlorophyll pigments, such as 
the C=O group, to absorb light in the visible spectrum of 
sunlight is responsible for enhancing solar efficiency 
when utilizing natural pigments [40]. When exposed to 
visible light, the current density is often lower than that 
induced by UV light. This indicates that TiO2 exhibits a 
strong response in the UV region. The increased current 
suggests the presence of electron excitation [41]. The 
C=C stretching observed at 1651.60 cm−1 denotes the 
existence of alkenes or the primary N–H bending 
vibrations characteristic of amides. The C–H stretching 
(asymmetric) indicates the presence of alkanes at 
2974.49 cm−1. The wavenumbers at 3338.08 cm−1 
indicate the presence of alcohols that occur in O–H 
stretching vibrations from O–H in alcohols or 
carboxylic acids [15,42]. 

The O–R bond vibrations generally give 
absorption in the 1300–1000 cm−1 region. However, this  
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Fig 3. FTIR spectra of each single dye (A1-A3), double blending of two dyes (B1-B3), and triple component blending 
of three dyes (C1-C6) 
 
FTIR graph has no significant sharp absorption band in 
the wavenumber region. This is due to several factors, 
including the absence of O–R functional groups in the 
analyzed compounds, the concentration of O–R groups 
appearing too small to be detected, and their overlap with 
the absorption bands of other functional groups so that 
the O–R signal does not appear as a separate band. The 
position of the O–R bond is not symmetrical, so the 
absorption is weak and "drowned" by other bands. Based 
on this, it can be concluded that the possibility that this 
compound does not contain O–R functional groups, or 
even if it exists, the concentration is so small that it is not 
detected in this FTIR spectrum. Analysis of the FTIR spectra 
revealed that the amalgamation of the three natural dyes 
did not form any novel chemical bonds. The spectra 
showed that these dyes simply coexisted without reacting 
with each other, indicating good chemical stability in the 
mixture. The absence of significant new peaks or large 
shifts in the existing peaks corroborates the conclusion 
that these dyes are compatible with the mixture. It is 
reasonable to suspect that when these natural dyes are 
combined, they simply coexist without reacting [43-44]. 

Photovoltaic Studies 

The assessment of the DSSC circuit, organized to 
measure open voltage (Voc), short-circuit current (Jsc), fill 

factor (FF), and efficiency (η), is conducted utilizing a 
multimeter under illumination from a lamp with an 
intensity of 100 mW/cm2. The overall cell performance 
is determined by the FF (Eq. (4)) and cell efficiency (η) 
(Eq. (5)) is performed according to the formula 
referenced by Kusumawati et al. [14]: 

max m ax

oc sc

V I
FF

V I
×

=
×

 (4) 

oc sc

in

FF V I
P

× ×
η =  (5) 

where Vmax represents the maximum output voltage, Imax 
denotes the maximum output current, Isc signifies the 
short circuit current, Voc indicates the open circuit 
voltage, and Pin denotes the input power. 

This study examines the current-voltage (I-V) 
characteristics of DSSCs, employing red dye (betacyanin), 
yellow dye (curcumin), and green dye (chlorophyll) with 
various combinations. DSSC performance is evaluated 
through Voc, Isc, and FF. The impact of utilizing blends 
of these natural photosensitizers on DSSC performance 
is evident in the I-V curves (Fig. 4) and the photovoltaic 
characterization presented in Table 2. 

The efficacy of integrating natural pigments like 
betacyanin, curcumin, and chlorophyll derived from 
beetroot, turmeric, and pandanus holds promise as 
photosensitizers in DSSC. These three pigment types can  
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Fig 4. Photocurrent–voltage curves were obtained for DSSC sensitized of a) each single dye (red, yellow, and green), 
b) double blending of two dyes, and c) triple component blending of three dyes 

Table 2. Photovoltaic parameters of DSSC 
Dye 

(various composition) 
Voc 

(mV) 
Isc 

(mA/cm2) 
FF 
(%) 

Efficiency 
(%) 

A (1) 1:0:0 365 0.0027 3.05 1.01 
(2) 0:1:0 348 0.0025 3.18 1.93 
(3) 0:0:1 399 0.0029 3.77 1.46 

B (1) 1:1:0 432 0.0031 3.46 1.55 
(2) 0:1:1 479 0.0032 3.51 1.74 
(3) 1:0:1 501 0.0033 3.86 2.13 

C (1) 6:3:1 509 0.0033 3.95 2.21 
(2) 3:1:6 537 0.0034 4.13 2.51 
(3) 1:6:3 579 0.0038 4.99 3.03 
(4) 2:1:1 586 0.0039 4.69 3.57 
(5) 1:2:1 555 0.0036 3.82 2.55 
(6) 1:1:2 523 0.0034 4.03 2.39 
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capture light at distinct wavelengths suitable for the DSSC 
mechanism, converting photons into electricity. The 
utilization of triple-component blending extends the 
range of absorbed sunlight, potentially enhancing DSSC 
efficiency. Additionally, as photosensitizers, these 
pigments demonstrate commendable chemical and 
photochemical stability. 

Among the twelve variations in dye combinations 
tested, the efficiency order observed was C (triple-
component blending) > B (double-component blending) > 
A (no blending) with the most effective triple-component 
blending combination was C4 (2:1:1). The C4 dye 
exhibited values for Isc, Voc, FF, and η of 0.39 mA/cm2, 
0.586 V, 5.29, and 3.57%, respectively. This achievement 
shows that the dye mixture remains stable and effective 
under the operational conditions of the DSSC. In 
addition, this alignment with the previous band gap 
analysis indicates that the C4 (2:1:1) dye has a smaller 
band gap. Smaller band-gap values signify faster electron 
transfer due to an increased number of conjugated chains 
[45]. The band gap data reveal that the C4 (2:1:1) dye has 
the smallest band gap among composition variations, 
leading to enhanced performance attributed to increased 
absorption of solar light and more efficient utilization of 
photon energy [46]. In addition, the increase in DSSC 
efficiency is also influenced by the optimal TiO2 thickness 
of 0.2 mm and the optimal PVDF NF polymer electrolyte 
membrane, as reported by Kusumawati et al. [14]. 

The combination of three different natural dyes – 
betacyanin from B. vulgaris L., curcuminoid from C. longa 
L., and chlorophyll from P. amaryllifolius, led to a 
significant increase in solar cell performance. This can be 
attributed to the distinct chemical structures and 
properties of these dye molecules. Fig. 5 shows 
betacyanins have carboxyl and O–H groups that can 
chelate to the TiO2 surface, improving dye adsorption and 
electronic coupling for efficient electron transfer. Fig. 6 
shows curcuminoid contains phenolic groups and C=C 
bonds, making it highly polar and allowing efficient light 
absorption. The keto-enol tautomerism in curcuminoid 
facilitates intramolecular charge transfer and stabilizes 
the excited state, aiding electron injection into TiO2. Fig. 

7 shows chlorophyll possesses a porphyrin ring structure 
that enables absorption in the 600–700 nm range. 

However, the alkyl side chains make it difficult to 
form strong chemical bonds with TiO2, limiting electron 
injection efficiency. When these three dyes are 
combined, their complementary absorption spectra result 

 
Fig 5. The chemical structure of betacyanin 

 
Fig 6. The chemical structure of curcuminoid 

 
Fig 7. The chemical structure of chlorophyll 
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in a broader spectral coverage from 300–700 nm, 
harvesting more photons [47]. Additionally, the presence 
of anchoring groups like carboxylates and phenolics 
facilitates dye binding to TiO2 and promotes charge 
injection/regeneration kinetics. The synergistic effect of 
combining curcuminoid's charge transfer capability, 
chlorophyll's red-light absorption, and anthocyanin's 
anchoring ability overcome the individual limitations, 
leading to improved light harvesting, charge separation, 
and overall device performance in the triple-dye system 
compared to single dye cells. 

■ CONCLUSION 

This study used a combination of three natural dyes 
from B. vulgaris L., C. longa L., and P. amaryllifolius 
extracts as a dye-sensitizer of DSSC. UV-vis analysis 
showed the interaction of the combination of the three 
dye mixtures, characterized by an increase in absorption 
peaks at 664 and 426–430 nm. Cyclic voltammetry 
analysis also showed a favorable decrease in the band gap 
energy in the C4 (2:1:1) composition with the band gap 
energy 0.1309 eV, indicating an increase in electron 
injection and electrical conductivity. FTIR analysis 
confirmed the coexistence of the three dyes without 
forming new bonds that could affect stability. 
Photovoltaic studies showed the best performance on the 
three-component dye combination C4 (2:1:1) with the 
highest conversion efficiency (η) of 3.57%, exceeding the 
use of a single dye, indicating its potential in the 
development of sustainable and efficient solar energy 
conversion in DSSCs. The results of this study 
demonstrate the potential of the combination of natural 
dyes from beetroot, turmeric, and pandan leaves to 
improve the performance of DSSCs and contribute to the 
development of environmentally friendly solar cells. 
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