
 

339 

 

Effect of TiO2 thickness on power conversion efficiency in co-sensitized dye-
sensitized solar cells 

Emy Zairah Ahmad a *, Muhammad Safuan Md Ali a, Muhammad Idzdihar Idris b and Mohd Shahneel Saharudin c 

aFaculty of Electrical and Technology Engineering, Universiti Teknikal Malaysia Melaka (UTeM), 76100, Melaka, Malaysia 
bFaculty of Electronic & Computer Technology and Engineering, Universiti Teknikal Malaysia Melaka (UTeM), 76100, Melaka, Malaysia 
cRobert Gordon University, School of Engineering, Garthdee Road, AB10 7QB, Aberdeen, United Kingdom 
 Corresponding author. Tel.: +6-018-575-1042; e-mail: emyzairah@utem.edu.my 

Received 16 May 2025, Revised 20 November 2025, Accepted 18 December 2025 

ABSTRACT 

This study investigates the co-sensitization of natural dyes with synthetic dye N719 in dye-sensitized solar cells (DSSCs). Natural dyes 
from Spinacia oleracea (green spinach) and Plumeria rubra (frangipani) were extracted and analyzed via UV-Visible spectroscopy to 
assess their light absorption capabilities. Co-sensitization was carried out by blending these extracts with N719, aiming to broaden 
the absorption spectrum and improve overall efficiency. The impact of titanium dioxide (TiO2) photoanode thickness (55,000 nm and 
110,000 nm) and different substrates (indium tin oxide and fluorine-doped tine oxide) on the power conversion efficiency (PCE) was 
systematically studied under controlled fabrication conditions using 4 different cases (Case A, Case B, Case C, and Case D). Among the 
four dye combinations tested, the N719-frangipani co-sensitized DSSC fabricated on FTO glass with a 110,000 nm TiO2 layer 
demonstrated the highest PCE of 0.0324%. In contrast, the lowest performance (0.000014%) was observed in the cell sensitized with 
a spinach–frangipani blend on ITO. UV-Visible spectral analysis confirmed broader light absorption for co-sensitized dyes, while I–V 
characterization revealed enhanced charge transport in thicker photoanodes and FTO-based cells. These findings demonstrate the 
potential of co-sensitization using natural dyes to partially replace synthetic dyes, offering a cost-effective and environmentally 
friendly approach to DSSC fabrication. 
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1. INTRODUCTION 

The increasing demand for sustainable energy solutions has 
encouraged the exploration of solar technology, leading to 
advancements in various innovative applications. This has 
paved the way for emerging technology known as Dye-
Sensitized Solar Cells (DSSCs) which are flexible and cost-
effective alternative to conventional Silicon-based 
photovoltaic [1]. The first remarkable DSSC was fabricated 
in 1991 by B. O’Regan and M. Gratzel using TiO2 and Ru dye 
complexes with power conversion efficiency of 7.12% [2]. 
In comparison to conventional Si-based photovoltaics, 
DSSCs offer simpler fabrication, economical and eco-
friendly, hence attracted researchers the most. 

The fundamental component of a DSSC contains the 
photosensitizer, a vital element that absorbs sunlight. 
Photosensitizers can be extracted from natural sources like 
plant pigments or fruit dyes, or they can be manmade 
substances [3]. In general, dye photosensitizers can be 
categorized into two categories: synthetic and natural 
sensitizers, as depicted in Figure 1. Synthetic dyes have 
enhanced efficiency and stability within cells, hence 
presenting considerable promises for commercial 
utilization [4]. However, the manufacturing of dyes 
containing Ruthenium is expensive and require complex 
synthesis methods that have negative environmental effects 

and pose health hazards due to their poisonous nature [5]. 
The use of natural dyes as photosensitizers has emerged as 
a prominent area of investigation in contemporary study. 
The research is motivated not only by the need for enhanced 
performance but also by prioritizing sustainability and 
environmental concerns associated with the employed 
materials. 

 

Figure 1. Classification of dye used as photosensitizers 
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The effective range for photo absorption in natural dyes is 
 ig ly in luen ed by t e ty e     lant’s  ig entati n [6]. 
Among the pigments that show promising performance as 
natural photosensitizers are anthocyanin, betalain, 
carotenoid, chlorophyll, curcumin, and flavonoid. The most 
abundant and well-known pigment is anthocyanin despite 
its high sensitivity to changes in pH. Their colors may vary 
depending on the acidity or alkalinity of the environments 
[7–9]. For instance, in acidic conditions, they will appear 
red, while in more alkaline environments, they tend to be 
blue or purple. Similar research was carried out under both 
alkaline and acidic dye solutions using Malabar spinach 
[10]. The maximum absorption was observed at a 
wavelength of 540 nm under acidic condition outperforms 
the alkaline solution. 

Among the naturally occurring pigments, anthocyanins 
seem to be a highly suitable substitute for utilization in 
DSSCs. Alternatively, the utilization of natural dyes 
extracted from Chrysanthemum flowers was examined. The 
researchers extracted dyes from flowers of three different 
colors: violet, green, and blue, which are rich in 
anthocyanin. They found that the dye extracted from 
Chrysanthemum violet produced the highest conversion 
efficiency (1.348%) compared to green and blue cells [11]. 
On the other hand, Shah et al. [12] focuses on the use of 
beetroot and curcumin extracts as photosensitizers. The 
study discovered that co-sensitizing DSSCs with a 
combination of betalain extract from beets and curcumin 
extract from turmeric increased cell efficiency [13, 14]. This 
was due to a larger absorption spectrum and more light 
absorption as compared to utilizing a single dye. The 
optimized dye combination has a maximum cell efficiency of 
0.649%. Likewise, Dang Quang et al. [15] explored the co-
sensitization method using both synthetic and natural dyes. 
The results revealed that the best performance was 
achieved under different concentration of dyes. 

Based on the literature, very limited studies were observed 
on co-sensitization using both natural and synthetic dyes. 

Natural dyes tend to have restricted light absorbance as 
well as less stability. Co-sensitization with synthetic dyes 
like N719 presents a strategic alternative to widen the 
range of light absorbance and the efficiency of charge 
transfer. Intermixing of natural dyes like Spinacia oleracea 
and Plumeria rubra with N719 in this paper is intended to 
find synergistic properties that ensure the enhancement of 
the overall efficiency performance of DSSCs. 

1.1. Fundamental Principles of DSSC Operation 

The fundamental component of a DSSC contains the 
photosensitizer, a vital element that absorbs sunlight. 
Photosensitizers can be extracted from natural sources like 
plant pigments or fruit dyes, or they can be manmade 
substances. DSSCs employ dyes to capture photons and 
transform them into energized electrons [16]. The DSSC 
consists of multiple layers, namely the front transparent 
conducting electrode (TCE), the dye-sensitized 
semiconductor layer, the electrolyte, and the rear counter 
electrode (CE). Figure 2 illustrates the key mechanisms that 
are involved in the operation of DSSC. The front TCE allows 
sunlight to pass through while also transmitting electrons. 
The dye-sensitized semiconductor layer (working 
electrode) absorbs sunlight, causing electrons to be excited 
and injected into the semiconductor. The working electrode 
is coated in a layer of titanium dioxide, which furthers 
sensitized using selected dyes. This technique results in 
increased porosity, hence enhancing the penetration of 
sunlight into the semiconductor layer. The back CE 
promotes redox couple reduction and completes the 
electrical circuit. 

To ensure the efficacy of DSSCs, it is important to ensure the 
sensitizer used offers a wide spectrum of absorption 
capabilities, covering both the visible and near-infrared 
regions [17]. Hence, the determination of the energy gap 
relies on the analysis of the absorbance data inside the 
visible band (400–600 nm).

 

 

Figure 2. Schematic representation of elementary processes in DSSC  
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2. METHODOLOGY 

The methodology of this study involves the experimental 
fabrication and characterization of dye-sensitized solar 
cells (DSSCs) using two types of natural dyes; Plumeria 
rubra (PR) and Spinacia oleracea (SO) along with synthetic 
dye (N719) combinations. Four case studies were 
conducted to investigate the effects of co-sensitizati n, TiO₂ 
thickness, and substrate type (ITO and FTO) on power 
conversion efficiency (PCE). Cases A, B, and C were 
fabricated using an ITO substrate with different dye 
combinations: Plumeria rubra (PR) + Spinacia oleracea 
(SO), N719 + SO, and N719 + PR, respectively. The best-
performing combination among these was selected for 
further optimization in Case D using a more conductive FTO 
substrate. For each case, TiO2 photoanodes were fabricated 
in two different thicknesses, approximately 55,000 nm and 
110,000 nm. The UV-Vis spectroscopy was employed to 
analyze the light absorption behavior of each sample and 
current-voltage characterization was performed using 
Ossila solar simulator to evaluate the power conversion 
efficiency. 

2.1. Ultraviolet-Visible Spectroscopy 

The samples were tested for their capacity to absorb visible 
light using a UV-Vis spectroscopy. The UV-2450 equipment, 
having a wavelength range of 300 to 800 nm, was used to 
perform the investigation. The resultant spectrum, known 
as an absorption spectrum, reveals how much light the 
sample absorbs at each wavelength. The optical band gap of 
each sample was determined from the UV-Vis absorption 
spectrum using the following equations [18]: 

(𝑎ℎ𝑣)𝑛 = 𝐴(ℎ𝑣 − 𝐸𝑔) (1) 

𝐸 =
1024

𝜆
 (2) 

𝛼 =
2.303𝐴

𝑙
 (3) 

The optical band gap for the absorption peak was calculated 
using Equation (1) whilst Equation (2) was used to 
determine the energy, E where λ is the absorption 
wavelength. In this equation, 𝛼 represents the absorption 
coefficient of the material, which indicates how strongly the 
material absorbs light and is typically expressed in units 
such as cm–1. The term ℎ is  lan k’s   nstant, w ile 𝜈 is the 
frequency of the incident photon. The constant 𝐴 is a 
material-dependent proportionality constant related to the 
probability of electronic transitions. The parameter 𝐸𝑔 

refers to the optical band gap energy, which is the minimum 
energy required to excite an electron. Further, the 
absorption coefficient, α was calculated using Equation (3), 
where A is the absorbance and l is the sample thickness. 

2.2. Power Conversion Efficiency from Current-Voltage 
Characterization 

The electrical characterization of DSSCs involves 
measurement of several parameters. Power conversion 

efficiency, PCE can be defined as the highest energy output 
obtained from a DSSC to the input sun energy (Pin) that is 
incident on the entire surface area of the solar cell, as 
represented by Equation (4) [19]: 

𝑃𝐶𝐸 =
Fill factor (𝐹𝐹) × 𝐽𝑆𝐶 × 𝑉𝑂𝐶

𝑃𝑖𝑛
× 100% 

(4) 

In this equation, Voc represents the open-circuit voltage in 
volts (V), Jsc represents the short-circuit current density in 
milliamperes per square centimetre (mA∙cm–2), FF 
represents the fill factor, and Pin represents the power of the 
incident light. 

3. EXPERIMENTAL PROCEDURES 

This project involves fabricating and characterizing dye-
sensitized solar cells (DSSCs) using co-sensitization 
between natural and synthetic dyes as sensitizers. 

3.1. Dyes Preparation 

The Spinacia oleracea (SO) and Plumeria Rubra (PR) were 
first cleaned in distilled water to get rid of any contaminants 
before being allowed to dry for 2 hours to get rid of 
moisture. Then, it was finely ground into green and red 
pastes and then soaked in ethanol solvent. Ethanol solvent 
is used because it has the potential to decrease the 
aggregation of dye molecules in comparison to water. The 
mixture of paste materials and ethanol ratio was 1 g : 10 ml. 
The extract was filtered and used as a raw sensitizer source. 

3.2. Preparation of Electrolyte Solution 

The electrolyte was prepared by combining 1.4 g of ethyl-
methyl-imidazolium iodide (EMII), 0.6 g of 4-tert-
butylpyridine (TBP), 0.13 g of lithium iodide (LiI), and 
0.13 g of iodine in a vial. Then, 10 ml of acetonitrile was 
added, and the mixture was thoroughly stirred for 
15 minutes using a hot plate to ensure the solution is well 
combined. 

3.3. Preparation of Counter Electrode 

The electrolyte solution was prepared by dissolving 
10.36 mg Hexachloroplatinic acid hexahydrate in 10 ml 
Isopropyl Alcohol (IPA). The solution was mixed on hotplate 
at room temperature for 1 hour. 

3.4. Preparation of Photoanode Layer 

Position the Kapton film precisely as indicated, ensuring it 
covers only the designated 1 cm by 1 cm area as shown in 
Figure 3. Then, apply the TiO2 paste onto the larger glass 
surface by holding it at a 45-degree angle, and carefully 
spread the paste toward the end of the glass, ensuring a 
smooth coating free of air bubbles. A single spread is 
applied, resulting in an approximate thickness of 
55,000 nm, while two consecutive spreads produced a 
thickness of approximately 110,000 nm. Then, the 
photoanode thin  il  is baked in a  urna e at 450 °    r 
30 minutes to complete the process. 
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3.5. Preparation of Dye on Photoanode Layer 

To prepare co-sensitized dye solutions, three combinations 
were used: Plumeria Rubra + Spinacia oleracea (50:50) 
(Case A), Spinacia oleracea + N719 (Case B), and Plumeria 
Rubra + N719 (Case C). The TiO2-coated photoanodes were 
immersed in each dye solution and left overnight to ensure 
thorough adsorption, as shown in Figure 4 (a). After dyeing 
process, the photoanodes were rinsed with deionized water 
and dried in an oven at 100°C for 10 minutes. 

3.6. Preparation of Counter Electrode Layer 

The substrate is placed on the spin coater with the 
conductive side facing up. Then, 50 µL of platinum solution 
was dispensed and spun at 1500 rpm for 10 seconds. The 

counter electrode was then baked at 450°C for 30 minutes 
to ensure proper deposition and adhesion. 

3.7. DSSC Fabrication 

A DSSC structure is made up of a working electrode and a 
counter electrode sandwiched between two electrolytes. 
Three types of working electrodes were fabricated (Case A, 
Case B, Case C, and Case D), while the counter electrode is 
coated with Pt solution. As illustrated in Figure 5, the 
fabrication was achieved by combining the working 
electrode and the counter electrode in a sandwich form. 
Then, the completed DSSC is tested using a solar simulator 
(Keithley 2450) with simulated AM 1.5G light at 
100 mW/cm2.

 

 

Figure 3. The TiO2 paste was spread at 45-degree angle 

 

Figure 4. (a) Photoanodes immersed in dye solutions and (b) oven drying for 10 minutes 

 

Figure 5. The device is ready for testing  
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4. RESULTS AND DISCUSSION 

4.1. UV-Visible Analysis of Co-Sensitized Dyes with 
Single-Layer (55,000 nm) TiO₂ Photoanode 

The UV-Vis absorption spectra shown in Figure 6 (a) 
demonstrates the absorbance patterns of four different co-
sensitized dye attached to a single layer of TiO2. The x-axis 
shows light wavelength in nanometers, while the y-axis 
represents absorbance in arbitrary units (a.u.). 

The UV-Vis spectra for all four samples (1 layer of TiO2) 
showed primary peaks between 391–393 n  and 
secondary peaks between 404–417 n . T e  R + SO 
(Case  )  eaked at 392 n  and 416 n , w ile  O + N917 
( ase B) s  wed  eaks at 391 n  and 404 n .  R + N917 
( ase  ) e  ibited str ng abs r ti n at 391 n  and 417 n . 
The FTO-based sample (Case D)  eaked at 393 n  and 
409 n .  ll s e tra s  wed a gradual de line bey nd 
423 n . T ese s e tral  arian es are due t    anges in t e 
chemical structures of the dyes. Notably, as compared to 
natural dyes, the synthetic dye has a shorter absorption 
spectrum, implying higher selectivity in the wavelengths it 
can absorb. This property might be beneficial in solar cell 
applications, perhaps leading to improved efficiency. 

Figure 6 (b) shows the Tauc Plot for four co-sensitized dye 
combinations. The optical bandgaps, determined using 
Tau ’s  et  d, were 2.76 eV   r all  R-based samples and 
2.81 eV   r  O–N719 dye. The enhanced performance 
observed for the PR + N719 combination can be attributed 
to molecular structure compatibility between the two dyes. 
The carboxylic anchoring groups in both PR and N719 
facilitate efficient binding to the TiO2 surface, ensuring 
better electron injection into the conduction band. The 
complementary absorption spectra of PR (in the visible 
region) and N719 (extending toward the near-infrared 
region) allow for broader light harvesting. In addition, 
favorable band alignment between the LUMO levels of PR 
and N719 promotes sequential electron transfer, 
 ini izing re   binati n l sses. T e str ng π–π 
conjugation within N719 also enhances charge  
 

delocalization, improving electron mobility across the 
interface. Collectively, these synergistic interactions 
between molecular structure, band alignment, and electron 
transfer pathways explain the superior photovoltaic 
response of the PR + N719 system compared to the other 
dye pairings. This indicates that the Plumeria rubra 
contributes to narrowing the bandgap, enhancing electron 
mobility. A lower bandgap supports better solar 
performance by balancing light absorption and charge 
separation, while a higher bandgap may reduce the 
conductivity [20]. 

4.2. UV-Visible Analysis of Co-Sensitized Dyes with 
Double-Layer (110,000 nm) TiO₂ Photoanode 

The UV-Vis absorption spectra shown in Figure 7 (a) 
demonstrates the absorbance patterns of four different co-
sensitized dye attached to a double layer of TiO2. The energy 
gap created by the 4 samples caused a significant drop in 
absorbance at short wavelengths. For the first spectrum, 
which consists of PR–SO (Case A), there is a significant peak 
at 355 nm and a smaller peak at 400. The second sample 
consists of SO–N917 (Case B) reveals a noticeable peak at 
360 nm and a lesser peak at 406 nm. The third sample, PR–
N917 (Case C) has a prominent peak at 355 nm, which is a 
combination of dyes from Plumeria Rubra and N719. The 
fourth sample, (Case D), has a large peak at 365 nm and a 
lesser peak at 404 nm. The variations in absorption spectra 
can be related to the dyes' unique chemical structures. A 
conjugated structure of double bonds in the spinach dye 
absorbs light in the blue and green portions of the spectrum 
[21]. The conjugated structure of frangipani dye absorbs 
light in the green and yellow parts of the spectrum. The 
synthetic dye has a complicated structure that allows it to 
absorb light at a broader variety of wavelengths. A dye-
sensitized photoelectrode's absorption qualities are critical 
for its efficiency in converting light to energy. A dye that 
absorbs light at several wavelengths will be able to collect 
more energy from the sun [22]. However, in order to create 
electricity, the dye must be able to efficiently transport this 
energy to the TiO2 semiconductor. 

 

(a) 

 

(b)

Figure 6. (a) UV-Vis absorption spectra for a single layer of TiO2 and (b) overall bandgap for a single layer of TiO2  
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In the case of the double-layer TiO2 structure, the increased 
film thickness enhances the light-harvesting capability by 
extending the optical path length, allowing more photons to 
be absorbed by the co-sensitized dyes. The observed peaks 
  rres  nd t  π–π ele tr ni  transiti ns wit in t e 
conjugated dye molecules, signifying the excitation of 
electrons from the highest occupied molecular orbital 
(HOMO) to the lowest unoccupied molecular orbital 
(LUMO). The slight redshift observed in certain samples 
suggests improved electronic coupling between the dye and 
TiO2, facilitating faster charge injection. The higher 
absorbance intensity in PR–N719 indicates efficient light 
utilization and better spectral overlap with the solar 
spectrum, which contributes to enhanced photocurrent 
generation. Thus, the spectral features reflect the  
 

synergistic effect of molecular structure compatibility and 
TiO2 layer thickness on photon absorption and electron 
excitation efficiency. 

The optical energy band gap (Eg) is derived using 
Equation (1). Regarding permitted indirect optical 
transitions, the value of n in the formula is equal to 2. The 
indirect bandgap was determined by plotting a graph 
between (hv)2 and (hv) in eV, as shown in Figure 7 (b). The 
band gap values for Case A, B, C and D are 3.17 eV, 3.05 eV, 
3.37 eV, and 3.07 eV, respectively. Overall, these variations 
in band gap energy reflect the influence of dye molecular 
structure and TiO2 layer configuration on the optical and 
electronic properties of the co-sensitized films. 

 

(a)

 
(b) 

Figure 7. (a) Absorbance spectrum and (b) optical energy band gap 
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4.3. Current-Voltage Characteristics of Co-Sensitized 
DSSCs 

The I-V characteristics of the fabricated DSSCs were 
analyzed based on different co-sensitizer combinations, 
TiO2 layer thicknesses, and substrates. Among all samples, 
the highest efficiency of 0.0324% was achieved using 
frangipani co-sensitized with synthetic dye (N719) on an 
 TO glass substrate wit  a single TiO₂ layer (110,000 n ), 
attributed to its high Voc (0.4 V) and Jsc (0.105010 mA/cm2). 
In general, cells utilizing frangipani with N719 (Case C and 
D) outperformed those with spinach-based co-sensitizers 
(Case A and B), suggesting better charge transfer and dye 
compatibility. Additionally, thicker TiO2 layers 
(110,000 nm) generally enhanced performance, except in 
Case A, where the single-layer configuration performed 
better. The results indicate that dye selection, TiO2 layer 
optimization, and substrate type play significant roles in 
enhancing DSSC performance. The details of the I–V 
performance characteristics are illustrated in Figure 8. 

4.4. Effect of TiO2 Layer Thickness on Power 
Conversion Efficiency 

Figure 9 illustrates the effect of TiO2 layer thickness 
(55,000 nm and 110,000 nm) on the PCE of DSSCs with 
different co-sensitizer combinations. Across Cases A to C, an 
increase in TiO2 thickness consistently enhanced PCE, 
indicating improved dye loading and better light harvesting. 
Case A, which used a fully natural dye (Plumeria rubra + 
green spinach), achieved the lowest PCE (0.000014% to 
0.0045%). In contrast, Case C (N719 co-sensitized with 
Plumeria Rubra) recorded the highest PCE among ITO-
based cells, increasing from 0.00154% to 0.0111%. Due to 
this promising performance, Case C was further 
characterized using an FTO substrate (Case D), resulting in 
the highest PCE of 0.0324%. 

5. CONCLUSION 

Based on the findings, several key conclusions can be 
drawn: 

i.  ll sa  les wit  a single TiO₂ layer e  ibited UV-Vis 
absorption peaks in the range of 391–393 n  
(primary) and 404–417 n  (se  ndary), indi ating 
effective light absorption in the visible spectrum. 
T ese abs r ti n  eaks   rres  nd t  π–π ele tr ni  
transitions within the dye molecules, demonstrating 
efficient photon capture and electron excitation 
across the co-sensitized systems. 

ii. T e band ga   alues ranged  r   3.05 eV t  3.37 eV, 
with Case C showing the widest gap and Case B the 
narrowest. The variation in band gap energies 
reflects the influence of molecular structure 
compatibility and the degree of electronic coupling 
between the dye and TiO2, which in turn affects the 
charge transfer and recombination dynamics within 
the DSSC. 

iii. Frangipani co-sensitized with synthetic dye (N719) 
consistently outperformed spinach-based 
combinations in terms of power conversion efficiency 

(PCE), highlighting better dye compatibility and 
charge transfer. This superior performance can be 
attributed to favorable band alignment between the 
highest occupied molecular orbital (HOMO)– and 
lowest unoccupied molecular orbital (LUMO) levels 
of both dyes and the TiO2 conduction band, which 
promotes efficient electron injection and reduces 
energy losses due to recombination. 

iv. Increasing TiO2 thickness generally improved 
efficiency due to enhanced dye loading and light 
harvesting, except for Case A. However, excessive 
thickness may hinder electron transport and increase 
series resistance, suggesting that an optimal TiO2 
layer configuration is essential for achieving balanced 
optical absorption and charge mobility. 

 
(a) 

 
(b) 

Figure 8. Current–voltage characteristics for (a) single layer and 
(b) double layer of TiO2 

 

Figure 9. Power conversion efficiency for two different thickness 
of TiO2 were observed 
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The best overall performance (PCE = 0.0324%) was 
achieved in Case D using frangipani + N719 on an FTO 
substrate, confirming the positive impact of substrate 
selection, dye pairing, and layer optimization on DSSC 
performance. Future work should explore additional dye 
combinations and surface modifications to further improve 
stability and overall conversion efficiency. 
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