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Abstract:

Dye-Sensitized Solar Cells (DSSCs) have garnered significant attention due to their cost-effectiveness and potential for
sustainable energy applications. TiO2 and ZnO nanostructures are widely employed as photoanodes, given their unique optical
and electronic properties. This paper compares the findings of ten studies with similar research scopes, highlighting
enhancements in DSSC efficiency using modified TiO2 and ZnO. Results are presented through comparative analysis and
graphical representations, focusing on energy conversion efficiency. Through a detailed comparative analysis, this research
identifies key trends and material innovations for advancing DSSC technology. Currently from these studies TiO2 with synthesis
dye still hold the highest efficiency compared to ZnO and Synthesis TiO2/ZnO nanocomposite whether using synthesis and
natural dye and by using counter electrode of Mg and Fe in TiO2 based have the least efficiency. DSSCs efficiency still lower
than silicon based and thin-film solar cells but have the potential to be the cheapest solar cells. DSSCs need to improve efficiency
to be able to go to marketplace and it needs further research and combination of dye and counter electrode or even the new
breakthrough.

Keywords: Dye-Sensitized Solar Cells (DSSCs), Sustainable energy, TiO2 & ZnO, Natural dye, Synthesis dye

1. Introduction

Energy is essential in our civilization. The demand for = demand and the environmental challenges posed by fossil
energy will increase as time passes and so the production or  fuels have accelerated the shift toward renewable energy
conversion of energy. The continuous rise in global energy  sources. Among these, solar energy stands out due to its
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abundance and sustainability. Photovoltaic (PV) technologies
have been at the forefront of harnessing solar energy, evolving
through various generations to improve efficiency, reduce
costs, and minimize environmental impacts.

The first generation of PV technology, silicon-based solar
cells, dominates the market with high efficiencies ranging
from 15-25%. However, the manufacturing of silicon cells
involves complex processes, high energy consumption, and
significant costs [1]. To address these challenges, second-
generation technologies, such as thin-film solar cells,
emerged, offering reduced production costs and material
flexibility. Despite these advancements, thin-film technologies
face issues related to material toxicity and lower efficiency,
typically ranging from 10-15% [2].

In recent decades, third-generation PV technologies,
including Dye-Sensitized Solar Cells (DSSCs), have gained
traction for their unique advantages. DSSCs, introduced by
Gritzel in 1991, utilize a photosensitive dye and a
semiconductor material (commonly TiO2 or ZnO) to convert
sunlight into electricity. These cells are known for their simple
fabrication methods, lower production costs, and ability to
perform well under diffuse or low-light conditions. Compared
to traditional silicon cells, DSSCs use abundant and less
energy-intensive materials, making them more sustainable and
accessible, particularly in developing regions [3].

While DSSCs exhibit lower efficiency than their
predecessors, they are highly adaptable for specific
applications such as indoor energy harvesting and flexible
electronics. The choice of semiconductor material —TiO2 or
ZnO—significantly impacts the performance of DSSCs. TiO2
is widely favored for its chemical stability and high light
absorption, whereas ZnO offers superior electron mobility but
requires additional stabilization due to its vulnerability to
acidic environments [4].

With the increasing demand for renewable energy
sources, dye-sensitized solar cells (DSSCs) have emerged as a
promising alternative to conventional silicon-based
photovoltaics. DSSCs offer a cost-effective solution,
combining ease of fabrication with relatively high energy
conversion efficiencies. The principle of operation in DSSCs
involves the excitation of dye molecules under sunlight,
followed by electron injection into the conduction band of a
photoanode material, typically TiO2 or ZnO. These electrons
then travel through the photoanode to an external circuit,
generating electric power [5].

Among the various materials explored for photoanodes,
TiO2 and ZnO stand out due to their favorable energy band
positions, high electron mobility, and ease of structural
modifications. However, their individual properties lead to
distinct advantages and limitations:

1. Titanium Dioxide (TiO2):

DOI: https://doi.org/10.53893/ijrvocas.v5il.370 45

TiO2 has been widely used due to its high photostability,
availability, and well-understood properties. Its ability to form
diverse nanostructures such as nanoparticles, nanotubes, and
mesoporous films makes it an ideal candidate for enhancing
light absorption and electron transport. Despite its advantages,
the slow electron mobility in TiO2 can limit charge collection
efficiency[6].

2. Zinc Oxide (ZnO):

ZnO, on the other hand, exhibits higher electron mobility
compared to TiO2, which contributes to faster charge
transport[7]. Additionally, ZnO’s ability to form one-
dimensional nanostructures like nanorods, nanowires, and
nanoflowers provides opportunities for better charge
separation and collection[8]. However, ZnO is more
susceptible to photodegradation in acidic dye environments,
which can compromise the long-term stability of DSSCs[4].

To overcome these limitations, researchers have
investigated hybrid and composite materials combining TiO2
and ZnO, leveraging the synergistic effects of these materials
to enhance DSSC performance. For instance, the formation of
Zn0O-TiO2 heterojunctions has been shown to improve charge
separation and reduce recombination losses.

DSSCs have emerged as a promising alternative to
traditional silicon-based solar cells, with TiO2 and ZnO as the
primary materials for photoanodes. Both materials exhibit
excellent photoconductivity, yet their performance in DSSCs
varies based on structural and morphological modifications
[9]. This paper analyzes four prominent studies to identify
trends and advancements in DSSC performance
enhancements.

Scope of the Study
The following studies form the basis of this comparative
analysis:

e Sari et al. (2019): Natural Dyes as a Photosensitizer
from Dragon Fruit (Hylocereus polyrhizus) for Dye-
Sensitized Solar Cells

e Hora et al. (2019): Dye-Sensitized Solar Cells for
Efficient Solar and Artificial Light Conversion

e Tiwari et al. (2024): Utilization of natural dyes extracted
from mustard flower (Genus: Brassica, Species: Napus)
as photosensitizer for DSSC: Experimental and
computational studies

e Devi et al. (2024): Photovoltaic performance of TiO2
and ZnO nanostructures in anthocyanin dye-sensitized
solar cells

e Darwis et al. (2020): Dye-sensitized Solar Cells
Fabricated Using Natural Dyes from Indonesian Plant
as Sensitizers

e Roy et al. (2021): Effect of dye sensitization’s
temperature on ZnO-based solar cells
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e Alduhaidahawi et al. (2024): Synthesis of Ti02/ZnO
Nanocomposites by the Electrochemical Method and
Their Application in Dye-Sensitized Solar Cells (DSSCs)

e Njiru et al. (2022): Effects of zinc oxide nanostructures
on performance of natural dye sensitized solar cells

e Pujiarti et al. (2021): Performance of Dye Sensitized
Solar Cells (DSSCs) with ZnO Nanorod Electrode in
Different Seed Solution

e Wizi et al. (2025): Innovative bio-inspired solar cells
using fly ash-based dye sensitized cells with fruit extract
enhancement and Averrhoa bilimbi electrolyte

By systematically analyzing these studies, this paper
provides a comprehensive understanding of recent trends and
innovations in DSSC technology, offering valuable insights
for future research and practical applications.

The metrics analyzed include efficiency, production cost,
operational stability, and environmental impact. A
comparative graph visualizing these metrics was generated
using data from these studies.

2. Methodology

To provide a comprehensive comparison, the
methodology involves analyzing and synthesizing data from
five key studies on TiO2- and ZnO-based DSSCs. Each study
focuses on different nanostructure configurations, fabrication
techniques, and evaluation parameters. The process includes:

2.1 Selection Criteria
The studies were selected based on the following criteria:

1. Relevance: The studies must explore TiO2, ZnO, or
hybrid structures in DSSC applications.

2. Data Availability: The research must provide
measurable outcomes such as energy conversion
efficiency

3. Time Frame: Studies published between 2019 and
2024 were considered to ensure up-to-date findings.

2.2 Parameters Analyzed
The comparison focuses on three critical parameters:

1. Energy Conversion Efficiency (n): A measure of
the percentage of solar energy converted into
electrical energy.

2. Stability: Indicates performance retention over time,
typically evaluated after 100 hours of operation.

2.3 Data Extraction

Each study's experimental details, such as material
synthesis methods, structural configurations, and testing
environments, were recorded. Specific metrics were extracted,

including efficiency percentages, charge collection rates, and
stability retention values.

2.4 Comparative Analysis Approach
The data were analyzed in the following steps:

1. Tabulation: Key performance indicators from each
study were tabulated for comparison.

2. Visualization: Bar graphs and comparative charts
were created to illustrate differences and trends
across studies.

3. Discussion: Observations were synthesized to
identify material strengths, weaknesses, and areas of
innovation.

3. Reviewed Studies

3.1. Study 1: "Natural Dyes as a Photosensitizer from
Dragon Fruit (Hylocereus polyrhizus) for Dye-
Sensitized Solar Cells" [10]

This study investigates the potential of dragon fruit
(Hylocereus polyrhizus) as a natural dye in Dye-Sensitized
Solar Cells (DSSCs). It encompasses the preparation of the
dye, fabrication of DSSCs utilizing zinc oxide (ZnO) thin
films, and optical and electrical characterization to assess the
performance and efficiency of the cells.

3.2. Study 2: "Dye-Sensitized Solar Cells for Efficient Solar
and Artificial Light Conversion"[11]

This study by Carolina Hora et al. presents a detailed
exploration of Dye-Sensitized Solar Cells (DSSCs) optimized
for both solar and artificial light environments. Using
commercially available materials and the well-established
N719 dye, the authors achieved power conversion efficiency
(PCE) of 9.84% under simulated solar light and an impressive
28.7% under artificial indoor light, setting a benchmark for
indoor light harvesting applications.

3.3. Study 3: "Utilization of natural dyes extracted from
mustard flower (Genus: Brassica, Species: Napus) as
photosensitizer for DSSC: Experimental and
computational studies" [12]

This study investigated DSSCs based TiO2 using
Brassica Napus (Mustard Flower) as a natural dye and
measured the efficiency of it.

3.4. Study 4: "Photovoltaic performance of TiO2 and ZnO
nanostructures in anthocyanin dye-sensitized solar
cells" [13]

This study demonstrates the feasibility of using TiO- and
ZnO nanostructures as photoanodes in DSSCs, with
pomegranate dye as a sustainable sensitizer.



4. Results and Discussions

4.1 Energy Conversion Efficiency

Each Generation of solar cells have different energy
conversion. Currently, the first generation of solar cells
(silicon-based solar cells) still have the highest efficiency,
ranging between 15 — 25% depending on the type of cell
[14]. Second generation (Thin film solar cells) are in second
position in efficiency with typically ranges of 10 — 15%
limited by less effective light absorption [1]. The least efficient
generation is Dye Synthesized Solar Cells. TiO2-based DSSCs
achieve 9.84%, while ZnO-based DSSCs reach 2.25% [11],
[15]. DSSCs perform well in diffuse and low-light conditions,
which is advantageous for indoor applications.

Energy conversion efficiency (1) was a primary metric in
all studies. The comparison, as illustrated in Figure 1, shows
TiO2 with N719 dye achieved the highest efficiency (9.84%)
outperforming synthesis TiO2/ZnO nanocomposite (3.04%),
standalone ZnO using seed solution as dye (1.8%), ZnO using
N719 dye (2.25%) and TiO2 using pandan leaves as dye
(0.8%).

The energy conversion efficiency varied across the
studies:

e Sari et al. (2019): achieved low efficiency of 0.03% by
combining ZnO and dragon fruit dye [10].

e Hora et al. (2019): achieved the highest efficiency of
9.84% by combining TiO2 and N719 dye[11].

e Tiwari et al. (2024): achieved efficiency of 0.062%
using TiO2 with mustard flower[12].

e Devi et al. (2024): TiO2 and ZnO combine with
pomegranate dye resulting in 4.63% and 4.2% efficiency
[13].

e Darwis et al. (2020): Combining TiO2 with pandan
leaves, Henna Tree, and Turmeric dye resulting in 0.8%,
0.25% and 0,04% efficiency [16].

e Roy et al. (2021): achieved the highest efficiency ZnO
of 9.84% by combining ZnO and N719 dye [15].

e Alduhaidahawi et al. (2024): Synthesis of Ti02/ZnO
Nanocomposites combine with methylene blue and
chlorophyll resulting in 3.04% and 2.08% efficiency[17].

e Njiru et al. (2022): achieved efficiency of 0,303% and
0,726% by combining ZnO with cocktail dye and
chlorophyll dye[18].

e Pujiarti et al. (2021): achieved 1,8% efficiency using
ZnO and seed solution[19].

e  Wizi et al. (2025): achieved 0,000634% and 0,000704%
efficiency of TiO2-Fe based and TiO2-Mg based, both
combined with dragon fruit dye [20].
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Figure 1. Comparison energy conversion efficiency

The data suggest that using synthetic dye effectively
harnesses the strengths of both materials, providing a balance
between light harvesting and electron transport.

4.2 Comparing efficiency of ZnO based

Dye-sensitized solar cells (DSSCs) using zinc oxide
(ZnO) as a semiconductor have shown varying levels of
efficiency depending on the type of dye used. Research
indicates that the highest efficiency achieved with ZnO was
2.25% when combined with the synthetic dye N719.

Among natural dyes, the most successful combination
was ZnO synthesized wusing a seed solution-based
hydrothermal method and the D358 dye, resulting in 1.8%
efficiency. Other natural dyes yielded lower efficiencies:
chlorophyll-based ZnO DSSCs reached 0.726%, pomegranate
dye achieved 0.42%, and a cocktail dye resulted in an even
lower efficiency of 0.303%. The least efficient ZnO-based
DSSC used dragon fruit dye, with an efficiency of only 0.03%.

These findings highlight the significant impact of dye
selection on the performance of ZnO-based DSSCs. While
synthetic dyes like N719 have shown promise in achieving
higher efficiencies, research into natural dyes is ongoing due
to their potential advantages in terms of cost and
environmental sustainability. Further investigation into the
interaction between ZnO and various dyes, as well as the
optimization of DSSC fabrication techniques, is crucial for
improving the efficiency and commercial viability of this
renewable energy technology.

25
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Figure 2. Comparison ZnO efficiency with various dye
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4.3 Comparing efficiency of ZnO based

Dye-sensitized solar cells (DSSCs) using TiO2 as a
semiconductor have shown varying levels of efficiency
depending on the type of dye used. Studies have revealed that
synthetic dyes, like N719, when combined with TiO2, can
achieve a high efficiency of 9.84%.

On the other hand, natural dyes generally result in lower
efficiencies. Among the natural dyes tested, Pandan leaf dye
exhibited the highest efficiency at 0.8% when combined with
TiO2. Other natural dyes, such as pomegranate, henna, and
mustard flower, resulted in significantly lower efficiencies of
0.463%, 0.25%, and 0.062%, respectively. Turmeric dye,
when used with TiO2, yielded efficiency at 0.04%.

Other than adding natural dye, Wizi et al.’s study shows
that TiO2 can be combined with Iron (Fe) and Magnesium
(Mg) from fly-ash as the counter electrode. Each combination
was added with dragon fruit dye. Unfortunately, the result
efficiency is the lowest with 0,000704% for TiO2-Mg based
and 0,000634% for TiO2-Fe based.
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Figure 3. Comparison TiO2 efficiency with various dye

These findings suggest that the choice of dye plays a
crucial role in determining the overall efficiency of TiO2-
based DSSCs. While synthetic dyes like N719 show promise
due to their high efficiencies, natural dyes, although less
efficient, offer a more sustainable and environmentally
friendly alternative. Further research is needed to explore
ways to enhance the efficiency of natural dye-based DSSCs
and to identify new natural dyes with improved light-
harvesting properties and to identify new combinations with
counter electrode.

4.4 Comparing DSSC TiO2 and ZnO

Dye-sensitized solar cells (DSSCs) utilizing TiO2 as a
base material exhibit notably higher efficiency levels
compared to those using ZnO, irrespective of the dye type—
be it synthetic or natural. This trend is consistently observed
across both synthetic dyes like N719, where TiO2-based
DSSCs achieve efficiencies as high as 9.84% (a substantial
7.59% higher than ZnO), and natural dyes like pomegranate,
where the efficiency difference, though smaller, still favors
TiO2.

Conversely, synthetic TiO2/ZnO nanocomposites
demonstrate comparable results with both synthetic dyes (e.g.,
methylene blue) and natural dyes (e.g., chlorophyll), with
synthetic dyes consistently yielding higher efficiencies. While
these Ti02/ZnO composites may not surpass the efficiency of
standalone TiO2 with N719 dye, they do outperform ZnO with
N719, as well as both TiO2 and ZnO when utilizing natural
dyes.

The combination of TiO2 with iron (Fe) and Magnesium
(Mg) as the counter electrode using dragon fruit dye resulting
in low efficiency in 0,000634% for Fe based and 0,000704%
for magnesium based. The combination of counter electrode
in DSSC needs more further research and various combination
to increase efficiency.
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Figure 4. Comparison TiO2 and ZnO

These findings underscore the superior performance of
TiO2 as a base material in DSSCs, particularly when paired
with synthetic dyes. The efficiency gains observed with TiO2
over ZnO are significant and consistent across different dye
types. While TiO2/ZnO composites present a promising
avenue for further research, their efficiency currently falls
short of standalone TiO2 with synthetic dyes. In contrast, the
combination of TiO2 with iron (Fe) and Magnesium (Mg) as
the counter electrode using dragon fruit dye resulted in low
efficiencies. The exploration of novel materials, dye
combinations and further research and diverse combinations
holds the potential to further enhance DSSC efficiency and
unlock their full potential for renewable energy generation.

4.5 Production Cost

The cost of producing solar cells varies depending on the
type. Silicon-based solar cells are the most expensive, costing
an average of $250-$300 per unit. Thin-film solar cells cost an
average of $150-$200 per unit. DSSCs have the potential to be
the least expensive, with TiO2-based DSSCs costing
significantly less than the other two types and ZnO-based
DSSCs costing slightly more than TiO2-based DSSCs.

4.6 Stability and Operational Lifespan

The lifespan of solar cells varies depending on the
materials used. Silicon-based solar cells are the most stable,
lasting over 25 years [1]. Thin-film solar cells last 10-15 years
due to material degradation [21]. Dye-sensitized solar cells



(DSSCs) have the shortest lifespan, lasting from a few weeks
to a few months, due to dye degradation and electrolyte
instability [22].

4. 7 Environmental Impact

Dye-Synthesized Solar Cells (DSSC) in a recent decades
have become popular because DSSC employ environmentally
friendly material using organic matter as a dye or electrolyte
booster, though the use of liquid electrolytes poses some
disposal [23]. If we comparing DSSC with silicon-based solar
cell, Silicon based solar cell need high energy consumption
during its manufacturing resulting in a moderate
environmental impact [24]. For Thin-film solar cells have the
least ecofriendly material due to the used of toxic materials
like CdTe poses significant recycling and disposal challenges.

Graph: Efficiency vs. Production Cost
The following graph illustrates the comparative
efficiency and production cost of these technologies:

Comparison of Solar Cell Efficiency and Production Cost

Silican Than- Fibm

DESC (TI03} DSSC (2nd)

Figure 5. Comparison efficiency & Production cost

The comparative analysis demonstrates that TiO2 with
N719 dye offers the best performance enhancements in
DSSCs, with significant improvements in energy conversion,
charge collection, and stability. These findings underline the
importance of material synergies and structural modifications
in advancing DSSC technology.

Here are the comparisons
efficiency:

of energy conversion

1.  Using Synthetic Dye: with N719 dye, TiO2 achieved the
highest efficiency surpassing ZnO and synthetic
TiO2/ZnO nanocomposite.

2. Using Natural Dye: DSSC with natural dye still does not
have the best efficiency but it’s more eco-friendly and
low cost. The highest efficiency is obtained by
combining TiO2 with pandan leaves and ZnO with seed
solution.

3. Nanocomposite TiO2/ZnO: Synthetic TiO2/ZnO
nanocomposite still needs to be improved. It still has
lower efficiency than TiO2 with N719 but has higher
efficiency than TiO2 and ZnO with natural dye.

Based + Dye Efficiency (%)
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Table 1. Comparison Effiency
4.8 Future Research Directions

Future research should focus on enhancing the stability
and efficiency of DSSCs, particularly for ZnO-based systems,
to further improve their competitiveness. Based on the
comparative analysis of TiO2- and ZnO-based DSSCs, several
potential research directions emerge to address existing
challenges and push the boundaries of DSSC performance:

1. Optimization of Hybrid Structures

To increase DSSC efficiency there are some alternatives,
one of them is a hybrid structure. Adulhaidahawi et al. studied
the synthesis of TiO2/ZnO, it has an efficiency slightly better
than ZnO but still worse than TiO2. Hybrid structures need to
explore alternative fabrication for ZnO-TiO2 composites such
as atomic layer deposition or sol-gel methods, to achieve better
control over material interfaces and heterojunction properties.
And it needs to investigate the impact of varying the ratio of
TiO2 to ZnO in a hybrid structure to balance light absorption
and electron transport.

2. Material Modifications



50 Andri Suyadi ef al.: A Study on Efficiency Enhancements, Comparative Analysis of TiO2 and ZnO-Based Dye-Sensitized Solar Cells

Material modification is needed to improve the
structure and characteristics of TiO and ZnO. We can utilize
doping strategies to enhance the charge transport properties of
ZnO and TiO2, such as incorporating elements like Al, Nb, or
Fe, and develop plasmonic nanostructures using noble metals
like silver or gold to enhance light scattering and absorption.

3. Exploration of Alternative Dyes

The possibility of various dyes needs to be explored and
investigated by testing novel organic or metal-free dyes with
improved absorption spectra to enhance photon capture and
focus on co-sensitization strategies to widen the range of light
absorption.

4. Stability Enhancements

DSSC still needs to stabilize its structure to decrease the
degradation speed of its cell. To decrease it, address ZnO’s
susceptibility to photodegradation in acidic dye environments
by coating its surface with protective layers, such as SiO2 or
polymer films, and study the long-term effects of
environmental factors like temperature and humidity on DSSC
stability.

5. Scale-Up and Practical Applications

After increasing the efficiency, we need to try to
implement it to a larger scale module but it needs to be
improved in fabrication consistency and assess cost-
effectiveness and sustainability of materials and fabrication
processes.

5. Conclusions

DSSCs are a promising alternative to traditional silicon-
based solar cells, mainly due to their cost-effectiveness and
superior performance in low-light conditions. While silicon
cells remain more efficient and durable, DSSCs have a
significantly lower environmental impact and are more
suitable for portable applications.

This comparative analysis highlights the significant
advancements made in DSSC technology through the
innovative use of TiO2 and ZnO nanostructures. While Hora
et al. achieved the highest efficiency, Alduhaidahawi et al.’s
study stands out for its different approach and still needs to be
improved.

Synthesis ZnO-TiO2 nanocomposite has potential but is
still lacking in efficiency compared to TiO2 with synthesis
dye. Material innovations, including doping and structural
modifications, are critical for enhancing charge transport and
minimizing recombination, thereby improving overall
performance. Future research should prioritize addressing
degradation issues in ZnO-based DSSCs while also exploring
alternative dyes to achieve greater long-term stability.
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