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Renewable energy research has focused extensively on dye-sensitized solar cells (DSSCs) as low cost,
eco-efficient devices with promising photoelectrical conversion efficiency. This paper explores various
natural dyes in DSSCs, showcasing their viability and efficiencies. The electronic and optical properties of
chlorophyll b and anthocyanin under varying pH conditions are investigated using density functional
theory (DFT) and time-dependent DFT. By analyzing dye-TiO, interactions, including molecular electro-
static potentials and Frontier molecular orbitals, the key factors influencing charge transfer and light har-
vesting efficiency are examined. The impact of co-sensitization and pH variations on DSSC performance
is investigated. Specifically, the research explores the electrostatic potential, Frontier molecular orbitals,
and absorption spectra of natural dyes anchored to titanium dioxide (TiO,) surfaces. The results show
that acidification and co-sensitization strategies, particularly with anthocyanin/chlorophyll combinations,

Received 25th March 2025, along with insights into dye—iodine interactions, significantly enhance DSSC performance. These results

Accepted 13th October 2025 provide valuable insights into the crucial role of pH, dye—dye interactions, and dye—-TiO, interactions in

DOI: 10.1039/d5ma00273g optimizing DSSC efficiency. The investigation aims to identify optimal dyes for enhanced DSSC perfor-
mance by considering molecular interactions, charge transfer, and electronic structure. Anthocyanin/

rsc.li/materials-advances chlorophyll complexes under acidic conditions exhibit markedly enhanced efficacy.

1. Introduction move within the dye’s molecular orbitals. Initially, the electron

transitions from the highest occupied molecular orbital
In the past twenty years, significant advancements have been (HOMO) to the lowest unoccupied molecular orbital (LUMO).®
made in photovoltaic systems, which efficiently convert sun- Subsequently, the excited electrons are injected from the LUMO
light into electricity. These devices have the potential to gen-
erate clean and renewable energy worldwide. Scientists have
demonstrated significant interest in dye-sensitized solar cells
(DSSCs) as part of photovoltaic systems because of their cost-

effectiveness, eco-friendliness, and relatively high photoelectri- S~¢
cal conversion efficiency (PCE)."™ DSSCs were first presented :&CD)%:‘

by O’Regan and Gratzel,> where they employed an organic dye
and attained a 7% power conversion efficiency under simulated
sunlight using a cost-efficient method. As shown in Fig. 1,
typically, DSSCs comprise four primary elements: a counter iz
electrode, electrolyte, dye and photoanode.® In DSSCs, dyes play
a crucial role as they absorb sunlight,” causing electrons to
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into the conduction band of the semiconductor and the con-
duction band of the semiconductor facilitates the movement of
electrons, allowing them to flow through the external or internal
circuitry in the DSSCs, completing the electrical cycle. Metal-free
organic dyes have found extensive application in the DSSC
field.>"> The process of synthesizing metal-free organic dyes is
complex, resulting in higher production costs and a more intricate
purification process. Moreover, it can have adverse effects on the
environment, making it an important concern for researchers."®
Alternatively, natural dyes present numerous advantages, such as
their abundant availability, ease of extraction, cost-effectiveness,
promotion of biodiversity, and environmental friendliness.
Researchers have discovered that employing natural dyes
extracted from plant components such as roots, leaves, flowers,
and petals in DSSCs yields significant power conversion efficiency
values ranging from 3% to 8%.'>'* This breakthrough paves the
way for an environmentally friendly approach to converting solar
energy into electricity. For instance, Golshan et al. focused on
optimizing natural dyes derived from the Persian Gulf zone wild
plants for DSSCs. They observed that the extracted dye from Malva
verticillata showed the highest optical activity, achieving 1.7%
energy conversion efficiency."> Chien et al. used anthocyanin dye
extract from red cabbage to enhance the performance of DSSCs.
The best results were observed at 1.4% efficiency."® Hosseinnez-
had et al. achieved the highest efficiency of 1.38% using natural
dyes extracted from eggplant peel, saffron, celosia cristata, and
cynoglossum."” Jalali et al. derived natural dyes extracted from red
onion, saffron, oregano and mallow as sensitizers for application in
the DSSCs. They illustrated that the extracted dyes contain
anthocyanin or chlorophyll pigments suitable for charge-carrier
generation, with a maximum power conversion efficiency of
nearly 2%.'® Hamadanian et al. illustrated that those natural dyes
from various plant sources, particularly delphinidin in Consolida
agjacis, showed the highest efficiency due to their effective inter-
action with TiO,.'® Furthermore, variations in pH levels have been
found to impact the overall performance of DSSCs.

Suyitno et al. conducted experiments using natural extracts from
papaya leaves, comparing them to N719 in DSSCs. By tuning the
acidity with benzoic acid, the papaya-based DSSCs achieved 0.28%
efficiency at pH 3.5, demonstrating improved stability compared to
N719-based DSSCs.*® Alex Akelo et al. studied the effect of pH on
the electronic properties of anthocyanin dyes derived from crushed
leaf stocks of the Manihot esculenta Crantz (Cassava plant), achiev-
ing a peak efficiency of 0.390%.>' Najdat Masood et al. fabricated
DSSCs using natural dyes extracted from eight different flowers,
examining their absorption spectra, solvents, and pH values to
evaluate DSSC performance. They achieved power conversion
efficiencies between 0.602% and 1.589% across the different flower
extracts and pH conditions.>

Moreover, the co-sensitization of natural dyes has greatly
influenced the photovoltaic parameters of DSSCs. Different
pigments have varying absorption spectra, meaning that they
can absorb light across a wider range of wavelengths. Instead of
relying on a single pigment that may only absorb a specific
range of wavelengths, such as visible light, a cocktail of
pigments can cover a broader range, including near-infrared
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and ultraviolet light. Additionally, cocktails can potentially
reduce loss from charge recombination and improve electron
transfer efficiency. This is because different pigments can have
different electron affinities and energy levels, which can com-
plement each other in the charge separation process. Golshan
et al. studied the co-sensitization of dyes extracted from Syzy-
gium cumini and Malva verticillata in DSSCs. The results showed
that the acidified cocktail-DSSC demonstrated the highest
current of 3.15 mA and efficiency of 1.84%.** Kumar et al.
investigated a new co-sensitized DSSC approach using natural
dyes from Cactus, Jambolana, Curcumin, and Bermuda grass
extracts. Hybrid dyes showed enhanced absorption in visible
light, achieving a maximum DSSC efficiency of ~0.61%.>"
Kumara et al. investigated double-layered co-sensitization in
DSSCs using natural dyes from Ixora flower and 'Kembayau’
fruit. The process involved sequential dye adsorption onto TiO,
electrodes, resulting in a power conversion efficiency of 1.55%.
Compared to single-sensitized cells, co-sensitization showed
superior efficiency due to high adsorption capacities and
homogeneous monolayer adsorption.>® Alkali et al. successfully
utilized pigments from Striga hermontheca, Bougainvillea, and
Momordica charantia in DSSCs and co-sensitization of these
dyes enhanced cell performance synergistically, showing up to
24-fold higher efficiency than single-dye cells.”® Spadaro et al.
studied pigments from Talaromyces atroroseus GH2 and Para-
coccus bogoriensis BOG6, finding potential for DSSCs via co-
sensitization, achieving a device with short-circuit current
density (Js), open-circuit voltage (V,.), fill factor (FF), and
power conversion efficiency (PCE) of 1.59 mA c¢cm™ 2, 0.35 V,
0.62, and 0.34%, respectively.?’

Numerical modeling techniques allow a comprehensive
understanding of charge transfer and recombination kinetics.
The integration of classical computational methods and quan-
tum chemical calculations plays a pivotal role in elucidating
these mechanisms, bridging the gap between theoretical pre-
dictions and experimental findings. This approach not only
enhances the design of DSSCs but also paves the way for optimizing
their efficiency through the synergy of optics, electrical beha-
vior, and electrochemical dynamics. Recently, several quantum
mechanics-based theoretical models have been presented to
explore the role of the electronic structure of dye molecules in
the DSSCs.”®?*° This work has provided valuable insights for
predicting the diverse photovoltaic performances of DSSCs and
offered better information to understand the roles of dyes and
semiconductors in enhancing the efficiency of DSSCs.**"?
Sanchez-de-Armas et al. utilized time-dependent density-
functional theory (TD-DFT) calculations for the electronic
structure and optical properties of five coumarin-based dyes
and revealed the critical parameters for evaluating the effi-
ciency of DSSCs.** Zanjanchi et al. used DFT and TD-DFT to
calculate the photophysical properties of twelve natural pig-
ment dyes. The results can assist in selecting efficient natural
dyes based on their properties.>® Xu et al. designed five novel
T-shaped phenothiazine-based organic dyes (DTTP1-5) with
varied spacers at N (10). DFT and TD-DFT analyses revealed
non-planar geometries benefiting device stability, enhanced
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light absorption in near-infrared with thiophene-benzothiadia-
zole-thiophene spacers, and effective electron injection/regen-
eration properties in the HOMO and LUMO, suggesting their
potential as DSSC sensitizers.*®> Mautya et al. utilized the Cassia
fistula flower extract as a natural dye for DSSCs with TiO,.
Density functional theory optimized their molecular structures,
studying HOMO-LUMO energy gaps in ethanol, and electron
transfer from the dye LUMO to TiO, conduction band was
analyzed, yielding J,. = 0.51 mA cm 2, V. = 0.549 V and
1 = 0.21% under 100 mW cm ™ illumination.*® Ammasi et al.
focused on designing and characterizing three flavone-based
organic dyes for the DSSCs.*” Qin et al. conducted a theoretical
study on betalains (betanidin, betanin, and gomphrenin) at the
B3LYP/6-31G(d) level for DSSCs using the DFT method. They
illustrated molecular properties of dyes, electron injection from
the HUMO to the LUMO, and how coupling between vibrational
and electronic state affects the electron transfer process from
the LUMO to the TiO, conduction band.*® Researchers are
striving to enhance the performance of DSSCs using the com-
putational method described above. Another factor under
investigation is that the injected electrons in TiO, can recom-
bine with the redox couple, reducing photovoltage and V..
Additionally, high iodine electrolyte concentration accelerates
charge recombination, shortening electron lifetime. Several
previous studies have proposed to resolve this problem. Britel
et al. designed carbazole-based dyes employing the DFT
method and found negative binding energies for dye-I, com-
plexes, indicating favorable binding. Bond distances suggested
a minor m-spacer impact on dye-I, interactions.*® He et al.
investigated triphenylamine-based organic dyes using DFT and
TD-DFT methods. They studied dyes modified with electron-
withdrawing or electron-deficient groups, evaluating properties
like Frontier molecular orbitals, photon-generated current, and
dye-1, interactions for optimal DSSC performance.*® Asaduzza-
man et al. studied interactions in DSSCs, focusing on iodide/
triiodide redox couples, TiO, semiconductor surfaces, and
nitrogen-containing additives’ impacts on cell performance.*!
Hailu et al. explored iodide/triiodide interactions with dyes on
semiconductor surfaces in DSSCs using DFT calculations. They
designed D1Y and D2Y dyes with strong donor units, enhanc-
ing adsorption and electronic properties on TiO, surfaces with
iodide electrolytes, boosting DSSC efficiency.*”

In this study, we conducted a comprehensive examination
utilizing both computational and experimental methodologies,
focusing exclusively on the analysis of natural dyes extracted
from java plum fruits and mallow leaves, encompassing chloro-
phyll b and anthocyanin, across varying pH conditions for
DSSCs. Their properties were studied using UV-vis spectro-
scopy, FTIR, zeta potential, and DLS. Theoretical calculations
(DFT and TD-DFT) explored electronic and optical traits. A
cocktail of Acn/Cpl at pH 3 showed enhanced light absorption
and charge transfer, achieving 4.22% efficiency, outperforming
other conditions.”® Furthermore, we employed DFT and
TD-DFT methods to expand our investigation to include natural
dyes anchored to (TiO,)s clusters under pH 3 and pH 6 condi-
tions for DSSC applications. The primary objective of this

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

research was to find the best dyes that show improved perfor-
mance when attached to titanium dioxide (TiO,) surfaces. There-
fore, the molecular electrostatic potential was systematically
computed for each dye attached to a hexameric titanium dioxide
(TiO,)e cluster. This helped us understand how the electrostatic
potential is distributed across the molecular surface. This infor-
mation is crucial for studying the complex interactions between
the dye molecules and their immediate surroundings, including
solvent molecules and the (TiO,)s substrate. Moreover, electronic
structure calculations for the HOMO and LUMO were performed
for all dyes anchored to (TiO,)s. Computational UV-Vis absorp-
tion spectra were recorded to measure the optical properties of
the dyes used in DSSCs, and the HOMO and LUMO energies
were calculated for all investigated dyes bound to TiO,. In
addition, dye-I, complexes were optimized and their binding
energies were computed.

2. Methods

Initially, we generated molecular structures of natural dyes,
including anthocyanins, chlorophyll b, and their cocktail dyes
designed to operate at two pH values. Density functional theory
(DFT) calculations at the CAM-B3LYP/6-31G level of theory were
employed to optimize the ground-state geometries of the natural
dyes.***® CAM-B3LYP emerged as the most reliable method for
geometric optimization of natural dyes.””"*° This method pro-
vided consistent results and accurately reflected the structural
stability of these dye molecules. It is noteworthy that all opti-
mized structures were verified as energy minima based on the
absence of imaginary frequencies. This verification ensured that
the calculated structures molecular were physically meaningful
and suitable for further computational analysis.

To gain insights into the optical properties, including simulat-
ing the electronic excitations and absorption spectra of the
natural dyes, TD-DFT calculations were employed using the
CAM-B3LYP functional and the 6-31G(d,p) basis set.”® These
calculations facilitated an understanding of how the dyes would
interact with light and their potential applications in DSSCs. The
influence of the solvent environment was incorporated through
the use of the integral equation formalism polarized continuum
model (IEF-PCM) with ethanol (C,Hg¢O) as the solvent (dielectric
constant, ¢ = 24.5) in the experimental setup.’>*

The ground-state geometries of the natural dyes and their
TiO, complexes were optimized using DFT calculations per-
formed at the B3LYP/6-31G(d,p) level of theory for the light
atoms (C, H, O, etc.), while the LANL2DZ basis set was used for
titanium (Ti) atoms to account for their heavier atomic nature.
This level of theory and basis set combination was chosen to
ensure an accurate representation of the electronic structures
and molecular arrangements.”>* Additionally, the dye-I, com-
plexes were systematically evaluated to understand their struc-
tural and electronic properties. For the iodine atoms in these
complexes, the LANL2DZ basis set was employed, which is well-
suited for elements with heavier atomic weights, ensuring
accurate treatment of relativistic effects. For the remaining
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atoms—carbon (C), oxygen (O), and hydrogen (H), the 6-
31G(d,p) basis set was utilized, which provides an adequate
balance between computational efficiency and the accuracy
needed for molecular simulations. The calculations were per-
formed in the liquid phase, taking into account solvation
effects to better represent real-world scenarios.>

All computational procedures, including DFT and TD-DFT
analyses, were executed using the powerful Gaussian 09 and
Gaussian 16 software packages.>®

To validate our cluster approach, we benchmarked key
electronic properties against periodic DFT calculations using a
(101) anatase slab model (4-layer, 3 x 2 surface unit cell) for
representative dye-TiO, systems. The HOMO-LUMO gaps differed
by <0.15 eV between cluster and slab models, and the relative
energy ordering of dye-TiO, complexes remained consistent.
While the absolute conduction band edge position shows
expected differences (~0.3 eV shift), the critical AE (LUMO_dye
- CB_Ti0,) trends were preserved, confirming the cluster model’s
suitability for comparative performance ranking.>’

3. Results and discussion

3.1. Optimization of natural dyes with (TiO,)s at different pH
values

Effective electron injection requires a strong interaction
between the dye sensitizer and the TiO, surface. The adsorption
energies of chlorophyll » and anthocyanin dyes were computed
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at the DFT/CAM-B3LYP/6-11G (d,p) level, considering both
natural dye atoms and the TiO, cluster. Fig. 2 presents simu-
lated structures of the natural dyes anchoring on the TiO,
cluster. To bind onto TiO, clusters, various modes were con-
sidered, as previously detailed in our initial research paper.*’
This approach ensures a comprehensive understanding of the
interaction mechanisms between the dye molecules and the
semiconductor surface, which is crucial for optimizing the
performance of DSSCs.

In the bidentate bridging mode, anthocyanin undergoes
deprotonation of the hydrogen atom within its hydroxyl group,
while chlorophyll b forms bonds through its carboxylic group.
The bidentate binding mode is particularly favorable due to its
ability to create stable interfaces between the dye and the
semiconductor, enhancing charge transfer efficiency. Hexame-
tric titanium dioxide (TiO,)s complexes were employed to
model the TiO, semiconductor. The (TiO,)s model has been
identified as suitable for semi-quantitative simulations to pre-
dict electronic and optical properties in comparable systems.*®
This choice of model is supported by its ability to replicate the
properties of bulk TiO, while remaining computationally fea-
sible. We encountered challenges in anchoring very long chains
of dye molecules to (TiO,)s due to their large molecular
structures. Such challenges underscore the importance of
selecting optimal anchor sites to ensure efficient dye-TiO,
interactions. Consequently, we examined each side of the dye
molecules to find optimal points for attaching (TiO,)e clusters.
This detailed analysis involved evaluating the electronic

P

Acn/Cpl @TiO, pH=06

Fig. 2 Optimized molecular structures of chlorophyll and anthocyanin dyes with (TiO,)g complexes at the DFT/CAM-B3LYP/6-11G (d,p) level. White
atoms are hydrogen, grays are carbon, blues are nitrogen, reds are oxygen, and yellows are magnesium.
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distribution and stability of the dye clusters at various attach-
ment points. Ultimately, we identified regions with signifi-
cantly lower energy where effective bonding and anchoring
could occur, thereby facilitating strong dye anchoring and
improved electron injection properties.

The bidentate bridging mode was identified as the
most stable binding configuration through comprehensive
conformational analysis of multiple binding motifs (chelating,
monodentate, and bidentate). For anthocyanin at pH 3, depro-
tonation of the hydroxyl group facilitates bidentate coordina-
tion to two adjacent Ti sites, while chlorophyll b binds through
carboxylate groups. The pH-dependent protonation states were
explicitly considered, at pH 3, the TiO, surface exhibits greater
hydroxylation (-OH termination) compared to pH 6 where more
oxygen vacancies are present. This was modeled by adjusting
the terminal groups on our (TiO,)s cluster to match experi-
mental XPS observations of anatase surface protonation
states.>®

3.2. Molecular electrostatic potential of dyes with (TiO,)s

Fig. 3 presents the molecular electrostatic potential of natural
dyes interacting with TiO,. The blue regions indicate the high-
est positive potential, making them susceptible to electrophilic
attack, while the red region signify negative potential, making
them vulnerable to nucleophilic attack. These regions are key
areas of electronic interaction, influencing how the dye mole-
cules bond to the TiO, surface and affect the charge transport

w
Acn @TiO,pH =3

Acn/Cpl @TiO, pH =3
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properties. The positive charge predominates across the natural
dyes, while the negative potential is notably distributed over the
(TiO,)s complexes for all investigated natural dyes with TiO,.
This distribution suggests a strong electron-withdrawing char-
acter from the dye molecules, contributing to a more favorable
electron injection from the dye to the semiconductor. Further-
more, it indicates that our compounds possess superior charge
transfer characteristics, which boost the short-circuit current
density, ultimately improving the efficiency of DSSC. Moreover,
this enhanced charge transfer is crucial for minimizing elec-
tron recombination, which further boosts the overall perfor-
mance and stability of the DSSCs.

3.3. Localization of Frontier molecular orbitals (FMOs)

Fig. 4 illustrates the Frontier molecular orbitals (FMOs) of
natural dyes interacting with TiO, molecular orbitals. As is
shown, the electronic density distribution of the HOMO for all
dyes is mainly localized on the dye molecules, indicating their
role as the electron-donating part of the system, while, except
for the case of Acn@TiO, at pH = 6, the LUMO is mainly
distributed on the TiO, cluster. The LUMO, primarily located
on the TiO, surface, plays a vital role in accepting electrons
from donor agents that are distributed over larger molecular
areas. This observation is crucial as it highlights the electron-
donating ability of the dye molecules and their contribution to
the overall charge transfer mechanism. The positioning of the
LUMO on the TiO, surface indicates that intramolecular charge

Acn/Cpl @TiO, pH=6

Fig. 3 Molecular electrostatic potential (MEP) representation of the studied natural dyes and their mixtures with (TiO,)g complexes.
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Fig. 4 The electron density localization of Frontier molecular orbitals (FMOs) for a dye on a TiO, cluster was examined at the ground state using the TD-

DFT/CAM-B3LYP/6-31G(d,p) level of theory.

transfer (ICT) can be effectively facilitated upon excitation,
leading to improved efficiency.”® The donor agent is localized
in larger molecular areas, as the donor should consist of the
maximum number of electrons. This fact is a common under-
standing in the context of donor-acceptor systems, particularly
in organic photovoltaics and dye-sensitized solar cells. The
donor molecule often has a larger conjugated system. This
structure allows for a greater delocalization of electrons, which
can enhance its ability to donate electrons effectively. A larger

9646 | Mater. Adv, 2025, 6, 9641-9654

molecular area typically correlates with a higher number of
n-electrons available for donation.*®

In a solution with a pH of 3, an intriguing phenomenon
occurs: the HOMO becomes delocalized over both the dye and
TiO,, signaling a harmonious electron distribution between
these two components. This balanced distribution significantly
enhances their interaction, facilitating improved electron trans-
fer under these conditions. Such behavior highlights the pivotal
role of solution pH in shaping the electronic interactions

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between the dye and TiO,, which ultimately optimizes the charge
transfer process. Notably, this observation is well-supported by
previous experimental findings, reinforcing the importance of
pH in the performance of dye-sensitized systems.**

3.4. Absorption spectra of dyes with (TiO,)s

Fig. 5 presents the UV-vis spectra of natural dyes and their
cocktails with TiO, in both acidified and non-acidified states.
The results show that all examined natural dyes and cocktails
were adsorbed onto the TiO, thin film. TD-DFT calculations
were performed using CAM-B3LYP/6-31G(d,p) with LANL2DZ
for Ti atoms. The active space included the lowest 30 singlet
excited states. Absorption spectra were constructed by convo-
luting vertical excitation energies and oscillator strengths with
a Gaussian function (FWHM = 0.3 eV). The adsorption of these
dyes to the TiO, surface is crucial for enhancing the light-
harvesting efficiency, which is a critical factor for applications in
DSSC. The observed red-shift and broadening of the absorption
bands upon adsorption indicate the formation of a strong
electronic coupling between the dye molecules and the semi-
conductor surface. Focusing on chlorophyll » molecular struc-
ture, depicted in Fig. 2, its carbonyl groups act as anchoring
sites, facilitating efficient charge transfer from the excited dye
molecules to the TiO, conduction band. This binding, occurring
through coordination bonds, results in robust adsorption. The
spectral peaks seen at approximately 400 nm and 430 nm
indicate chlorophyll b’s effective light absorption at pH 3 and
PH 6, respectively. The shifts in these peaks are intricately linked
to pH-dependent conformational changes, underscoring the
significant impact of environmental factors on the performance
of this natural dye in solar energy applications. A lower pH often
results in protonation which can influence molecular conforma-
tion, potentially enhancing or diminishing light absorption
properties. In the molecular structure of anthocyanin, the
presence of steric hindrances in the side chain impeded effective
binding to TiO, atoms. This hindered interaction is primarily

View Article Online
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due to the spatial arrangement of the anthocyanin molecule,
which prevents optimal surface contact with TiO,. The steric
hindrance imposed by the glucose moiety in the anthocyanin
structure limited its adsorption onto the TiO, surface. Acidifica-
tion of the anthocyanin solution resulted in the cleavage of the
glycosidic bond, leading to a more planar molecular structure.
This conformational change enhanced the n-n stacking inter-
action between the anthocyanin and the TiO, surface, facilitating
efficient charge transfer. The red-shift observed in the absorp-
tion spectra of the acidified anthocyanin indicates a stronger
electronic coupling between the dye and the TiL,. The peaks
observed around 528 nm and 530 nm indicate the presence of
anthocyanin with TiO, at pH 3 and pH 6. These peaks demon-
strate that, after acidification, anthocyanin shows an enhanced
capacity for light absorption, benefiting the DSSC performance.
To improve spectral clarity, we separated the stick spectra and
broadened spectra into Fig. 5, respectively. Stick spectra display
individual transitions and oscillator strengths, while the
Gaussian-broadened spectra illustrate overall spectral profiles.
The main peaks were assigned to HOMO — LUMO transitions,
with LUMOs localized on TiO, and HOMOs on the dye moieties,
confirming dye — TiO, charge-transfer (CT) excitations. This
supports efficient photoinduced electron injection. Although the
raw stick spectra are not shown, the absorption peaks presented
in Fig. 5 correspond to vertical electronic excitations calculated
using TD-DFT. Based on Frontier molecular orbital analysis
(Fig. 4), the major absorption peaks (e.g., at ~528 nm for Acn/
Cpl pH 3) are assigned to charge-transfer transitions from dye-
localized HOMOs to TiO,-localized LUMOs.

In the quinoidal form of anthocyanidin, binding to the TiO,
surface occurs through two ortho-hydroxyl groups on the aro-
matic ring, leading to robust electronic coupling. This binding
provides a strong interaction and efficient electron transfer
between the dye and TiO,, which is vital for high photovoltaic
efficiency. The most intense peak at ~528 nm in acidified Acn/
Cpl is assigned to a dye — TiO, charge-transfer (CT) transition,
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Fig. 5 Computational UV-viz spectra for natural dyes in acidified and non-acidified states with TiO,.
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consistent with HOMO-LUMO spatial distribution (Fig. 4).
Non-acidified dyes exhibited weak interaction with TiO, surfaces
due to limited accessibility and reduced surface adhesion of the
dye molecules.'® Nevertheless, reduced steric hindrances played
a pivotal role in the heightened absorption of acidified cocktails
on TiO,. By minimizing steric hindrances, the acidified cocktails
demonstrate improved accessibility to the TiO, surface, leading
to more efficient adsorption. Moreover, the smaller size of
acidified cocktails prevented the aggregation of dye molecules,
which helps maintain a uniform distribution of dye molecules
on the TiO, surface, avoiding areas of reduced light absorption.
Additionally, acidifying cocktails has been found to enhance
radiation absorption compared to both individual and non-
acidified cocktails. The acidification not only improved the
dye-to-surface interactions but also facilitated a more uniform
energy transfer across the film. This improvement in light
harvesting efficiency in acidified cocktails is attributed to their
higher absorption intensity and peak height relative to the
others. Therefore, the complementary absorption observed in
acidified cocktails suggests potential improvements in the
photovoltaic performance of DSSCs. Additionally, excited-state
descriptors were computed for each system, including, electron—
hole separation distance ((e-h)), and exciton binding energy
(Epina)- These are reported in Table 1. Acidified Acn/Cpl at pH 3
showed the largest (e-h) separation and lowest Ep;nq, Supporting
its superior charge separation behavior.

Fig. 6 compares the UV-visible absorption spectra of natural
dyes based on theoretical and experimental data. The theoretical
spectra align well with the experimental results,”® showcasing
similar trends in absorption peaks and band positions. This
agreement validates the computational methods employed, such
as TD-DFT, in predicting optical properties. Also, this result
demonstrates the reliability of theoretical approaches in modeling
dye interactions with TiO, and provides insights into optimizing
dye structures for DSSCs.

3.5. HOMO and LUMO energies

Table 1 shows the Eyomo (energy of the highest occupied mole-
cular orbital), E;ymo (energy of the lowest unoccupied molecular
orbital), and Eg,, (energy gap) values for the natural dyes inves-
tigated on the TiO, surface. A crucial factor influencing a dye’s
electron-donating ability is its Eyomo level. Our findings indicate
that the Eyomo values follow this order of variation: Cpl pH 3 <
Cpl pH 6 < Acn pH 6 < Acn/Cpl pH 3 < Acn/Cpl pH 6 < Acn pH 3.
For all systems, E(HOMOgy.) lies well below the TiO, CB edge
(~-4.0 eV), supporting efficient hole retention in the dye.
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Additionally, E(LUMOg.) is at or above the CB edge, enabling
favorable downhill electron injection into TiO,. This trend suggests
that Cpl pH 3 exhibits the lowest energy for its HOMO, while
anthocyanin at pH 3 has the highest Eyonmo. Furthermore, the
HOMOs of anthocyanin at pH 3 and anthocyanin/chlorophyll at pH
6 are characterized as being higher in energy and less stable. As a
result, the electrons in these orbitals are more loosely bound and
readily available for reduction. This greater availability enhances
their potential for electron transfer, which in turn, improves the
overall efficiency of electron injection into the TiO, surface. Such
characteristics make these dyes particularly effective electron
donors, facilitating electron transfer between the dyes and TiO,.
In the context of Epymo, the values follow this order of variation:
Cpl pH 3 < Acn/Cpl pH3 < CplpH 6 < Acn pH6 < Acn pH 3 <
Acn/Cpl pH 6. The Erymo is critical as it plays a significant role in
electron acceptance. The observed trend signifies strong electronic
coupling between the Cpl pH 3 and Acn/Cpl pH 3 dyes and the TiO,
surface. This close alighment of energy levels enhances the inter-
action of these dyes with TiO,, making them more favorable for
electron transport. Moreover, the energy gap of all investigated
natural dyes decreased the values follow this order of variation:
Acn/Cpl pH 3 < Acn pH 3 < Acn/Cpl pH 6 < Acn pH 6 < Cpl pH 3
< Cpl pH 6. The energy gap, Eg,p, is an important parameter for
understanding the electronic transitions that enable light absorp-
tion and subsequent electron excitation. The reduction of the
energy gap in dye complexes facilitates electron excitation, leading
to improved light-harvesting capabilities. This is significant for
enhancing the efficiency of dye-sensitized solar cells as it allows the
dyes to absorb a broader spectrum of light.”*** These results
revealed that Acn/Cpl pH 3 and Acn pH 3 are more prone to being
excited. All dye LUMOs lie above the CB edge of TiO, (-4.0 eV),
confirming favorable alignment for electron injection.

Fig. 7 provides a graphical representation of the HOMO, LUMO
and the energy gaps (Egp) of various natural dyes anchored to
TiO, complexes under different pH conditions. The data suggest
that Aen/Cpl at pH 3 is the most promising dye configuration due
to its favorable electronic properties and small Eg,, which
translate to higher DSSC performance. This reinforces the find-
ings on the benefits of acidification and co-sensitization for
optimizing natural dyes in solar cell applications.

3.6. The association between natural dye molecules and
iodine

Electrons can recombine with the redox couple in the electro-
Iyte, specifically within the semiconductor TiO,, during the
injection process. This phenomenon results in the loss of

Tablel HOMO, LUMO energy levels and energy gaps in (eV) and Amax. Oscillator strength (f), (e—h), and Eping (€V) of all investigated dye—-TiO, complexes

Natural dyes Enomo Erumo Egap Jmax (NM) Oscillator strength (f) (e-h) separation (A) Exciton binding energy (eV)
Acn pH 3 —4.865 —2.811 2.054 528 1.12 4.5 0.45

Acn pH 6 —6.407 —3.907 2.500 530 0.87 3.8 0.53

Cpl pH 3 —8.159 —4.822 3.337 400 0.95 4.1 0.6

Cpl pH 6 —7.888 —4.135 3.754 430 0.91 3.9 0.58

Acn/Cpl pH 6 —5.090 —2.751 2.339 516 1.35 4.7 0.4

Acn/Cpl pH 3 —6.090 —4.242 1.847 528 1.48 5.2 0.35
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electron photovoltage and a decrease in V,.. Such recombina-
tion can significantly hinder the efficiency of photovoltaic
devices by reducing the available charge carrier lifetime.
Typically, an increased concentration of iodine electrolyte near
the TiO, surface results in a reduced electron lifetime within
the TiO, semiconductor, which in turn accelerates interfacial
charge recombination. As a result, optimizing the electrolyte
composition and the interfacial structure can minimize recom-
bination losses and enhancing device performance. The opti-
mized geometries of naturally occurring dye-I, and a mixed dye

4 3.337

comprising two distinct pH levels were computationally deter-
mined, with their respective binding energies illustrated in
Fig. 8. This analysis reveals that the binding energies for all
the dyes tested are negative, suggesting a strong interaction
with I,. This implies that the dyes can effectively interact with
the iodine species, facilitating the formation of charge transfer
complexes that are essential for efficient electron transfer. This
establishes that all the designed dyes indeed form intermole-
cular charge transfer complexes with I,. Furthermore, the I-I
bond distances fall within the range of 2.668 A to 3.445 A,

m E

# Enomo ® Erovo

gap

3.754

Energy (eV)

-6

-6.407

-8.159

-10

-4.822

-6.09
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Natural dyes

Fig. 7 HOMO, LUMO, and energy gaps of natural dyes anchored to TiO, under different pH conditions.
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exceeding the covalent radius of 2.86 A. This observation is
consistent with the presence of weak van der Waals interactions
rather than strong covalent bonding, which allows for reversi-
ble interactions essential for photovoltaic applications. Addi-
tionally, the H-1 and O-I bond lengths vary from 1.369 A to
3.789 A. These variations suggest different degrees of electronic
coupling and interaction strength between the dye and the
iodine molecule. It is noteworthy that the binding energies, as
well as the O-1 and H-I bond distances, demonstrate signifi-
cant similarity in natural dye-I, complexes.

The exothermic binding energies of the dye-I, complexes
suggest favorable charge-transfer interactions between the dye
molecules and iodine species. These interactions contribute to
improved DSSC performance through two key mechanisms:
(1) stronger dye-1, binding facilitates faster dye regeneration, as
the I;~ redox couple can more readily access and reduce the
oxidized dye after photoinduced electron injection; and (2) the
moderate van der Waals distances observed (2.7-3.4 A) between
iodine and the dye surface can help suppress interfacial charge
recombination by reducing direct electronic overlap between
electrons in TiO, and I~ species in the electrolyte. These
effects—enhanced regeneration and minimized recombinatio-
n—are critical for maintaining high open-circuit voltage (Vo)

9650 | Mater. Adv,, 2025, 6, 9641-9654

and fill factor, thus contributing to overall DSSC efficiency.
Molecular dynamics simulations in ethanol solvent (IEFPCM
model) showed this interaction distances remain stable
(£0.2 A) at room temperature, supporting their relevance under
operational conditions.®*

3.7. Comparative performance analysis

While direct calculation of absolute power conversion efficiency
(PCE) for these large natural dye molecules poses significant
computational challenges due to limited computational
resources, however, our theoretical analysis provides key com-
parative metrics that correlate with experimental efficiency
trends. The 4.22% efficiency reported for anthocyanin/chloro-
phyll cocktails at pH 3* aligns with our theoretical findings of:

e The smallest energy gap (1.847 eV) among all configura-
tions (Table 1).

e Optimal HOMO-LUMO alignment with TiO, CB (—4.242 eV),
strongest dye-TiO, interaction (evidenced by MEP and FMO
analysis), broadest absorption spectrum (Fig. 5).

These theoretical parameters collectively explain the super-
ior experimental performance compared to

e Single anthocyanin dyes (typically 1.4-2.0% PCE'®'®),

e Single chlorophyll dyes (~1.7% PCE"’)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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e Non-acidified cocktails (1.55-1.84% PCE**??)

The enhancement mechanism stems from

e pH-induced planarization
(Section 3.4)

e Complementary light absorption (anthocyanin: 500-
600 nm; chlorophyll: 400-500 nm)

e Synergistic charge transfer evidenced by FMO delocaliza-
tion (Fig. 4).

improving m-n stacking

Conclusions

In summary, this study investigates the potential of using
natural dyes and their electrical and optical properties derived
from native sources, to enhance the performance of DSSCs. The
electronic structure and optical characteristics of natural dyes,
specifically chlorophyll » and anthocyanin, were analyzed at
varying pH levels using advanced computational techniques,
including DFT and time-dependent DFT. Our investigation
involved attaching these dyes to (TiO,)s clusters under different
PH conditions, allowing us to identify the most optimal candi-
dates for improving DSSC performance. Through this metho-
dical approach, we were able to pinpoint the conditions that
optimize the interaction between the dyes and the TiO, surface,
which is crucial for effective charge transfer. Molecular electro-
static potential analysis revealed superior charge transfer char-
acteristics for selected dyes, crucial for efficient electron
injection. This, coupled with robust dye-TiO, interactions
observed in absorption spectra, suggests strong light-
harvesting capabilities. Furthermore, the results reveal that
the significant impact of pH on dye performance, with acid-
ification and co-sensitization strategies, particularly with
anthocyanin/chlorophyll combinations, leads to remarkable
efficiency enhancements. These findings, along with insights
into dye-iodine interactions, provide a foundation for develop-
ing more efficient and environmentally friendly DSSCs. This
research emphasizes the importance of a multidisciplinary
approach, combining chemistry, physics, and materials
science, to unlock the full potential of natural dyes in sustain-
able energy solutions. Moreover, our study provided valuable
insights into the electronic properties of the dyes, their inter-
actions with iodine, and the importance of pH and dye inter-
actions in optimizing the overall efficiency of solar cells.

While this study provides comprehensive electronic struc-
ture insights, we note that absolute efficiency predictions for
large natural dye systems remain challenging computationally.
Future work could combine our electronic structure approach
with device-level simulations incorporating charge transport
and recombination kinetics.

Nomenclature

DSSCs Dye-sensitized solar cells

Cplb  Chlorophyll b
Acn Anthocyanidin/anthocyanin
DFT Density functional theory

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TD-DFT Time dependent density functional theory
FTO Fluorine-doped tin oxide

HOMO The highest occupied molecular orbital
LUMO The lowest unoccupied molecular orbital
NDSSCs Natural dye-sensitized solar cells

ICT Intramolecular charge transfer
CB Conduction band

FMOs Frontier molecular orbitals
Egap Energy gap
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