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Abstract

Natural dye-sensitized solar cells (1-DSSCs) offer a sustainable and low-cost alternative to
conventional photovoltaics. Three natural dyes - Cota tinctoria (CTT), Punica granatum (PG), and
Linaria grandiflora (LG) - are investigated as a new eco-friendly sensitizer, and their photovoltaic
performance is systematically correlated with energetic parameters. Comprehensive FT-IR, UV-vis,
cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) analyses were employed
to evaluate the relationships between electron injection driving force (AG;j,,j), recombination
resistance (R,..), and open-circuit voltage (Vo). Among the investigated natural dyes, the CTT-
based device obtained the highest short-circuit current density (Jsc = 2.11 mA cm ™), open-circuit
voltage (Voo = 610 mV), and efficiency (1 = 0.91%). The correlation identified between AGy,j, R0,
and V¢ indicates that injection and recombination energies determine the efficiency of devices.
These insights establish a mechanistic framework linking molecular energy alignment with
photovoltaic behavior and guide the design of next-generation bio-derived sensitizers. Importantly,
the study shows that superior AG;,;facilitates stronger electron injection into TiO,, while higher R,.
values suppress interfacial recombination, collectively governing Vo and overall efficiency. Overall,
the results demonstrate that interplay between AG;,jand R, governs the photovoltaic behavior of
natural dye-based DSSCs, establishing Cota tinctoria as a particularly promising bio-derived
sensitizer for next-generation solar energy applications.

1. Introduction

Solar energy has become one of the most sustainable and environmentally benign energy sources for addressing the
growing global energy demand. Among various photovoltaic technologies, dye-sensitized solar cells (DSSCs) have
attracted significant attention since the pioneering work of O’Regan and Gritzel, owing to their simple fabrication,
low cost, and tunable optoelectronic properties [ 1, 2]. Over the last three decades, extensive research on sensitizers,
photoanodes, and redox electrolytes has led to power conversion efficiencies exceeding 14% in optimized
TiO,-based systems [3]. Despite this progress, the advancement of n-DSSCs has been limited due to the relatively
narrow absorption spectra [4], weak anchoring [5], and rapid recombination [6] behavior of natural pigments.
n-DSSCs have garnered increasing attention as a sustainable, low-cost, and eco-friendly alternative to tradi-
tional photovoltaic technologies [7, 8]. These devices harness plant-based pigments, especially anthocyanins

© 2026 The Author(s). Published by IOP Publishing Ltd
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and other naturally occurring compounds, as photosensitizers to initiate the electron injection process upon
solar illumination [9, 10]. Studies by Yelkovan et al [11] and Sarwar et al [ 12] highlight natural dyes such as
Hyoscyamus reticulatus, Mahonia aquifolium, Capsicum annuum, and Tamarindus indica can offer efficiencies
ranging from 0.22% to 1.71%, although their performance is typically limited by weak electron injection and
dye regeneration forces. Studies by Atli et al [ 13] and Kocak et al [ 14] emphasize the significance of chemical
functional groups, such as carbonyl, carboxyl, and hydroxyl, in strengthening TiO, surface binding and light
absorption, and influencing charge transfer efficiency. Notably, the method of dye extraction (e.g., acidic sol-
vents, as shown by Kocak ef al) and material pretreatment (e.g., drying time and substrate type in a study [15])
have been shown to significantly influence photovoltaic outcomes. Additionally, Kocak et al[16] demonstrated
the potential of carminic acid from insects as organic dye, while Onyemowo et al [ 17] explored co-sensitization
strategies to improve performance using natural dyes. Despite generally lower efficiencies compared to synth-
etic dyes such as phenothiazine-imidazole-based dyes [ 18], 1,8-naphthalene imide derivatives [19], azo dyes
[20], quinoxaline D-7-A-7-A sensitizers [21] and BODIPY-based dyes [22], innovations in natural dye sour-
cing, extraction, and device architecture continue to push the boundaries of DSSC performance. These findings
collectively suggest that while natural-based DSSCs currently face efficiency limitations, their environmental
benefits and adaptability make them promising candidates for sustainable solar energy conversion
technologies.

This work introduces Cota tinctoria (CTT), Punica granatum (PG), and Linaria grandiflora (LG) as pre-
viously unreported plant-derived dyes and eco-friendly natural sensitizers for DSSCs. This study establishes a
direct mechanistic relationship among the electron injection driving force (AG;,j), recombination resistance
(R;¢0)> and open-circuit voltage (Vo) in n- DSSCs, offering a thorough understanding of how molecular
energy-level alignment and interfacial charge-transfer processes influence photovoltaic performance.

In this study, we investigate three previously unreported plant-based dyes- Cota tinctoria (CTT), Punica
granatum (PG), and Linaria grandiflora (LG) as sensitizers in n-DSSCs. The morphology of dye-loaded photo-
anodes was analyzed using field-emission scanning electron microscopy (FE-SEM), while functional groups
involved in dye-TiO, interactions were identified via Fourier-transform infrared spectroscopy (FT-IR). Opti-
cal, electrochemical, and photovoltaic properties were systematically examined using UV—vis spectroscopy,
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and current—voltage (J-V') measure-
ments. Among the tested dyes, the CTT-based DSSC exhibited the highest power conversion efficiency
(0.91%), attributed to a favorable energy offset between the LUMO of the dye and the conduction band of TiO,,
which enhanced electron injection and short-circuit current. This study not only demonstrates the practical
potential of lesser-known bio-derived dyes but also clarifies the structure—property—performance relationship
underlying device behavior. These findings contribute a framework for the rational selection and design of
sustainable sensitizers for next-generation DSSCs.

2. Experimental

2.1. Plant material

2.1.1. Linaria grandiflora Desf.

Genus Linaria Miller is a member of the Plantaginaceae family, generally found in the northern hemisphere
except for America. The genuslocated its diverse center in the Mediterranean area. With around 150 species
worldwide, the genus is represented by 21 species in our country, with 9 of them being endemic. L. grandiflora is
arobust, glaucous perennial plant. It has the potential to reach heights of 30-75 cm [23, 24].

2.1.2. Cota tinctoria (L.) J. Gay var. tinctoria

The Cota]. Gay genus is a member of the Asteraceae family and is generally found in Europe (excluding the
Northside), northern Africa, the Caucasus, southern Russia, and Anatolia in Afghanistan [24, 25]. Among the
49 species (63 taxa) in the genus, 24 of them are found exclusively in our country, with 10 of them being
endemic [26]. C. tinctoria (L.) ]. Gay, known as ‘boyaci papatyasr’ in Tiirkiye, is indigenous to Europe, the
Mediterranean, and Western Asia. This botanical specimen, exhibiting hues of yellow, buff, and golden orange,
has been historically employed for fabric dyeing [27, 28]. C. tinctoria is a perennial herb with a greyish-green
hairy appearance, reaching a height of 45 cm [29, 30].

2.1.3. Punica granatum L.

Probably P. granatum originated in the region encompassing Iran, Northern India, and the Himalayas [31].
Grown in various countries with temperate climates, especially in Asia close to the eastern Himalayas and
southern Europe [32]. P. granatum is a thorny shrub or a small tree without thorns, ranging from 2 to 7 m in
height, which sheds its leaves during the winter season.
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2.2. Chemical composition of extracted dyes

Strack and colleagues [33] documented the identification of over 8000 phenolic structures frequently present in
plants. These are molecules characterized by diverse molecular structures, such as phenolic acids, flavonoids,
and coumarins. Natural dye pigments contain significant amounts of phenolic compounds. Phenolic
compounds are the primary agents responsible for coloring natural organic colors [34]. The presence of
phenolic compounds in plants augments their pigmentation capacity. Hence, substantial quantities of phenolic
chemicals are required, as they are directly related to the plant’s pigmentation characteristics.

Eser et al reported that the phenolic compounds found in the dried 100 g flowers of the Cota tinctoria (L.) J.
Gay var. tinctoria capitulum plant was chlorogenic acid (71.0 mg), caffeic acid (0.08 mg), apigenin 7-glycoside
(61.96 mg), rosmarinic acid (0.05 mg), and quercetin (1.02 mg). According to Eser ef al the main phenolic
compounds in Cota tinctoria (L.) ].Gay var. tinctoria capitulum is chlorogenic acid and apigenin 7-glycoside
[35]. Bekir et al performed a chemical constituent study of Punica granatum L. flowers and identified phenolic
acids, flavonoids, tannins, and anthocyanins [36]. The report identified gallic acid as the most abundant phe-
nolic acid. Phenolic acids, flavonoids (quercetin), tannins (catechin), and anthocyanins (cyanidin-3-glucoside)
were identified in ethanolic extracts. Cheriet et al [37] conducted an extensive analysis of the chemical compo-
nents and biological characteristics of the genus Linaria. Cheriet et al extensively evaluated 95 papers about the
genus Linaria, which encompasses over 200 species primarily found in Europe. Phytochemical investigations of
the genus Linaria identified 191 substances, including phenolic acids, iridoids, flavone O-glycosides, flavo-
noids, triterpenoids, and alkaloids [37].

2.3. Preparation of natural dye sensitizers

This study utilized extracts from the petals of Punica granatum, Linaria grandiflora, and Cota tinctoria var.
tinctoria capitulum as a natural dye to serve as a photosensitizer in the synthesis of DSSCs. Samples of the
botanical species, specifically the petals of P. granatum, Cota tinctoria var. tinctoria capitulum, and L.
grandiflora, were gathered in Kirsehir, Turkey (figure 1). All botanical specimens obtained for natural dye
purposes were stored in the herbarium of Kirsehir Ahi Evran University. The petals were dried for
approximately 24 h at a temperature of 50 °C. Subsequently, the dehydrated materials were ground into a fine
powder. In the extraction process, 2 g of petals were combined with 50 ml of 96% ethanol.

Building upon our previous findings [ 14], we performed preliminary solvent screening for the dyes used in
the current study and found that ethanol at 40 °C for 24 h provided the most consistent and efficient extraction
for Cota tinctoria, Punica granatum, and Linaria grandiflora. Other tested solvents and conditions either led to
pigment degradation or lower photovoltaic response, likely due to dye instability or insufficient anchoring
functional groups. Therefore, the extraction parameters reported here were selected based on prior optim-
ization efforts and are specific to the plant materials used in this study. Each sample underwent a separate
extraction procedure using a mixer for a full day. During extraction, the heating was applied at 40 °C. The
extract was filtered the following day. Until the analysis was conducted, the samples were shielded from light
exposure and maintained at a temperature of +4 °C[7, 8].

2.4. Preparation and characterization of n-DSSC
Firstly, fluorine-doped oxide (FTO, surface resistance ~7 2 sq ', optical transmittance ranged 80% ~ 82%,
Sigma Aldrich) were washed and treated with UV /Oj; for 15 min to remove organic contaminants.

TiO, paste was prepared by using P25 (Degussa P25, Aeroxide TiO, P 25, Evonik), terpineol (95%), ethyl
cellulose (48%) and ethanol (99%) with final ratio of 13.2:46.8:4.0:36.0 wt% respectively. The TiO, paste was
spin coated on surface of the FTO glass as a dynamic coating technique (4000 rpm, for 90 s). The photoanode
was kept at 500 °C for 15 min. Ultimately, the photoanodes were submerged in a 100 mM TiCl, solution and
subjected to treatment at 450 °C for a duration of 30 min [7, 8]. After all processes, the final thickness of meso-
porous TiO, was observed to be 10 pm (figure 2). The counter electrode consisted of a FTO that had been
thermally platinized. The photoanodes were immersed in a 2 g sample of natural dye extract and then diluted in
50 ml of ethyl alcohol. The electrode was sensitized by exposing it to this chemical process for 18 h at room
temperature in the dark condition.

This study utilizes a redox electrolyte made from a blend of volatile solvents. It contains 0.5 M tert-butyl-
pyridine, 0.1 M lithium iodide, 0.05 M iodine, 0.05 M guanidinium thiocyanate, and 0.6 M 1-butyl-3-methyli-
midazolium iodide (BMII). The solvent mixture has an acetonitrile-to-valeronitrile ratio of 15:85v/v [7, 8]. To
create DSSC structure, electrolyte droplets were introduced between the photoanode and the counter elec-
trode. The photoanodes have an active surface area measuring 0.27 cm”. Every characterization performed on
the cells and TiO, photoanodes was reported elsewhere [7, 8].
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Figure 1. (a) Linaria grandiflora Desf. (b) Cota tinctoria (L.) ].Gay, (c) Punica granatum L.

9P
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Figure 2. FE-SEM images depicting the surface and cross-sectional morphology of the TiO, mesoporous layer (see inset image).

3. Results and discussion

3.1. Fourier transform infrared spectroscopy
Figure 3(a) illustrates the transmittance curve of natural dyes, as ascertained by FT-IR. The O-H stretching
vibration in non-intermolecular bonding occurs within the frequency range of 3500-3700 cm ™. Intermole-
cular hydrogen bonding, however, diminishes the wave number of the O-H stretching, yielding a range of
3550-3200 cm . The peak observed in the range of 1780—1700 cm ™ is associated with the C=0 stretching
vibration mode [38, 39].

The FT-IR spectra obtained from natural dyes sourced from LG dye exhibited peaks at 3401, and
3671 cm” ', identified as O-H vibrations. The dye derived from LG dye exhibitsa C=0O vibration at 1714 cm ™.
The FT-IR spectra of the dye derived from PG dye displayed peaks at 3723 and 3372 cm ™', indicative of O-H
stretching vibrations, and at 1729 cm ™!, indicative of C=0 stretching vibrations. The OH stretching vibration
of CTT dye was assessed using FT-IR spectra at of 3662 cm ™~ '. The maximaat 1712 cm ™' in the FT-IR spectra of
the natural dye obtained from the CTT dye is attributed to the C=O vibration. These peaks indicate the pre-
sence of C=0 and O-H functional groups. The existence of C=0O and O-H groups in the dyes signifies chemical
interactions with TiO,, promoting the transfer of electrons from the dyes to TiO,,

Figure 3(b) depicts the dye-loaded and unloaded TiO, FT-IR spectra. The findings suggest that the photo-
anode, without any load, shows a peak of modest intensity at 3335 cm ™. These vibrations are identified as O-H
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Figure 3. (a). FT-IR spectra derived from natural dyes sourced from botanical origins. (b) The dye-loaded and unloaded TiO, FT-IR
spectra.

stretching modes. As expected, the photoanode with the dyes exhibited a shift towards shorter wavelengths in
the peak, specifically at 3400 cm ™' [40, 41].

However, the broadened peaks detected about 1060 cm ™' can be attributed to the intense stretching vibra-
tions resulting from the interactions between titanium and oxygen. The results indicate that the dye molecules
have effectively adhered to the surface of TiO,. As reported in previous study articles [42—44], the peaks seen at
1053 cm ™! for PG dye, 1061 cm ™! for LG dye, and 1056 cm ™! for CTT dye are most likely attributed to the
stretching vibration mode between titanium and oxygen. The presence of the peak at 1730 cm ™' for PG-CTT
and the peak at 1726 cm ™' for LG dye, attributed to the C=0O stretching vibration mode, optimizes the electron
transfer mechanism from the dye to TiO,. Consequently, this enhances the efficiency of DSSCs [41].

3.2. Absorption spectroscopy

The UV—-vis absorption spectra provide crucial information about the absorption characteristics of the solar
spectrum in the photoanode, as well as the transitions occurring between the ground and excited states of the
dye molecule. Dyes derived from biological sources contain C=0 and O-H functional groups, enabling them
to interact effectively with the TiO, layer, thereby improving power conversion efficiency. The experiments
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Figure 4. UV—-vis absorption spectra of (a) the diluted natural dye solutions, (b) the concentrated dye solutions, and (c) dye-loaded
and unloaded TiO, films. The inset illustrates the magnified region of the absorption enhancement after dye loading.

were conducted over a wavelength range extending from 200 to 800 nm. In UV—vis spectra, chlorophyll
absorption maxima are typically found in the 630—700 nm wavelength range [45]. Researchers identified
chlorophyll peaks at wavelengths of 663 nm that corresponded to CTT dye. Belay et al identified a peak of
chlorogenicacid (CGA) in the UV—vis spectra of coffee beans, falling within 300-350 nm [46]. Analysis of the
UV-vis spectrum for CTT'identified a prominent peak at 327 nm, which was identified as the peak generated
by CGA.

Anthocyanins exhibit two well-defined absorption bands. The first absorption peak is detected in the 270 to
280 nm wavelength range and is followed by the next peak occurring between 465 to 550 nm. The UV-vis
spectra of the CTT dye exhibit distinct peaks at 443 and 471 nm, which may indicate that the peaks belong to
anthocyanin compounds.

The UV—vis spectrum of aromatic hydrocarbons, like gallic acid, a phenolic molecule, shows that benzene
rings have three absorbance peaks connected to the 7-system. Researchers observe specific absorbance peaks asso-
ciated with the aromatic ring chromophore at wavelengths of 184, 204, and 256 nm [47]. In the present work,
researchers identified the peak belonging to gallic acid at a wavelength of 208 nm, which corresponds to the PG
dye. Experimental data at approximately 370 nm has been utilized to ascertain the transition energy from 7 to 7 in
the UV-vis spectra of the quercetin molecule [48]. The peak detected at 330 nm for PG dye was determined to be
the peak generated by quercetin. The PG dye extract has absorption properties within the wavelength range of
465-550 nm, with the absorption peaks detected at 536 nm. Chlorophyll peaks appear in UV—vis spectra typically
within the wavelength range of 630—700 nm [45]. Our analysis revealed chlorophyll maxima at wavelengths of 641
nm that corresponded to LG dye. The observed peaks at wavelengths of 296 nm, 327 nm, and 405 nm in the LG
dye are ascribed to the presence of phenomenon, flavones, anthocyanin, and other chemical compounds.

Flavonoid compounds, including flavones, flavonols, flavonones, and anthocyanins can absorb energy that
falls within 400—-700 nm [49]. Therefore, it can be concluded that the absorption is attributed to the flavonoid
molecules found in the natural dye solvent extracts obtained [50]. Figure 4 displays the spectra of photoanodes
that have been treated with dye compared to those that have not been treated. The performance of the photo-
anode showed enhancement across the entire spectrum following dye application, with the most notable
improvement observed in the 450-600 nm range. While FT-IR and UV—-vis analyses provide sufficient
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Figure 5. Cyclic voltammetry (CV) plots recorded at a scan rate of 20 mV s~ ! for the PG dye (a), LG dye (b), and CTT dye (c), along
with the EL electrolyte (d).

Table 1. Photophysical and electrochemical information regarding PG, LG, and CTT dyes.

Amax (nm)* Eox/Enomo (V)" Eg.(eV) E*ox/Evumo (V) AG;, (V)
PG dye 536 0.405 1.797 —1.392 —0.892
LGdye 663 0.416 1.786 —1.370 —0.870
CTTdye 641 0.476 1.878 —1.402 —0.902

* Experimental maximum absorbance value.

® Oxidation potential obtained from CV measurements.

¢ The optical bandwidth is derived from the experimental ultraviolet spectrum. The value is derived by
dividing the location where the tangent drawn from the greatest absorbance intersects the x-axis by 1240.
¢ Edx = Eox—Eo-o.

¢ AGjyj= (ELumo—CBrio2)-

information on the functional groups and general pigment classes (anthocyanins, flavonoids, chlorophyll deri-
vatives), the precise molecular composition of each extract remains unresolved.

3.3. Cyclic voltammetry

The CV evaluated the electrochemical characteristics of the dye pigments and the electrolyte. An Ag/AgCl (3 M
KCl) electrode was used as the reference electrode, while a Pt wire performed as the auxiliary electrode. In this
experiment, a disposable pencil graphite electrode, possessing a surface area of 0.095 cm?, was utilized as the
working electrode [51-53].

Figure 5 displays the Cyclic voltammograms (CV) plots of the PG, LG, and CTT dyes alongside the electro-
lyte. CV were used to get ground oxidation potentials (Eox) of the PG, LG, and CTT dyes, that correspond to
their HOMO levels and evaluated to be 0.405, 0.416 and 0.476 V in comparison to the normal hydrogen elec-
trode (versus NHE), respectively. The optical band gaps (Eq.) of the dyes PG, LG, and CTT were determined
from their absorption onset and calculated to be 1.797, 1.786, and 1.878 eV, respectively. The oxidation poten-
tials in the excited state (Eqx) associated with the LUMO levels (derived from Eqgx—Eg.o) are measured at
—1.392, —1.370, and —1.402 V versus NHE, respectively. The energy levels of both the HOMO and LUMO of
the dye pigments under investigation have been quantified and are compiled in table 1, as illustrated in figure 6.
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Figure 6. Schematic representation of energy levels for PG, LG, and CTT dyes as established through cyclic voltammetry.

Table 2. Distinctive photovoltaic characteristics of the cells.

Dye Jsc(mAem™?) Voc(V) FF 7(%)

PGdye 0.97 +0.04 0.59 4 0.00 0.85+0.03 0.4940.01
LGdye 0.70 £0.00 0.5240.00 0.67 +0.03 0.2440.01
CTTdye 2.11£0.03 0.57 +0.00 0.76 £ 0.00 0.9140.00

*Values are averaged over five repeated J-V measurements of a single device per dye.

Consequently, the HOMO levels of PG, LG, and CTT are significantly more positive compared to the EL
(0.401V versus NHE) energy level, thereby ensuring that the oxidized dye can be effectively regenerated by the
electrolyte. Additionally, the LUMO levels of all dyes are considerably more negative than the conduction band
(CB) of TiO, (—0.5 V versus NHE), thus creating a substantial driving force for electron injection from the
LUMO level into the CB of TiO, [54, 55].

3.4. Photovoltaic performance

Under 1 Sun illumination, the performance of the photovoltaic devices is evaluated. The parameters of the
cells, which encompass fill factor (FF), photovoltaic efficiency (1), short-circuit current density (Jsc), open-
circuit voltage (Vo c), and the photocurrent density—voltage (J-V') curve, are presented in figure 7 and table 2.
The findings indicate that the efficiency of the devices vary between 0.24% and 0.91%, and the increase in
efficiency can primarily be ascribed to an enhancement in Jsc. The device sensitized by the CTT dye exhibited a
higher photovoltaic efficiency (1 = 0.91%) compared to other devices, with Jsc = 2.11 mA cm ™ > The devices
sensitized by PG and LG perform 0.49%—0.24% PCE and 0.97 mA cm™>~0.70 mA cm ™ * Js, respectively.
Numerous parameters, including the structure of dye, absorbance, and electron injection capacity, influence
the Jsc value, which is reliant upon the way in which the sensitizer and TiO, interact [56-58].

The LUMO energy level of the sensitizer should be greater than the conduction band (CB) level of TiO, to
ensure efficient electron injection. When the gap widens between the LUMO and the CB, the driving force
triggering the electron injection will become greater [54]. This resulted in a higher Js-value. For all dyes, the
value of driving force facilitating the electron injection listed at table 1. However, CTT sensitizer-based device
exhibits the greatest LUMO level, revealing that the diving force of electron injection is the highest, which may
lead to highest Jgc value for CTT dye based DSSCs. The prevailing trend in the driving mechanism of electron
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Figure 7. Photocurrent voltage curves of DSSCs with PG, LG and CTT sensitizers.
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Figure 8. (a) Nyquist diagrams (b) Bode plot of the cells derived from the analyzed dyes.

injection is in the sequence of AG;,,;-CTT (—0.902 V)> AG;,,;-PG(—0.892 V)> AG;,; -LG(—0.870 V) which is
correctly consistent with the Jsc sequence of the dyes. While the V5 values were close to each other, the PG dye
exhibit the highest Vo value (0.59 V). Given that the Vo value in DSSCs is associated through the processes of
recombination, photogeneration, and the alignment of energy bands within the solar cell, this maylead toa
significantlevel of recombination resistance [59, 60].

3.5. Electrochemical impedance spectroscopy

To conduct a more in-depth analysis of the recombination process and the behaviors of interfacial resistance in
DSSCs utilizing these natural dyes, investigations were carried out under dark conditions and applied at bias
voltages close to their open-circuit voltage (V) values through electrochemical impedance spectroscopy
(EIS). Figure 8 illustrates the Nyquist plots (a) and the Bode plots (b) for the DSSCs that are based on natural
dyes. The EIS parameters have been fitted using a suitable equivalent circuit model for DSSCs. The equivalent
circuit model employed is depicted in the inset of figure 8(a), and the fitted results are presented in table 3. The
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Table 3. Parameters fitted from EIS measurements of the
PG, LG, and CTT natural dye-based DSSCs.

Dye Rs() Re () Ryec (2) 7 (ms)
PG 11.1 2 31.1 16.57
LG 12.69 1.25 8.23 10.28
CTT 13.67 1.52 14.57 16.06

charge transfer resistance (R, at the platinum/electrolyte interface is represented by the first semi-circle of the
Nyquist plot, whereas the recombination resistance (R,..) at the TiO,/dye/electrolyte interface is indicated by
the second semi-circle [54]. A higher R, signifies a reduced charge recombination of electrons, thereby leading
toan increase in the V¢ values of the DSSCs [54]. PG dye sensitized DSSC exhibit the highest R, values of
31.192, followed by CTT and LG with 14.57€2 and 8.232, respectively. The trend in the R, in the order of
PG>CTT>LG which is correctly consistent with the Vo sequence of the dyes.

As demonstrated previously, even when AG;,,;is favorable, the actual injection efficiency may be limited by
factors such as molecular orbital overlap [54], dye aggregation [55], and interfacial dynamics [56]. Similarly, it
was emphasized that high AG;,,; must be balanced with recombination resistance (R,.) and spectral absorption
to achieve meaningful performance gains [57, 58]. In our case, although the CTT dye exhibited the highest
AG;j (=0.902 V), its Vo was slightly lower than PG, due to its lower recombination resistance. This under-
scores that AG;,,;should be interpreted in conjunction with other parameters, particularly R,.. and dye absorp-
tion characteristics. A large AG;,,j can promote injection, but if recombination pathways are not
simultaneously suppressed (i.e., via higher R, or improved dye-TiO, binding), gains in Jsc may not translate to
increased Vcor overall efficiency.

Furthermore, whereas the PG dye exhibits the highest FF of 85%, the CTT and PG sensitized samples show
smaller FF values of 76% and 67%, respectively. Their considerably decreased recombination resistance in
comparison to the PG -sensitized sample is consistent with these observations. As shown in table 3 and
figure 8(a) of the manuscript, the PG-sensitized device exhibited the highest R, (31.1 €2), followed by CTT
(14.57 Q) and LG (8.23 ), consistent with their respective open-circuit voltages (Vo). Higher R, indicates
reduced charge recombination at the TiO,/dye/electrolyte interface, thereby extending the electron lifetime, as
confirmed by the Bode analysis. Structurally, PG and CTT dyes contain abundant phenolic and carbonyl func-
tional groups (as revealed by FT-IR), which enhance dye-TiO, binding and help suppress back-electron trans-
fer, leading to higher R,,. and longer 7 values. Regarding the CV curve not forminga full cycle, this is due to the
irreversible nature of the redox reactions of the natural dyes under the applied potential range and scan rate (20
mV s~ 1), which is a common feature in CV profiles of natural pigments.

The Bode phase diagram (figure 8(b)) illustrates that the charge transfer occurring at the counter electrode
corresponds to the minor peak observed at a higher frequency, whereas the charge recombination rate is indi-
cated by peaks at alower frequency. The electron lifetime (7) is inversely related to the charge recombination
rate. The electron lifetime can be determined using the formula 7= 1/(27fiax), Where fi. denotes the location
of the frequency peak within the lower frequency range of the Bode plots. Relatively longer electron lifetimes
are generally associated with lower dark current, higher resistance to charge recombination, and better Vo
[54]. Defect states in TiO, leading to immobile electrons should be suppressed for enhanced electron transport,
leading to a degradation in Vo [61, 62].

PG sensitizer device exhibits longest electron lifetime with 16.57 ms (inset figure 8(b)), like performed high-
est Vocand R, parameters. The trend observed in electron lifetime follows the order of PG >CTT >LG, which
aligns accurately with the Vocand R, of the devices [63, 64]. The PG-based device demonstrated the longest
lifetime (16.57 ms), followed closely by CTT (16.06 ms) and then LG (10.28 ms). This trend mirrors the order of
R,..and Vg, indicating a strong correlation between recombination suppression and prolonged carrier life-
time. The longer 7in PG- and CTT-based DSSCs is attributed to their richer content of anchoring functional
groups (e.g., OH and C=0), which provide better dye adhesion and interfacial stability, limiting electron back-
transfer. These results reinforce the mechanistic insight that effective recombination suppression is a key deter-
minant of improved photovoltaic behavior in #-DSSCs.

Table 4 presents a comparison between the documented DSSCs that use natural dyes and the DSSCs that
were examined in the present study. The new natural sensitizer demonstrates enhanced properties when com-
pared with alternative natural dyes. This comparison indicates that our devices outperform the other naturally
DSSCs in terms of Jsc and FF values. However, we obtained that the efficiencies (~0.91%) achieved in this study
are lower than those of synthetic dyes and some optimized bio-dye systems. This performance limitation pri-
marily arises from the inherent molecular characteristics of natural dyes, which typically lack the donor—m—
acceptor structures that facilitate broad spectral absorption and efficient charge transfer in synthetic dyes
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Table 4. An analysis of the photovoltaic performance of different natural dye-based DSSCs in
comparison to existing literature.

Source Jsc(mA cm™?) Voc (V) FF 7(%) Reference
Beetroot 0.36 0.42 0.51 0.078 [62]
Alpinia purpurata 0.49 0.53 0.40 0.65 [65]
Red lantana 0.73 0.265 0.48 1.02 [66]
Mediterranean olive 0.66 0.64 0.31 0.31 [67]
Azadirachia indica 4.1 0.75 0.40 0.84 [68]
PG 0.97 0.59 0.85 0.49 Our Study
LG 0.70 0.52 0.67 0.24 Our Study
CTT 2.11 0.57 0.76 0.91 Our Study

[21, 58]. Additionally, the natural dyes used in this study may possess fewer anchoring groups, leading to less
stable adsorption on the TiO, surface and reduced electron injection efficiency [ 18, 59]. Although we optimized
the extraction conditions to preserve functional groups and maximize dye performance, the dyes still exhibit
limited light absorption in the red-NIR region and may be susceptible to aggregation or photodegradation. On
the device side, conventional TiO, photoanodes and standard electrolyte compositions were used without
advanced enhancements such as co-sensitization, scattering layers, or optimized redox mediators, which are
known to improve photovoltaic performance. Moving forward, strategies such as molecular modification of
natural dyes, co-sensitization, and tailored device architecture could help overcome these limitations and
improve both efficiency and stability.

4, Conclusions

In summary, we succeeded in fabricating DSSCs based on natural dyes extracted from Punica granatum L. petal
(PG), Cota tinctoria (L.) ].Gay var. tinctoria capitulum (CTT), and Linaria grandiflora Desf. petal (LG). From the
analysis, we find that the fabricated devices perform well over the solar spectrum, playing a major role in
absorbing of the light. The DSSCs loaded with dye extracted from CTT perform better than those loaded with
other derived dyes, with an overall conversion efficiency of 0.91%. This is explained by the fact that the DSSC
loaded with dye derived from CTT had a larger differential between LUMO and CB of TiO,, which primarily
increases the short-circuit current. This thorough examination of the dyes under investigation is
unquestionably a step in the right direction toward affordable natural DSSCs.
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