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Abstract
Natural dye-sensitized solar cells (n-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 correlatedwith energetic parameters. Comprehensive FT-IR,UV–vis,
cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) analyseswere employed
to evaluate the relationships between electron injection driving force (ΔGinj), recombination
resistance (Rrec), and open-circuit voltage (VOC). Among the investigated natural dyes, theCTT-
based device obtained the highest short-circuit current density (JSC= 2.11mA cm−2), open-circuit
voltage (VOC= 610mV), and efficiency (η = 0.91%). The correlation identified betweenΔGinj,Rrec,
andVOC indicates that injection and recombination energies determine the efficiency of devices.
These insights establish amechanistic framework linkingmolecular energy alignmentwith
photovoltaic behavior and guide the design of next-generation bio-derived sensitizers. Importantly,
the study shows that superiorΔGinj facilitates stronger electron injection into TiO2, while higherRrec
values suppress interfacial recombination, collectively governingVOC and overall efficiency.Overall,
the results demonstrate that interplay betweenΔGinj andRrec governs the photovoltaic behavior of
natural dye-basedDSSCs, establishingCota tinctoria as a particularly promising bio-derived
sensitizer for next-generation solar energy applications.

1. Introduction

Solar energyhas becomeoneof themost sustainable and environmentally benign energy sources for addressing the
growing global energydemand.Among variousphotovoltaic technologies, dye-sensitized solar cells (DSSCs)have
attracted significant attention since thepioneeringworkofO’Regan andGrätzel, owing to their simple fabrication,
lowcost, and tunable optoelectronic properties [1, 2].Over the last three decades, extensive researchon sensitizers,
photoanodes, and redox electrolytes has led to power conversion efficiencies exceeding 14% inoptimized
TiO2-based systems [3].Despite this progress, the advancement ofn-DSSCshas been limiteddue to the relatively
narrowabsorption spectra [4], weak anchoring [5], and rapid recombination [6]behavior ofnatural 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
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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,Capsicumannuum, andTamarindus indica can offer efficiencies
ranging from0.22% to 1.71%, although their performance is typically limited byweak electron injection and
dye regeneration forces. Studies byAtli et al [13] andKocak et al [14] emphasize the significance of chemical
functional groups, such as carbonyl, carboxyl, and hydroxyl, in strengthening TiO2 surface binding and light
absorption, and influencing charge transfer efficiency.Notably, themethod of dye extraction (e.g., acidic sol-
vents, as shownbyKocak et al) andmaterial 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, whileOnyemowo 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], quinoxalineD-π-A-π-A sensitizers [21] andBODIPY-based dyes [22], innovations in natural dye sour-
cing, extraction, and device architecture continue to push the boundaries ofDSSCperformance. These findings
collectively suggest that while natural-basedDSSCs currently face efficiency limitations, their environmental
benefits and adaptabilitymake thempromising candidates for sustainable solar energy conversion
technologies.

This work introducesCota tinctoria (CTT),Punica granatum (PG), and Linaria grandiflora (LG) as pre-
viously unreported plant-derived dyes and eco-friendly natural sensitizers forDSSCs. This study establishes a
directmechanistic relationship among the electron injection driving force (ΔGinj), recombination resistance
(Rrec), and open-circuit voltage (VOC) inn-DSSCs, offering a thorough understanding of howmolecular
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. Themorphology of dye-loaded photo-
anodeswas analyzed using field-emission scanning electronmicroscopy (FE-SEM), while functional groups
involved in dye-TiO2 interactionswere identified via Fourier-transform infrared spectroscopy (FT-IR). Opti-
cal, electrochemical, and photovoltaic properties were systematically examined usingUV–vis spectroscopy,
cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and current–voltage (J-V )measure-
ments. Among the tested dyes, theCTT-basedDSSC exhibited the highest power conversion efficiency
(0.91%), attributed to a favorable energy offset between the LUMOof the dye and the conduction band of TiO2,
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-generationDSSCs.

2. Experimental

2.1. Plantmaterial
2.1.1. Linaria grandifloraDesf.
Genus LinariaMiller is amember of thePlantaginaceae family, generally found in the northern hemisphere
except for America. The genus located its diverse center in theMediterranean area.With around 150 species
worldwide, the genus is represented by 21 species in our country, with 9 of thembeing endemic. L. grandiflora is
a robust, 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
TheCota J. Gay genus is amember of theAsteraceae family and is generally found in Europe (excluding the
Northside), northernAfrica, theCaucasus, southernRussia, andAnatolia inAfghanistan [24, 25]. Among the
49 species (63 taxa) in the genus, 24 of themare found exclusively in our country, with 10 of thembeing
endemic [26]. C. tinctoria (L.) J. Gay, known as ‘boyacı papatyası’ in Türkiye, is indigenous to Europe, the
Mediterranean, andWesternAsia. 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 herbwith a greyish-green
hairy appearance, reaching a height of 45 cm [29, 30].

2.1.3. Punica granatumL.
ProbablyP. granatum originated in the region encompassing Iran,Northern India, and theHimalayas [31].
Grown in various countries with temperate climates, especially inAsia close to the easternHimalayas and
southern Europe [32]. P. granatum is a thorny shrub or a small tree without thorns, ranging from2 to 7m in
height, which sheds its leaves during thewinter 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 aremolecules characterized by diversemolecular 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 theCota tinctoria (L.) J.
Gay var. tinctoria capitulumplantwas chlorogenic acid (71.0mg), caffeic acid (0.08mg), apigenin 7-glycoside
(61.96mg), rosmarinic acid (0.05mg), and quercetin (1.02mg). According to Eser et al themain phenolic
compounds inCota tinctoria (L.) J.Gay var. tinctoria capitulum is chlorogenic acid and apigenin 7-glycoside
[35]. Bekir et al performed a chemical constituent study ofPunica granatum L. flowers and identified phenolic
acids, flavonoids, tannins, and anthocyanins [36]. The report identified gallic acid as themost 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, flavoneO-glycosides, flavo-
noids, triterpenoids, and alkaloids [37].

2.3. Preparation of natural dye sensitizers
This study utilized extracts from the petals ofPunica granatum, Linaria grandiflora, andCota tinctoria var.
tinctoria capitulum as a natural dye to serve as a photosensitizer in the synthesis ofDSSCs. Samples of the
botanical species, specifically the petals ofP. granatum,Cota tinctoria var. tinctoria capitulum, and L.
grandiflora, were gathered inKirsehir, Turkey (figure 1). All botanical specimens obtained for natural dye
purposeswere stored in the herbariumofKırşehir Ahi EvranUniversity. The petals were dried for
approximately 24 h at a temperature of 50 °C. Subsequently, the dehydratedmaterials were ground into a fine
powder. In the extraction process, 2 g of petals were combinedwith 50ml of 96%ethanol.

Building upon our previous findings [14], we performedpreliminary solvent screening for the dyes used in
the current study and found that ethanol at 40 °C for 24 h provided themost consistent and efficient extraction
forCota 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 herewere selected based on prior optim-
ization efforts and are specific to the plantmaterials used in this study. Each sample underwent a separate
extraction procedure using amixer for a full day.During extraction, the heatingwas applied at 40 °C. The
extract was filtered the following day.Until the analysis was conducted, the sampleswere shielded from light
exposure andmaintained at a temperature of+4 °C [7, 8].

2.4. Preparation and characterization ofn-DSSC
Firstly, fluorine-doped oxide (FTO, surface resistance∼7 Ω sq−1, optical transmittance ranged 80%∼ 82%,
SigmaAldrich)werewashed and treatedwithUV/O3 for 15 min to remove organic contaminants.

TiO2 pastewas prepared by using P25 (Degussa P25, Aeroxide TiO2 P 25, Evonik), terpineol (95%), ethyl
cellulose (48%) and ethanol (99%)with final ratio of 13.2:46.8:4.0:36.0wt% respectively. TheTiO2 pastewas
spin coated on surface of the FTOglass as a dynamic coating technique (4000 rpm, for 90 s). The photoanode
was kept at 500 °C for 15 min.Ultimately, the photoanodeswere submerged in a 100mMTiCl4 solution and
subjected to treatment at 450 °C for a duration of 30 min [7, 8]. After all processes, the final thickness ofmeso-
porous TiO2was observed to be 10μm (figure 2). The counter electrode consisted of a FTO that had been
thermally platinized. The photoanodeswere immersed in a 2 g sample of natural dye extract and then diluted in
50ml of ethyl alcohol. The electrodewas sensitized by exposing it to this chemical process for 18 h at room
temperature in the dark condition.

This study utilizes a redox electrolytemade from ablend of volatile solvents. It contains 0.5M tert-butyl-
pyridine, 0.1M lithium iodide, 0.05M iodine, 0.05Mguanidinium thiocyanate, and 0.6M1-butyl-3-methyli-
midazolium iodide (BMII). The solventmixture has an acetonitrile-to-valeronitrile ratio of 15:85 v/v [7, 8]. To
createDSSC structure, electrolyte droplets were introduced between the photoanode and the counter elec-
trode. The photoanodes have an active surface areameasuring 0.27 cm2. Every characterization performed on
the cells andTiO2 photoanodeswas reported elsewhere [7, 8].
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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. TheO-H stretching
vibration in non-intermolecular bonding occurswithin the frequency range of 3500–3700 cm−1. Intermole-
cular hydrogen bonding, however, diminishes thewave number of theO-H stretching, yielding a range of
3550–3200 cm−1. The peak observed in the range of 1780–1700 cm−1 is associatedwith theC=Ostretching
vibrationmode [38, 39].

The FT-IR spectra obtained fromnatural dyes sourced from LG dye exhibited peaks at 3401, and
3671 cm−1, identified asO-Hvibrations. The dye derived from LGdye exhibits a C=Ovibration at 1714 cm−1.
The FT-IR spectra of the dye derived fromPG dye displayed peaks at 3723 and 3372 cm−1, indicative ofO-H
stretching vibrations, and at 1729 cm−1, indicative ofC=Ostretching vibrations. TheOH stretching vibration
ofCTTdyewas assessed using FT-IR spectra at of 3662 cm−1. Themaxima at 1712 cm−1 in the FT-IR spectra of
the natural dye obtained from theCTTdye is attributed to theC=Ovibration. These peaks indicate the pre-
sence of C=OandO-H functional groups. The existence of C=OandO-Hgroups in the dyes signifies chemical
interactionswith TiO2, promoting the transfer of electrons from the dyes to TiO2.

Figure 3(b) depicts the dye-loaded and unloadedTiO2 FT-IR spectra. The findings suggest that the photo-
anode, without any load, shows a peak ofmodest intensity at 3335 cm−1. These vibrations are identified asO-H

Figure 2. FE-SEM images depicting the surface and cross-sectionalmorphology of theTiO2mesoporous layer (see inset image).

Figure 1. (a) Linaria grandifloraDesf. (b)Cota tinctoria (L.) J.Gay, (c)Punica granatum L.
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stretchingmodes. As expected, the photoanodewith the dyes exhibited a shift towards shorter wavelengths in
the peak, specifically at 3400 cm−1 [40, 41].

However, the broadened peaks detected about 1060 cm−1 can be attributed to the intense stretching vibra-
tions resulting from the interactions between titanium andoxygen. The results indicate that the dyemolecules
have effectively adhered to the surface of TiO2. As reported in previous study articles [42–44], the peaks seen at
1053 cm−1 forPGdye, 1061 cm−1 for LG dye, and 1056 cm−1 forCTT dye aremost likely attributed to the
stretching vibrationmode between titanium andoxygen. The presence of the peak at 1730 cm−1 forPG-CTT
and the peak at 1726 cm−1 for LG dye, attributed to theC=Ostretching vibrationmode, optimizes the electron
transfermechanism from the dye to TiO2. Consequently, this enhances the efficiency ofDSSCs [41].

3.2. Absorption spectroscopy
TheUV–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
dyemolecule. Dyes derived frombiological sources containC=OandO-H functional groups, enabling them
to interact effectivelywith the TiO2 layer, thereby improving power conversion efficiency. The experiments

Figure 3. (a). FT-IR spectra derived fromnatural dyes sourced frombotanical origins. (b)The dye-loaded and unloadedTiO2 FT-IR
spectra.
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were conducted over awavelength range extending from200 to 800 nm. InUV–vis spectra, chlorophyll
absorptionmaxima are typically found in the 630–700 nmwavelength range [45]. Researchers identified
chlorophyll peaks at wavelengths of 663 nm that corresponded toCTTdye. Belay et al identified a peak of
chlorogenic acid (CGA) in theUV–vis spectra of coffee beans, fallingwithin 300–350 nm [46]. Analysis of the
UV–vis spectrum forCTT identified a prominent peak at 327 nm,whichwas identified as the peak generated
byCGA.

Anthocyanins exhibit twowell-defined absorption bands. The first absorption peak is detected in the 270 to
280 nmwavelength range and is followed by the next peak occurring between 465 to 550 nm. TheUV–vis
spectra of theCTT dye exhibit distinct peaks at 443 and 471 nm,whichmay indicate that the peaks belong to
anthocyanin compounds.

TheUV–vis spectrumof aromatic hydrocarbons, like gallic acid, a phenolicmolecule, shows that benzene
rings have three absorbance peaks connected to theπ-system.Researchers observe specific absorbance peaks asso-
ciatedwith the aromatic ring chromophore atwavelengths of 184, 204, and 256nm [47]. In the presentwork,
researchers identified the peak belonging to gallic acid at awavelength of 208nm,which corresponds to thePG
dye. Experimental data at approximately 370nmhas beenutilized to ascertain the transition energy fromπ toπ in
theUV–vis spectra of the quercetinmolecule [48]. The peakdetected at 330nm forPGdyewas determined to be
the peak generated byquercetin. ThePGdye extract has absorptionpropertieswithin thewavelength range of
465–550nm,with the absorptionpeaks detected at 536nm.Chlorophyll peaks appear inUV–vis spectra typically
within thewavelength range of 630–700nm [45]. Our analysis revealed chlorophyllmaxima atwavelengths of 641
nm that corresponded toLGdye. The observedpeaks atwavelengths of 296nm, 327nm, and 405nm in theLG
dye are ascribed to the presence of phenomenon, flavones, anthocyanin, andother 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 treatedwith 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 themost notable
improvement observed in the 450–600 nm range.While FT-IR andUV–vis analyses provide sufficient

Figure 4.UV–vis absorption spectra of (a) the diluted natural dye solutions, (b) the concentrated dye solutions, and (c) dye-loaded
and unloadedTiO2 films. The inset illustrates themagnified region of the absorption enhancement after dye loading.
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information on the functional groups and general pigment classes (anthocyanins, flavonoids, chlorophyll deri-
vatives), the precisemolecular composition of each extract remains unresolved.

3.3. Cyclic voltammetry
TheCV evaluated the electrochemical characteristics of the dye pigments and the electrolyte. AnAg/AgCl (3M
KCl) electrodewas 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 cm2, was utilized as the
working electrode [51–53].

Figure 5 displays theCyclic voltammograms (CV) plots of thePG, LG, andCTTdyes alongside the electro-
lyte. CVwere used to get ground oxidation potentials (EOX) of thePG, LG, andCTT dyes, that correspond to
theirHOMO levels and evaluated to be 0.405, 0.416 and 0.476V in comparison to the normal hydrogen elec-
trode (versusNHE), respectively. The optical band gaps (E0-0) of the dyesPG, LG, andCTTwere 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 (E*

OX) associatedwith the LUMO levels (derived fromEOX–E0-0) aremeasured at
−1.392,−1.370, and−1.402V versusNHE, respectively. The energy levels of both theHOMOandLUMOof
the dye pigments under investigation have been quantified and are compiled in table 1, as illustrated in figure 6.

Figure 5.Cyclic voltammetry (CV) plots recorded at a scan rate of 20mV s−1 for thePGdye (a), LG dye (b), andCTT dye (c), along
with the EL electrolyte (d).

Table 1.Photophysical and electrochemical information regardingPG, LG, andCTT dyes.

λmax (nm)a EOX/EHOMO (V)b E0-0 (eV)c E*
OX/ELUMO (V)d ΔGinj (V)e

PGdye 536 0.405 1.797 −1.392 −0.892

LGdye 663 0.416 1.786 −1.370 −0.870

CTT dye 641 0.476 1.878 −1.402 −0.902

a Experimentalmaximumabsorbance value.
b Oxidation potential obtained fromCVmeasurements.
c The optical bandwidth is derived from the experimental ultraviolet spectrum. The value is derived by

dividing the locationwhere the tangent drawn from the greatest absorbance intersects the x-axis by 1240.
d E*

OX=EOX–E0-0.
e ΔGinj= (ELUMO–CBTiO2).
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Consequently, theHOMO levels ofPG, LG, andCTT are significantlymore positive compared to the EL
(0.401V versusNHE) energy level, thereby ensuring that the oxidized dye can be effectively regenerated by the
electrolyte. Additionally, the LUMO levels of all dyes are considerablymore negative than the conduction band
(CB) of TiO2 (−0.5V versusNHE), thus creating a substantial driving force for electron injection from the
LUMO level into theCBof TiO2 [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 (η), short-circuit current density (JSC), open-
circuit voltage (VOC), 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 theCTT dye exhibited a
higher photovoltaic efficiency (η = 0.91%) compared to other devices, with JSC= 2.11mA cm−2. The devices
sensitized byPG and LGperform 0.49%–0.24%PCE and 0.97mA cm−2–0.70mAcm−2 JSC, respectively.
Numerous parameters, including the structure of dye, absorbance, and electron injection capacity, influence
the JSC value, which is reliant upon theway inwhich the sensitizer andTiO2 interact [56–58].

The LUMOenergy level of the sensitizer should be greater than the conduction band (CB) level of TiO2 to
ensure efficient electron injection.When the gapwidens between the LUMOand theCB, the driving force
triggering the electron injectionwill become greater [54]. This resulted in a higher JSC 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, whichmay
lead to highest JSC value forCTTdye basedDSSCs. The prevailing trend in the drivingmechanismof electron

Figure 6. Schematic representation of energy levels forPG, LG, andCTT dyes as established through cyclic voltammetry.

Table 2.Distinctive photovoltaic characteristics of the cells.

Dye JSC (mAcm−2) VOC (V) FF η (%)

PG dye 0.97± 0.04 0.59± 0.00 0.85± 0.03 0.49± 0.01

LG dye 0.70± 0.00 0.52± 0.00 0.67± 0.03 0.24± 0.01

CTT dye 2.11± 0.03 0.57± 0.00 0.76± 0.00 0.91± 0.00

*Values are averagedoverfive repeated J-Vmeasurements of a single device perdye.
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injection is in the sequence ofΔGinj-CTT (−0.902V)> ΔGinj-PG(−0.892V)> ΔGinj -LG(−0.870V)which is
correctly consistent with the JSC sequence of the dyes.While theVOC valueswere close to each other, thePG dye
exhibit the highestVOC value (0.59V). Given that theVOC value inDSSCs is associated through the processes of
recombination, photogeneration, and the alignment of energy bandswithin the solar cell, thismay lead to a
significant level of recombination resistance [59, 60].

3.5. Electrochemical impedance spectroscopy
To conduct amore in-depth analysis of the recombination process and the behaviors of interfacial resistance in
DSSCs utilizing these natural dyes, investigationswere carried out under dark conditions and applied at bias
voltages close to their open-circuit voltage (VOC) values through electrochemical impedance spectroscopy
(EIS). Figure 8 illustrates theNyquist plots (a) and the Bode plots (b) for theDSSCs that are based on natural
dyes. The EIS parameters have been fitted using a suitable equivalent circuitmodel forDSSCs. The equivalent
circuitmodel employed is depicted in the inset of figure 8(a), and the fitted results are presented in table 3. The

Figure 7.Photocurrent voltage curves ofDSSCswithPG, LG andCTT sensitizers.

Figure 8. (a)Nyquist diagrams (b)Bode plot of the cells derived from the analyzed dyes.
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charge transfer resistance (Rct) at the platinum/electrolyte interface is represented by the first semi-circle of the
Nyquist plot, whereas the recombination resistance (Rrec) at the TiO2/dye/electrolyte interface is indicated by
the second semi-circle [54]. A higherRrec signifies a reduced charge recombination of electrons, thereby leading
to an increase in theVOC values of theDSSCs [54].PG dye sensitizedDSSC exhibit the highestRrec values of
31.1Ω, followed byCTT and LGwith 14.57Ω and 8.23Ω, respectively. The trend in theRrec in the order of
PG>CTT>LGwhich is correctly consistent with theVOC sequence of the dyes.

As demonstrated previously, evenwhenΔGinj is favorable, the actual injection efficiencymay be limited by
factors such asmolecular orbital overlap [54], dye aggregation [55], and interfacial dynamics [56]. Similarly, it
was emphasized that highΔGinjmust be balancedwith recombination resistance (Rrec) and spectral absorption
to achievemeaningful performance gains [57, 58]. In our case, although theCTTdye exhibited the highest
ΔGinj (–0.902V), itsVOCwas slightly lower thanPG, due to its lower recombination resistance. This under-
scores thatΔGinj should be interpreted in conjunctionwith other parameters, particularlyRrec and dye absorp-
tion characteristics. A largeΔGinj can promote injection, but if recombination pathways are not
simultaneously suppressed (i.e., via higherRrec or improved dye-TiO2 binding), gains in JSCmaynot translate to
increasedVOC or overall efficiency.

Furthermore, whereas thePGdye exhibits the highest FF of 85%, theCTT andPG sensitized samples show
smaller FF values of 76%and 67%, respectively. Their considerably decreased recombination resistance in
comparison to thePG -sensitized sample is consistent with these observations. As shown in table 3 and
figure 8(a) of themanuscript, thePG-sensitized device exhibited the highestRrec (31.1Ω), followed byCTT
(14.57Ω) and LG (8.23Ω), consistent with their respective open-circuit voltages (VOC). HigherRrec indicates
reduced charge recombination at the TiO2/dye/electrolyte interface, thereby extending the electron lifetime, as
confirmed by the Bode analysis. Structurally,PG andCTTdyes contain abundant phenolic and carbonyl func-
tional groups (as revealed by FT-IR), which enhance dye-TiO2 binding and help suppress back-electron trans-
fer, leading to higherRrec and longer τ values. Regarding theCV curve not forming a 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 inCVprofiles of natural pigments.

The Bode phase diagram (figure 8(b)) illustrates that the charge transfer occurring at the counter electrode
corresponds to theminor peak observed at a higher frequency, whereas the charge recombination rate is indi-
cated by peaks at a lower frequency. The electron lifetime (τ) is inversely related to the charge recombination
rate. The electron lifetime can be determined using the formula τ = 1/(2πfmax), where fmax denotes the location
of the frequency peakwithin the lower frequency range of the Bode plots. Relatively longer electron lifetimes
are generally associatedwith lower dark current, higher resistance to charge recombination, and betterVOC
[54]. Defect states in TiO2 leading to immobile electrons should be suppressed for enhanced electron transport,
leading to a degradation inVOC [61, 62].

PG sensitizer device exhibits longest electron lifetimewith 16.57 ms (inset figure 8(b)), like performed high-
estVOC andRrec parameters. The trend observed in electron lifetime follows the order ofPG>CTT>LG, which
aligns accuratelywith theVOC andRrec of the devices [63, 64]. ThePG-based device demonstrated the longest
lifetime (16.57ms), followed closely byCTT (16.06ms) and then LG (10.28ms). This trendmirrors the order of
Rrec andVOC, indicating a strong correlation between recombination suppression and prolonged carrier life-
time. The longer τ inPG- andCTT-basedDSSCs is attributed to their richer content of anchoring functional
groups (e.g., OHandC=O), which provide better dye adhesion and interfacial stability, limiting electron back-
transfer. These results reinforce themechanistic insight that effective recombination suppression is a key deter-
minant of improved photovoltaic behavior in n-DSSCs.

Table 4 presents a comparison between the documentedDSSCs that use natural dyes and theDSSCs that
were examined in the present study. The newnatural sensitizer demonstrates enhanced properties when com-
paredwith 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 inherentmolecular characteristics of natural dyes, which typically lack the donor–π–
acceptor structures that facilitate broad spectral absorption and efficient charge transfer in synthetic dyes

Table 3.Parameters fitted fromEISmeasurements of the
PG, LG, andCTTnatural dye-basedDSSCs.

Dye Rs (Ω) Rct (Ω) Rrec (Ω) τ (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
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[21, 58]. Additionally, the natural dyes used in this studymay possess fewer anchoring groups, leading to less
stable adsorption on theTiO2 surface and reduced electron injection efficiency [18, 59]. Althoughwe optimized
the extraction conditions to preserve functional groups andmaximize dye performance, the dyes still exhibit
limited light absorption in the red-NIR region andmay be susceptible to aggregation or photodegradation.On
the device side, conventional TiO2 photoanodes and standard electrolyte compositionswere usedwithout
advanced enhancements such as co-sensitization, scattering layers, or optimized redoxmediators, which are
known to improve photovoltaic performance.Moving forward, strategies such asmolecularmodification 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 fabricatingDSSCs based on natural dyes extracted fromPunica granatum L. petal
(PG),Cota tinctoria (L.) J.Gay var. tinctoria capitulum (CTT), and Linaria grandifloraDesf. petal (LG). From the
analysis, we find that the fabricated devices performwell over the solar spectrum, playing amajor role in
absorbing of the light. TheDSSCs loadedwith dye extracted fromCTT performbetter than those loadedwith
other derived dyes, with an overall conversion efficiency of 0.91%. This is explained by the fact that theDSSC
loadedwith dye derived fromCTT had a larger differential between LUMOandCBof TiO2, 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 naturalDSSCs.
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