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Natural dye-sensitized solar cells

Practical fabrication, low costs, and environment-friendly energy harvesting are the most significant features of
solar cells sensitized by natural dyes. However, the employment of natural dye reduces the cost of production
while causing severe photovoltaic losses associated with magnitude of underlying forces behind electron in-
jection and dye regeneration. Therefore, lack of knowledge based on these forces have limited the development
of DSSCs. To overcome these obstacles for unveiling the performance DSSCs, herein, properties of DSSCs ob-
tained from Hyoscyamus reticulatus (HR), and Mahonia aquifolium (MA) were comprehensively investigated. The
magnitude of underlying forces behind electron injection (dye regeneration) was estimated to be 0.831 V (0.092
V) and 0.823 V (0.105 V) for HR and MA, respectively. These values were correlated with photovoltaic pa-
rameters. We noticed that driving force should be higher for electron injection while it should be lower for dye
regeneration. Under standard AM 1.5G simulated solar radiation, HR based device shows a solar to electricity
efficiency of 1.20 % (Fill factor of FF = 0.67; short-circuit current density of J;. = 2.66 mA/cmz; open circuit
voltage of V,. = 0.67 V) while MA based device shows an efficiency of 0.22 % (FF = 0.37; J;c = 1.34 mA/cmZ; Voc

=0.45 V).

1. Introduction

Dye-sensitized solar cells (DSSCs) have gained significant attention
due to their cost-effectiveness, tunable optical properties, and potential
for high efficiency. As global energy consumption hit 604.04 EJ in 2022,
solar energy-especially DSSCs with natural dyes-gained attention for
their design flexibility and potential to offset emissions, despite chal-
lenges in efficiency and stability [1]. The performance of DSSCs is pri-
marily governed by their molecular sensitizers, which play three critical
roles: (1) generating charge carriers upon photoexcitation, (2) facili-
tating electron injection into the conduction band, and (3) enhancing
light absorption across the solar spectrum. Recent advances in counter
electrode materials demonstrate that opaque Pt films exhibit superior
reflectivity and electrocatalytic activity compared to transparent Pt,
achieving a 5.06 % power conversion efficiency (PCE) due to reduced
charge-transfer resistance and enhanced mechanical stability [2].
Alternatively, carbon-based CEs synthesized via low-temperature
methods show promise, with homemade carbon paste achieving a
2.70 % PCE-1.6 fold higher than commercial carbon paste-owing to its
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porous structure and improved electrolyte diffusion [3]. Carbon-coated
nanotextured silicon wafers used as counter electrodes in DSSCs ach-
ieved a power conversion efficiency of 6.73 %, demonstrating potential
as a low-cost alternative to platinum-based electrodes [4]. For photo-
anodes, Ni-doped TiOz homojunction bilayers significantly enhance
light absorption and electron transport, yielding a 6.08 % PCE by opti-
mizing band alignment and reducing recombination [5]. Similarly,
hybrid TiO, nanoparticle-nanorod photoanodes with a TiCl4 blocking
layer reach 5.58 % PCE, addressing interfacial connection issues [6],
while hierarchical blocking layers boost efficiency by 40 % via sup-
pressed charge recombination [7]. Recent advancements in DSSCs have
demonstrated significant progress through innovative material engi-
neering and natural dye optimization. Plasmonic enhancement via silver
nanoparticle incorporation in TiO5 photoanodes has proven particularly
effective, with co-deposited Ag-TiO, configurations achieving a 94 %
efficiency improvement (1.28 % PCE) due to enhanced light absorption
and reduced charge recombination [8]. Natural dye exploration has
expanded to novel sources like tender coconut husk, where solvent/
extraction method optimization yielded PCEs up to 0.46 % [9], while
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eumelanin-based DSSCs achieved 0.42 % PCE after UV treatment despite
challenges with recombination rates [10]. These developments align
with the focus on eco-friendly materials and cost-effective processing,
where copper-based electrolytes and interface engineering emerge as
key strategies for competitiveness against thin-film photovoltaics [11].
Collectively, these studies highlight the multifaceted approaches-from
plasmonic enhancement to natural dye refinement-being pursued to
advance DSSC technology toward sustainable energy solutions. In dye
sensitizers, natural dyes extracted from fruits like Cornus mas L. and
Juniperus sabina achieve PCEs up to 0.98 % and 0.55 %, respectively,
with acidic solvent extraction improving light harvesting [12,13]. Car-
minic acid from cochineal insects outperforms other natural dyes (1 %
PCE) due to its broad absorption spectrum and strong TiO, anchorage
[14]. Additives like 1-butyl-3-methylimidazolium iodide further
enhance natural dye performance, increasing PCE by 56 % [15]. Syn-
thetic dyes, such as AZO-based and BODIPY-based sensitizers, show
limited PCEs (0.47 % and 0.34 %, respectively) but provide insights into
molecular design via theoretical studies [16,17]. Collectively, these in-
novations highlight pathways to replace Pt-based components, optimize
charge transport, and leverage natural dyes for sustainable DSSC
development.

The following characteristics are typically present in a DSSC’s power
conversion efficiency: the highest occupied molecular orbital (HOMO)
energy must be below the electrolyte’s energy level in order to accept
the electron from a redox electrolyte pair, and the lowest unoccupied
molecular orbital (LUMO) should have energy greater than that of the
TiO5 conduction band [14,17]. Obtaining suitable sensitizers with the
characteristics mentioned before is necessary to design DSSCs.

Currently, there are many attempts on the application of natural
DSSCs. To employ DSSCs using natural dyes as sensitizers, anthocyanins,
flavonoid, chlorophylls and other compounds which were taken from
leaves, flowers, and fruits were examined [18-21]. More recently, Iman
et al. [18] extracted olive leaf dyes and used them as sensitizers in
DSSCs. They worked on the impact of different drying times. Their
maximum efficiency value was 0.31 %. The same researchers also pre-
sent a novel natural dye extracted from Laurus nobilis L [19]. The value
of 0.23 % of power conversion efficiency was reported. Mahapatra et al
[20] reported a work on natural dyes found from Bixa orellana, Mallotus
phillipensis and Basella alba. Bixa orellana dye based cells demonstrated
an efficiency of 0.67 %. A natural dye was created by Rajaramanan et al.
[21] using Mussaenda erythrophylla flowers. The cell consisting of dye
obtained in ethanol achieved an efficiency of 0.41 %.

Despite encouraging outcomes, most natural dyes perform far worse
in DSSCs compared to specially designed organic dyes. The lack of
research concentrating on the cause of their subpar photovoltaic per-
formance makes the problem unsolved. Therefore, charge separation
properties of DSSCs assembled with natural dyes should be studied
methodically to gain a deeper comprehension of why one dye out-
performs the other, which can result in even more optimization. For this
purpose, an assessment of the underlying forces behind electron injec-
tion and dye regeneration and an attempt to directly link these param-
eters with solar device performance is required.

Hyoscyamus species can be found all over the world and are classified
as medicinal plants in the Solanaceae family [22]. Tropane alkaloids,
primarily hyoscyamine and scopolamine, are abundant in Hyoscyamus
species. [23]. Hyoscyamus is represented by six species in Tiirkiye.
Hyoscyamus reticulatus is a plant with purple flowers and feathery,
deeply serrated leaves. Its flowers smell unpleasant, and its taste is
bitter. [24]. Purple petals of the species were used in this study. The
genus Mahonia, which is native to North America, is in the Berber-
idaceae family and has about 100 species [25]. Mahonia aquifolium,
which is widely used as an ornamental plant in Tiirkiye, is a 1-2 m tall,
evergreen plant in the form of an upright shrub [26]. Waxy blue-black
fruits of the species were used in this study.

In this study, we scrutinize two natural dyes sensitized devices: HR,
which is produced from Hyoscyamus reticulatus, and MA, which is
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extracted from Mahonia aquifolium. By examining optical and electro-
chemical characteristics as well as electron transfer kinetics in the
NDSSCs, we examine these natural dyes performance in depth. Herein,
we take a closer look at the two main driving forces that can have a
remarkably impact on the effectiveness of charge separation, conse-
quently, device performance. We consider how the underlying forces
behind electron injection and dye regeneration mechanisms affect the
performance of the devices.

2. Experimental

Berries and petals were subjected to a drying process at 50 °C for
around a day. Subsequently, dehydrated specimen were pulverized into
powder. In extraction procedure, 50 ml of methanol and ethanol for HR
petals and MA berries with a mass of 2 g were utilized respectively. The
extraction process was performed individually for each sample,
employing a mixer for 24 h. A heating approach was employed at 40 °C
during the extraction phase. On the following day, the extract under-
went filtration. Specimen were preserved at 4 °C, which are shielded
from light exposure until analysis.

This work employed extracts from the berries of Mahonia aquifolium,
and the petals of Hyoscyamus reticulatus as a natural dye to function as a
photosensitizer in synthesizing DSSCs. Specimens of botanical species,
namely the petals of Hyoscyamus reticulatus, and the berries of Mahonia
aquifolium were collected in Kirsehir, Tiirkiye. All botanical specimens
acquired from natural dyes were preserved in an herbarium. Procedures
for extracting the natural dyes utilized in this investigation are thor-
oughly detailed in our prior publications [13,15]. To prepare and
characterize the NDSSCs, we totally followed the same experimental
procedures and characterization techniques described in our previously
published papers [13,15]. The active area of the fabricated devices is
0.27 cm?,

The phenolic and anthocyanin components in the extract made from
the most effective solvent were discovered in this investigation. Pure
methanol, ethanol, and a mixture of methanol and water (80:20 v/v)
were the best extraction solvents for phenolic and anthocyanin content.
It has been determined that the main phenolic component of Mahonia
berries is chlorogenic acid, whereas cyanidin-3-O-glucoside is the main
anthocyanin molecule [27].

Extracts obtained from the petals of plants in the genus Hyoscyamus
contain several chemicals, including carotenoids, flavonoids, phenolic
acids, and tropane alkaloids. The carotenoids comprise the compounds
Lycopene, p-Carotene, and Zeaxanthin, among others. The flavonoids
comprise the compounds Kaempferol, Quercetin, Luteolin, Apigenin,
and Rutin. The phenolic acids comprise Caffeic, Ferulic, p-coumaric,
Salicylic and Rosmarinic acids, among others. Tropane alkaloids
comprise Norhioscyamine, Scopolamine, and Hyoscyamine, among
others. Hyoscyamus species are particularly rich in tropane alkaloids.
The tropane alkaloids can be found in lower concentrations in petals
than in leaves and seeds. But Flavonoids are prevalent in the petals of the
plant. It may also contain carotenoid pigments that impart color to the
petals [28,29].

3. Results and discussion

To unequivocally confirm the transfer of electrons to TiO; from the
extracted pigments of the dyes, we investigated vibration modes via FT-
IR spectroscopy analysis displayed in Fig. 1. Unlike the OH stretching
vibration occurring at the high wavenumber region, the C=0 stretching
vibration mode usually appears at the low wavenumber region [30,31]
as labelled in Fig. 1.

Thus, it is reasonable to assume that both dyes show C=0 and O-H
groups that are functional as marked in Fig. la. Peaks of HR dye
observed at 3671, 3353, 3225, and 1739 em ™! can be ascribed to these
vibrations. In contrast, the peaks for MA dye starts to appear at 3669,
3131, and 1729 cm'. Results demonstrate no obvious difference
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Fig. 1. (a) FT-IR spectra of natural dyes obtained from the HR and MA (b) The spectra of the photoanodes loaded and unloaded with dye.

vibration modes of the dyes probably due to their similar material
composition. These results also suggest that chemical interactions be-
tween the dyes and TiO» might occur owing to the presence of afore-
mentioned groups, facilitating to transfer of carriers to TiO from the
extracted pigments of the dyes.

Fig. 1b illustrates the spectra of the photoanodes loaded and unloa-
ded with dye. The results release that the unloaded photoanode displays
a low-intensity peak at 3335 cm™!, while dye-loaded photoanodes
display peaks, particularly near 3400 cm™ . It is assumed that the
presence of peaks revealing at approximately 1060 cm ™! is due to the
stress vibrations resulting from interactions between titanium and ox-
ygen. The presence of aforementioned peaks and their shifting in dye-
loaded versus non-dye-loaded photoanodes clearly suggests that these
dyes are successfully soaked onto surface and, therefore, suitable being
sensitizers in photovoltaic devices [32-36].

UV-vis spectroscopy was used to ascertain the optical absorption
properties of the dyes throughout a wavelength spectrum ranging from
200 to 800 nm (Fig. 2). The peaks in Fig. 2 appear 665 and 613 nm for
HR and 664 nm for MA in the visible light range. The peaks in Fig. 2
emerged between 469 and 439 nm, and at 309 nm for HR dye suppose
the availability of carotene and flavonoids compounds [37,38]. The
peaks appeared at 419 and 443 nm of the MA correspond to anthocyanin
compounds [39].

To better understand how the dyes influence the optical properties of
photoanodes, we probe the dye-loaded and unloaded photoanodes
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UV-vis spectroscopy. Fig. 3 depicts the spectra of the photoanodes
loaded and unloaded with dye. The inset of Fig. 3 shows cross sectional
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view of the unloaded photoanode, revealing that photoanodes have 10
um of thickness. The photoanode improved performance over the whole
spectrum after dye loading, with the most significant improvement re-
ported in the 400-600 nm range. It is apparent that the capacity for
absorption of the MA loaded photoanode is better with respect to one
loaded with HR is in the 400-530 nm range. In comparison, as for the
MA loaded photoanode, we can still observe slightly higher absorbance
above around 530 nm. These results further demonstrate that the
incorporation of HR can improve optical properties of photoanodes to
particularly benefit from longer wavelength of the light. To understand
the electrochemical characteristics of the dyes and the electrolyte, we
further attempt to have a deep insight into cyclic voltammetry (CV)
studies (Fig. 4). The CV investigation was conducted with a CHI1020B
electrochemical analyzer with a three-electrode cell configuration
[40,41].

Fig. 4 displays CV plots for the dyes alongside the electrolyte (EL).
Table 1 lists the parameters obtained from these graphs, where A;qy is
absorption wavelength. The possibility for oxidation by ground (Epx)
was estimated as to be 0.466 and 0.479 V with respect to normal
hydrogen electrode (NHE) for HR and MA, respectively. The optical
band gap (Epo) was determined from their absorption onset and
computed as 1.797 and 1.802 eV for HR and MA, respectively. The
excited state oxidation potentials (E*px) were found as —1.331 and
—1.323 V with respect to NHE for HR and MA, respectively. The energy
levels of the dyes were displayed in Fig. 5.

The level of HOMO for HR and MA is adequately positive relative to
the energy level of EL (0.374 V vs. NHE), signifying that the EL func-
tionally restores the dye which is oxidized. The CB of TiO is signifi-
cantly more negative with respect to LUMO of the dyes, proposing the
possibility of injecting electrons into the CB of TiO2 from the LUMO level
[42,43].

To validate the findings from the characterizations of the dyes,
NDSSCs consisting of an FTO/TiO2/Dye/Pt/FTO structure was fabri-
cated and their solar power output was evaluated under standard con-
ditions. The current density—voltage (J-V) curve is displayed in Fig. 6.
The inset of Fig. 6 shows pictures of the investigated plants and fabri-
cated devices based on them. The parameters determined from Fig. 6 are
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Table 1
The parameters obtained from Fig. 4.
Dye  Amax Eox/ Ernomo Eo. E*ox/ELumo AGiyj AGreg
(nm) (%) o(V) (%] W W)
HR 665 0.466 1.797 —1.331 —0.831 —0.092
MA 664 0.479 1.802 -1.323 —0.823 —0.105
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Fig. 5. Schematic energy level diagram of HR, and MA dyes as determined by
cyclic voltammetry.

summarized in Table 2 containing the average values based on five
parallel measurements. Note that the obtained photovoltaic parameters
show better values corresponding to the HR-based device, which, in
terms of UV-Vis and CV characterizations, is mostly in line with the
earlier findings.

Encouragingly, the HR-based device also possesses excellent opto-
electronic properties, exhibiting 1.2 % of power conversion efficiency
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Table 2

Key photovoltaic properties of DSSCs utilizing various dyes.
Dye Jee (mA/cm?) Voe (V) FF n (%) R (kQ) Ree ()
HR 2.66 0.67 0.67 1.20 38.7 32.03
MA 1.34 0.45 0.37 0.22 0.75 120.72

(PCE) of with 2.66 mA/cm? of Jy, 0.67 V of V. and 0.67 of FF, which
outperforms MA-based device for all photovoltaics (0.22 % of PCE, 1.34
mA/cm? of Jy, 0.45 V of V,. and 0.37 of FF) measured the same
conditions.

There is a lack of systematic studies based on experimentally deter-
mining driving forces in the natural DSSCs. An appropriate structure of
natural dyes can lead to a LUMO located above CB of TiO,, and
concurrently a HOMO preferentially located close to the EL. Having such
a design helps charge transfer and injection of electrons from the LUMO
to CB of TiO,, next, it is also beneficial for dye regeneration. The
photovoltaic performance of the dyes demonstrates a direct correlation
between the efficiency and the driving forces of electron injection and
dye regeneration [44,45]. So, to more accurately elucidate our results,
underlying forces and interfacial resistance values were calculated,
which significantly affect power conversion efficiency, Js, V,. and FF
values in NDSSCs. If injection originates from dye which is exciting,
underlying force for injection (AGiy;) is represented by the following
formula upon photoexcitation [46]

AGy =EY —E €))

where EJ¢ and ESS are oxidation potential of the excited-state and the

edge of CB of TiO,, respectively. E‘gf can be estimated from the
following:

EY =EY —Eo )

where Egg and Eo_o denote the ground-state oxidation potential and
energy corresponding to the maximum absorption, respectively.

The difference in energy between the potential of redox (Efiff;"b'm)

and E‘g;f determines a driving force for dye regeneration (AGr) [47]:

A Greg _ Eelecrmlyte _ Eg}; (3)

redox
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To get additional understanding of the impact of forces, AG;, and
AGy,, of each dye were computed, and compiled in Table 1. Note that our

values match those described in the literature quite well [44,45]. ng
values are more negative for both dyes than those of CB of TiO3, sug-
gesting efficient injection of electrons. The dyes have high absolute
values of AGy;, which is relatively higher for HR compared to MA. This
demonstrates that HR is more effectively injecting electrons into TiO,.
Since HR has superior optical properties and sufficient injection driving
force when compared to MA, one can easily conclude that the device
consisting of HR has a higher J. [48,49].

Avoiding charge recombination and promoting undesired charge
transfer are two advantages of efficient dye regeneration. The AG, of
HR is lower than that of MA, as shown in Table 1. It unveils that the co-
existence of HR and electrolyte employed may encourage the regener-
ation of oxidized dyes. Therefore, one can expect that the device con-
sisting of HR has a higher V,. with respect to MA [48,50].

In addition, the superior overall efficiency for HR may be also
attributed to its elevated FF value. The resistance, which includes shunt
(Rs) and series resistance (Rs.) have a strong correlation with the FF [3].
Recent research has significantly advanced our understanding of charge
transport mechanisms in thin-film semiconductor materials for opto-
electronic devices. Studies on modified TiO, systems reveal distinct
conduction behaviors — Fe-doped amorphous films demonstrate
multiphonon-assisted hopping conduction above 391 K [51], while
undoped TiO; follows variable-range hopping mechanisms at lower
temperatures [52]. Similar investigations in ZnO systems show that
optimal aluminum doping (3 wt%) enhances conductivity by modifying
trap states and grain boundary effects [53]. The temperature-dependent
localization effects [54,55] and leakage current [56] should also be
considered in carrier transport, enabling remarkable device innovations.
In photovoltaics, plasmonic core-shell nanostructures boost dye-
sensitized solar cell efficiency to 7.41 % through enhanced light-
matter interactions [57], while optimized TiO2 processing techniques
improve electron lifetimes for significantly better device performance
[58]. Together, these findings demonstrate how careful material design
and processing control can affect charge transport mechanisms. Ulti-
mately, appropriate values of resistance should be obtained for better
carrier transport. It is certain that a cell with low Ry, and high Ry, has a
high FF and thus lead to a higher conversion efficiency [3]. Those
resistance were extracted from the slope of J-V curve and listed in
Table 2. In our case, it is observed that the HR-based device has a low
value of R, but high value of Ry, compared to MA based device, leading
to an improvement in FF.

To comprehend a correlation between interfacial resistance dy-
namics and the photovoltaic properties of the devices, EIS measure-
ments were provided. The measurements were conducted in dark
conditions with a bias voltage approximately matching V,.. Figs. 7 and 8
represent the Nyquist and the Bode plots of the devices, respectively.
The inset of Fig. 7 displays the used appropriate equivalent circuit model
to fit EIS parameters [13,15]. The fitted EIS variables, including the
FTO’s resistance (R;), charge transfer resistance (R.), recombination
resistance (Ry), electron lifetime (7) and the charge collection efficiency
(n¢c) are summarized in Table 3. The Nyquist plots are composed of two
semicircles. The left semicircle at higher frequency related to the charge
transfer resistance (R.y) at the interface of Pt/electrolyte and the right
semicircle at lower frequency correspond to the recombination resis-
tance (Rpec) [58,59].

It is evident that the charge transfer resistance (R,) and series
resistance (R;) values are very close to each other verifying the fact that
both devices were fabricated under the same conditions. On the other
hand, since the value of R... of HR-based cell is remarkably higher than
that of MA-based cell, this case can greatly affect its V,. value [58,59],
which is consistent of our J-V results. Regarding the charge collection
efficiency of the devices, we can consider the equation of 7. = [1 + (Ree/
Rm)]'1 [60], confirming evidence of how quickly electron transport
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Table 3

Estimated fitting parameters based on EIS measurements of the HR and MA
natural dye based DSSCs.

Dye R (Q) Rrec () Ree (Q) 7 (ms) fee (%)
HR 3.61 207 9.95 64.04 95.4
MA 5.3 69.48 10.69 50.25 86.7

occurs. It is predicted that a relatively higher value of 5. of the HR-based
device possesses better charge transfer, boosting the overall perfor-
mance of the device.

To make our conclusions more convincing, we further consider Bode
graph (Fig. 8) to probe the lifetime which is a key parameter indicating
the performance. By using T = 1/(2nfnqx), One can estimate the lifetime.
The electron lifetime can be estimated through [58,59], where fyq the
peaks in the low-frequency section of the plots are illustrated in Fig. 8
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and listed in Table 3. The HR-based cell has longer electron lifetime than
that of MA-based cell, which verifies decreased rate of recombination
and better V,. [58,59]. The trend in the electron lifetime is in line with
the V, of the devices.

4. Conclusions

We have successfully developed Hyoscyamus reticulatus and Mahonia
aquifolium dyes based-DSSCs. To understand the mechanisms and
overall photovoltaic characteristics of illuminated solar cells, C-V, J-V,
and EIS measurements were conducted. The short-circuit current was
improved because of a greater driving force associated with injection,
whereas open-circuit voltage demonstrated an enhancement in a small
driving force associated with regeneration. Based on our outcomes,
among the tested natural DSSCs under similar conditions, HR exhibited
superior output value for an efficiency of 1.20 %. Our study on NDSSCs
paves the way for further research exploring the importance of under-
lying forces behind electron injection and dye regeneration in such
photovoltaic devices.
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