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A B S T R A C T   

An effective extraction strategy has been devised to get natural dye sensitizers from Ligustrum vulgare fruit (M1), 
Juniperus sabina fruit (M6), and Papaver rhoeas petal (M9) to produce dye-sensitized solar cells (DSSCs). The 
power conversion efficiencies (PCE) achieved from the DSSCs with dyes extracted from Ligustrum vulgare fruit, 
Juniperus sabina fruit, and Papaver rhoeas petal are 0.48 %, 0.55 %, and 0.42 %, respectively. The improved 
photovoltaic efficiency of the DSSCs created using Juniperus sabina fruit can be primarily due to the notable 
increase in the open circuit voltage, which reached 0.66 V.   

1. Introduction 

Applying natural dyes in DSSCs is a significant utilization of these 
dyes, showcasing their broad functionality. DSSCs use a photosensitive 
sensitizer to capture solar radiation and efficiently convert it into elec
trical energy. Therefore, using dyes as sensitizers is a critical element in 
the functioning of DSSCs. There are synthetic dyes specially designed for 
this specific purpose. Natural dyes are an alternative to synthetic dyes 
due to their cost efficiency, environmental friendliness, and abundant 
availability. Researchers are working to improve the effectiveness of 
DSSC by utilizing natural dyes [1–3]. 

The present study focused on the production of DSSC utilizing nat
ural dyes extracted from Ligustrum vulgare fruit, Juniperus sabina fruit, 
and Papaver rhoeas petal. Based on our current knowledge, this study is 
the first investigation into the photovoltaic capabilities of DSSC derived 
from natural dyes. This research study aims to investigate the impact of 
dyes on photovoltaic performance to gain a more comprehensive un
derstanding of their properties. 

2. Plant material and preparation of natural dye 

The information about the taxonomic classification of Ligustrum 
vulgare, Juniperus sabina, and Papaver rhoeas is given in the supple
mentary material. The botanical specimens, Ligustrum vulgare fruits, 
Juniperus sabina fruits, and Papaver rhoeas petals, were obtained from the 

Kirsehir region in Turkey (Fig. 1a). The voucher specimen was deposited 
at the herbarium of Kirsehir Ahi Evran University. The fruits and petals 
were dried at 50 ◦C for 24 h. Following this, the dried samples were 
ground into a fine powder. The extraction process involved using 50 mL 
of methanol for Ligustrum vulgare fruit and 50 mL of 96 % ethanol for 
Juniperus sabina fruits and Papaver rhoeas petals, with a mass of 2 gr. The 
extraction procedure was conducted on a per-sample basis, with each 
sample being heated at a temperature of 40 ◦C using a mixer for 24 h. 
The extract-filtrated samples were kept at +4 ◦C and protected from 
exposure to light (Fig. 1b). 

3. Results and discussion 

3.1. UV–Vis and FT-IR spectroscopy of natural dyes 

The presence of anthocyanin and flavonoid compounds is of utmost 
importance in facilitating the transfer of electrons from excited dye 
molecules to TiO2. The M1 dye obtained from the methanolic extract of 
Ligustrum vulgare fruit contains anthocyanins and flavonoids [4]. 
Amentoflavone has been identified as the main component of the 
ethanolic extract derived from the fruit of Juniperus sabina for the M6 
dye solution [5]. Anthocyanins are the primary chemical constituents of 
the ethanolic extract of M9 dye from Papaver rhoeas petals [6,7]. 

The supplementary material provides details regarding the FT-IR and 
UV–Vis spectra. The capacity of anthocyanin and flavonoid compounds 

* Corresponding author. 
E-mail address: merdogdu@ahievran.edu.tr (M. Erdoğdu).  
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to engage with TiO2 is attributed to the presence of carbonyl and hy
droxyl groups [8], which promote the electron transfer mechanism. The 
spectral range of 3100–3500 cm− 1 [9] displayed a prominent peak 
attributed to the vibrational modes of the hydroxyl group. The FT-IR 
spectra (Fig. 1c) of the M1, M6, and M9 dyes have peaks at 3363 
cm− 1, 3617 cm− 1, and 3586 cm− 1, respectively, which suggest the 
presence of the O-H functional group. The peak detected at around 1720 
cm− 1 [9] can be attributed to the stretching vibration mode of the 
carbonyl functional group. The presence of the carbonyl functional 
group can be detected in the FT-IR spectra of the M9, M6, and M1 dyes, 
with characteristic wavenumbers of 1718 cm− 1, 1693 cm− 1, and 1702 
cm− 1, respectively. 

Fig. 1d displays the UV–Vis absorption spectra of the dye extraction 
solutions. The peak absorbance of the M9 dye is observed at a wave
length of 577 nm, indicating that the spectral absorption range for the 
anthocyanin region is from 450 to 600 nm. Anthocyanins play a sig
nificant role in the pigmentation of poppy petals, resulting in their red 
color [10]. It can be noted that the absorbance of M1 is significantly 
lower when compared to that of M9. The wavelength at which the M1 
exhibits maximum absorbance is determined to be 533 nm. M6 con
taining chlorophyll appears at a spectral peak at a wavelength of 670 
nm. 

3.2. Photovoltaic characterization 

The information about the fabrication of DSSC devices is given in the 
supplementary material. Table 1 displays the photovoltaic parameters of 
the devices, encompassing the open-circuit voltage (Voc), short-circuit 
current density (JSC), fill factor (FF), and photovoltaic efficiency (η). 
Fig. 2a depicts the current density–voltage curves of the DSSC fabricated 
using the dyes mentioned above. The M6 dye-based DSSC exhibits a 
superior maximum PCE of 0.55 % compared to the efficiencies achieved 

by M1 and M9 dyes. These values can be attributable to the solar cell JSC 
value of 1.02 mA/cm2, VOC value of 0.66 V, and FF of 82 %. Notably, the 
DSSC, specifically those incorporating M9, demonstrated a greater JSC of 
1.22 mA/cm2 than the DSSC using M1 and M6. 

Nevertheless, the VOC exhibited by the DSSC utilizing M9 was 
significantly diminished, resulting in a decreased overall efficiency 
compared to the DSSC using M6. The occurrence of charge recombina
tion in the device can be attributed to the reduction in VOC reported in 
DSSCs employing M9 dye. After the M1 dye is applied onto the surface of 
TiO2, there is an increase in the VOC from 0.56 V (for M9) to 0.64 V. 
Furthermore, it should be noted that the FF exceeds that of M6 and M9, 
with a value of 0.88. However, it is worth mentioning that the JSC shows 
a drop, reaching 0.85 mA/cm2. As a result, the application of M1 led to a 
notable decrease in efficiency, measuring at 0.48 %. The comparable 
photocurrent seen in devices based on M6 and M9 can be explained by 
considering the balance between the quantity of dye deposited on TiO2 
and the UV–visible spectrum response. It can be deduced that anodes 
containing M6 demonstrate the most significant potential for success 
compared to alternative dyes utilized in DSSC applications. 

An in-depth examination of the interfacial characteristics of devices 
employing M1, M6, and M9 dyes was conducted using electrochemical 
impedance spectroscopy (EIS). The assessment covered a range of fre
quencies from 1 MHz to 1 Hz, with a bias voltage that roughly 
approximated the VOC. Table 1 provides a concise overview of the 
characteristics of the elements identified through the utilization of an 
appropriate equivalent circuit. 

Fig. 2b presents the Nyquist graphs mentioned in a prior paper [11]. 
RCT, RREC, and RS information are described in detail in the Supple
mentary material. The randomized controlled trial (RCT) prefers the M6 
M9 M1 sequence. Regarding M1, a correlation exists between the 
observed changes in RCT and the fluctuations reported in the JSC values 
of DSSC employing M6 and M9 dyes. This suggests that the variable 

Fig. 1. A)Ligustrum vulgare fruits (M1), Juniperus sabina fruits (M6), and Papaver rhoeas petals (M9), b) the dye solutions, c) FT-IR, and d) UV–Vis spectra of the 
dye solutions. 
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under investigation, RCT, had a noticeable impact on the observed var
iations in JSC measurements. Based on the calculated value of RREC ob
tained from Fig. 2b, the recombination rate at the interface of the 
photoanode is somewhat lower for devices utilizing M6 compared to 
those utilizing M1 and M9. Additionally, it was noted that the device 
utilizing M6 demonstrated the highest RREC value, indicating that the 
M6-based device possesses a superior VOC compared to its counterparts 
and boosts the overall efficiency of the device. The determination of the 
charge collecting efficiency (ηc) for the devices can be obtained by uti
lizing the measured impedance data and applying the equation ηc =

[1 + (Rct/Rrec)]
− 1 [12]. The data demonstrates a sequential pattern in the 

following sequence: The device based on M6 demonstrates enhanced 
performance in charge transfer and recombination suppression 
compared to other dyes, as seen by the hierarchy M1 < M9 < M6. The 
patterns detected in the values of RCT demonstrate a notable level of 
resemblance. This factor may act as an additional element contributing 
to the improved PCE of M6-based devices compared to devices that 
employ alternative dyes. 

Table 2 compares the DSSCs investigated in the current research and 
other DSSCs documented utilizing natural dyes. The new dye exhibits 
superior characteristics in comparison to alternative dyes. Identifying an 
enhanced photo-to-electric conversion efficiency implies a notable as
sociation between the dye molecules and TiO2, demonstrating a robust 
connection between these entities. 

4. Conclusions 

In brief, our research employed novel natural dye sensitizers ob
tained from Ligustrum vulgare, Juniperus sabina, and Papaver rhoeas to 
fabricate DSSCs. This represents the initial documented case of utilizing 
these sensitizers in the literature. The dye sensitizers examined in this 
study have positive characteristics that make them promising candidates 
for use as cost-effective dyes in DSSCs. The sensitizers under consider
ation exhibit certain advantages in comparison to their natural dye 
counterparts, specifically in terms of cost-effectiveness and perfor
mance. As a result, the device comprising a Juniperus sabina photoanode 
demonstrated the best efficiency, measuring 0.55 %. 
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Table 1 
Photovoltaic performance (a), the parameters derived from EIS measurements (b) of the devices.  

Dye JSC (mA/cm2) VOC (mV) FF η (%) Rs (W) Rct (W) Rrec (W) ηc (%) 

M1 0.85±0.16 0.64±0.039 0.88±0.08 0.48±0.049  41.07  11.91  182.2  93.86 
M6 1.02±0.14 0.66±0.042 0.82±0.07 0.55±0.041  41.86  3.82  272.3  98.62 
M9 1.22±0.11 0.56±0.021 0.62±0.05 0.42±0.011  41.22  5.99  142.1  95.95  

Fig. 2. The J-V characteristics (a) and EIS measurements (b) of the devices.  

Table 2 
Comparison of the results for various DSSCs based on natural dyes.  

Source JSC (mA/cm2) VOC (V) FF η (%) Reference 

Rosella  1.63  0.41  0.57  0.37 [13] 
C. Fistula flower  0.54  0.51  0.65  0.21 [14] 
Spinach  0.41  0.59  0.58  0.17 [15] 
Nasturtium  0.72  0.55  0.70  0.28 [16] 
Ipomoea  0.91  0.54  0.56  0.28 [17] 
Cosmos sulphureus  1.04  0.45  0.61  0.54 [18] 
Juniperus sabina  1.02  0.66  0.82  0.55 This study  
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