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a b s t r a c t

In the present study, we report on the synthesis of ZnO nanoparticles using Tilia Tomentosa (Ihlamur)
leaves extract followed by calcination at 400 !C for 15 min. The prepared ZnO nanoparticles were
characterized by XRD and SEM to study the phase and microstructure, respectively. The XRD analysis
showed the absence of impurity peaks and the SEM image confirmed the spherical nature of the pre-
pared ZnO nanoparticles with an average particle size of 80 nm. UV-Visible spectroscopy was used to
study the optical properties, and the bandgap was calculated to be 3.55 eV. This large bandgap is
attributed to the property of the semiconductor, which can be explored for solar cell applications.
Therefore, we used green synthesized ZnO nanoparticles to fabricate dye-sensitized solar cells (DSSC).
From the J-V curves, we calculated the DSSC parameters such as open-circuit voltage (Voc), short circuit
current density (Jsc), fill factor (FF) and efficiency (h), and their values were 0.65 V, 6.26 mA, 48.5%, and
1.97%, respectively, at 100 mW/cm2.
© 2020 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
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1. Introduction

Most of the researchers are preparing different varieties of
nanomaterials due to their panoptic range of applications and
amazing properties [1e5]. These are especially used in energy ap-
plications like photovoltaic cells and electrochemical applications
[6e10]. One among them is Zinc oxide (ZnO) nanoparticles; it has
attracted the attention of scientists due to its unique optical, elec-
trical and semiconductor properties along with the wide bandgap
and large exciton binding energy [11,12]. ZnO nanoparticles are
used in dye-sensitized solar cells (DSSC), electrochemical sensors,
paint cosmetics industries, gas sensors, photocatalysts, pharma-
ceuticals, rubber, etc. ZnO nanoparticles are prepared from various
methods like chemical precipitation, sol-gel, solution free mecha-
nochemical method, hydrothermal method, etc. These methods are
sometimes time consuming and tedious, may require special
expensive instrumental setups, toxic chemicals, high temperatures
and templates (which may result in impurities). On the other hand,

the biological method of preparing ZnO nanoparticles is an easy,
eco-friendly, non-toxic, simple and cost-effective method
compared to the above methods. The main advantage of this
method is the huge availability of different types of plants and the
presence of phytochemicals like aldehydes, ketones, flavonoids,
and phenols in plants. These phytochemicals act as reducing agents
as well as capping agents [13]. Generally, the biological synthesis of
metal oxide nanoparticles mainly depends upon the type of solvent
used, pH, pressure, temperature, etc. and can be achieved easily
[14]. This method is fast, robust and has many advantages over
other methods of preparing nanoparticles. Therefore, we report the
green synthesis of ZnO nanoparticles by using Tilia Tomentosa
(Ihlamur) leaves extract.

Ihlamur or Linden is a common plant of Turkey and it belongs to
the family of the genus Tilia, generally found in the form of trees or
shrubs [15]. These plant leaves and flowers exhibit good aroma and
are used extensively to prepare herbal tea in Turkey for centuries. It
possesses light yellowish color with soothing features and proved
to be very effective against the common cold, fever, headache, sore
throat, high blood pressure, etc. They are rich in antioxidants, fla-
vonoids and shows significant antimicrobial activity. Many re-
searchers reported the preparation of ZnO nanoparticles by using
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different plant leaves but no one reported the preparation of ZnO
nanoparticles by using Ihlamur plant leaves as to our knowledge.
Jamdagni et al. [16] prepared ZnO nanoparticles by using Nyc-
tanthes arbor-tristis flower extract and optimized the synthesis
conditions for maximal and narrow size particle? range. Bhumi
et al. [17] synthesized ZnO nanoparticles from Catharanthus roseus
leaf extract and validated them for antibacterial activity. They re-
ported that the biological synthesis of ZnO nanoparticles is a robust,
easy, economical and environmentally friendly method.

One more important property of ZnO nanoparticles is their
ability to act as a semiconductor due to a wide bandgap. Therefore,
we fabricated DSSC using our green synthesized ZnO nanoparticles.
O'Regan and Gratzel [18] reported the use of DSSC for the first time
and from there on DSSC has emerged as one of the energy-saving
inventions of all time. Presently, there is a huge need for clean
and renewable energy globally to support our modern society ac-
tivities. The use of DSSC is the best option to satisfy the need of
electric energy by converting solar energy into electric energy
directly. The DSSC is one of the conventional methods used to
produce electric energy from renewable sources and hence has
attracted the attention of many researchers due to their easy
fabrication process, low manufacturing cost and eco-friendly na-
ture [19]. ZnO nanoparticles are one of the most promising candi-
dates to fabricate the next-generation DSSC due to their wide
bandgap and excellent exciton binding energy at room
temperature.

DSSC's using green synthesized photoanode have still not ach-
ieved the desired high efficiency. Rathnasamy et al. [20] synthe-
sized hexagonal wurtzite ZnO nanoparticles by a green synthesis
method using Carica papaya leaf extract. They used the synthesized
ZnO nanoparticles as a photoanode in the dye-sensitized solar cell
and achieved 1.6% efficiency in energy conversion. Also, Sharma
et al. [21] synthesized ZnO nanoparticles from the leaves extract of
Calotropis gigantean and used them as photoanodes in dye-
sensitive solar cells and achieved 0.66% efficiency.

Many researchers have reported the use of ZnO nanoparticles
prepared by chemical and physical methods to fabricate DSSC but
very limited literature is reported to use ZnO nanoparticles pre-
pared from biological methods to fabricate DSSC. Therefore, in the
present paper, we report a green synthesis of ZnO nanoparticles
using Tilia Tomentosa (Ihlamur) leaves extract and its potential
application in DSSC. Furthermore, it should be emphasized that the
obtained efficiency value (1.97%) is higher than that of the reported
studies.

2. Experimental

2.1. Chemicals and reagents required

Zinc nitrate hexahydrate [Zn(NO3)2$6H2O], Sodium hydroxide
(NaOH), Triton-X 100 and acetylacetone were purchased from
Sigma-Aldrich. The plant extract was prepared in the lab using Tilia
Tomentosa (Ihlamur) leaves and all the solutions were prepared by
using double distilled water.

2.2. Preparation of plant extract

The dried leaves of Tilia Tomentosa (Ihlamur) were collected
from Bartin, Turkey. The dried leaves were blended carefully in a
blender to get uniform powders. Then 10 g of powdered leaves
were mixed with 200 mL of deionized water and the solution was
boiled at 80 !C for 15 min until a strong yellow colored solution
remains. Then the solution was cooled to room temperature and
filtered to get a clean yellow colored solution of plant extract. This
plant extract acts as both reducing agent as well as capping agent. A

small amount of fresh leaf extract is used to prepare ZnO nano-
particles and the remaining will be stored at 5 !C temperature for
further use.

2.3. Preparation of ZnO nanoparticles

We prepared a 0.1 M Zinc nitrate hexahydrate solution by dis-
solving 2.972 g of salt in a 100 mL standard flask using double
distilled water. The solution was agitated on a magnetic stirrer for
5 min at room temperature to get a homogenous solution. Then
20 mL of Ihlamur plant extract was added with continuous stirring
at 80 !C for 30 min on a magnetic stirrer. The solution turns yellow
after adding the plant extract. After 30 min of stirring, 1 M NaOH
was added dropwise till the yellow color solution turns into a pale
yellow color precipitate. Stirring at 80 !C was continued for
1e2 min for complete precipitation. Next, the solution was cooled
to room temperature and the solutionwas centrifuged for 10min at
an rpm of 7500. The supernatant solution was removed and
washed with water and again centrifuged. After 3 times of centri-
fugation, the pale yellow/white ZnO nanoparticles were collected
on a watch glass and dried at 70 !C in an oven overnight. The dried
ZnO nanoparticles were calcined in a furnace at 400 !C with a
holding time of 15 min to remove any evaporable impurities. The
calcined samples were cooled to room temperature and stored it for
further characterization. Fig. 1 shows the graphical representation
of preparing ZnO nanoparticles using Tilia Tomentosa (Ihlamur)
leaves extract.

2.4. Fabrication of ZnO based DSSC

ZnO nanopowders were coated onto the fluorine-doped tin
oxide (FTO) with a surface area of 0.25 cm2 using the doctor blade
method. For the coating, ZnO nanopowders were mixed with a
certain amount of Triton-X 100, acetylacetone and ultrapure water
and pestle to obtain a paste. The paste was squeezed on the FTO
surface by a razor blade to form a ZnO film. The produced film was
subjected to annealing to remove organic residues at 450 !C for 2 h.
The annealed film was immersed in 0.5 mM N719 ((cis-diisothio-
cyanato-bis(2,20-bipyridyl-4,40-dicarboxylato) ruthenium (II) bis(-
tetrabutylammonium): ruthenizer 535 bis-TBA, Solaronix Co.)) dye
solution for 2 h at room temperature at dark and later it was rinsed
with methanol and dried. The resulting photoanode was observed
to be red-violet. The dye-absorbed ZnO film was clipped with a
platinum-coated counter electrode to provide a sandwich-type
DSSC formation and the sealed tape was used to prevent short-
circuiting. For the final step of DSSC fabrication, the redox elec-
trolyte (Iodolyte AN-50, Solaronix Co.) was injected into the device
through the gap in the counter electrode. The structure of ZnO
based DSSC is also shown in Fig. 1.

2.5. Characterization of ZnO nanoparticles

The XRD (RIGAKU SmartLab) is used to investigate the phases
present in the prepared ZnO nanoparticles at the 2q range of
20e80! using Cu Kaa1 radiation (l ¼ 1.54056 Å). The topographical
morphology of the ZnO nanoparticles was investigated by using
scanning electron microscopy (SEM) (TESCAN- MAIA3 XMU) and
their elemental quantification was performed by energy dispersive
spectroscopy (EDS) attached to SEM. The absorption spectra were
recorded on the SHIMADZU UV 3600 plus spectrophotometer.
Photocurrent-voltage characteristics of the ZnO-DSSC were
measured by FYTRONIX OPTOSENSE on a solar simulator under
illumination with a power density of AM1.5 (100 mW/cm2).
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Fig. 1. Graphical representation of the preparation of ZnO nanoparticles using the Tilia Tomentosa (Ihlamur) leaves extract.
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3. Results and discussion

3.1. Structural analyses of the ZnO nanoparticles

The X-ray diffraction (XRD) pattern of the prepared ZnO nano-
particles is depicted in Fig. 2. The diffraction peaks at 2q of 31.71!,
34.37!, and 36.22! correspond to (100), (002) and (101) planes,
respectively, and confirms the formation of ZnO (Zincite) with
hexagonal structure. All the peaks were well matched with the
JCPDF Card No.: 01-076-0704. The diffraction peaks of the prepared
ZnO nanoparticles were broadened due to their retained nano-
structure even after calcination [22,23]. The peak broadening is also
due to high strain, instrumental errors, etc. [24e27]. To calculate
the average crystallite size of synthesized ZnO nanoparticles, we
used Scherrer's formula [28e30];

D¼ Kl
b cos q

(1)

where D is an average crystallite size, K is a constant equal to 0.94, l
is the wavelength of X-ray radiation (0.154 nm), b is Full-width half
maximum of the peak (in radians) and 2q is Bragg's angle (degree).

We have calculated the crystallite size for the diffraction peaks
(100), (002) and (101) using Scherrer's equation and found the
average crystallite size value to be approximately 22 nm. Lattice
parameters were found to be a ¼ 3.25 Å, b ¼ 3.25 Å, c ¼ 5.21 Å and
lattice angles are a ¼ 90!, b ¼ 90! and g ¼ 120!, respectively.
Similarly, the space group of the prepared ZnO nanoparticles was
found to be 186:P63mc. The intensities and diffraction peak's po-
sitions were well matched with the reported values.

3.2. Scanning electron microscopy analysis of the ZnO
nanoparticles

Fig. 3 (a) represents the SEM microstructure of ZnO nano-
particles prepared by Tilia Tomentosa (Ihlamur) leaves. The SEM
microstructure depicts the spherical nature of the prepared nano-
particles with similar sizes. The average sizes of the spherical ZnO
nanoparticles were found to be about 80 nm. The prepared ZnO
nanoparticles are homogeneous in nature with little agglomeration
because of their very fine size. We have not used expensive and
toxic capping agents to reduce agglomeration but, the plant extract
itself acts as both reducing agent and capping agent. Therefore, this
method is more economical and eco-friendly than any other
method of preparing ZnO nanoparticles.

Fig. 3 (b) shows the EDS image of ZnO nanoparticles prepared by
Ihlamur plant extract. The EDS analysis was performed to study the
composition of elements present in the ZnO nanoparticles. The
atomic percentage of zinc and oxygen was calculated theoretically
and the value was found to be 50% each. Similarly, the atomic
percentage of zinc and oxygenwas determined experimentally and
the values were found to be 50% each. As we have seen from the
EDS data, both zinc and oxygen atoms present in prepared ZnO
nanoparticles are stoichiometric to each other and are agree with
the theoretical values.

3.3. Optical characterization of the ZnO

UV-vis spectroscopy was used to study the optical band gap of
ZnO nanoparticles. The prepared ZnO nanoparticles were dispersed
uniformly in deionized water using an ultra sonicator for 2 min to
get a homogeneous solution. Fig. 4 shows the UV-visible spectrum
of green synthesized ZnO nanoparticles. The spectrum shows a
broad absorption peak at 350 nm which is due to the surface
plasmon absorption of ZnO nanoparticles. This surface plasmon

Fig. 2. XRD diffraction pattern of ZnO nanoparticles prepared by Tilia Tomentosa
(Ihlamur) leaves extract.

Fig. 3. (a) SEM image and (b) Energy dispersive spectroscopy (EDS) image of the synthesized ZnO nanoparticles.
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absorption phenomenon occurs due to the collective oscillation of
the free conduction band electrons when electromagnetic radiation
strikes them [31,32]. The UV-Visible absorption peak obtained for
ZnO nanoparticles in the present study is comparable with other
reports.

The bandgap energy (E) of prepared ZnO nanoparticles were
calculated by using the following equation [32]:

E¼h# C
l

(2)

where E ¼ Bandgap energy
h ¼ Planks constant ¼ 6.626 # 10$34 J s.
C ¼ Speed of light ¼ 3.0 # 108 m/s
l ¼ Cut off wavelength ¼ 350 # 10$9 m.
*Conversion 1eV ¼ 1.6 # 10$19 J.
The calculated band gap energy value was found to be 3.55 eV

and this intrinsic bandgap absorption of ZnO is due to the electron
transitions from the valence band to the conduction band. Due to
the absorption of ZnO nanoparticles at the UV region, they can be
used in medical applications such as sunscreen protectors or as
antiseptic ointments [32].

3.4. Electrical characterization of ZnO based DSSC

The fill factor of DSSC can be calculated by:

FF ¼ Jmax # Vmax

JSC # VOC
(3)

where Jmax, Vmax, JSC, VOC are the values of the current density and
the voltage for the maximum power point, short current density
(JSC) of the measured current at 0 V, and the open-circuit voltage
(VOC), respectively. The power conversion efficiency (n%), which is
the ratio between maximum power (Pmax) and electrical input
power (Pin), is calculated by the following equation:

n¼
FF # VOCxJSC

SxPin
(4)

where S is the area of the DSSC [33].
The current density-voltage (J-V) curve of the ZnO based DSSC at

different light intensities is shown in Fig. 5. From the J-V curves, the
DSSC parameters such as open-circuit voltage (Voc), short circuit
current density (Jsc), fill factor (FF) and efficiency (h) were

calculated using Equations (3) and (4). The calculated values of the
DSSC parameters are given in Table 1. The n% value of the fabricated
ZnO based DSSC was found to be quite good compared to the
studies with similar ZnO nanoparticle structures in the literature
[34]. It has been reported that the dipping time of a ZnO film into a
sensitizing dye is a key factor for solar cell parameters of the ZnO-
based DSSC [35]. The produced ZnO-based DSSC achieved higher
efficiency in a shorter period of dipping time compared to similar
studies [20]. The high efficiency can also be explained by the
increased absorption due to the increase in the number of dye
molecules adsorbed onto the ZnO surface. Therefore, because the
method is simple and the samples can easily be prepared, the use of
ZnO nanoparticles in photovoltaics is promising for the future. The
current density value was found to be relatively low. The most
important parameter that determines the overall efficiency limit of
the system is the photocurrent. If the particle size approaches to the
nano level, then parental materials behave differently due to their
high surface area and surface energy [36e38]. The average crys-
tallite size of the prepared ZnO nanoparticles is found to be about
22 nm. Therefore, we can expect significant photochemical prop-
erties. Various factors such as a small roughness factor, reflection or
scattering in the photoanode, low injection efficiency, charge
collection efficiency can cause a relatively lowphotocurrent [39]. As
the light intensity increased, the short circuit current value linearly
increased to the values close to saturation. The linear increase in
(Jsc) was attributed to higher photogenerated excitons [40].
Therefore, more electron densities were transferred to ZnO at
higher light intensities. It can be seen from Table 1 that the n and Jsc
values increased as the applied light density rises. An increase in
light intensity is attributed to an increase in charge generation.
Similar observations have been reported for the ZnO-based DSSC
[35]. These results show that when the intensity of illumination is
increased up to 100 mW/cm2, there is no significant change in
transport, injection and recombination mechanisms.

Fig. 4. UV-Visible spectrum of the green synthesized ZnO nanoparticles.
Fig. 5. J eV curves of ZnO-DSSC at different light intensities.

Table 1
The photovoltaic parameters of ZnO-DSSCs.

Lighting Intensity (mW/cm2) Jsc (mA/cm2) Voc (V) n (%) FF (%)

20 0.67 0.49 1.01 61.3
40 1.90 0.59 1.11 35.9
60 3.37 0.61 1.41 41.3
80 5.10 0.62 1.65 41.6
100 6.26 0.65 1.97 48.5
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4. Conclusion

The ZnO nanoparticles were successfully prepared by an easy
and eco-friendly plant-mediated biological method using leaves of
Tilia Tomentosa (Ihlamur). The synthesized ZnO nanoparticles
showed a single-phase hexagonal structure with an average crys-
tallite size of 22 nm as calculated from Scherrer's equation. SEM
study unveiled the spherical nature of the nanoparticles with little
agglomeration. In the present experiment, we have not used any
extra capping agents to reduce agglomeration due to their toxic
nature; but, the plant extract itself acts as both a reducing agent as
well as a capping agent. Therefore, the present method is more
economical and eco-friendly than other methods for preparing ZnO
nanoparticles. The average particle size of the ZnO nanoparticles
was found to be 80 nm. The EDS analysis confirmed the 1:1 stoi-
chiometric ratio of zinc and oxygen, both theoretically and exper-
imentally. The UV-Visible spectroscopy of the ZnO nanoparticles
showed a broad surface Plasmon resonance absorption peak at
350 nm with a bandgap of 3.55eV. The ZnO nanoparticle-based
DSSC was successfully fabricated and their performance was
investigated from the current density-voltage behavior under
simulated sunlight. The high efficiency of the fabricated DSSC is due
to a significant increase in the absorption of dye molecules onto the
surface of ZnO nanoparticles. Therefore, the use of green synthe-
sized ZnO nanoparticles in fabricating DSSC is an easy and prom-
ising method for the wellness of our future.
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