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ABSTRACT

Zinc oxide (ZnO) nanoparticles are multifunctional materials with wide application potential. The aim of this re-
search is to synthesize ZnO nanoparticles utilizing Indigofera tinctoria leaf extract in methanol as an eco-friendly
reducing and stabilizing agent. Synthesis was carried out with variations in extract mass, namely 1 g (Z1), 5 g
(25),and 10 g (Z10) to evaluate the effect of the extract concentration upon the characteristics of the nanoparticles.
FTIR, XRD, SEM, XRF, and UV-Vis DRS were used to characterize the samples. FTIR analysis results showed
typical ZnO peaks at wave numbers 422-430 cm™'. XRD analysis revealed that the nanoparticles have a hexagonal
wurtzite crystal structure with space group P63mc. The crystallite size decreased as the extract concentration in-
creased, amounting to 16.55 nm (Z1), 15.21 nm (Z5), and 13.75 nm (Z10). The band gap energy value increased
from 3.19 eV (Z1) to 3.21 eV (Z10), indicating an increase in optical activity at higher extract concentrations.
Morphological analysis by SEM showed that all samples exhibited a quasi-spherical shape. EDS characterization
revealed that only Zn and O elements were identified. XRF results confirmed the pristineness of ZnO nanopar-
ticles, with a ZnO content of 98.99%. This research provides new insights into the potential use of Indigofera
tinctoria leaf extract in the synthesis of ZnO nanoparticles, which can be utilized in various functional material and
technology applications. These results also open up opportunities for the development of green synthesis methods
for the fabrication of nanomaterials with characteristics that can be customized according to application needs.
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INTRODUCTION

Nanotechnology is a method and technique
of treating materials to obtain materials with new
functionalities and improve their characteristics
(Lusvardi et al., 2017), and it can be applicable in
many fields when combined with other research
areas (Abbas et al., 2019). Nanotechnology has
drawn the curiosity of researchers because it
produces materials with good mechanical, elec-
tromagnetic, and optical properties (Chandrakala
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et al., 2022). Among various materials, nanopar-
ticles play a special role in various applications.
Nowadays, the desire for an environmentally
friendly approach has led to the widespread im-
plementation of green synthesis routes for pro-
ducing metal oxide nanoparticles (Marouzi et al.,
2021). The biosynthesis method is similar to the
bottom-up approach in the chemical reduction
process (Nabi et al., 2021).

Generally, leaf extracts are widely used in
the metal oxides biosynthesis because leaves
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are rich in metabolite compounds (Nadeem et
al., 2018). Biosynthesis can be affected by the
concentration of the plant extract. The quan-
tity of plant extract can influence the size and
shape of the nanoparticles (Ashour et al., 2023).
Silver and gold nanoparticles have been syn-
thesized using the aqueous leaf extract of /ndi-
gofera tinctoria. The presence phytochemicals
in the leaf extract of Indigofera tinctoria have
an influence on the production of nanoparticles
(Vijayan et al., 2018). Indigofera tinctoria is a
shrub in Fabaceae family. It is well-known as a
medicinal plant (N et al., 2020) and has antimi-
crobial activity (Srinivasan et al., 2015). Studies
showed that /ndigofera tinctoria contains indigo
color and applicable in dye-sensitized solar cell
(DSSC) (Rajan & Cindrella, 2019).

ZnO nanoparticles are one of the most wide-
ly produced and used nanomaterials (Shaikhal-
dein et al., 2021). According to the US Food
and Drug Administration (FDA), ZnO is known
as a generally recognized as safe (GRAS) ma-
terial (Rafeeq et al., 2021). As an n-type semi-
conductor, ZnO has an exciton binding energy
of 60 meV and a band gap energy of 3.37 eV
(Fu & Fu, 2015). ZnO is also known to be a
good photocatalyst due to its good electrical and
optical properties, non-toxic, inexpensive, and
high photocatalytic activity (Sheik Mydeen et
al., 2020). The biosynthesis that has been car-
ried out using Mimosa tenuiflora extract shows
that ZnO nanoparticles have the ability to de-
grade methyl orange, with yields reaching 96%
in 90 minutes under UV irradiation and 62% for
180 minutes under sunlight (Quevedo-Robles et
al., 2022). The methanolic leaf extract was em-
ployed in synthesis due to its excellent ability
as a capping agent in nanoparticles production
(Kumara Swamy et al., 2015). Moreover, pre-
vious report has shown that ZnO nanoparticles
synthesized using methanol extract produce a
smaller nanoparticle compared to aqueous ex-
tract (Mushtaq et al., 2023). Although the bio-
synthesis of ZnO nanoparticles using plant ex-
tracts has been widely carried out, most studies
still focus on aqueous extracts of various plants.
The use of methanolic extracts in the synthesis
of ZnO nanoparticles is relatively rarely report-
ed, although it is known that methanol has a bet-
ter ability to extract phytochemical compounds
than water. Therefore, this study investigates the
biosynthesis of ZnO nanoparticles using metha-
nolic leaf extract of Indigofera tinctoria, as well

as evaluates the effect of varying extract concen-
tration on the obtained nanoparticles.

MATERIALS AND METHODS

Materials

Fresh leaves of Indigofera tinctoria were
collected at the local area in Kajang, Bulu-
kumba, Indonesia. The chemicals used in this
work, including natrium hydroxide (NaOH),
methanol (CH,OH), and zinc acetate dihydrate
(Zn(CH,COO0), 2H,0), were ordered from Merck
with no further purification.

Extract preparation

The fresh leaves were cleaned and air-dried.
The dried leaves were then grounded. Methanol
was added to 100 g of dried leaf and extracted
for 45 minutes at 50 °C. The extraction proce-
dure was accomplished using ultrasound-assisted
extraction (Yasser et al., 2020). The extract was
concentrated using a rotary vacuum evaporator.

Gas chromatography-mass spectroscopy
analysis

GC-MS analysis was performed using GCMS-
QP2010 Plus (Shimadzu). Rtx-5SMS was used as
column with length of 30.0 m, thickness of 0.25
pum, and diameter of 0.25 mm. The carrier gas used
in the analysis was helium, which had 99.99% pu-
rity level. The chemical substances were identified
by matching their spectra to the database.

Biosynthesis of ZnO nanoparticles

In this study we utilized methanolic leaf ex-
tract of Indigofera tinctoria as bioreductor in bio-
synthesis process. The nanoparticle fabrication
was accomplished based on the previous study
(Abomuti et al., 2021), with modifications. ZnO
nanoparticles were synthesized with different
leaf extract masses (1, 5, and 10 g) and labelled
Z1, 75, and Z10. The leaf extract was dissolved
with double-distilled water (50 mL) in the bea-
ker glass. After 10 minutes of stirring, the mix-
ture was filtered. Zinc salt (5 g) was added to the
mixture and stirred for 2 hours at 50 °C. Later on,
NaOH 2M was added until the mixture attained
pH 12 and then filtered after the next 2 hours. The
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nanoparticles were dried for 8 hours at 60 °C. The
obtained ZnO nanoparticles were calcined for 2
hours at 400 °C. Figure 1 illustrates the biosyn-
thetic procedure.

Characterization of ZnO nanoparticles

Fourier transform infrared spectroscopy

FTIR analysis was performed using IRPres-
tige-21 Shimadzu. ZnO nanoparticles were mixed
with KBr crystals then subjected to infrared
scanning.

X-Ray diffraction

The crystal structure was determined using
Shimadzu XRD-7000 with Cu-Ka radiation, be-
tween 15°-75°, scan speed 2.00 deg/min. The
Scherrer formula was used to calculate the crys-
tallite size (Adam et al., 2021) (Eq. 1).

K2
b= pcost (1)

where: 4 is the X-ray wavelength, f is the full
width at half maximum (FWHM), 6 is the
diffraction angle and £ is a constant.

Scanning electron microscope-energy dispersive
X-Ray spectroscopy

The morphology of ZnO nanoparticles was
examined utilizing SEM, Hitachi SU3500, accel-
erating voltage 10kV and maximum magnifica-
tion 100k. The elemental composition was exam-
ined using EDAX TEAM.

#] zinc acetate dihydrate
addition

ted extract
+
double-distilled water

concen

& calcination at 400 °C,
o 2 hours

Zn0 nanoparticles

X-ray fluorescence

Thermofisher ARL QUANT’X EDXRF was
used to analyse the chemical composition of ZnO
nanoparticle.

UV-Vis diffuse reflectance spectroscopy

The optical characteristics were determined
using UV-Vis DRS, Thermo Evolution 220 with
scan speed 150 nm/min. The reflectance was
measured at 200-800 nm.

RESULTS AND DISCUSSION

GC-MS analysis

The extract chromatogram is shown in Fig-
ure 2. The chromatographic peaks were ob-
tained by GC-MS analysis from 3.5 to 42 min
and thirteen compounds were identified. All
the compounds have 90% and above similarity
index according to database. The compounds
with similarity index below 90% were not con-
sidered (Marin et al., 2018; Tahya & Karnela-
satri, 2021). The compounds identified are pre-
sented in Table 1. The major component of the
extract was identified at 14.864 min. The main
component traced was mome inositol which is a
polysaccharide. It has been reported that mome
inositol can act as a bioreductor due to its ca-
pability in stabilizing and capping during bio-
synthesis (Joghee et al., 2019). Previous study

mixture after adjusting
to pH 12

drying at 60 °C,
8 hours

Figure 1. Schematic process of synthesizing ZnO nanoparticles
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Figure 2. Methanolic leaf extract of Indigofera
tinctoria chromatogram

reported that 26 compounds were detected in
the extract of Indigofera tincotria.

FTIR analysis

The functional group of leaf extract and
ZnO nanoparticles was examined within 4000—
340cm™. The ZnO stretching vibration is as-
sociated with intense absorption peaks at 428
(Z1), 430 (Z5), and 422 cm™ (Z10) in Figure 3.
ZnO nanoparticles characteristic vibrations are
identified by vibrational stretching at 400-600
cm™! (Poonguzhali et al., 2021). A result com-
parable to the typical vibration peak at 422 cm’!
was observed in ZnO nanoparticles synthesized
utilizing Eucalyptus globulus (Obeizi et al.,
2020). The absorption at 2367 (Z1) and 2341
cm™! (Z5 and Z10) were attributed to carbonyl
stretching (Prasad & Joseph, 2024) due to the
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Figure 3. FTIR spectra of ZnO nanoparticles

atmospheric CO, during analysis (Kaningini et
al., 2022; Swamy et al., 2021). OH group vibra-
tions marked by the broad and strong stretch-
ing at 3373 (extract), 3451 (Z1), 3445 (Z5), and
3449 cm! (Z10) (Alamdari et al., 2020; Sadiq
et al., 2021), indicate flavonoids, saponins, and
tannins (Fadhila et al., 2024). The FTIR spec-
trum of extract also showed absorption at 2924
cm™ denoting C-H streching. A peak at 1630
cm™ is linked to C=C vibration. The peak at
1402 cm™ is typically associated wtih C-H bend-
ing vibration, at 1070 cm™ could indicate C-O
streching vibration, and peak at 758 cm™ can be
atributed to out-of-plane C-H bending vibration.
FTIR spectra of ZnO nanoparticles displayed an
absorption pattern that is comparable to the ex-
tract, albeit with a decreasing intensity. That in-
dicates that plant biomolecules involved in bio-
synthesis surround ZnO nanoparticles, revealing

Table 1. GC-MS analysis of methanolic leaf extract of Indigofera tinctoria

No. Retention time Compounds

1. 3.641 1,2-cyclopentanedione

2. 14.864 Mome inositol

3. 15.845 Neophytadiene

4. 16.320 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester
5. 18.284 n-Hexadecanoic acid

6. 18.883 Hexadecanoic acid, ethyl ester

7. 21.421 9,12,15-Octadecatrienoic acid, methyl ester, (Z,Z,2)-
8. 21.683 Phytol

9. 22.459 9,12,15-Octadecatrienoic acid, (Z,Z,Z)-

10. 22.928 (E)-9-Octadecenoic acid ethyl ester

11. 23.517 Octadecanoic acid, ethyl ester

12. 30.096 1,2-Benzenedicarboxylic acid

13. 40.385 Vitamin E

303



Ecological Engineering & Environmental Technology 2025, 26(4), 300-310

that biomolecules are crucial to the synthesis of
nanoparticles (Dappula et al., 2023).

X-ray diffraction characterization

The diffractograms of Z1, Z5, and Z10 can be
seen in Figure 4. No impurities associated with
the diffraction peaks were detected. The peaks
were allocated as (100), (002), (101), (012),
(110), (013), (200), (112), (201), and (004) crys-
tal planes. This result is in accordance with COD
96-900-4179. The pattern reveals that all the dif-
fraction peaks indicate the typical peak of ZnO
hexagonal wurtzite structure (Faisal et al., 2021;
Nunes et al., 2024).

Table 2 displays that ZnO nanoparticles crys-
tallite size is influenced by the different masses of
extracts applied. As the concentration of the ex-
tract increases, the crystallite size of the prepared
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Figure 4. ZnO nanoparticles diffractogram

Table 2. ZnO nanoparticles crystallite size

nanoparticles decreases (Parmar & Sanyal, 2022).
ZnO nanoparticles crystallite size was 16.55 (Z1),
15.21 (Z5), and 13.75 nm (Z10). This finding is
consistent with the prior study (Isnaeni et al.,
2021) that the amount of the extract can control
the nanoparticle crystallite size throughout the
synthesis process. The crystallite size is smaller
than the previously reported, which obtain crys-
tallite size of ZnO nanoparticles produced utiliz-
ing aqueous leaf extract of Indigofera tinctoria
was 22 nm (Chithiga & Manimegalai, 2023).
The Rietveld refinement technique was ap-
plied to ascertain the ZnO nanoparticle crystal
structure using Rietica software (Rilda et al.,
2022; Xie et al., 2024). Figure 5(a—c) illustrate the
Rietveld refinement curves. The Rietveld refine-
ment results verify that the synthesized nanopar-
ticles represent a single phase. The crystal param-
eters after refinement are tabulated in Table 3.
The reliability index, such as expected profile R-
factor (R_ ), weight profile R-factor (R ) profile
R-factor (R) and Chi-square (y?) show suitable
values that confirm the accuracy of the refinement
results (Ho et al., 2024). ¥* values decline with the
increase of the extract mass, which corroborated
the successful refinement between experimental
data and the theoretical plot (Geetha et al., 2016).

Morphological characterization

Figure 6(a-c) display the morphology of pre-
pared ZnO nanoparticles at varying masses of
leaf extract. The morphology of Z1, Z5, and Z10
was observed at 30.000x magnifications. The
SEM images exhibit a quasi-spherical shape and

Z1 Z5 Z10

K z(égztf Crystallite size (nm) z(égztf Cryst(anl :}S’i size 2((tjlgzt)a Crystallite size (nm)
100 31.58 16.36 31.60 15.04 31.78 14.22
002 34.22 19.85 34.24 17.50 34.42 15.28
101 36.06 16.99 36.08 16.01 36.24 15.05
012 47.38 13.97 47.38 13.20 47.56 13.22
110 56.42 16.52 56.42 15.91 56.60 14.64
013 62.70 15.58 62.70 14.34 62.86 13.92
200 66.22 12.07 66.22 11.05 66.40 8.45
112 67.80 14.71 67.78 14.07 67.92 13.30
201 68.92 16.82 68.94 15.37 69.10 12.95
004 7242 22.62 72.44 19.63 72.60 16.45

Average 16.55 Average 15.21 Average 13.75

304



Ecological Engineering & Environmental Technology 2025, 26(4), 300-310

Table 3. Refined parameters of prepared ZnO nanopar-

ticles
Parameters Z1 Z5 Z10
Space group P63mc P63mc P63mc
a=b(A) 3.2500 3.2482 3.2466
c(A) 5.1999 5.2017 5.1998
Vv (A% 47.5671 47.5305 47.4646
z 2 2 2
a=f(°) 90 90 90
v(°) 120 120 120
R, 19.49 20.49 19.53
R, 7.35 6.58 5.07
R, 10.00 9.63 8.19
X? 0.14 0.10 0.07

agglomerated. The morphology of Z1, Z5, and
710 particles is similar to each other. The out-
comes of the images are consistent with the prior
reports, Terminalia catappa (Momoh et al., 2024)
and Agathosma betulina (Thema et al., 2015) ex-
tract formed similar shaped ZnO nanoparticles.
Figure 6(d-f) show the EDS spectra of Z1, Z5,
and Z10. The spectra depict the elemental infor-
mation of the products. The absence of other ele-
ments besides Zn and O in the spectra indicates
the fabricated nanoparticles have high purity.

X-ray fluorescence characterization

The XRF analysis of Z10 is presented in
Table 4, which contains 98.99% ZnO, while

the proportions of CuO, P,O,, NiO, Nb,O,, and
Rh,O, were only in traces. It was revealed that the
synthesized ZnO nanoparticles have negligible
impurity (Nath et al., 2018). This finding aligns
with the data from FTIR and XRD characteriza-
tions, validating the pristineness of the prepared

nanoparticles in the present work.

Optical properties

Figure 7a illustrates that the absorption peaks
for all samples are shown below 400 nm. The ab-
sorption peaks can be attributed to the intrinsic
band-gap absorption of ZnO nanoparticles since
the electron transitions from the valence band to
the conduction band (O,,—Zn,) (Alshehri & Ma-
lik, 2019; Mthana et al., 2022). ZnO nanoparticles
UV-Vis absorption occurs within 350-380 nm
(Alyamani et al., 2021), which is specific to the
wurtzite phase (Uribe-Lopez et al., 2021). The re-
flectance spectra was analysed utilizing the Kubel-

ka-Munk function (Eq. 2) (Ramesh et al., 2015).

Table 4. XRF analysis for Z10

Analytes Composition %
ZnO 98.99
CuO 0.515
P,O, 0.236
NiO 0.197
Nb,O, 0.0426
Rh,0, 0.0053
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Figure 5. Rietveld refinement XRD patterns of Z1 (a), Z5 (b), and Z10 (c)
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(1-R)?

F(R) = 2R

2

where: R is the reflectance value and F(R) is the
equivalent to the absorption coefficient.

Figure 7b-7d depicts the Kubelka-Munk
plots of the synthesized nanoparticles, (F(R)hv)?
as a function of photon energy. The higher extract
concentration was followed by the slightly in-
creased band gap values as the crystallite size de-
crease (Z1=3.19 eV, Z5=3.20 eV, Z10=3.21 eV).
The quantum confinement effect is responsible
for the increase band gap value (Anbuvannan et
al., 2015). These calculated band gap values had
decreased, smaller than the bulk ZnO band gap
energy. The ZnO nanoparticles capacity to absorb
UV light improves and could possibly expand to
the visible-light range if the band gap energy de-
creases. The increase in absorption efficiency
is related to the enhanced performance of ZnO
nanoparticles in photocatalytic activity. Therefore,
ZnO nanoparticles demonstrate better performance
in photocatalytic activity (Aldeen et al., 2022).

CONCLUSIONS

This research successfully synthesized ZnO
nanoparticles utilizing biosynthesis method with
Indigofera tinctoria leaf extract in methanol. The
findings show that the phytochemical compounds
in the extract act as bioreductor and the extract
concentration affects the crystallite size and band
gap energy of the nanoparticles. The crystal-
lite size decreased as the extract concentration
increased, while the band gap broadened. The
decrease in crystallite size and increase in band
gap indicate that the extract concentration has a
considerable effect on the physical and optical
properties of nanoparticles. This study supports
the development of eco-friendly nanomaterials
for the application in photocatalysts, sensors,
pharmaceutical, and cosmetic industries. In addi-
tion, further study can be focused on optimizing
synthesis conditions to improve production ef-
ficiency as well as direct application in various
fields, including antimicrobial, waste treatment,
and optoelectronic device development.
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