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Optical and Crystal Structure Properties of ZnO Nanoparticle Synthesized
through Biosynthesis Method for Photocatalysis Application
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Abstract: In this study, zinc oxide nanoparticles (ZnO NPs) were synthesized from zinc
nitrate hexahydrate precursor and mango leaf extract (MLE). The purpose of this
research was to investigate the crystal structure and optical properties exhibited by ZnO
NPs for photocatalytic applications. ZnO NPs produced from various concentrations of
sodium hydroxide (NaOH) and the addition of MLE during the synthesis stage
demonstrated intriguing physical structure and optical properties. XRD characterization
results revealed the attainment of a pure ZnO phase with a high crystallinity degree in all
samples. Biosynthesis with MLE unveiled minor peaks corresponding to the cellulose
phase. The achieved crystallite size ranged from 15-28 nm. The FTIR patterns detected
in the wavenumber range of 600-4000 cm™" indicated successful crystallization of all ZnO
NPs samples. The band gap energy for each sample (ZnO-A to ZnO-E) is indicated to be
in the range of 3.25, 3.25, 3.26, 3.31, and 3.17 eV, as demonstrated by the Tauc relation.
The effect of MB degradation by the ZnO-E photocatalyst is revealed by the
photodegradation of 96.46%.
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m INTRODUCTION

Some metal oxide materials are being produced as

nanomaterials for various

industrial

As a metal oxide, ZnO is a semiconductor (II-VI),
which has properties such as good transparency, high
electron mobility, wide band gap energy, and substantial

applications, ) o ]
room temperature luminescence, so it is widely

including catalysis, sensors, environmental remediation,
medicine, food, and cosmetics [1-6]. From the point of
view of photocatalytic applications, zinc oxide (ZnO) and
titanium oxide (TiO,), are synthesized as nanoparticles
[7-8] due to their increased ability as photocatalysis
degradation. However, according to several studies [7-
10], ZnO nanoparticles (ZnO NPs) are more active than
TiO, in killing bacteria, so commercially, they have
become an essential material to be developed. Apart from
being an antibacterial, several publications also report
using ZnO NPs as an adsorbent or photocatalyst to
remove dyes [11-13].

developed as an environmentally friendly photocatalyst,
medical, and environmental remediation [14-17]. This
photocatalyst shows the appropriate energy potential for
oxidation and reduction processes on the
semiconductor surface [17]. Like the bulk material, ZnO
NPs have a hexagonal wurtzite crystal structure with a
band gap energy of 3.32 to 3.77 eV. This structure has
high optical transparency in the visible light spectrum.
The wurtzite system is very stable at room temperature,
so it has been widely studied for environmental
improvement and the production of photovoltaic energy

[18-20]. The exciton binding energy of ZnO NPs is
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about 60 meV, allowing excitonic transitions at room
temperature and high radiation recombination efficiency
for spontaneous emission. Furthermore, ZnO at the
nanoscale level renders it a promising material for use in
high-performance devices in nanotechnology and is easily
synthesized [21-24].

Various methods have been reported to synthesize
ZnO nanoparticles, but hydrothermal and precipitation
processes have several advantages, including low
processing temperature, low cost, and environmental
friendliness. Treatment, time, and methods used during
synthesizing ZnO NPs affect the results obtained, so
studying one of these parameters will provide interesting
information.

Treatments utilizing plants for the synthesis of ZnO
NPs have been widely conducted, as evidenced by various
studies on plants, such as Moringa oleifera [15], Mangifera
indica [16-17], Bergera koenigii [25], Rosmarinus
officinalis [26], Pandanus odorifer [27], Polygala tenuifolia
(28], Hibiscus sabdariffa [29], Sambucus ebulus [30], and
Laurus nobilis [31]. The superiority of plants is revealed
due to their biocompatibility, environmental friendliness,
and cost-effectiveness in producing ZnO NPs.

Mango (M. indica) is found in almost all regions of
Indonesia, making it an abundant source of raw materials
for the biosynthesis of ZnO NPs. The utilization of
abundant phytochemical content such as flavonoids,
saponins, carotenoids, alkaloids, and phenolics in plants
supports their use as reducing agents and capping agents
in the biosynthesis of ZnO NPs. The biosynthesis of ZnO
NPs has been undertaken using mango leaves [16,32] and
mango seeds [33], both of which are rich in phenolic
acids, xanthones, benzophenones, tannins, terpenoids,
and flavonoids [34]. While ZnO NPs synthesized using
mango leaf extract [26,32] and mango seeds [33] are
recognized for medical applications, their use for
photocatalysis purposes has not been reported to date.
Mango leaves were chosen as the raw material in this
research because they are easier to obtain than mango
seeds.

In this research, ZnO NPs will be synthesized
through two treatments: first, without the addition of

mango (M. indica) leaf extract (MLE), and second, by

adding MLE (biosynthesis) into the solution of zinc
(NaOH). The
biosynthesis of ZnO NPs will lead to an enhancement in

nitrate and sodium hydroxide
the dispersion properties of ZnO in the solution,
resulting in uniform particle sizes and the mitigation of
aggregation issues in ZnO NPs, as demonstrated by
Wijesinghe et al. [35]. The synthesis method employed
is hydrothermal and precipitation; not only is this
method simple and characterized by low energy
consumption, but it also operates at relatively mild
temperature and pressure conditions during the
synthesis process. Additionally, the hydrothermal
method offers the advantage of producing ZnO NP
powder with a high level of crystallinity at low
[18,36-38],
synthesis kinetics [19]. In this research, the mass of
NaOH will be varied. MLE will be added as a
precipitating agent and capping agent to assess their

temperatures significantly ~ expediting

respective effects on the structure and morphology of
the ZnO NPs.

Furthermore, the impact of NaOH and MLE
solution on the physical structure, surface morphology,
chemical composition, and optical properties of ZnO
NPs was analyzed through X-ray diffraction (XRD),
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Fourier transform infrared
(FTIR), diffuse
spectroscopy (UV-vis-DRS). Information obtained from

and ultraviolet-visible reflectance

biosynthetically synthesized ZnO NPs can be a reference
for developing ZnO NPs as a photocatalyst material.

m EXPERIMENTAL SECTION
Materials

The materials used in this study were zinc nitrate
hexahydrate (Zn(NO3),-6H,O, 95%, Merck), NaOH
(75%, Merck), deionized water, ethanol (C,HsOH, 97%,
Merck), and mango leaf. All materials were used without
further purification.

Instrumentation

The crystalline structure of ZnO NPs was analyzed
by XRD using a Panalytical XPert Pro diffractometer
operating at 30 kV and 40 mA using CuKa radiation
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(A =1.54060 A) with a step size of 0.02°. Data was
recorded in the range of 20 10-80° with rotation
goniometry. The morphology of the samples was analyzed
using SEM from Zeiss EVO MA 10 and TEM from FEI-
Tecnai G2 20 S-Twin. Functional groups were observed
using the FTIR from Agilent/FTIR CARY 630. The UV-
vis absorbance spectra determined the optical band gap
using CARY 100 Spectrophotometer Shimadzu.

Procedure

Preparation of MLE

Mango leaves were washed under running water to
remove dust particles, and then 5 g of mango leaves were
cut into pieces and placed in a beaker glass containing
deionized water (100 mL). The leaves were soaked for
5 min and then placed in a water bath at 70°C for 30 min.
The leaf solution was allowed to cool and filtered using
Whatman filter paper number-1 to obtain MLE for
further use.

Preparation and chemical synthesis ZnO NPs

ZnO nanoparticle powder was obtained via the
hydrothermal method. First, 2.97 g of Zn(NO),-6H,O
was dissolved in 2 mL of deionized water. Second, NaOH
solutions were prepared by dissolving various mass values
(1, 2, 3, 4g) in 20 mL of deionized water. Third, the
Zn(NOs),-6H,0 solution with a concentration of 5 mol/L
was dripped with NaOH solution, each with a
concentration of 1.25, 2.50, 3.75, and 5.00 mol/L, so 4
samples were obtained. This mixture was stirred for 3 h,
after which the solution was placed into an autoclave and
heated at 100 °C for 8 h. Next, the autoclave was allowed
to cool for 24 h; then, the solution was transferred to tubes
for centrifugation. This process uses ethanol and
deionized water alternately to obtain a filtrate, ready to be
dried at 100 °C for 3 h, and then the samples were ground
using an agate mortar to get ZnO NPs powder. The
samples obtained are called ZnO-A (1.25 mol/L of NaOH),
ZnO-B (2.50 mol/L of NaOH), ZnO-C (3.75 mol/L of
NaOH), and ZnO-D (5.00 mol/L of NaOH).

Preparation and biosynthesis of ZnO NPs

ZnO NPs were synthesized using the precipitation
method. In this procedure, 0.2 mol/L Zn(NOs),-6H,O was
dissolved in 50 mL deionized water and subjected to a

magnetic stirrer for 1. Next, 20 mL of 0.1 mol/L solution
of NaOH was added slowly to the Zn(NO;),-6H,O
solution using a pipette, and the mixture was stirred with
a magnetic stirrer for an additional hour. Next, 25 mL of
MLE solution was added, and the mixture was mixed
with a magnetic stirrer for 3 h. During the first hour of
incubation, the color of the mixture gradually changed
to yellow, confirming the formation of ZnO NPs. The
resulting precipitate was filtered and washed alternately
with deionized water and ethanol. Next, the filtrate was
dried at 80 °C for 2 h. After drying, the sample was
ground using an agate mortar until a fine white powder,
namely ZnO NPs (ZnO-E), was obtained.

Particle size was calculated from XRD data using
the Scherrer Eq. (1);
D= 0.91 1)

Bcos6

where A = X-ray wavelength (A), B = full width at half
maximum (FWHM)(rad), and 0 = scattering angle (°).

The lattice strain parameter (g) can be calculated using
XRD pattern data using Eq. (2);
B
= 2
¢ 4tan0 @
which is a modified form of the Williamson-Hall

formula [39-40]. Furthermore, the dislocation density,
§, is the length of the dislocation lines to the unit volume
of the crystal, which can be calculated from Eq. (3);

1
3= o) (3)
where D is particle size.

The estimated band gap value can be obtained by
applying the Tauc relationship [41], which is expressed

by the Eq. (4);
(ochv)l/n :A(hv—Eg) (4)
where h, A, v, E;, a, and n are Plank's constant =
6.6 x 107*J s, proportionality constant (J), frequency
(Hz), band gap energy (eV), and absorption coefficient,
and value of the type of transition in the semiconductor
material, respectively. For direct and indirect
transitions, the n values are % and 2. Because ZnO is a
direct transition semiconductor, the n value is %.
Photocatalyst activity is interpreted through

analysis of photocatalytic data, especially on the reaction
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kinetics calculated using the pseudo-first-order kinetic
(Eq. (5)). The efficiency of the degradation of the
methylene blue (MB) is calculated by Eq. (6) [28].

C
In—=-kt 5
n c (5)

% Degradation = [AO _ Aj x100% (6)
Ao
Photocatalytic application of ZnO-E

ZnO-E sample was used to degrade MB with a
concentration of 10 ppm. MB (100 mL) was added with
3.5 g of ZnO-E photocatalyst and irradiated with sunlight
for 90 min with an interval of 30 min. The photocatalytic
activity was analyzed using a Shimadzu CARY 100
Spectrophotometer with a 200-800 nm wavelength range.
Exposure time is approximately 11.00 to 13.00 in July
2023.

m RESULTS AND DISCUSSION
XRD Analysis

Qualitative analysis
Fig. 1 shows the XRD diffractogram of ZnO NPs

synthesis grown at 100 °C for 8 h and the XRD pattern of
ZnO NPs biosynthesis for 5 h. XRD patterns showed
crystalline structure and broadening of the characteristic
line of the ZnO nanoparticles. A typical XRD pattern for
a hexagonal structure shows the three most robust lines at
a 20 value of 31.8-32.06° [100], 34.4-34.76° [002], and
36.27-36.56° [101]. The result of the qualitative analysis
showed that the diffraction peaks match the zinc oxide
phase of Powder Diffraction File card database No. 01-
089-0510 [42].

Fig. 1 shows a shift in the 20 diffraction peaks, which
is associated with an increase in the mass of NaOH. The
diffraction peak's widening represents the material's
crystallite size becoming smaller. The varying intensity
and widening of the peaks represent the rearrangement of
the crystal planes according to the synthesis conditions,
which are influenced by the mass of NaOH [43-45]. In
general, the 20 and FWHM angle shifts in samples (ZnO-
A to ZnO-D) are due to the influence of the addition of
NaOH concentration, where the pH value of each
solution is 11, 12, 13, and 14, respectively. The effect of
pH on crystallite size, according to Nath et al. [46], has
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Fig 1. XRD diffractogram of ZnO NPs in various
concentrations of NaOH grown at 100 °C for 8 h (ZnO-

A to ZnO-D) and 5 h (ZnO-E).

increased the crystallite size. This explains that during
the synthesis process, there is an increase in the reaction
rate due to the increase in the concentration of NaOH,
so more Zn(OH); nuclei are formed, and there is more
chance for crystal growth. In ZnO-E, besides NaOH
affecting the growth of ZnO NPs, MLE also reduced and
stabilized the sample.

Table 1 shows the difference between the d spacing
of data and the d spacing of the database is less than
0.011 A, which indicates good matching between theory
and data. FWHM becomes smaller when the NaOH
solution becomes more alkaline, and it is directly related
to the crystallite size. The sample's crystallite size
increases with the increase in the concentration of
NaOH. It also means that increasing the concentration
of NaOH as a precipitating agent impacts reducing the
width of the diffraction peaks. At the same time, it was
revealed that the crystals grew very well due to the
growing environment, which was increasingly alkaline
[47].

pH is an essential factor that reduces metal ions by
changing the electrical charge of molecules, thereby
changing the ability to mitigate and grow nanoparticles.
An increasingly alkaline solution will accelerate the
growth rate in the solution due to the high concentration
of OH". The abundant amount of OH" ions causes a
strong attraction between Zn*" ions and OH™ ions, thereby
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Table 1. Crystallites size of all samples. Each sample represents the concentration of NaOH used in the synthesis. ZnO-
A =1.25mol/L, ZnO-B = 2.50 mol/L, ZnO-C = 3.75 mol/L, ZnO-D = 5.00 mol/L, ZnO-E = 0.25 mol/L (biosynthesis)

Samples 20 B (FWHM) d spacirulg, d spaciflg, IAd (A)] Crystallites size
©) @) dxrp (A) drpr (A) (nm)
ZnO-A 36.56 0.549 2.4581 2.46903 0.01093 15.2
ZnO-B 36.54 0.499 2.4587 2.45753 0.00117 16.8
ZnO-C 36.32 0.349 2.4724 2.47513 0.00273 23.9
ZnO-D 36.27 0.296 2.4756 2.47608 0.00048 28.2
ZnO-E 36.34 0.454 2.4726 2.47523 0.00263 18.4

increasing the formation of crystallization and forming
smaller ZnO NPs grain sizes [48]. In ZnO-E, apart from
the alkaline effect, the presence of phytochemicals in the
MLE also played an important role, not only as a reducing
agent but also as a control of the growth of ZnO NP
crystallites. The phytochemicals in the leaf extract
significantly prevent the crystallization of ZnO by
interacting with free Zn** ions during the reduction
process [49]. This means that the process of crystallization
of ZnO is controlled during the reduction process.

The widening of the XRD diffraction peaks indicates
a deviation from the perfection of the crystallinity of ZnO
NPs so that the lattice strain is considered a measure of
the lattice distribution due to crystal imperfections (lattice
dislocations). The lattice strain values for each ZnO NPs
sample (ZnO-A to ZnO-E) were 0.00727, 0.00659,
0.00465, 0.00397, and 0.00602 (Eq. (2)). These values
confirm the uniformity of the specimen in all
crystallographic directions. A slight shift towards a lower
Bragg angle indicates the presence of constant strain in
the crystal (Fig. 1), as well as changes in the intensity and
widening of the diffraction peaks representing the
rearrangement of the crystal planes according to the
synthesis conditions [43].

Dislocation densities of ZnO-A to ZnO-E, which are
calculated using Eq. (3), namely 0.00432, 0.00355,
0.00175,0.00127, and 0.00293. It can be seen that FWHM,
lattice strain, and dislocation density show the same
behavior and tendency, fluctuating when the molarity of
NaOH changes from 1.25 to 5 mol/L or the pH value
changes from 11 to 14. These fluctuations are influenced
by the molarity of NaOH, where a lower molarity gives a
crystallite size smaller and larger grain boundary areas
that constrain dislocation densities. Consequently, a grain

size reduction usually increases the nanoparticles'
toughness and lowers the dislocation density [46].
According to Abdulrahman et al. [45], fluctuations in
dislocation density and FWHM are caused by variations
in crystallite size and the internal strain formed by lattice
mismatch and ZnO NPs aggregation with each other at
higher pH values. This means that the pH value
significantly affects the final product of different
nanostructures. The contribution of a higher pH makes
the FWHM value smaller and provides a sufficient
amount of OH™ presence to form ZnO.

XRD diffractogram analysis proved that changes in
the molarity of NaOH had increased the crystalline
properties of ZnO. The effect is expressed in a decrease
in the width of the diffraction peaks and, consequently,
in the lattice strain, which also decreases based on the
calculation of the lattice parameters [50]. The high and
sharp intensity of the diffraction peaks is related to the
degree of crystallinity and the position of the atoms in
the unit cell. Shifting atomic positions results in
increasing or decreasing the peak intensity of the XRD
diffractogram, which has an impact on the distance
between the planes, as shown in Table 1 [51].

Quantitative analysis

Quantitative analysis of XRD data was carried out
using Rietveld's Rietica software to refine data. The
model used to refine information is PDF No. 01-089-
0510. In general, the refinement results in all samples
were good, so the model used can represent the success
of ZnO NPs synthesis. After a series of refinements, cell
parameters of synthesized ZnO NPs can be seen in Table
2. The standard cell parameters for refining data are
ICSD collection code 82028 with values a = b = 3.249 A
and ¢ =5.205 A. This change is due to increasing the
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Table 2. Cell parameters for XRD patterns of ZnO NPs after refinement

Samples a=b(A) c(A) Lattice distortion (c/a) Cell volume (A%
ZnO-A 3.249 5.203 1.601 54.923
ZnO-B 3.250 5.207 1.602 54.999
ZnO-C 3.256 5.216 1.602 55.298
ZnO-D 3.249 5.205 1.602 54.944
ZnO-E 3.195 5.103 1.597 52.092

molarity of NaOH given to the sample, which causes
changes in cell volume, cell parameters (a = b and ¢), and
crystallite size. Differences in lattice parameters and unit
cell volume were observed among samples ZnO-A, ZnO-
B, ZnO-C, and ZnO-D. Variation in the molarity of
NaOH in the synthesized ZnO NPs has changed the cell
volume. These results indicate that NaOH affects the
growth of ZnO NPs crystals by controlling the growth
conditions [52]. The reaction of NaOH in zinc nitrate
solution plays an essential role in the crystallization
process. Adding NaOH mass causes the supersaturation
state that occurs during the synthesis to increase.
Supersaturation is the driving force for crystal nucleation
and growth [45,52].

The reduction in cell volume in the ZnO-A, ZnO-B,
and ZnO-C samples was caused by differences in the
molarity of NaOH in the zinc nitrate solution. The
temperature gradient is created by a certain molarity of
NaOH in the zinc nitrate solution, which accelerates the
nucleation process [53]. Crystal nucleation is more
dominant than crystal growth because the supersaturation
state increases after adding NaOH mass, which increases
the pH of the solution. In contrast, crystal growth at low
supersaturation is faster than nucleation, so the crystallite
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size becomes more significant. Jay Chithra et al. [54], in
their research, obtained that the morphology of ZnO
nanoparticles changed from a coarse structure to rod-
like when the pH of the solution increased. These
morphological changes indicate that increasing the pH
has a greater impact on the morphology of the ZnO NPs.
The crystallite size, morphology, phase, and surface area
of ZnO NPs highly depend on the number of positively
and negatively charged ions present in the medium
during preparation. The pH conditions of the medium
can change the electrical charge of the molecules, and
this change will affect their reduction [55].

Fig. 2 shows typical different plots measured
(black) and calculated patterns (red) for samples ZnO-A
and ZnO-E. The green color is the difference in intensity
between the two, while the vertical blue lines indicate the
diffraction peaks. The refinement process succeeded in
analyzing the measured pattern and the calculated
pattern. This means that the prepared ZnO NPs follow
the reference results, also indicated by the decrease in the
reliability (R) factors (Rp, Rup, Rexp, and Rg) and goodness
of fit (GOF) during the calculation process. The R factor
and GOF values are shown in Table 3. Fig. 2(a) and Fig.
2(b) compare the results of refined samples obtained from
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Fig 2. Rietveld refinement of XRD patterns of ZnO NPs (a) ZnO-A; and (b) ZnO-E
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Table 3. R and GoF suitability factors, resulting from
refinement of XRD data for ZnO-A and ZnO-E
samples

Samples R, Ryp Reapy  GOF  Rprg
ZnO-A 843 11.01 1032 1.130 0.49
ZnO-E 933 1293 950 1852 1.33

chemical synthesis (ZnO-A, NaOH = 1.25 mol/L) and
biosynthesis with MLE (ZnO-E, NaOH = 0.25 mol/L). The
diffractogram of Fig. 2 shows several peaks other than the
prominent ZnO peak, representing a phase other than ZnO
NPs. It is thought that the nitrate compounds not dissolved
during synthesis contributed to this diffraction peak (Fig.
2(a)). In contrast, the cellulose compounds contributed to
the MLE biosynthetic diffractogram (Fig. 2(b)).

SEM Analysis

The surface morphology of the ZnO NPs was
studied further using SEM, whose images are presented in
Fig. 3. SEM images of ZnO NPs obtained are generally
agglomerated conditions and reveal nanostructure
information that shapes rod-like, are thought to be
formed due to NaOH adsorbed on the ZnO core.
Generally, variations in the mass of NaOH showed a
change in the crystallite size as the mass of NaOH added
increased. Sample ZnO-A (Fig. 3(a)) was shaped like a
sheet [56], sample ZnO-D (Fig. 3(b)), such as needles and
granular grains, and sample ZnO-E (Fig. 3(c)), such as
flower-like. The different surface morphologies of the
samples are due to lattice mismatch, chemical bonding
across the interface, and the presence of residual oxides.
Based on Fig. 3 with the same magnification, visually, the
grain size of the synthesized ZnO NPs decreased with the

addition of NaOH. All samples showed agglomerated
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morphology and were not in a uniform shape. This is
because the changes in phase pH due to NaOH mass to
alkaline sol may cause agglomeration. Based on some
literature [57-59], crystallite formation occurs when the
number of OH™ ions are sufficient for the nucleation and
growth of ZnO NPs. In Fig. 3(a), the crystallite formed
at pH 11 shows high agglomeration because the OH"
ions from NaOH are not enough to form ZnO NPs. In
contrast, the ZnO NPs particles in Fig. 3(b) (pH 14)
rod-like
distribution, indicating complete ZnO NPs formation.

showed a wuniform rice-like and some
Interestingly, several very small nanorods on the lateral
surface of a single pencil-like stem (Fig. 3(b)) make ZnO
NPs look like a thorny flower. The nanorods grow
almost vertically on the lateral surface of the pencil-like
stem, which is induced by secondary nucleation. In
addition, as reported by Sounart et al. [60], nuclei
aligned in the most energetically favorable orientation
grow at the expense of misaligned nuclei due to reduced
interfacial pressure on the primary ZnO surface. Other
factors might also contribute to nucleation, such as the
adsorption of the diamines on the ZnO crystal.
secondary
nucleation at concentrations of Zn that approach the

Diaminoalkane  molecules  regulate
saturation point in the growth of secondary branches.
The organic diamines control the nucleation and growth
of branches through their influence on ZnO solubility by
and pH.

morphological studies, the effect of increasing the pH

forming Zn-amino complexes From
value or increasing the molarity of NaOH will cause the
formation of grain size to decrease.

Fig. 3(c) reveals the effect of MLE on the

morphology of ZnO NPs, which forms a cauliflower-like

» 4 ' P
Mage 00KX  GoniAs 81 wnrsr
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Fig 3. SEM image for ZnO NPs, that is, ZnO-A (a), ZnO-D (b), and ZnO-E (c). Bar scale = 1 pm. Magnification = 20,000x
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shape [14]. Mango (M. indica) leaves have biomolecules
(like carbohydrates, proteins, and coenzymes) that can
reduce metal salt into nanoparticles. The phytochemicals

aldehydes,
carboxylic acids, and amides) in MLE can potentially

(flavones, terpenoids, sugars, ketones,
reduce metal ions in a short incubation time due to acting
as both reducing and stabilizing agents in the ZnO NPs
synthesis process [61]. Flavonoids contain various
functional groups, which have an enhanced ability to
reduce metal ions. The reactive hydrogen atom is released
due to tautomeric transformations in flavonoids by which
enol-form is converted into the keto-form. This process is
realized by the reduction of metal ions into metal
nanoparticles. However, Fig. 3 can confirm the results of
the ZnO NPs XRD diffractogram in Table 2, where the
effect of the NaOH on peak widening causes the crystallite

size to increase while the lattice strain decreases (Eq. (2)).
TEM Analysis

The internal morphology of ZnO NPs is known
through the TEM micrograph (Fig. 4), confirming the
agglomeration of ZnO NPs (Fig. 3), and some of the
particles are not entirely separated. TEM micrograph also
shows the presence of various hexagonal structures in the
sample, especially in ZnO-D (Fig. 4(a)).

ZnO-D (Fig. 4(a)) has a non-uniform rod-like
structure. ZnO-D has an average diameter distribution of
30 nm, while ZnO-E (Fig. 4(b)) has an average size of
20 nm after being analyzed using Image] software. Several
studies [62-64] show that nanorods can be obtained by the

hydrothermal synthesis method. The TEM image in Fig.
4(b) shows the nanoflowers (Fig. 3(c)), which are non-
uniformly assembled. It displays dispersed ZnO
The

nanoflowers appear agglomerated and overlapping due

nanoparticles with a semi-spherical shape.

to their intersection [56].
FTIR Analysis

FTIR has been used to test the purity and
properties of ZnO NPs with the pattern shown in Fig. 5.
ZnO NPs have been synthesized by hydrothermal
method and obtained FTIR pattern with characteristic
peaks (Fig. 5(a)). The peak at ~3347 cm™" is due to O-H
stretching assigned to water absorption on metal
surfaces [65]. The peak at ~2102 cm™ is present in all
samples. It can be attributed to atmospheric CO, uptake
of metal cations that may be present in the apparatus
during analysis [66]. Another possibility is due to the
high surface area of ZnO NPs, which absorb water
rapidly from the atmosphere when the samples are kept
and ground in the air [67].

Narrow peaks at 1498 and 1386 cm™" can be set to
nitrate ions due to unreacted zinc nitrate residues [68].
It is known that the typical vibrational band of nitrate is
usually in the range of 1200 to 1500 cm™ [69]. This peak
corresponds to the Rietveld pattern (Fig. 2(a)), which has
a small peak of 26 around 13.2°. These peaks disappeared
after the mass of NaOH was added to the solution. The
absorption band at 870 cm™ is assigned C-O deformation
vibrations in the plane [70]. The asymmetric stretching

3 5 .’(@1 " .
Fig 4. TEM image for ZnO NPs, namely ZnO-D (a) and ZnO-E (b). Bar scale: 200 nm
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Fig 5. FTIR pattern of ZnO NPs synthesized by (a) hydrothermal method with variation of NaOH mass, and (b)

biosynthesis using MLE

vibration of C-O vibration of bound C-OH is observed at
1043 cm™ [65,69]. The more NaOH added, the more
precipitated  Zn(OH),
homogeneous aqueous solution that contained ions.

dissolved and formed a
During the supersaturation process, it is assumed that the
ions act as a growth unit for the ZnO nucleus to combine
into the ZnO crystallite [71]. This process increases the
size of the crystallites, as shown in Table 2. The peaks at
wavenumbers ~655 and ~800 cm™ are typical vibrational
modes of Zn-0 in the infrared region [66,72], confirming
the presence of ZnO NPs.

Fig. 5(b) reveals the FTIR pattern of ZnO NPs with
infrared absorption at wavenumber 400-4000 cm™". The
presence of peaks at 430, 467, and 535 cm™’, characteristic
of the Zn-O bond signal, confirms that this sample is
indeed ZnO [27,73]. In addition, the functional group of
aromatic rings is linked to the bands 1642, 1377, and
839 cm™ [28], which are functional groups of organic
compounds in the MLE. According to Nava et al. [73], the
presence of this group in organic compounds will differ in
various parts of the extracted plant. However, this group
indicates that phenolic compounds, flavonoids, and other
phytochemical compounds in MLE can trigger the
reduction and stabilization of zinc salts and ZnO NPs size
in aqueous medium [28-29]. The strong absorption peak
at 3268 cm™' was attributed to the O-H stretching of
alcohols and phenols [28], and the amine group of the N-
H bond vibrations in MLE [17,27], which caused water
adsorption on the ZnO NPs surface. This group is

associated with alkaloids where the peak shift and
intensity are related to the interaction with ZnO NPs.
The functional groups in the extract donate electrons,
which can reduce zinc ions (Zn** to Zn*) and, finally,
Zn’, while the negative functional groups have a
stabilizing effect [30].

Band Gap Energy Analysis

The UV-vis data recording at 200-800 nm was
carried out, but in Fig. 6, the UV-vis absorption
spectrum of the synthesized ZnO NPs was captured at
200-600 nm. The UV-vis absorption spectrum of the
7ZnO NP structure is shown in Table 3, where the
excitonic absorption peak is lower than the value reported

330

ZnO-E

Absorbance (a.u.)

T T T T T T T T 1
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig 6. UV-vis data spectrum of the synthesized ZnO
NPs, with excitonic absorption peaks
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Table 3. Band gap energy of ZnO NPs based on UV-vis
DRS instrument

Samples Absorption peaks Band gap energy
(nm) E,; (eV)

ZnO-A 368 3.25

ZnO-B 368 3.25

ZnO-C 370 3.26

ZnO-D 371 3.31

ZnO-E 330 3.17

for bulk ZnO, which is 388 nm. The absorption peaks are
referred to as electron transitions between the intrinsic
defect levels and between the valence and conduction
bands [74]. E, is obtained using Eq. (4) as in Table 3.

The band gap energy variations that occur after
being synthesized with different molarity of NaOH are
related to the crystal quality (FWHM) of the ZnO
nanostructures, for example, dislocation density,
impurities, internal strain, and thickness, which XRD
results have investigated. These values (ZnO-A to ZnO-
D) are the same as the previous research report [56] but
lower than the E; bulk ZnO value (3.37 eV). The UV-vis
absorption results show a blue shift in the typical
absorption peak with a decrease in the crystallite size of
attributed to  the

confinement effect on the synthesized sample [74].

the nanostructure, quantum
According to Agarwal et al. [56] and Koseoglu [75],
crystallite size, morphology, and synthesis method of
ZnO NPs affect the width of the resulting band gap
energy. In addition, the changes in E; can be explained
from the point of view of the defects present on the surface
and the type of absorption [49].

In Table 3, ZnO-E has an absorption value of UV-
vis of 330 nm. The transfer of electrons from the valence
band to the conduction band causes the formation of a
ZnO NPs absorption spectrum with an excitation band at
the peak of 330 nm (E, is 3.17 eV using the Tauc Plot). The
value of this band gap energy is in the range of reported
values of ZnO NPs [26]. It is well known that the variation
in band gap energy can be due to a structural parameter
and to the size of the grains. The blue shift at the
absorption edge towards a lower wavelength indicates a
higher energy requirement to induce a photocatalytic
effect on ZnO NPs [75]. The presence of broad peaks in

the UV-vis spectrum indicates excellent optical properties
of the ZnO NPs synthesized with green synthesis [27],
especially using MLE. In addition, the absorption
spectra of the ZnO NPs showed limited dispersion of the
NPs. The observed optical bandgap revealed that the
synthesized ZnO NPs had inherited excellent electron
transaction and photocatalytic capabilities.

The mechanism for the formation of ZnO NPs is
based on the reaction between Zn** ions in solution with
polyphenols and flavonoids present in MLE to form
complex ZnOH,*~ which is grown in a strongly alkaline
solution. Furthermore, a hydrolysis reaction is carried
out to form zinc hydroxide due to the presence of
hydroxyl groups in polyphenols or flavonoids. ZnO NPs
particles form during a heating or calcination reaction
that accumulates ZnO NPs crystallites. This process has
revealed the presence of chemical compounds (phenols
and flavonoids) in M. indica leaves, which act as
reducing and stabilizing agents by reducing zinc ions to
the 0-valence state [31,76].

Photocatalytic Analysis

The effect of ZnO-E photocatalyst to degrade MB
for 90 min is shown in Fig. 7. The photocatalytic activity
of ZnO-E was evaluated through the photodegradation
of MB under sunlight. The photocatalyst was then
exposed to sunlight for 90 min at a temperature of 34 °C.
The UV-vis absorption spectrum of MB versus time for
ZnO-E is shown in Fig. 7(a).

Spectrum data for the aqueous solution of the MB
molecule shows two peaks, 663 and 616 nm, which
correspond to the monomer and dimer, respectively
[26]. The presence of ZnO-E caused the absorbance of
MB to decrease sharply after 60 min. This was revealed
from changes in absorption peaks at 663 and 616 nm
after 60 min, which showed that the degradation rate of
monomers was much higher than dimers.

The decrease in MB concentration with respect to
time for ZnO-E is shown in Fig. 7(b). As shown in Fig.
7(a), MB degraded almost completely after irradiation
for 90 min by ZnO-E. The MB degradation rate proves
the excellent performance of ZnO-E. These results are
consistent with the textural properties of the ZnO-E
photocatalyst, namely, the crystallite size is small, and the
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Fig 7. Photocatalytic activity of the ZnO-E photocatalyst material; percentage of MB color degradation (a), and

reaction kinetics orde-1 (b)

surface area is large. The implication is that the
degradation of MB dyes is quickly due to the large number
of reactions that co-occur. This is following research [77-
78] which states that there is an effect of the surface profile
on the photoactivity of the photocatalytic material. Using
Eq. (4) and (5), the reaction rate is 0.0954 ppm/min, and
the photodegradation 96.46%
Photodegradation of MB by using ZnO-E corresponds to
the results of [26], who synthesized ZnO NPs using
Rosmarinus officinalis leaf extract.

is after 90 min.

m CONCLUSION

ZnO NPs have been successfully synthesized
chemically and bio-chemically (biosynthesis) using
Zn(NO3),-6H,O (precursor), NaOH (reducing agent),
The
synthesized ZnO NPs were agglomerated and varied in
size and shape, namely 15.2, 16.8, 23.9, 28.2 and 18.4 nm,
respectively. XRD patterns and FTIR spectra showed the

and MLE (capping and stabilizing agents).

formation of hexagonal wurtzite structures in all
synthesized ZnO NPs. For biosynthesis using MLE, the
FTIR pattern indicated the presence of chemical
compounds in the leaves that contributed to the
formation of ZnO NPs crystallites. The variation in
crystallite size revealed differences in the obtained band
gap energy, namely 3.25, 3.25, 3.26, 3.31, and 3.17 eV.
ZnO-A and ZnO-B, with the same crystallite size, showed
the same band gap energy for the absorption of UV light.
In ZnO-C and ZnO-D, the difference in crystallite size

was quite significant, and the band gap energy for
absorbing UV was close to the ZnO bulk value. In ZnO-
E, the band gap energy is related to the wavelength of UV
light absorption (330 nm). The capability of ZnO-E,
synthesized using MLE, is demonstrated by the
photodegradation rate of 96.46% when used as a

An for the
of friendly ZnO
nanoparticles for MB dye photocatalysis applications
can be offered by this.

photocatalyst. alternative reference

production environmentally
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