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Abstract:

Zinc oxide nanoparticle green synthesis has evolved as a viable and eco-friendly alternate for
conventional chemical synthesis. The aqueous extract of Arnebia euchroma (Ratanjot), a natural
reducing and stabilizing agent, has been successfully employed in the current work to synthesize
ZnO nanoparticles using the auto-combustion method. Field emission electron microscopy,
Energy-dispersive X-ray spectroscopy and X-ray diffraction were used to examine the produced
nanoparticles. The FE-SEM image indicated the occurrence of irregular to quasi-spherical
nanoparticles in agglomerated form, with a porous morphology, suggesting a high surface area.
According to the EDX analysis, the prepared sample composition was found to be of good
stoichiometry (nearly equal atomic percentage), and high purity due to the presence of only zinc
as well as oxygen. The results of XRD confirmed that the crystal structure formed was a phase-
pure hexagonal wurtzite ZnO structure. The Debye-Scherrer equation yielded average crystallite
size of 35.66 nm, while the Williamson-Hall analysis revealed a low lattice strain of 0.0024 and
good crystallinity. The extremely crystalline and chemically pure ZnO nanoparticles were
successfully synthesized, according to the results of characterization procedures. The study's
findings suggest that the extract from Arnebia euchroma may be a useful, affordable, and
environmentally benign precursor for the long-term synthesis of ZnO nanoparticles.
Keywords: Green synthesis; Zinc oxide; Arnebia euchroma; Ratanjot; X-ray diffraction analysis

DOI Number: https://10.52700/jn.v7i1.124
© 2026 The authors. Published by The Women University Multan. This is an open access article
under the Creative Commons Attributions-NonCommercial 4.0.

1. Introduction

Nanotechnology can be understood as science and technology dealing with matter and materials
having dimensions in the nanoscale regime where the physical, chemical, optical, electrical, and
mechanical behavior of materials changes from what is seen for bulk materials because of

quantum and surface to volume effects. This has helped the field of nanotechnology to make an
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influence in different industries such as electronics, renewable energy, medicines, environmental
remediation, and materials science [1-2].

Nanoparticles (NPs) are the most significant nanomaterials, and they can be divided into
metallic, metal oxide, polymeric, carbon-based, and semiconductor nanoparticles [I1].
Semiconducting nanoparticles including zinc oxide, titanium dioxide and tin oxide have gained
significant interest owing to the electrical conductivity, stability, photo-catalytic and
nanoparticles optical properties [3]. Zinc oxide is a broad gap semiconductor (3.37 eV) and has
a high exciton binding energy (60 meV); hence it is suitable for optoelectronics, photocatalysis,
sensor technology and photo voltaic applications [4]. Moreover, ZnO is one of the most studied
semiconductor nanomaterials with high electron mobility, good thermal stability, low toxicity
and environment friendly [4].

Zinc oxide nanoparticles have been used in various scientific and industrial applications
[3]. As far as the application in renewable energy is concerned, they find application in solar
cells dye-sensitized because of high electron mobility and greater surface area for dye adsorption
in photoanodes [5-6]. In the context of environmental uses, ZnO nanoparticles find a lot of uses
in organic pollutants and water treatment for photocatalytic degradation [7]. As far as the
applications in environmental science is concerned, their high antimicrobial activity makes them
useful in wound dressings, food packaging, cosmetics and biomedical devices [2,8]. Moreover,
due to good material properties of ZnO nanoparticles, especially excellent optical and electronic
properties, they find wide applications in gas sensors, UV blockers, drug delivery systems and
transparent electronics [3,7].

However, the common zinc oxide nanoparticles synthesis procedures involve the use of
physical and chemical approaches, like sol-gel, self-combustion process, hydrothermal
approach, chemical precipitation, microwave synthesis, thermolysis, chemical vapor deposition
[3]. These techniques generate nanoparticles of various shapes and crystallinity, but they
typically use toxic chemicals, costly equipment, high energy costs, and/or extreme reaction
conditions [9-10]. The disadvantages have promoted researchers to find ways to synthesize
nanoparticles in an environmentally friendly manner that reduces harmful waste and preserves
the quality of the nanoparticles [11-12].

Due to its cost-effectiveness, eco-friendliness, and sustainability, green synthesis has
been identified as a substitute method for the preparation of zinc oxide nanoparticles [11,13].
Those biological materials which can be obtained through natural sources such as plant extracts,

bacteria, fungi, algae, and biomolecules are considered as the reducing and stabilizing agents
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[14]. The synthesis of nanoparticles by means of plants is one of the best options for nanoparticle
synthesis due to its simple process, rapid method, economical approach, and mass production
[13,10]. Those phytochemicals which are found in plant extracts such as flavonoids, phenolics,
alkaloids, tannins, terpenoids, proteins, and carbohydrates act as a reducing and stabilizing agent
for the synthesis of zinc oxide nanoparticles [11,14]. It clearly indicates that there is no need to
use any type of toxic reducing agents during green synthesis technique.

Several biological routes are known to be utilized for the green synthesis of zinc oxide
nanoparticles. These include plant mediated synthesis, bacterial synthesis, fungal synthesis, algal
synthesis, and enzyme assisted synthesis [11,14]. Nonetheless, of all these biological routes, the
plant-mediated method of synthesizing zinc oxide nanoparticles is the most effective because the
extract from the plant is easily available in nature and it contains several bioactive components
that allow the formation of nanoparticles with precise morphology [13,10]. Also, the synthesis
of ZnO nanoparticles by using some medicinal plants such as Arnebia euchroma (Ratanjot),
Azadirachta indica, Aloe vera, Moringa oleifera, and Camellia sinensis have been demonstrated,
with excellent structural and optical properties for use in photovoltaic and photocatalytic
applications [9-10].

The characterization of the green-synthesized zinc oxide nanoparticles should be done in
detail in order to evaluate the physicochemical properties and structure of these particles [9]. The
XRD analysis can be used to validate the crystal phase, crystal structure, size, and the purity of
the synthesized nanoparticles [15-16]. The standard diffraction pattern is represented by the
wurtzite hexagonal crystal structure, which is evidence of successful nanoparticle formation [9].
The field emission scanning electron microscopy gives data on particle morphology, particle
surface roughness, particle size, and agglomeration behavior of the nanoparticles [17]. Also, the
FE-SEM is followed by energy-dispersive X-ray spectroscopy that can be used for identification
of zinc and oxygen in the synthesized nanoparticles, confirmation of nanoparticle composition,
and detection of any possible impurities [17-18]

This study focuses on the production of zinc oxide nanoparticles through green synthesis
method which is considered environmentally friendly compared to other conventional methods
such as chemical and physical methods of producing nanoparticles. In this study, the biogenic
synthesis of ZnO nanoparticles is conducted through the use of root extract of Arnebia euchroma,
Ratanjot which is known to have wide range of bioactive compounds and is thus used as reducing

and stabilizing agent. Upon successful preparation of these nanoparticles, some advanced
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characterization techniques like FE-SEM and XRD are deployed to investigate the detailed
morphological and crystalline structure of the nanoparticles.

2. Materials and Methods

2.1. Materials

The Zinc Nitrate Hexahydrate [Zn (NO3)2.6H>0], molecular weight = 297.46 of duksan reagents
was used. All chemicals were utilized as it is without further purification. Local source of
Arnebia euchroma (Ratanjot) root used for extract were procured from local market. Instruments
and equipment employed in the research were beakers, hot plates, magnetic stirrer, thermometer,
centrifuge, furnace and electronic balance.

2.2.  Synthesis Procedures

Green Synthesis of nanoparticles uses plants extract along with their derivatives as fuel for
synthesis of zinc oxide nanoparticles, hence the first step of our research included preparation of
Arnebia euchroma (Ratanjot) root extract.

2.3. Preparation of Plant Powder

Locally available roots of Arnebia (Ratanjot) were collected from local herbal Quetta. Roots
were separated and washed thoroughly with deionized water many times in order to eliminate
contaminants, impurities and dust particles, and allowed to dry in a room temperature (25 °C —
30 °C). Roots were dried and then grinded with help of electrical grinder. The obtained powder
was stored in airtight container.

2.4.  Preparation of Plant Extract

To prepare extract, 8g of Arnebia roots’ powder was dissolved in 150ml of the deionized water.
This mixture was then boiled under continuous stirring at temperatures from 50 °C for 45
minutes. The solution was centrifuged at 8000 rpm and then filtered through the Whatman filter
paper. This procedure provided clear caramel colored Arnebia root extracts was then transferred
to airtight glass bottles and preserved in refrigerator. The complete procedure is depicted in
Fig.1. This extract was used for preparation of nanoparticles.

2.5.  Synthesis of pure ZnO NPs

The next step of this research work consisted of pure zinc oxide nanoparticles synthesis through

an inexpensive and commonly used technique of solution combustion of an organic substance.
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Fig. 1: Schematic illustration of Arnebia euchroma (ratanjot) extract preparation.

In the synthesis of pure zinc oxide nanoparticles, initially 6 g of zinc nitrate hexahydrate was

dissolved in 60 ml of arnebia extract, after which the mixture was initially heated at 60 °C and

the temperature gradually increased to 90 °C and allowed to evaporate. The heating was

conducted at magnetic stirrer at a speed of 2000 rpm. As the water of mixture evaporated it

converted in to thick foamy gel. This gel was transferred to ceramic dish and placed in furnace

for the final combustion. The reaction resulted in a pale white powder. This resultant product

was grinded with help of mortar and were stored in airtight glass bottles. Schematic illustration

of zinc oxide nanoparticles synthesis is shown in Fig.2.
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Fig. 2: Schematic explanation of zinc oxide nanoparticles.
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2.6. Characterization

In-Depth structural characterization of zinc oxide nanoparticles was carried out by field emission
scanning electron microscope (FE-SEM), Energy dispersive X-ray spectroscopy and X-ray
diffraction. The size, shape and surface morphology of the ZnO nanoparticles were examined
using FEI Nova NanoSEM 450 (FEI Company, USA). Elemental composition and purity of the
ZnO nanoparticles was determined using EDX detector of FEI Nova NanoSEM 450. The x-ray
diffractogram was obtained using Bruker D8 Advance X-ray diffractometer (Bruker, Germany)
with CuKa radiation (A = 1.5406 A).

3. Results and Discussions

3.1. Field Emission Scanning Electron Microscopy Analysis

The FE-SEM micrograph of synthesized powder with 2 um resolution is shown in Fig 3. It can
be seen from the image that nanoparticles have been synthesized successfully in an irregular to
quasi-spherical shape. These nanoparticles are clustered together, which is a common
phenomenon in green synthesized ZnO nanoparticles which can be attributed to high surface
energy and presence of phytochemicals as the capping agents. As observed from the FE-SEM
image and calculated by ImageJ software the particles' average size lies between 50 to 150 nm.
The nanoparticles exhibit uniform size distribution though out the whole specimen with rough

surface texture.
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Fig. 3: FE-SEM analysis of ZnO NPs.

3.2.  Energy-Dispersive X-ray Spectroscopy (EDX)
EDX analysis was carried out for the elemental analysis of the synthesized powder. The EDX

spectra of ZnO are shown in Fig 4 below. The EDX spectrum only indicates the peaks of zinc
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(Zn) and oxygen (O), hence the formation of ZnO. The peak at 1keV is strong and sharp and is
associated with zinc. This is an indication that zinc is the major element present in the sample.
There is another peak of smaller size on the lower side, which relates to oxygen. Therefore, the
presence of oxygen can be confirmed from the chemical bonding of oxygen with zinc in the
sample. Another small peak at 8.6 keV and 9.6 keV relates to Zinc (Zn K, and Zn Kg). There are
no extra peaks or unwanted peaks in the spectrum, suggesting that no impurities are present and
the synthesized sample is of high purity and good chemical homogeneity.

The quantitative analysis derived from EDX data is also useful to understand the
elemental composition of the sample. From the table (in-set Fig.4), it can be seen that the weight
percentage of zinc is 79.77% and the weight percentage of oxygen is 20.23%. The zinc weight
percentage is higher since zinc has a much greater atomic mass (65.38g/mol) than oxygen
(15.99g/mol). If the atomic percentage is taken into consideration, however, the percentage of
zinc is about 49.09% and that of oxygen is about 50.91%, a very close value to one which is 1:1
required for pure ZnO. This is an indication of the ZnO composition of the synthesized material,
which has nearly the correct ratio of zinc and oxygen atoms.

The high intensity as well as sharpness of the zinc peaks in the spectrum also suggest
high crystallinity and strong presence of the zinc element in the sample. The smooth baseline
and lack of any noise or other impurity peaks further indicate that the prepared ZnO material is
chemically stable and evenly dispersed. The instrumental sensitivity, surface roughness, and
small experimental errors in the EDX measurement might cause the small deviation from the
theoretical ratio. The overall conclusion of the EDX analysis shows the successful synthesis of
good elemental distribution, proper stoichiometry, and excellent chemical quality, thus
strengthening the XRD findings showed the formation of the crystalline hexagonal ZnO
nanoparticles.

3.3. X-ray Diffraction Analysis:

The crystallography of the resulting ZnO was investigated by the method of X-ray diffraction
[19]. Figure 5 below shows the pattern of X-ray diffraction of the synthesized zinc oxide
nanoparticles using the method of auto combustion. The crystallographic planes of (100), (002),
(101), (110), (103), (200), (112), and (201) are represented by the diffraction peaks found at 20
values of 31.737°, 34.379°, 36.215°, 47.484°, 56.536°, 62.777°, 66.304°, 67.868°, and 69.009°,

respectively.
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Zn

Element Molecular weight Weight percentage Kvalue  Atomic percentage
Zn 65.38 79.77 1.220098 49,09329861
o] 15.99 20.23 1.265166 50.90670139

Fig 4: EDX spectrum of ZnO NPs.

The development of phase-pure hexagonal wurtzite-structured ZnO nanoparticles was indicated
by the diffraction peaks that were found to be in good agreement with the standard JCPDS card
no. 01-076-0704. The produced zinc oxide nanoparticles were determined to be extremely pure
and crystalline since the diffraction pattern showed no impurity peaks. The obtained sample's
good crystallinity was further confirmed by the sharp and powerful diffraction peaks, and the
crystallites' nanoscale dimensions were revealed by the diffraction peaks' minor broadening [20].
Calculation of Lattice parameters: In order to determine the lattice parameters, Bragg's law and the
hexagonal interplanar spacing relation are used.
According to Bragg’s law [21],

2dsin@ =nA (D)
Here, diffraction order is represented as n, wavelength of the X-rays as A, inter-planar spacing

as d, and the diffraction angle as 0.
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Fig 5. XRD pattrens of ZnO NPs

As per [21], the relationship between lattice parameters of hexagonal crystal structure is:

1 4( R +hk+k>) I
?7(—02 J— @

(a and c are the lattice constants, and (hkl) are the Miller indices.
The lattice constants are generally measured from the strongest diffraction peaks, which

correspond to the (100) and (002) planes [22]. For the (100) plane,

A
a= 3
\/g sin @ ®)
and for the (002) plane,
A
c= 4
sin @ @

Here the wavelengths of the Cu-K o radiation, A = 1.5406 A.
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The calculated lattice parameters are about a=3.24 A and ¢=5.20 A. The ratio c/a is,

£21.60

a
The result obtained c/a value of ~1.60 is very near to the standard c/a value of wurtzite ZnO
1.633. This suggests the well-developed hexagonal crystal structure of the synthesized sample
of ZnO and good crystallinity and structural stability. There may be some deviation from the
standard value depending on the lattice strain, crystal defect, and synthesis conditions.

The following relation was used to compute the hexagonal structure's unit-cell volume [22]

V= ?azc ®))

The unit-cell volume was determined to be around 47.79 x10% (pm)* using the lattice
parameter values. The computed result indicates the creation of the required phase and is found
to be in good agreement with the conventional hexagonal wurtzite crystal structure.
The atomic packing factor, or the percentage of space occupied by the atoms in the crystal lattice,
is a crucial feature of a crystal's structure. The following formula is used to determine the atomic

packing factor APF for HCP or wurtzite-type crystal structures [21]

2ra

m c (6)

The calculated value of APF for an ideal hexagonal close packed arrangement is:

APF =

APF=0.75
This value means that almost 75% of the total volume of the unit cell is taken up by the atoms
and 25% by the interstitial void space. A high APF is indicative of efficient atomic stacking and
the strength of atomic bond in the crystal lattice. This densely packed arrangement plays an vital
role in the structural stability, mechanical strength and enhanced crystallinity of the material. In
addition, the high packing efficiency as deduced from APF value was instrumental in confirming
the sharp diffraction peaks in the XRD spectrum corresponding to the synthesized sample having
a compact and highly ordered crystalline structure. Thus, the XRD analysis along with APF
calculation shows that the material prepared is stable in hexagonal crystalline phase with good

packing efficiency and atomic ordering.

34
http://jn.wum.edu.pk



JN - Volume 7, Issue 1, June 2026

The bond length of the crystal was determined using the relation for hexagonal wurtzite

structures [23].

L=\/%2+(%—U)2c2 (7

The lattice constants of the hexagonal structure are a and c, the bond length is L and the positional

parameter of the hexagonal structure is given as [23]

2
a

Using the obtained lattice parameters, the bond length was calculated to be 1.9800 A. This bond
length is the distance between the atoms of the cation and anion in the crystal lattice. The above
value suggests that the interaction between atoms is strong, the structural stability is also good,
and the crystallinity of the synthesized m is also high.

The Scherrer equation was applied to calculate the ZnO nanoparticles' crystallite size (grain
size), as stated below [24]

kA
pcosd

©)

Wavelength A of CuKa_ radiation (1.5406 A), crystallite size D, form factor k (which equals
0.9), full width at half maximum (FWHM) of diffraction peak 3, and the Bragg diffraction angle
0. The formula above was used to calculate that the average crystallite size of the generated zinc
oxide nanoparticles is about 35.66 nm, thereby validating that the synthesized nanoparticles are
indeed nanocrystallites. The sizes of the crystallite from various diffraction planes were between
15.89 nm and 48.12 nm. The anisotropic growth of the crystals and the flaws created during the
synthesis can account for the variation in crystal size between the planes. The complete XRD
data of nanoparticles is summarized in table 1

Table 1: Different structural parameters of ZnO NPs.

20 (hkl) Lattice Spacing FWH Crystalight Strain Dislocation
D A M (@P) sizeD 63) Density (9)
(nm)

31.737 (100) 2.8174 0.1968  41.51 0.00302  0.02409
34.379 (002) 2.6052 0.1968 41.8 0.00277  0.023923

3
36.215 (101) 24784 0.1968  42.01 0.00262  0.023803

5
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47.484 (102) 19133 0.2952  29.07 0.00293  0.034399
56.536 (110) 1.6265 0.1968  45.33 0.00159  0.02206
62.777 (103) 1.4789 0.2460 37.41 0.00175  0.02673
66.304 (200)  1.4085 0.5904 15.89 0.003944  0.062932
67.868 (112) 1.3798 0.1968  48.12 0.001275 0.020781
69.009 (201) 1.3598 0.4800 19.86 0.003046  0.050352

Lattice strain (€) of the zinc oxide nanoparticles was estimated from the relation: [25]

B
4tan @

(10)

For lattice micro strains, the values are between 0.001275 and 0.003944, while the average value
for the strain in the lattice is 0.00255. As the values of strain are positive, this means that there
is tensile strain in the lattice structure of zinc oxide. The reason behind this could be crystal
defects such as vacancies, interstitials, and dislocations in the sol-gel method.

Dislocation density & which is the measure of density of crystal defects in a material can be found

by using the following formula [24]

where D is the crystallite size. Values of dislocation density for the synthesized specimens are
between 0.020781 nm™ and 0.062932 nm™ with an average value of 0.03212 nm™. Dislocation
densities less than 0.05 nm™ indicate better crystal structure because there are fewer defects in
the crystal structure.

The Williamson-Hall method is one of the methods used in the technique of X-ray
diffraction (XRD), which is extensively used in determining both the crystallite size and lattice
strain of materials. The broadening of peaks in the XRD spectrum results from either the small
size of crystallites or the internal lattice strain. The Scherrer method determines the size of
crystallite while the W-H method differentiates between the two parameters (crystallite size and

lattice strain) of the crystal. This is in accordance with the following equation [ 25]

ﬂcos@=%+4gsin6 (12)
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In drawing the W-H diagram, Bcos6 is plotted against 4sinf. Plotting is done using 4sinf on the
x-axis while BcosH is on the y-axis using values obtained from the XRD data. The straight-line

plot gives a lattice strain which is the line slope, while its intercept gives the crystallite size.

0.012

v =0.0024x + 0.0001
0.008 ¢
% [ ]
8 /
S 0.004 .
Q
0.000
-0.004

1 15 . 2 25

4sind

Fig 6. W-H plot of ZnO NPs.

Figure 6. shows Williamson-Hall plot for the zinc oxide nanoparticles synthesized to find the
impact of crystallite size and lattice strain on peak broadening. The equation for the linear fit
was y=0.0024x+0.0001. The slope of the Williamson-Hall method is directly proportional to
lattice strain while the intercept of the curve represents the effect of crystallite size. Positive
value of the slope indicates tensile strain on the ZnO crystal lattice. Williamson-Hall analysis
shows that peak broadening is due to lattice strain as well as finite crystallite size effects. In
addition, Williamson-Hall distribution method is more precise than Debye-Scherrer distribution
method in determining the size of the crystallites since it ignores strain-induced peak broadening.
In conclusion, XRD and Williamson-Hall methods indicate the synthesis of very crystalline
structure of hexagonal wurtzite ZnO nanoparticles with very low dislocation density and tensile
lattice strain.

4. Conclusion

Nanoparticles of zinc oxide have been synthesized successfully through green chemistry route
utilizing the aqueous leaf extract of Arnebia euchroma (Ratanjot) as natural reducing and
stabilizing agents in the present study. The whole process was very simple, cost-effective, and
environmentally friendly without employing any hazardous chemicals. FE-SEM studies revealed
the agglomerated morphological structure of the nanoparticles which are irregular to quasi-
spherical shape while EDX analysis confirmed that the particles were of high purity and almost
stoichiometric in nature. The crystal structure of synthesized ZnO nanoparticles was determined

by XRD analysis and it was found that crystallite size of the synthesized ZnO nanoparticles was

35.66 nm. It can thus be concluded from the obtained structure and morphology analysis that
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the ZnO nanoparticles synthesized had high surface area, excellent crystallinity, and pure

chemical composition.
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