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Abstract
This research introduces a pioneering greenmethod for synthesizing zinc oxide nanorods (ZnONRs)
on a glass substrate using Thymus kotschyanus plant extract. The study delves into the intricate effects
of ammoniumhydroxide and precursor concentrations on themorphology, size, alignment, and
crystalline structure of ZnONRs. Through systematic experimentation, it was found that specific
concentrations of these substances play vital roles in the formation and properties of the nanorods.
Notably, a low concentration of the precursor coupledwith a high concentration of ammonium
hydroxide led towell-aligned hexagonal ZnONRswith a remarkable aspect ratio. Variations in these
concentrationswere also found to influence the length, diameter, and alignment of the nanorods. The
findings were corroborated using a diverse array of analytical techniques, including transmission and
scanning electronmicroscopy, x-ray diffraction, UV–vis spectroscopy, and energy-dispersive x-ray
analysis. TheUV–vis spectra provided further insights into the optical properties and band gap energy
of the ZnONPs, while EDX analysis confirmed the elemental composition. This work represents a
significant advancement in eco-friendly nanomaterial synthesis, providing detailed insights into the
controlled fabrication of aligned ZnONRs. Its innovative approach and extensive investigation into
influencing factorsmake it a valuable contribution to the field of nanoscience.

1. Introduction

Zinc oxide (ZnO) is recognized as an n-type semiconductor, characterized by its hexagonal wurtzite crystalline
formation and a direct bandgap of around 3.37 eV.Moreover, it exhibits a substantial exciton binding energy,
measuring 60 meV at ambient temperature [1–3]. These distinctive attributes render ZnO suitable for awide
array of technological applications, encompassing gas detection sensors [4], photodetection devices [5], dye-
based solar cells [6], transparent electrical conductors [7], devices that exploit piezoelectric effects [8], high-
capacity electronic systems [9], thin-film transistor technology [10], light-emitting applications [11], and
various solar cell configurations [12].

The synthesis of ZnO can lead to a plethora of nanostructuredmorphologies, ranging fromnanoparticles
and nanosheets tomore complex structures like nanotubes, nanowires, nanoarrays, nanodisks, nanobelts,
nanorods, and nanorings [13]. Among these, one-dimensional (1D) configurations of ZnO, including rods,
wires, and needles, stand out for their extraordinary properties. These 1D structures hold significant potential
for integration into various devices, with applications spanning the fields of electrical engineering,
optoelectronics, electrochemistry, and electromechanical systems [14]. In particular, nanorods such as ZnO
NRs, typified by their solid elongated form, represent a notable subclass of 1Dnanostructures.

Zinc oxide nanorods (ZnONRs) have garnered substantial attention in scientific research, owing to a set of
distinct physical and chemical characteristics. These include a pronounced aspect ratio, an expansive surface
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area, and superior optical and electrical behaviors [15]. Thewurtzite structure of ZnONRsmanifests in a unique
hexagonal form,where the polar face alignswith the 002 plane, and the non-polar faces correspond to the 100
and 101 planes.

The crystal rod’s growth is predominantly facilitated along the c-axis, a feature that stems from the
positioning of the polar face. This growth behavior can be explained by the comparatively weaker
thermodynamic stability of surface dipoles found on the polar faces relative to the non-polar ones [16].
Throughout the crystallization process, the polar facets actively engagewith zinc hydroxyl (Zn(OH)2) and
hydroxyl (OH) ions. These ions play a crucial role, functioning as the elementary components for the structure’s
formation [17].

The synthesis of zinc oxide nanorods (ZnONRs) can be achieved through variousmethods, including
molecular beam epitaxy [18], hydrothermal techniques [19], pulsed laser deposition [20], vapor–liquid–solid
processes [21], laser-induced catalytic growth [22], and chemical bath deposition [23]. Among these,
hydrothermal synthesis has gained popularity in the creation of ZnONRs, prized for its straightforward
approach, economic viability, and the control it offers over theNRs’ size and shape bymanipulating reaction
parameters [24].

Similarly, the sol–gel process has demonstrated its efficacy in producing ZnONRs, yielding products of high
purity, uniformity, and crystalline quality [25]. Vapor deposition techniques, including chemical vapor
deposition (CVD) [10] and physical vapor deposition (PVD) [26, 27], have also been employed to synthesize
ZnONRswith controlled and superior characteristics. Thesemethods, however, are often constrained by the
necessity for hazardous and costly chemicals, elevated temperatures, and intricate equipment, restricting their
broader application.

In recent times, green synthesismethods have surfaced as an appealing alternative, providing several benefits
such as affordability, environmental compatibility, and the absence of harmful chemicals. These eco-friendly
approaches utilize biological agents like plant extracts, bacteria, and fungi as both reducing and stabilizing
agents. Examples include the use of botanical extracts from tea, pomegranate, and ginger for the formation of
metal ormetal oxide nanoparticles. Furthermore, green synthesis techniquesmay incorporate natural
compounds such as flavonoids, polyphenols, enzymes, and proteins to facilitate the generation of
nanoparticles [28].

The synthesis of zinc oxide nanorods (ZnONRs) through greenmethods is typically a two-step process
involving nucleation and subsequent particle growth. The starting solution often consists of zinc nitrate
hexahydratemixedwith phytochemicals derived fromplant extracts, all dissolved in double-distilledwater. To
control the solution’s pH, usuallymaintained between 7 and 10where hydroxyl (OH−) ions are prevalent, a base
such as sodiumhydroxide or ammonium is commonly employed as a buffering agent [29].

This research represents a pioneering exploration in the field. To the best of the authors’ knowledge, it
constitutes the first initiative to leverage the greenmethod in both the preparation of seed layers and the
alignment of ZnONRs growth on a glass substrate, as opposed to conventionalmethodologies. The study not
only characterizes the green-synthesized ZnONRs but also delves into the influence of deposition factors such as
precursor and ammonium concentration on theNRs’morphology and orientation. Furthermore, the authors
envision that this extensive investigation heralds new opportunities to apply awholly greenmethod for
fabricating nanorods from various othermaterials.

The growthmechanism of ZnONRs using the greenmethod requires two steps, nucleation and growth of
the particles. A solutionmixture of zinc nitrate hexahydrate and phytochemicals fromplant extraction in
double-distilledwater is typically used for the synthesis of ZnONRs.Most often, a base such as sodium
hydroxide or ammonium is utilized to act as a pHbuffer and control a solution’s pHbetween 7 and 10, where
hydroxyl (OH-) ions are abundant [29].

2. Experimental andmethods

2.1.Materials
In the course of this research, the utilization of high-purity analytical reagents and specialized laboratory
apparatus was essential. The chemicals employed, including zinc acetate dihydrate (Zn(CH3CO2)2 ), zinc nitrate
hexahydrate (Zn(NO3)6H2O), ammonium solution (25%) and ethanol, were sourced fromMerck.
Additionally, the dried Thymus kotschyanus plant, a crucial component in the synthesis, was procured from
Piranshahr city, located at coordinates 36.6931°N, 45.1439°E, in Iran. Throughout the experimental process,
double-distilledwater (DDW) and all other solvents were employed as received, without any further purification
steps.
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2.2. Plant extract preparation
Within the scope of this investigation, the extract of the Thymus kotschyanus plant was employed as a natural
means to synthesize nanoparticles (NPs). Belonging to the Labiatae family, the Thymus genus encompasses over
215 species, primarily characterized as herbaceous perennials [30]. Historically, various Thymus species have
found application inmedicinal contexts, specifically through the use of aerial parts and volatile constituents.
These applications extend to themanufacturing of herbal beverages, flavoring agents, and spices [31].

The extract of Thymus kotschyanus is particularly rich in essential oils and phenolic compounds, such as
carvacrol and thymol, which are known for their antioxidant attributes [32]. Thymol, recognized as a prominent
constituent of the Thymus L. extract, has been identified as an effective capping and stabilizing agent in the
formation of ZnOnanostructures [33]. Additionally, research has revealed that thymol, in conjunctionwith
other polyphenolic compounds, plays a vital role in inhibiting agglomeration and shaping the crystal structure
during the ZnONPs synthesis process [34].

The organicmaterials fromThymus kotschyanus plant were extracted using the Soxhlet extractionmethod.
The process beganwith a pre-extraction stage, lasting one hour, involving the use of a solvent, thimble, glass
wool, and boiling chips (as illustrated infigure 1). For themain extraction, 20 grams of the dried and pulverized
Thymus kotschyanus plant were enclosed in a thimble, cushionedwith glass wool, and placedwithin the
extractor chamber. Amixture of ethanol and distilledwater, in a 60:40 ratio, totaling 250 ml, was poured into a
round-bottom flask containing boiling chips to ensure uniformboiling throughout the extraction. This stage
endured for one hour, after which the resultantmixturewas reduced to half its original volume through solvent
evaporation, employing a rotary evaporator [35]. The resulting dark green extract was then cooled to 25 °C,
filtered through filter paper, and conserved in a refrigerator at 4 °C for future use. Such preservation conditions
not only prolong the extract’s analytical usability but alsomitigate alterations in the biologicalmolecules’
activities within the extract, whichmight otherwise distort their representation of in vivo processes.

2.3. Seed Layer preparation using green synthesized ZnONPs
Following the extraction phase, the experiment proceededwith the preparation of 50 ml of Thymus
kotschyanus plant extract, towhich zinc acetate dihydrate, Zn(CH3COO)2(H2O)2, was added at 0.5 M
concentrations. The ensuingmixture was agitated on a hot plate at 60 °C for a duration of 30 min.
Simultaneously, six glass substrates weremeticulously cleanedwith acetone, ethanol, and distilledwater,
subsequently allowed to air-dry at ambient temperature.

The experiment then proceeded to the dip-coating phase, utilizing a device calibrated to amovement speed
of 6 cmmin−1. This sequence was repeated sixfold for every substrate, culminating in an annealing process
conducted in an oven for 1 h at 450 °C (figure 2).

The chemical transformations underpinning the deposition of the ZnO seed layer are described by the
ensuing reactions:

Figure 1. Schematic ofThymus kotschyanus extraction preparation.
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2.4. ZnONRs synthesis on glass substrate
In the present study, and as depicted infigure 3, a greenmethodwas employed for the synthesis of zinc oxide
nanorods (ZnONRs). The procedure involved blending zinc nitrate hexahydrate (Zn(NO3)6H2O) as a precursor
with a prepared plant extract-based solvent, and utilizing ammoniumhydroxide to regulate the pHof the
mixture. To explore the influence of ammoniumhydroxide on the fabrication of aligned ZnONRs, the
following experimental sequence was undertaken. At the beginning three distinct solutionswere prepared in
individual beakers. Thefirst beakerwas representing a solution created by dissolving 0.05 Mof zinc nitrate
hexahydrate in a 2:1mixture of prepared plant extract and double-distilledwater.While, the second beaker was
representing a solution analogous to thefirst, but augmentedwith 0.033Mof ammoniumhydroxide. The third
beakerwas amixture comprising 50 ml of plant extract, 0.05 Mof zinc nitrate hexahydrate, and 0.335Mof
ammoniumhydroxide, adhering to the prescribed ratio of plant extract to double-distilledwater. Themixed
solutionswere agitated on a hotplate set to 60 °C for 15 min. A seeded substrate was then immersed in each
beaker containing the respective solutions. The solutions and substrates were relocated to an oven preheated to
90 °Cand remained there for three hours. The substrates were left to air-dry at room temperature, followed by
calcination in a furnace at 450 °C for two hours. Optimization andConcentrationVariation: Upon determining
the optimal synthesismethod for the nanorods, three different concentrations (0.02, 0.05, and 0.1 M) of zinc
nitrate hexahydrate precursorwere prepared. The aimof this phase was to scrutinize the effect of precursor
concentration, regarded as a secondary parameter, on the formation of well-aligned nanorods [36].

The chemical processes underlying the creation of ZnONRs can be encapsulated in the following reactions
[37]:

Figure 2. Schematic representation of ZnO seed layer preparation on the glass substrate.
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In the process of synthesizing zinc oxide nanorods (ZnONRs), the incorporation of ammoniumhydroxide
into zinc nitrate hexahydrate (Zn(NO3)2·6H2O) serves dual functions: it operates both as a complexing agent
and a pH regulator. These roles substantially influence themorphology and characteristics of the ensuing
nanorods [38].

Formation of ComplexCompound:Upon the introduction of ammoniumhydroxide, it interacts with zinc
nitrate hexahydrate, resulting in a complex compound. This compound subsequently dissociates, liberating
Zn2+ ions into the solution.

The available Zn2+ ions react with hydroxide ions (OH−)produced from the dissociation of ammonium
hydroxide. This reaction yields Zn(OH)2 species. Through a subsequent dehydration process, the Zn(OH)2
species are converted into ZnOnanocrystals. These nanocrystals continue to grow along the [002] crystal
direction, culminating in the nanorod structures. The deployment of ammoniumhydroxide as a pH regulator is
pivotal, as it elevates the solution’s pH level, directly affecting the ZnOnanorods’ growth rate. At higher
pH values, there is an increase in hydroxide ion concentration, leading to an augmented nucleation and growth
rate of the final structures.

Uniformity andReproducibility: Additionally, the use of ammoniumhydroxide contributes tomaintaining
a stable pHwithin the solution, fostering amore uniform and reproducible growth of the ZnOnanorods.

The intricate relationship between the chemical components and the controlled conditions in the synthesis
process elucidates the precisemanner inwhich the ZnONRs are formed. The selection of agents and the
understanding of their roles not only enable the desired structural formation but also offer insights into tailoring
specific properties of the nanorods.

Figure 3. Schematic diagramof the green growth process of ZnONRs on the glass substrate.
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3. Characterization techniques

X-rayDiffraction (XRD) serves as a vital technique to investigatematerial crystallinity and structure.
Experiments were conducted using a PANanalytical X’Pert PRO, scanning at 1°/min across a 2θ range of 5° to
75°, withCuKα radiation (λ= 1.5406 Å). UV–vis Spectrophotometry employed for qualitative and quantitative
analysis, UV–vis spectrophotometrymeasures the absorbance of aUV–vis light beam as it traverses a sample.
The synthesis of ZnOnanoparticles was verified using a Super Aquarius Spectrophotometer-2000. Scanning
ElectronMicroscopy (SEM), utilized to examine the two-dimensional structure and surfacemorphology at high
magnifications, SEM involves bombarding the sample with a beamof electrons. Depending on the beam’s
energy, secondary or back-scattered electrons are emitted and detected.Morphology and particle dispersion
were analyzed using an SEM-Quanta 450. Energy-Dispersive x-ray Spectroscopy (EDX), based on interactions
between the sample and x-ray excitation, is used for elemental and chemical analysis. The chemical composition
of the resulting nanostructures was analyzed using EDXwithin the SEM framework.

4. Result and discussion

4.1. UV–vis analysis of plant extract
TheUV–vis spectroscopy analysis of the ThymusKotschyanus plant extract was conducted across awavelength
range of 200 nm to 600 nm. The observed absorbance profile indicates the presence of various phytochemical
compositions, includingmolecules characterized by n-electrons,σ-bonds,π-bonds, functional groups,
chromophores, and aromatic rings [39]. The presence of two specific absorption peaks at 266 nmand 336 nm
has been identified, likely corresponding to n→π* and n→σ* transitions. These peaks substantiate the
existence of organic chromophores and phytochemicals such as thymol and carvacrol within the extract [40],
with thymol noted for its significant bioactivity [39]. To further validate and detail the extract’s characterization,
it is recommended to complement theUV–vis analysis with advanced techniques likeGasChromatography–
Mass Spectrometry (GC-MS) andHigh-Performance LiquidChromatography (HPLC) [40, 41]. Such a
comprehensive investigation paves theway for utilizing these phytochemicals in the synthesis of nanomaterials,
leveraging their reduction, capping, and stabilization capabilities.

4.2. UV–vis analysis of ZnONPs
UV–vis absorption spectroscopywas employed to scrutinize the optical characteristics of ZnOnanoparticles
(NPs). This technique, often utilized to affirm the creation ofNPs, revealed theUV–vis absorption spectra of the
ZnONPs synthesized through biologicalmeans, as illustrated infigure 5. An excitationwavelengthmeasuring
385 nmwas recorded for the prepared ZnONPs, aligningwith the findings documented in existing literature
[42, 43]. This wavelength corresponds to the band gap energy (E) of thematerial, signifying the amount of energy
needed to promote an electron from the valence to the conduction band. The comprehension of this band gap
energy is pivotal in elucidating the ZnOmaterial’s electrical and optical features. The optical bandgap of the ZnO
NPswas ascertained using Tauc extrapolation, a process that consists of extending the linear part of the curve on
a graph of (αhν)2 against hν, as demonstrated infigure 4 [44]:

a n n= -( ) ( ) ( )h A h E 12g
n2

Here, the absorption coefficient is symbolized byα, while the photon energy is denoted by hν. Additionally,
A is a dimensionless constant, Eg signifies the energy of the bandgap, and the value of n corresponds to the

transmission type, being equal to 1/2 for allowed direct transmission.
TheUV–vis spectra analysis (refer tofigure 5) provides explicit evidence of how ammoniumhydroxide

influences the creation of ZnOnanoparticles (NPs).Without ammoniumhydroxide, theUV–vis spectra reveal
an absorption peak at 421 nm, reflective of electronic transitionswithin the structural lattice of ZnO.However,
the introduction of ammoniumhydroxide leads to a discernible alteration in the absorption peak, shifting it to
shorter wavelengths. Specifically, a sample containing 0.033Mof ammoniumhydroxide demonstrates a peak at
349 nm,which corresponds to a blue shift when compared to a sample without ammoniumhydroxide. This
blue shift is indicative of a decrease in the size of the ZnONPs, as tinier NPs generally exhibit a larger energy
bandgap. Furthermore, an additional blue shift peak at 332 nmwas detected in the sample with 0.335Mof
ammoniumhydroxide. Thismovement toward a shorter wavelength signifies the synthesis of even smaller ZnO
NPs, characterized by an increased band gap energy.

These findings alignwell with the calculated band gap values obtained using the Tauc plot, as illustrated in
figure 6.

Additionally, theUV–vis spectra of the fabricated ZnONPs are impacted by the concentration of zinc nitrate
hexahydrate. As demonstrated infigure 7, varying the concentration of this compound results in a pronounced
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red shift in the absorption peak.More explicitly, an escalation in the concentration of zinc nitrate hexahydrate is
associatedwith an enlargement of theNP size and a reduction in the band gap energy, as vividly illustrated in
figure 8.

Figure 4.UV–vis spectroscopy ofThymusKotschyanus plant extract.

Figure 5.UV–vis spectra of ZnO seed layer grown using different ammoniumhydroxide concentrations at RT.

Figure 6.Energy bandgapmeasurement of ZnONPs (a)without Ammoniumhydroxide, (b) 0.033 MAmmoniumhydroxide and (c)
0.335 MAmmoniumhydroxide.
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4.3. SEM,XRDandEDXanalysis of ZnO seed layer grownby green synthesis
The surface characterization of ZnO seed layers on glass substrates were determined using SEManalysis.
Figure 9(a) illustrates the obtained results after calcinating the ZnO seed layer at 450 °C, revealing a composed of
small grains that are densely packed and exhibitminimal porosity. Furthermore, the nanoparticles are
uniformly distributed across the glass substrate. The particle size of the seed layer plays a crucial role in
determining the final structure of ZnO, as emphasized by previous studies [45, 46]. However, TEManalysis

Figure 7.UV–vis spectra of ZnONPs seed layer on glass substrate at different concentrations of zinc nitrate hexahydrate.

Figure 8.Energy bandgapmeasurement of ZnONPs using (a) 0.02 M, (b) 0.05 Mand (c) 0.1 M zinc nitrate hexahydrate.

Figure 9. (a) SEMand (b)TEM images of the green synthesized ZnONPs seed layer.
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demonstrates that the particles possess a nearly spherical shape, with an approximate nanoparticle size of 40 nm,
as depicted infigure 9(b).

Figure 10 displays the x-ray diffraction spectra of ZnOnanoparticles (NPs) grown on a glass substrate. The
intensity of the peaks corresponding to (100), (002), and (101)noticeably increases with higher deposition
concentrations of zinc acetate dihydrate (ZAD) solution.

The elemental composition of ZnONPs situated on a glass substrate was investigated using Energy
Dispersive x-ray Spectroscopy (EDX). Figure 11(a) visually represents the distribution of ZnO seed layers,
fabricated employing a greenmethod. The study via EDXauthenticated the presence of both oxygen (O) and
zinc (Zn) atoms on the surface of the glass. Peaks corresponding to silver (Ag)were detected, a result of the
application of a silver coating to augment the SEM image quality. Other elements, such as silicon (Si), calcium
(Ca), aluminum (Al), magnesium (Mg), and sodium (Na), were also observed in the spectrum, attributed to the
composition of the glass substrate. Furthermore, the EDX spectrum substantiated the purity of the ZnO seed
layer. Comprehensive insights into the elemental composition, alongwithmapping distributions of zinc and
oxygen atoms, are depicted in figure 11(b).

4.4. XRDanalysis of ZnONRs
To analyze the crystal structure and phase purity of the ZnOnanorods (NRs), x-ray diffraction (XRD) analysis
was employed. TheXRDpatterns of the obtained samples are presented infigure 12. The growth of ZnONRs on
a glass substrate was conducted using different concentrations (0M, 0.033M, and 0.335M) of ammonium
hydroxide. For reference, the x-ray diffraction spectra of the glass substrate were also included as a base sample.
Sample (a) exhibited a single broad peak, indicating the presence of an amorphous glass structure. In contrast,
sample (b) displayed distinct diffraction peaks corresponding to the hexagonal wurtzite structure at (100), (002),

Figure 10.XRD spectrum fromZnO seed layer with concentration of 0.05 MZAD.

Figure 11. (a)EDXanalysis and (b) elementalmapping distribution of Zn andO composition fromZnO seed layer.
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and (101). The intensity of these peaks increased as the concentration of the ammonia solutionwas raised to
0.335M. Sample (c), synthesized at the highest concentration, i.e., 0.335Mof ammoniumhydroxide, possesses
the dominant peak of the c-axis. In this case the growth direction for the ZnOnanorods (NRs)was confirmed by
the presence of the high intense (002) plane in the XRD analysis. The appearance of the highest intensity of the
diffraction patterns for ZnONRs validated their highly crystalline nature. Importantly, no foreign diffraction
peaks corresponding to impurity phases were detected, signifying the formation of a pure ZnOphase.

Figure 13 illustrates the XRDpattern of ZnO samples grown at different concentrations of zinc nitrate
hexahydrate (0.02, 0.05 and 0.1 M). The diffraction peaks in all samples indicate their nearly single-crystalline
nature, with a preferential orientation along the c-axis of the hexagonal ZnO structure, specifically the (002)
plane. The intensity of the (002) diffraction peak for ZnO is remarkably strong, indicating that the green-
synthesized ZnOnanorods (NRs)were predominantly grown along the [001] direction. TheXRDpeaks
observed in the samples consistentlymatched those listed in the standard ICSDRef. CodNo. 98-006-5122, with

Figure 12.XRD spectrum fromZnONRs grown at different (0, 0.033, 0.335)Mof ammoniumhydroxide concentrations.

Figure 13.XRD spectrum fromZnONRs grown at different (0.02, 0.05, 0.1)Mof Zn(NO3)2 concentrations.
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no additional peaks corresponding to ZnOor other impurities detected. Among all the ZnO samples, the (002)
plane exhibited themost intense peaks at 2θ= 34.3°, confirming the preferred growth direction along the c-axis
due to its higher kinetic energy. This direction played a significant role in columnar growth compared to other
planes. The average crystallite size of the ZnOnanoparticles was calculated usingDebye–Scherrer’s equation, as
presented in table 1.

l
b q

= ( )D
K

cos
13

WhereD is the crystal size,K is the shape factor (0.90),λ is thewavelength of x-ray diffraction (
≈0.15406 nm) for Cukα,β is the full width at halfmaximum (FWHM) and θ is the diffraction angle [47].
Figures 12 and 13 demonstrate that increasing the precursor and ammoniumhydroxide concentration does not
cause a significant shift in the positions of the diffraction peaks. However, there is a noticeable increase in the
intensity of these peaks. This can be attributed to a reduction in lattice disorder and a decrease in strain, both of
which contribute to higher crystal quality at higher concentrations [48].

4.5.Morphology of ZnONRs grownby green synthesis
Figure 14 illustrates the top and cross section view of ZnONRs growth on glass substrates using different
concentrations of ammoniumhydroxide as an additive in the growth solution. Infigure 14(a), where no
ammoniumhydroxide is added (0M), the ZnO exhibits a nanodroplet-likemorphology on the substrate.
However, when 0.033Mol of ammoniumhydroxide is introduced, the SEM images infigure 14(b) reveal the
formation of homogeneous nanopillar-like structures randomly oriented in different directions on the glass
substrate. Furthermore, at the highest ammoniumhydroxide concentration of 0.335Mol,figure 14(c) shows
that the obtained ZnOmorphology is predominantly hexagonal in shape and perfectly aligned perpendicular to
the growth surface. The addition of ammoniumhydroxide during the synthesis process has a significant impact
on the nucleation and growth rate of ZnO, influencing the formation of crystal structure andmorphology. This
effect is attributed to the supersaturation that affects nucleation formation [49]. Alenezi et al have explained the
variation in ZnOnanowire density on anAu surface by stating that in the absence of ammoniumhydroxide,
primarily Zn2+ ions are available. In contrast, when ammoniumhydroxide is used, their availability is limited,
leading to a decrease in the rate of homogeneous nucleation and an increase in heterogeneous nucleation [50].

The lengths of theNRs increase steadily from1.108 μmto 2.4 μmwhen the growth concentrationwas
further increased from0.001 to 0.02M,whereas their diameters are found to be almost constant around 600 nm.
Anisotropic crystal growth is essential for the creation of ZnONRs. SEM images shownparticles are almost
perfectly aligned, with the nanoparticles epitaxially fused in afixed orientation, which is the (002) plane, as

Figure 14.Growthwith different amount of ammoniumhydroxide, (a)without ammoniumhydroxide, (b) 0.033Mol ammonium
hydroxide, (c) 0.335Mol ammoniumhydroxide.

Table 1.Crystalline sizemeasurements of ZnONRs usingDebye–Scherrer’s equation.

Sample FWHM (02Theta) Crystalline Size (nm)

Without Ammoniumhydroxide — —

0.033Mol Ammoniumhydroxide 0.3149 26.4

0.335Mol Ammoniumhydroxide 0.0960 86.6

0.02Mol Zinc nitrate hexahydrate 0.0984 84.8

0.05Mol Zinc nitrate hexahydrate 0.0960 86.6

0.1Mol Zinc nitrate hexahydrate 0.0960 86.6
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demonstrated by Pacholski et al they also, shown that ZnONRdevelopment requires oriented attachment of
ZnONPs [38]. Thus,morphology of ZnONRs and structural characteristics are influenced by themorphology
of the ZnO seed layer [51]. Therefore, it can be concluded that in this work themost optimumgrowth
parameters were determined to be 1Mof zinc concentration and 0.335Mol of ammoniumhydroxide as an
additive solution, leading to the growth of well-aligned and hexagonal structure ZnOnanorod.

Figure 15 depicts both the top and cross-sectional views of synthesized ZnOnanorods (NRs) on glass
substrates. The ZnO samples were grown using different concentrations of zinc nitrite solutions, namely (a)
0.001M, (b) 0.01 M, and (c) 0.02 M,whilemaintaining the ammoniumhydroxide concentration at 0.335M.
Across all three samples, the nanorods exhibit a predominantly vertical alignment along the c-axis direction.
Sample (a) displays the lowest nanorod thickness, approximately 1.108 μm, and a significant amount of
nanorod agglomeration. In sample (b), the nanorods exhibit a higher thickness of 2.089 μmcompared to sample
(a), but a lower nanorod density.Moreover, sample (b) demonstrates a well-defined hexagonal wurtzite
structure compared to the other samples. In sample (c), the nanorods have the longest length at 2.4 μmand
exhibitmore pronounced agglomeration and higher density than sample (b). Despite identical growth
parameters such as growth time, temperature, pH values, and plant extract concentration, sample (b), grown at a
zinc nitrate hexahydrate concentration of 0.05 M, appears to bemore favorable compared to the other samples.
This preference is attributed to the presence of fewer combined nanorods andmore clearly defined hexagonal
shapes in sample (b) compared to samples (a), (c). Similar observations have been reported by S. Rajamanickam
et al [51].

Figure 16 provides a detailed analysis of the elemental composition of ZnOnanorods (NRs) prepared using a
green synthesismethod at different growth concentrations. This analysis was conducted using an energy
dispersive x-ray spectroscope (EDX) attached to the SEMmachine. The EDX spectrum exhibited distinct peaks
corresponding to Zn andO elements, indicating a high purity of ZnOduring the growth process, with almost no
impurities. The atomic percentage of Zn element in the Zn-O compound increased across all samples fabricated
at different growth precursor concentrations, as depicted in the inset tables offigure 16.However, at higher
growth concentrations, therewas a noticeable increase in the Zn percentage and a corresponding decrease in the
Opercentagewithin the Zn-O compound. This phenomenon can be attributed to the greater availability of Zn
atoms during the growth process at higher concentrations.

The elemental distributions of ZnOnanorods grown at various Zn salt concentrations were studied by EDX
analysis, as shown infigure 17. The elementalmapping results show that the Zn andO elements are evenly
distributed throughout all the ZnO samples.

5. Conclusion

In the current study, stable and aligned ZnOnanorods (NRs) on a glass substrate were successfully prepared by a
novel green route using aqueousThymus kotschyanus plant extract. The utilized procedure is rather simple,
rapid, cheap, ecological and did not necessitate any organic solvents or other toxic reagents. Thus, we believe that
the synthesis procedure is beneficial over conventionalmethods and open awide door towards otherNRs
preparations. This study, also, highlights the significant influence of ammoniumhydroxide and zinc precursor
concentrations on themorphology and alignment of the green synthesized ZnONRs. It has been shown that
higher concentrations of ammoniumhydroxide led to the formation of highly crystalline andwell-aligned
hexagonal ZnONRs. Comprehensive analyses were conducted to investigate themorphology, structure, and
optical characteristics of the biosynthesized ZnONRs. Scanning electronmicroscopy analysis revealed an

Figure 15. SEM images of top view and cross-section of green synthesized ZnONRs grownusing at. (a)0.02 M, (b) 0.05 M, (c) 0.1 Mof
zinc nitrate hexahydrate growth solution.
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increase in the average length of nanorods as the precursor concentrationwas raised. X-ray analysis consistently
indicated the dominant of the (002) orientation in the ZnOpatterns. Furthermore, theUV–vis spectrum study
demonstrated an increase in average absorption intensity with higher concentrations of ammoniumhydroxide.
Fromour perspective, ZnONRs could be one of themost significant nanomaterials in future research and
applications. Therefore, the proposed novelmethod contributes to the understanding of ZnONR synthesis and
highlights the potential of greenmethods for the development of nanostructures.
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