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ABSTRACT

Zinc oxide nanowires (ZnO NWs) have been successfully synthesized via a
hybrid microwave-assisted sonochemical technique (HMAST) using zinc
acetate dehydrate as starting material. The optimized parameters were set at
12.5 mM solution concentration and a rapid deposition time of 60 minutes.
The microwave power was varied from 100 to 800 Watts and the effect of
microwave power on the morphological, structural, and optical properties of
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the ZnO NWs has also been studied. Results showed an aligned, uniformly
distributed hexagonal wurtzite structure of ZnO NWs was produced, which
were augmented at 600 W microwave power, having the smallest diameter size
of 29.66 nm. The XRD graph showed that the ZnO NWs produced are highly
crystalline, exhibiting the sharpest and narrowest intensity of (002) peaks and
a crystallite size of 18.60 nm. The transmittance spectra obtained by UV-Vis
would be 89.72%, having a sharp absorption edge, implying the lower particle
size of ZnO as well as exhibiting high absorbance in the ultraviolet region,
indicating good crystallinity. From the findings, it can be confirmed that the
microwave-assisted method helped in improving the formation of higher
quality ZnO NWs that can be befittingly applied in many devices such as
photocatalysts and sensors due to their excellent electrochemical properties.

Keywords: Zinc Oxide; Nanowires; Nanostructures; Microwave-Assisted;
Sonochemical

Introduction

One of the many one-dimensional nanostructures and oxide-based
multifunctional materials that are now being researched and studied is zinc
oxide (ZnO), whose exceptional features can improve the performance of
electrical devices as well as many other things [1]. Zinc oxide is categorized
as a semiconductor in group I1-V1, whose covalence is on the ionic-covalent
bond semiconductor. It has a wide energy band (3.37 eV), high bond energy
(60 meV), and good thermal and mechanical stability at ambient temperature,
which makes it appealing for prospective usage in electronics, optoelectronics,
and laser technologies [2]-[3]. Its distinct chemical properties are
complemented by its straightforward crystal-growth process, which offers
much cheaper production costs than those of other semiconductors utilized in
nanotechnology. In addition, ZnO nanomaterials (ZnO NMs) have a diverse
range of nanostructures with complex morphologies and applications [4]-[10],
namely nanowires [11]-[12], nanorods [13], nanotubes [14], and nanobelts
[15]. Numerous growth techniques have been reported for the synthesis of ZnO
nanostructures (ZnO NSs) specifically ZnO NWs including chemical and
physical techniques like thermal evaporation [16]-[18], Chemical Vapor
Deposition (CVD) and cyclic feeding CVD [19]-[20], sol-gel deposition [21],
[22], electrochemical deposition [12], [23]-[24], hydrothermal and
solvothermal growth [25]-[30] as well as surfactant and capping agents-
assisted growth [31]-[32]. It is also known that these nanostructures can be
grown rather easily at low temperatures.

Though these prevalent growth methods for ZnO NWs currently
practiced are mostly successful, they do, however, have a few drawbacks, such
as low productivity or severe impurities from their employed assistant, also
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known as a catalyst or precursor, which can cause complications for their
actual nanodevice application. [33]. Another limitation would be that its usage
requires severe conditions such as high temperature, high pressure, expensive
materials, and complex procedures. Alternatively, microwave-assisted
methods had been suggested to help overcome these challenges. The region of
the electromagnetic spectrum that comprises microwaves has a wavelength (1)
between 1 mm and 1 m, which is equivalent to a frequency range between 300
MHz (A=1 m) and 300 GHz (A=1 mm) [34]-[35]. Its numerous benefits,
including scalability, low energy consumption, quick growth, low cost, and
simplicity of handling make it a highly acclaimed method to solve these
concerns [36]-[39]. Moreover, in comparison to ZnO NSs synthesized using a
more traditional method, the microwave-assisted process provides more
control over the shape and dimensional dispersion of ZnO NSs [40]. This
ensures a higher level of consistency for experimental results. In addition,
microwave irradiation plays a crucial role in chemical reactions occurring in
aqueous media [41], reducing the time [42] and cost, lowering particle size
with a narrow size distribution, raising the product yield rate, and producing
high-purity products in comparison to traditional techniques [43]-[46].

In addition, the traditional method of producing ZnO by solution-based
approach mainly does not emphasize the solution preparation process but
rather concentrated more on the effects of stabilizer instead of the reactant
dispersion causing a non-homogeneous reaction during the mixing process of
precursor and solvent which will contribute to the formation of a large particles
size and reduce the surface area of the nanostructures. Through defects states
such as grain boundaries, this behavior will lead to limited electron transport
and a high recombination rate [47]. Hence, our research intends to optimize
the aforementioned method by introducing the Hybrid Microwave-Assisted
Sonochemical Technique (HMAST) while also investigating the impacts of
microwave power on the overall properties ZnO NWs produced. This method
incorporates a very effective and often employed solution-based method
whereby the sonification process was incorporated during the mixing process,
to significantly improve the interaction between the precursor and stabilizing
agent and thus provide better overall control of the features of the
nanostructure and further assisted by microwave irradiation to expedite the
production process.

Methodology

The research approach is divided into three parts, which are outlined below.
The initial step would be to prepare and clean the glass substrates. The zinc
oxide nanoparticles (ZnO NPs) thin film is then prepared using an ultrasonic-
assisted sol-gel spin coating process, yielding ZnO NPs array. It will next go
through a microwave heating deposition process to produce ZnO NWs.
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Preparation of ZnO nanoparticles seeded layer thin films

Zinc Oxide-Based Nanoparticles were prepared as a seed layer of thin films on
a glass substrate which was deposited by an optimized ultrasonic-assisted sol-
gel (sonochemical) spin-coating technique [48]-[49]. The sonicated sol-gel
ZnO was prepared by dissolving 0.4 M zinc acetate dehydrates [(Zn
(CH3COO0),-2H,0; Merck] which acts as the precursor in the solvent of 2-
methoxy ethanol [CsHsO,; Merck] at room temperature. Then, at 1% of
aluminum nitrate nonahydrate [Al (NO3);.9H,O; Analar] and 0.4
monoethanolamines [MEA, C,H;NO; R&M] were added into the solution as
dopant and stabilizer, respectively. The molar ratio of MEA to zinc acetate
dehydrate was maintained at 1:1, and the resultant solution was stirred at 80
°C for 40 minutes to yield a clear and homogeneous solution. Afterward, the
solution was sonicated at 50 °C for 30 minutes using an ultrasonic water bath
(Hwasin Technology Powersonic 405, 40 kHz) and cooled to room
temperature. The solution will then be used to coat the glass substrate using
the spin coating technique where 10 drops of the solution were deposited onto
the substrate at a speed of 3000 rpm for 30 seconds. Lastly, the samples were
preheated in an atmosphere ambient at 300 °C for 10 minutes to remove solvent
and the deposition processes were repeated for the second to the fifth layer of
film to achieve the required film thickness. All samples were annealed in a
furnace at a temperature of 500 °C for 1 hour.

Deposition of ZnO nanowires via hybrid microwave-assisted
sonochemical technique

ZnO NWs were grown via the HMAST method. An optimized 12.5 mM
concentration of the solution was prepared using Zinc acetate dehydrate [(Zn
(CH3sCO0),-2H,0; Merck] and 0.01 M hexamethylenetetramine [HMTA,
CeH12N4; Merck] as a precursor and stabilizer, respectively [50]. The reagents
were dissolved and reacted in a beaker filled with 2000 mL distilled water as
a solvent and stirred at 80 °C for 30 minutes to yield a clear and homogeneous
solution. Next, the solution was sonicated at 50 °C for 30 minutes using an
ultrasonic water bath (Hwasin Technology Powersonic 405, 40 kHz). The
solution was then aged at room temperature for 1 hour and poured into a Schott
bottle of 250 ml volume capacities where the optimized seed layer-coated glass
substrates were placed at the bottom of the container. Afterward, the container
was placed inside the 2.45 GHz microwave (SHARP 25L Microwave Oven
R352ZS) which was set to a microwave power of 100 to 800 Watt for 60
minutes each. Once done, the samples were annealed at a temperature of 500
°C for 1 hour. The procedures described above are depicted in Figure 1.
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Figure 1: Deposition of ZnO NWs via a hybrid microwave-assisted
sonochemical technique

Characterization method

The structural and morphological properties were characterized by X-ray
diffraction (XRD, PANalytical X Pert PRO) with Cu K-alpha radiation of a
wavelength of 1.54 A and field emission scanning electron microscope
(FESEM, JEOL JSM-7600F). The optical properties were characterized by
UV-visible spectroscopy (UV-Vis, Cary 5000).

Results and Discussion

Morphological and structural study

Top views of the ZnO NWs created using the HMAST approach are shown in
Figure 2 which were deposited using microwave powers ranging from 100 to
800 W and an optimum solution concentration of 12.5 mM over the course of
60 minutes. It is evident that ZnO NSs were successfully produced in
nanowire-type formation at the surface of the glass substrate within a very brief
period of deposition time. This success may be attributed to microwave
chemistry, as discussed by Abu ul Hassan et al. [51], where microwave heating
provides homogeneous heat transfer to the solution mixture for chemical
reactions, thereby speeding up the synthesis process.
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Figure 2: FESEM images of ZnO NWs by HMAST at 20000X magnification
and magnified images (100000X) on the top right corner deposited at
microwave power of; () 100 W, (b) 200 W, (c) 300 W, (d) 400 W, (e) 500
W, (f) 600 W, (g) 700 W, and (h) 800 W
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In addition, compared to furnace heating, the effect of microwave
growth can be seen even at relatively small microwave levels (100 W). This is
explained by the reduced crystallization periods associated with the quick
dissolving of precipitated hydroxides by microwave heating, as well as the
rapid heating of the reaction precursors to the crystallization temperature [52].
The produced ZnO NWs have a distinct hexagonal wurtzite structure and are
vertically oriented and tightly packed onto the substrate with different sizes
which might be attributed to the migration rate of zinc interstitials and the
vacancies are largely dependent on the change of growth temperature caused
by the increase in the power of microwave [53]. Dimensions were averaged
fromindividual nanowires according to the area distribution of nanowires from
each sample where the average diameter size of the nanowires is tabulated in
Table 1. It can also be observed in Figure 2(f) that the surface morphology of
ZnO NWs deposited at 600 W microwave power displays the smallest
diameter size and smooth uniformly distributed hexagonal NWs with a more
compact structure in comparison to other samples. It is evident in Figures 2(a)
to 2(f) that the nanowires' reduction in diameter size as microwave power
increases from 100 to 600 W is consistent with earlier research conducted by
other researchers where it was found that a higher microwave power
contributes to increasing in temperature leading to the decrement in diameter
size of nanostructures [54].

However, the diameter size of the nanowires starts to rise once more at
power levels of 700 and 800 W as seen in Figures 2(g) and 2(h). This might be
due to the microwave effect and the phenomenon of “hot spots," which is
caused by the presence of zones with a higher temperature than the bulk of the
aqueous solution. The maximum temperature reached in the chemical
reactions during microwave heating was limited by the solution boiling
temperature (105 °C for water) or higher temperature [55]. A liquid reaction
mixture superheats because of these "hot spots" more than conventional
heating would expect. When using a dielectric material (solid or liquid), and
assuming negligible diffusion and heat losses, most of the absorbed microwave
power per unit volume is converted into thermal energy within the dielectric
material [56]. This is shown in the following equation where the temperature
of the mixture's aqueous solution rises rapidly as the microwave power
increases.

AT _ Paps _ 21feoe o Efms _ 2nfege  tanSE2 (1)

At~ pC, pC, pC,

where p is the density, Cp is the specific heat capacity, AT is the temperature
rise or the rate of heating and t is the time.
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According to Debye and Stokes’ theorem, the relaxation time (z) of
dipole rotation, a spherical or nearly spherical rotating dipole with radius, r is
given by the following equation [57]-[58]:

_ 4mnr3 )
kT

T

where 7 is the viscosity of the medium, k is Boltzmann’s constant, and T is the
temperature. Relaxation data for pure water play an important role in the study
of the dielectric properties of aqueous solutions [59].

On the other hand, when the temperature rises, the water phase's
viscosity decreases as shown in Equation (2), increasing the possibility that
water pools would collide. Water pools become less stable as a result, which
raises the likelihood that ZnO nuclei will combine. As a result, ZnO
nanostructures will often expand in size [60]. The change in microstructure is
also explained by the Ostwald ripening theory [61].

Table 1: Structural parameters of ZnO NWs by HMAST technique deposited
at various microwave power

S Microwave Pga_k FWHM  Crystallite Diameter
ample position . . size (nm)
power (W) (26) @) size (nm) FESEM

(@) 100 33.86 0.190 31.98 40.51
(b) 200 33.90 0.189 29.79 37.93
() 300 33.82 0.186 31.63 36.90
(d) 400 33.89 0.183 33.08 35.11
(e) 500 33.86 0.173 38.01 33.60
0] 600 33.90 0.170 32.71 29.66
(9) 700 33.91 0.202 31.98 41.53
(h) 800 33.95 0.348 18.60 45.77

The results of X-ray diffraction (XRD) for these samples further
supported the FESEM results where it was found that the ZnO NWs produced
are in highly crystalline form and purity. Figure 3 displays the XRD patterns
of the ZnO NWs thin film generated by the HMAST technique at different
microwave powers of 100 to 800 W. The indexing of the various XRD peaks
was carried out in accordance with the Joint Committee on Powder Diffraction
Standards (JCPDS) standard database of ZnO hexagonal wurtzite
nanostructure (File no. 36-1451). The ZnO NWs formed display three distinct
diffraction peaks that were observed between 20 and 60 degrees, as shown in
Figures 2(a) to 2(h). The observed diffracted peaks and associated hkl values,
which were positioned along the preferred c-axis orientation and were indexed
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at (100), (002), and (101), are clearly visible with varying intensities. This
outcome is consistent with those mentioned in previous findings [62]-[63].

The strongest (002) orientation peak, which is evident in all samples, is
between 33.82° and 33.9°, showing that the particles predominantly developed
in one direction, generating structures that are almost 1D or rod-like, as can be
seen by observations from all the grown samples. The weak intensities of the
other peaks, on the other hand, could be caused by a few distorted alignments
of ZnO NWs grown on the glass substrate. Overall, the samples that were
developed exhibited clear crystalline structures and no other phase formations,
including amorphous structures. Additionally, it can be noted in Figure 2(f)
that ZnO NWs deposited at the maximum microwave power of 600 W exhibit
the sharpest and narrowest intensity of (002) peaks as compared to ZnO NWs
formed at a different microwave power of 100 to 500, 700 and 800 W. This
further proves that the samples synthesized using higher microwave power
have higher peak intensity, in comparison to those prepared at lower powers,
indicating the increase of purity of ZnO as a function of high microwave power
[64].

(h) 800W
(g) 700W

(f) 600W

(100)
% >(002)
(101)

(e) 500W

Intensity (a. u.)

(d) 400W

(c) 300W

(b) 200W
(a) 100W

LD

20 30 40 50 60
2 Theta (degree)

Figure 3: XRD spectra of ZnO NWs by HMAST technique deposited at
various microwave power

The average crystallite sizes D (nm) of the ZnO nanowires was
calculated using Scherrer’s formula below.

094 3)
" BcosH
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where 1 is the X-ray wavelength of Cu—Ka radiation source (=1.5418A°), § (in
radians) is the full width at half maximum (FWHM) intensity of the diffraction
peak located at 20 and 6 is the Bragg‘s angle.

Calculated results are shown and summarised in Table 1, where it is
discovered that the average crystallite size increases from 45.62 to 51 nm with
an increase in microwave power from 100 to 800W. Although ZnO nanowires
can be grown as it is usually in the form of powders, our method opted for the
use of substrates specifically low-cost soda lime silica glass as vertically
oriented growth on a substrate offers significant benefits specifically for
photocatalytic applications. The formation of nanowires is aided by the
anisotropy of the ZnO crystal structure. The basal plane (001), with one end,
in terminatively positive Zn lattice points and the other in partially negative
oxygen lattice in various directions follow the pattern v(g91) > V(o111 >

V(0170) > V(01T1) > Y(000T) [66]-

Optical Properties

At room temperature, UV-Vis-NIR spectrophotometer measurements between
200 and 2200 nm are used to determine the optical characteristics of the ZnO
NWs created by HMAST. The transmittance spectra of the ZnO NWs made
using the HMAST approach are shown in Figure 4 at various microwave
powers ranging from 100 to 800 W. Thin films' optical transmittance is known
to be influenced by their surface shape. In this experiment, it was discovered
that every sample developed met the criteria for transparency, which is above
80% in the visible-NIR range, and that the visible region's absorption edges
are below 400 nm. This could be attributed to electron transitions from the
valence band to the conduction band caused by the intrinsic ZnO band gap. It
has also been widely reported in previous studies that the difference in particle
size might be the reason for the variation in the absorption edges (67-69).
Throughout the visible area, the transmittance spectra show an exciton peak in
the 350-380 nm range and reduced absorbance above 380 nm. Sharp
absorption edges suggest smaller ZnO particle sizes, while strong absorbance
in the UV range suggests excellent crystallinity [70].

The highest transmittance was recorded for the sample synthesized at
100 W microwave power as can be seen in Figure 4(a) with an average
transmittance of 95.11% between 400 nm and 800 nm in the visible region,
whereas the lowest transmittance was obtained for the intrinsic sample at 700
W with an average transmittance of 83.43% over the same wavelength as seen
in Figure 4(g).

It can also be seen in Table 2 that the transmittance decreases as the
microwave power increases from 100 to 500 W. However, the transmittance
increases again at a microwave power of 600 W with 89.72% transmittance
which might be due to the homogeneous structure with uniformly distributed
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particles and improvement in growth along the c-axis enhancing the optical
scattering reduction in the ZnO thin films. The transmittance spectra started to
decrease again at higher microwave power of 700-800 W which might be due
to the change in structural properties as discussed previously. Overall, all the
samples showed great transparency and it is also well known that strong
transmittance properties may be used in electrical devices, such as the window
layer in solar cells, to capture the most photons. Changes in the transmission
spectrum were brought on by interferences in thin films caused by reflection
at the air-ZnO and ZnO-glass interfaces [71].

100

80 \
w @ (e}

60 (h)

(a) 100W
—— (b) 200W

%T

(c) 300W
40 4 —— (d) 400W
(e) 500W
—— () B0OW
—— (g) T00W
—— (h) 800W

N
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Figure 4: Transmittance spectra of ZnO NWs by HMAST technique
deposited at various microwave power of (a) 100 W, (b) 200 W, (c) 300 W,
(d) 400 W, (e) 500 W, (f) 600 W, (g) 700 W, and (h) 800 W
as a function of wavelength

Table 2: Transmittance percentage of ZnO NWs by HMAST technique

Sample Microwave power (W)  Average transmittance, T (%)

@) 100 95.11
(b) 200 91.07
© 300 90.73
(d) 400 90.03
() 500 85.96
) 600 89.72
(@) 700 83.43
(h) 800 84.01
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Conclusions

It can be concluded that highly crystalline ZnO NWs having hexagonal
wurtzite structure with preferable c-axis orientation were successfully
synthesized using a microwave-assisted sonochemical technique from 100 to
800 W of microwave power at 12.5 mM concentration and 60 minutes
deposition time with profound improvement in its properties. It is found that
the peak intensities of the ZnO NWs increase as the power increases up to 600
W indicating the high purity of ZnO NWs produced. The trend in the growth
of the aligned ZnO NWs arrays produced is supported by the FESEM images
of samples which indicate smaller diameter sizes of wires as the temperature
rises with higher microwave power but starts getting bigger from 700 W of
microwave power to 800 W. On the contrary, the XRD analysis obtained
structural analysis which had shown significant phase identification according
to JCPDS (File No 36-1451) highest intensity of (002) was observed to be very
strong and narrow with bigger crystallite size at higher microwave power. The
optical analysis of the samples also found that ZnO NWs obtained by this
method have high transmittance of around 84% to 95.11% which is highly
fitting to be applicated in electrical devices.
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