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Abstract: This paper investigates how the pre-treatment of the growth solution with ultrasonic energy

affects the annealing temperatures and the growth temperatures of zinc oxide (ZnO) nanorods. The

ultrasonic pre-treatment of the growth solution resulted in the successful growth of ZnO nanorods

at a very low annealing temperature of 40 ◦C. The size and density of ZnO nanorods were found

to increase proportionally with the increasing duration of pre-ultrasonic treatment, as indicated by

characterisations performed with a scanning electron microscope (SEM). At an annealing temperature

of 40 ◦C, coupled with ultrasonic waves, the SEM results showed that ZnO nanorods’ length and

diameter increased by 37 and 25%. A similar pattern was also observed at an annealing temperature of

60 and 80 ◦C, where the length and diameter of ZnO nanorods increased. In addition, the conductivity

and acidity of the aqueous solution that had been sonicated were measured. The results showed

that solution conductivity and acidity increased as the ultrasonic treatment continued for longer

periods. After 3 min of sonication, the final conductivity and acidity of the solutions were found to

be 9164 µS/cm and 6.64, respectively. The results also indicated that the ultrasonic pre-treatment of

the growth solution increased the zinc nutrient concentration, which would affect the formation of

ZnO nanorods. In addition to the ultrasonic effect, the annealing temperature influenced the active

nucleation sites essential to the ZnO nanorods’ expansion.

Keywords: ultrasonication method; zinc oxide (ZnO); nanorods; low-temperature process; photocat-

alytic degradation

1. Introduction

Zinc oxide (ZnO) nanostructures have gained much attention from researchers and
industrialists because of their remarkable properties, including high binding energy, wide
band gap, high thermal resistivity, photoluminescence, and piezoelectric effect [1]. These
properties have highlighted ZnO as a potential material for various applications, such
as in solar cells [2], photocatalysts [3], electrochemical sensors [4], gas sensors [5], and
energy harvesters [6]. The size, shape, and quantum confinement effect of the ZnO nanos-
tructure provide a variety of remarkable and intriguing characteristics. It is also among
the most promising materials for a range of microelectronic and optoelectronic devices
due to its broad band-gap energy, high excitation binding energy, and lack of central
symmetry [7]. ZnO nanostructures can be prepared using various synthesis techniques,
such as chemical vapor deposition (CVD) [8], electrochemical deposition [9], sputtering
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deposition [10], and pulse laser deposition [11]. These synthesis techniques can produce
high-quality ZnO nanostructures but require severe reaction conditions, including high
temperature (beyond 400 ◦C), precise gas concentration, rigid gas flow rate, and strict
process control [12]. For sensor applications, a platform made from a flexible material
is necessary to allow the integration of the ZnO nanostructures with portable consumer
devices, thereby facilitating the key features of enhanced appearance, trendiness, and light
weight. Thus, a low-temperature synthesis process is required to produce the nanomaterial
because flexible substrates are typically unable to withstand high process temperatures and
extreme processing conditions.

Hydrothermal synthesis is a low-temperature technique in which ZnO nanostructure
growth can be achieved at temperatures below 100 ◦C. The hydrothermal synthesis setup
is simple and experimentally proven for large-area nanostructure growth [13]. Although
the growth temperature is low in such a system, the ZnO-seed layer annealing temperature
before final growth is still high, typically between 100 and 450 ◦C (e.g., Sheng et al. at 300 ◦C
for 20 min [14], Sunandan et al. at 450 ◦C for 5 h [15], Hu et al. at 180 ◦C for 1 h and 300 ◦C
for 30 min [16], and Min et al. at 300 ◦C for 10 min before and after depositing the ZnO seed
layer [17]). An alternative hydrothermal synthesis technique for ZnO-nanorod growth can
avoid the need for a a seed layer during annealing. This alternative process is a single-step
solution wherein an autoclave introduces high pressure and energy density to a small
confined area during growth [18]. However, this autoclave process only allows growth over
large areas, particularly at wafer-scale levels. Moreover, the single-step solution process
usually requires very long growth times (e.g., Balasubramaniam et al. required 10 h at
90 ◦C [19], Liu et al. required 24 h at 95 ◦C [20], Li et al. required 12 h at 180 ◦C [21], and
Conghua et al. required 18 h at 150 ◦C [22]).

The sonochemical method utilises the high intensity of ultrasound. It offers a facile
versatile synthetic tool for nanostructured materials at room temperature with a growth
duration of one to three hours [23–25]. During the growth process, the ultrasonic treatment
is applied to the growth solution. However, the deposited metal or resist may be damaged
due to long-duration exposure to ultrasound and thismay affect the patterning growth
process [26]. To address these issues, a new approach was developed. The growth solution
is treated first with ultrasound at room temperature before the growth process is carried
out via the hydrothermal method. Applying ultrasound to the growth solution improves
the dilution of zinc nutrients in the aqueous mixture. As shown in the later sections of
this paper, the application of ultrasound assists the ZnO nanostructure growth at very
low process temperatures. This method provides an alternative method to grow ZnO
nanostructures at a very low annealing temperature and with minimum equipment. This
is important, as the low-temperature process is necessary because the flexible substrates
mostly have a low melting point.

2. Materials and Methods

ZnO nanostructures were synthesised by hydrothermal growth on oxidised silicon
(SiO2) substrates. The catalyst, which acts as a seed layer to form the ZnO nanorods,
was prepared using a mixed solution of 0.2 M zinc acetate dehydrate and diethanolamine
in ethanol. The materials used were zinc acetate dihydrate powder with a molecular
weight of 299.51, diethanolamine powder with a molecular weight of 105.14, zinc nitrate
hexahydrate with a molecular weight of 297.49, and hexamethylenetetramine powder with
a molecular weight of 140.19. The solution was then spin-coated onto the SiO2 surface
at a speed of 3000 rpm for 30 s. To investigate the minimum annealing temperature (AT)
required to grow the ZnO nanorods, SiO2 samples coated with a Zn seed layer were
annealed at 40, 60, and 80 ◦C for 1 h using ceramic furnace model Muffle LE 14/. For the
growth nutrient solution, 0.04 M aqueous solutions comprising zinc nitrate hexahydrate
and hexamethylenetetramine mixed in de-ionised (DI) water were prepared and sonicated
for 5 s and 3 min. The reason for these sonication times was to investigate the potential of
sonication to facilitate the ZnO growth over a short period.



Processes 2023, 11, 708 3 of 10

Ultrasonic model Branson CPX1800-J was used to sonicate the prepared solution at a
fixed frequency of 1000 Hz for 5 s and 3 min, respectively. Considering the ultrasonication
equipment’s limitations, the ultrasonic bath’s power frequency was fixed at 40 kHz. The
position of the beaker containing the aqueous solution was selected, and all of the beakers
used for this experiment were of the same size and volume to ensure that the intensity of
the sonication power was applied equally to each sample. After sonication, the annealed
samples were immersed in the aqueous solution vertically. Final ZnO nanorod growth was
conducted at temperatures of 40, 60, and 80 ◦C for 3 h. Ph meter model Benchtop S400 was
used to measure the effect of pH value after the solution had been sonicated for different
periods. The following sections discuss ZnO nanostructure growth results in sonicated and
unsonicated solutions. Ultra-high resolution field emission–scanning electron microscopy
(FE-SEM) SU9000 was used to observe ZnO nanorod growth, and atomic force microscopy
with RAMAN (AFM) was used to characterise the surface roughness of the seed layer after
the annealing process.

3. Results and Discussions

The ultrasonication process yields acoustic cavitation, which helps speed up the
chemical reaction in the Zn aqueous solution. Acoustic cavitation occurs when an ultrasonic
wave is transmitted through liquid via vibrational pressure waves, which periodically
compress and stretch the liquid’s molecular structure. Hence, if a solid substance is
present in this liquid solution, solid disruption diminishes the particle during the cavitation
process, which increases the total solid surface area in contact with the solution [27]. The
dissociation process occurs rapidly and effectively, increasing the total dissolved substance
in the solution. An ultrasonic wave was applied to dissolve the ZnO powder (zinc acetate
dehydrate and hexamethyltetraamine) in ethanol. In this case, more ZnO nutrients would
be present in the final solution, consequently improving the ZnO nanorod growth process.
Figures 1–3 show the SEM images of ZnO nanorods grown under different ultrasonic-wave
durations subjected to different annealing and growth temperatures.
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Figure 1. ZnO nanorods were grown at 80 ◦C and subjected to different annealing temperatures:

(a–c) 40 ◦C, (d–f) 60 ◦C, and (g–i) 80 ◦C.
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Figure 2. ZnO nanorods were grown at 60 ◦C and subjected to different annealing temperatures:

(a–c) 40◦C, (d–f) 60 ◦C, and (g–i) 80 ◦C.
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Figure 3. ZnO nanorods were grown at 40 ◦C and subjected to different annealing temperatures:

(a–c) 40 ◦C, (d–f) 60 ◦C, and (g–i) 80 ◦C.
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Ultrasonic waves allow the growth of ZnO nanostructures at very low annealing
temperatures (40 ◦C). However, ZnO nanorods were only observed when the growth
temperature was 80 ◦C, as shown in Figure 1g–i. No nanorod structures were observed
at 60 and 80 ◦C growth temperatures (Figures 2 and 3). The density and size of the ZnO
nanorods that were grown increased with ultrasonic wave duration (Figure 1). Figure 4a,b
summarise the average length and diameter of ZnO nanorods grown in a solution that was
sonicated for 5 s and 3 min.
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Figure 4. (a) The average length of ZnO nanorods grown in a solution sonicated for different lengths

of time. (b) The average diameter of ZnO nanorods grown in a solution sonicated for different lengths

of time.

No ZnO nanostructures were observed in the samples annealed at 40 ◦C when the seed
layers were grown in a solution without sonication (Figure 4a,b). However, nanorod-type
structures were observed when seed layers were grown in solutions that had been sonicated
for 5 s and 3 min. The length and diameter of these nanorod structures significantly
increased from 3760 and 600 nm to 5990 and 800 nm after sonication, which indicates that
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ultrasonic wave-assisted ZnO growth occurs at very low annealing temperatures. The
results also showed that the final length and diameter of the ZnO nanorods grown in the
solution sonicated for 3 min increased by over 37 and 25%, respectively, compared with
those of nanorods grown in the solution that had been sonicated for only 5 s.

The same trend was observed for samples annealed at 60 ◦C, where the final length
and diameter of ZnO nanorods increased by 50 and 44%, respectively, compared with
those of nanorods grown in an unsonicated solution. For samples annealed at 80 ◦C, the
final length and diameter of ZnO nanorods increased by over 52 and 43%, respectively,
compared with those of nanorods grown in an unsonicated solution. It can be concluded
that the growth rate of ZnO nanorods increases proportionally with annealing temperature
based on the significant size increases observed. At annealing temperatures of 40, 60, and
80 ◦C, the growth rates of the ZnO nanorods increased by 37, 50, and 52%, respectively.

The length of the ZnO nanorods in samples annealed at 40 ◦C was greater than that of
samples annealed at 60 ◦C and 80 ◦C, even though the density of the ZnO nanorods grown
was lower at low annealing temperatures than at high ones. This result can be explained by
the number of nucleation sites proportionally increasing with annealing temperature [28].
Hence, the sample annealed at 40 ◦C has fewer nucleation sites than at 60 and 80 ◦C.
Therefore, with the same amount of Zn2+ and OH− concentration, each nucleation site from
the sample annealed at 40 ◦C will receive more Zn2+ and OH− compared to the sample
annealed at 60 and 80 ◦C. As a result, ZnO nanorod growth on the sample annealed at
40 ◦C is longer than on the samples annealed at 60 and 80 ◦C. A similar observation was
also reported by [29], where ZnO nanorods length increased from 250 to 742 nm when
the annealing temperature increased from 250 to 400 ◦C. However, a further increase in
the annealing temperature of the seed layer to 450 ◦C resulted in the decrease in the ZnO
nanorod’s length to 605 nm at 450 ◦C.

To verify this hypothesis, the nucleation sites of the samples annealed at 40, 60, and
80 ◦C needed to be measured. According to Kim et al. [30], the number of nucleation sites
can be pointed out based on the surface roughness of seed layers after the annealing process.
The surface roughness of the seed layers annealed at 40, 60, and 80 ◦C was characterised by
atomic force microscopy (AFM).

Figure 5 shows AFM images illustrating the roughness of the seed layers, and the
roughness values are summarised in Table 1. The average roughness values of samples
annealed at 40, 60, and 80 ◦C were 48.45, 67.81, and 221.65 nm, respectively. The seed layer
surface roughness increased proportionally with annealing temperature, which confirms
that more active nucleation sites are present at higher annealing temperatures, indicating
that the sample annealed at 40 ◦C had the lowest nucleation sites of seed layers. Similar
results were reported where the RMS value of seed layer roughness increased from 1.9 to
2.6 nm, when increasing temperature from 150 to 350 ◦C [31].
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Figure 5. AFM images illustrating the roughness of the seed layers at (a) 40 ◦C, (b) 60 ◦C and (c) 80 ◦C.
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Table 1. Surface roughness values of seed layers annealed at 40, 60, and 80 ◦C.

Annealed at 40 ◦C Annealed at 60 ◦C Annealed at 80 ◦C

Amount of sampling 65,536 65,536 65,536
Peak to peak 293.005 nm 410.465 nm 1559.85 nm

Average roughness 48.4501 nm 67.8159 nm 221.648 nm
Root mean square 59.2803 nm 83.4649 nm 263.181 nm

At growth temperatures of 60 and 40 ◦C, nanoflakes or particle-like structures instead
of nanorods were formed (Figures 2 and 3). These small particles appeared similar to the
initial form of nanorods, which were observed when samples were annealed at 80 ◦C and
grown in a solution that had been sonicated for 3 min (Figures 2i and 3i). Regardless of the
annealing temperature, ultrasonic waves are important in promoting ZnO nanostructure
growth even at very low growth temperatures. Eventually, if the growth process is pro-
longed for over 3 h, these small particles will form ZnO nanorods. However, prolonging
the growth duration is not an option as it will add more cost to the manufacturing process.

To understand why ultrasonic waves improve ZnO growth at very low annealing
temperatures, the growth mechanism of ZnO nanostructures under ultrasonication was
discussed [32]. Zinc nitrate, initially in powder form, is an ionic compound. Zinc has a
positive charge (Zn2+), whereas nitrate has a negative charge (NO3)−. The zinc nitrate
powder must be dissolved in DI water to convert the zinc nitrate powder into zinc nutrients
in solution and allow the catalyst to attract zinc nutrients to form the desired nanostructures.
DI water molecules have two component ions, which are H2O = H+ + OH−. In general, the
positive charge of H+ and the negative charge of OH− enable water to possess different
polarities, allowing the molecules to dissolve any ionically bonded substances. Thus, the
different polarities of water molecules dissolve the zinc nitrate. The positive charge of
the molecules attracts the negative charge of nitrate, and the negative charge of the water
molecules attracts the positive charge of zinc. The attraction of these negative and positive
charges is part of the dissociation process. During the dissociation process, the bond
between zinc and nitrate is broken down, thereby allowing the dissolution of the molecules
in water.

Hence, using ultrasonic waves will effectively promote the dissociation process and
increase the number of ions released into the solution, thereby increasing the availability of
nutrients. To verify this hypothesis, an electroconductivity sensor was used to measure
the conductivity of the growth solution. Electroconductivity is one of the most common
methods to measure total dissolved salt powders in a solution. When zinc powder is
dissolved, more ions are freed in the solution. In addition to being electroconductivity
sensors, pH meters can also indicate the zinc nutrient concentration in a solution because
the solution acidity increases proportionally with zinc nitrate dissolution [33]. The pH
of each sonicated solution was collected at room temperature (during sonication, the
solution temperature increased because of the cavitation process). Figure 6 summarises the
conductivity and pH of the solutions prepared under different sonication times.

The conductivity and acidity of the solutions increased proportionally with the sonica-
tion duration (Figure 6). The initial conductivity and pH of the solutions were 16 µS/cm
and 8.68, respectively, which indicated that the solution had low ionic activity because
of the limited amount of zinc powder dissolved in the solution. When the zinc powder
was manually stirred for 5 min, the solutions’ conductivity and acidity (pH) significantly
increased to 7883 µS/cm and 6.8, respectively. The conductivity and acidity of the solutions
further increased to 8571 µS/cm and 6.70 when the dissolution of zinc powder in the
solution was extended by ultrasonication for 5s. After 3 min of sonication, the final conduc-
tivity and acidity of the solutions were found to be 9164 µS/cm and 6.64, respectively. The
conductivity of the solutions decreased to 8163 µS/cm after the growth process because
of the precipitation of zinc powder at the bottom of the beaker, which forms zinc salt
crystals that decrease ion activity. The proportional increase in conductivity with sonication
duration indicates that using ultrasonic waves improves the total amount of dissolved ZnO
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powder in the solutions. The solution acidity increases because of the increase in H+ ions
released during sonication [31]. As a result of the experiments that were carried out, it was
discovered that using ultrasonic waves could promote higher zinc nutrient concentrations
in the growth solution. This, in turn, makes it possible for the catalyst to attract more
nutrients while the process is in progress. Thus, ZnO nanorods can grow even at very
low temperatures.
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                           Figure 6. Conductivity and pH of the ZnO growth solutions under different sonication times.

4. Conclusions

This study presents the application of ultrasonic waves when formulating a zinc
nutrient solution to improve zinc nitrate dissolution in DI water. The effect of pre-treatment
growth solution with ultrasonic waves on the ZnO nanostructure growth process was
investigated. The zinc nutrient concentration in the solution significantly increased using
ultrasonic waves, allowing ZnO nanorods to grow at annealing temperatures as low as 40
◦C. SEM images revealed that the ZnO nanorods’ final length and diameter increased by
37 and 25% when subjected to an annealing temperature of 40 ◦C coupled with ultrasonic
waves. Furthermore, the length and diameter of ZnO nanorods increased by 50 and 55%,
respectively, at an annealing temperature of 60 ◦C and by 52 and 43% at an annealing
temperature of 80 ◦C. Thus, besides ultrasonication, the annealing temperature also plays a
crucial role in determining ZnO-nanorod size. The surface roughness analysis indicated
that nucleation sites increase proportionally with increasing surface roughness, affecting
the density of the ZnO nanorods that were grown.
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