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Abstract

Zinc oxide (ZnO) nanopowders have been widely applied in electronics, optics and photocatalytic
applications depending on their morphological structure. In the bottom-up process, it is conceived that
the different zinc precursors may result in different formations of ZnO nanostructures with exceptional
morphology. This work focuses on ZnO material synthesized via the facile sol-gel synthesis using
different zinc slat precursors, including zinc acetate, zinc nitrate, zinc sulphate, and zinc chloride. All
zinc salt precursors were incorporated with sodium hydroxide and hexamethylenetetramine (HMTA)
under mild thermal energy with consistent conditions to investigate ZnO formation. The as-prepared
samples appeared in white powders with different aggregation features. The crystalline phase, surface
morphologies, and element mapping of all ZnO samples were analyzed using X-ray diffraction
technique (XRD) and field emission scanning electron microscope (FE-SEM). The chemical bonding
structure of ZnO powders was characterized by Fourier transform infrared spectroscopy (FTIR) and
Raman spectroscopy. The specific surface area per volume of ZnO nanopowders obtained by different
zinc salt precursors was analyzed by Brunauer-Emmett-Teller (BET) method. All ZnO samples obtained
from various zinc salt precursors exhibited a high crystallinity of the wurtzite structure without other
impurities. The structural properties of ZnO nanopowders demonstrated different sizes and structures
with distinguished formation and aggregation depending on the zinc precursor basic strength being used.

1. Introduction

Recently, the interest in complex metal oxides as a type of semi-
conductor has rapidly increased due to their suitability and unique
biological, optical, physical, and chemical properties [1], offering
potential applications as evident properties in nanoscale [2]. There
is a prevalent trend in synthesizing materials with nanoscale structures
for diverse applications, growing in popularity across various industries.
This popularity is attributed to the confined physical dimensions
of nanomaterials, typically ranging from 1 nm to 100 nm [3]. The
movement of electrons within nanomaterials differs significantly
from that in ordinary bulk materials due to their high surface area
to volume ratio, leading to the appearance of unique physical and
chemical properties. This phenomenon is particularly evident in
nanoscale metal oxide materials, such as zinc oxide (ZnO) [4] and
titanium dioxide (Ti02) [5], widely used across various industries.
Zinc oxide is an attractive semiconductor material owing to its
numerous benefits, widespread applications, and environmentally
friendly [6]. The prominent properties of zinc oxide have been utilized
as optical devices with high transparency in the near-UV region [7],
an excellent candidate for photoconductive materials [8], its preferable
tetrahedral structure for the piezoelectric material [9], its high aspect
ratio for sensitive gas-sensing characteristics [10], and significant
active on antibacterial activity [11]. The notable electrical, optical,
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and environmental properties of ZnO material are currently of great
interest, particularly in nanomaterials. Meanwhile, zinc oxide can
exhibit appreciable photocatalytic activity in organic chemical dye
degradation [12]. Due to its characteristics as a n-type semiconductor
with a wide band gap energy at 3.37 eV [13], light-accelerated reactions
or high energy activation are required for the generation of electron-
hole pairs in ZnO material. Thus, the development of ZnO photocatalyst
utilizing the piezoelectric effect has recently become attractive in
wastewater treatment. ZnO is one of the dominant piezoelectric
materials because of its high effective piezoelectric coefficient d33,
especially in ZnO nanorods at 130 pm- V! [14]. Therefore, the design
of ZnO morphologies in nanoscale-based catalysts plays a key role
in possessing photogenerated electron-hole pairs with a high
active surface area, which contributes to the suppression of charge
recombination and energy loss, ultimately leading to excellent
photocatalytic activities [15].

Several methods for ZnO material synthesis have been proposed,
such as chemical vapor condensation [16], arc discharge [17], micro-
emulsion [18], hydrothermal [19], precipitation [20], sonochemical
reaction [21], and sol-gel method [22]. All processes typically offer
to produce ZnO material with low-dimensional structures often
involving substantial quantities of chemicals, resulting in increased

DOI: 10.55713/jmmm.v34i3.1968



2 SONGPANIT, M., et al.

waste production. Meanwhile, low-dimensional ZnO structures
through a simple chemical method are highly intriguing. The one-step
sol-gel method without calcination is effective for crafting nano- or
micro-sized rods or sheet-like structures. This method effectively
amplifies the surface area and harnesses the exceptional material
properties for sensing and photocatalytic applications [23]. In addition,
the various morphologies of ZnO structures are categorized based on
their dimensional characteristics, which contribute to the prominent
properties, particularly at the nanoscale. One-dimensional (1D) ZnO
materials exhibit nanoscale morphologies, including nanorods,
nanowires, and nanotubes, which are among the most significant
materials owing to their attractive physical characteristics, particularly
enhanced piezoelectric properties and energy harvesting capabilities
[24]. Secondly, two-dimensional structures of ZnO are demonstrated
in coating forms, for example, nano-coatings, nano-films, and nano-
layers. Low resistivity, high electron mobility, and large optical band
gaps of uniform ZnO thin film can be achieved by a 2D structured
arrangement of a flower-like layer on the substrate [25]. The last
category is three-dimensional (3D) ZnO material, which is not confined
to the nanoscale and is included in bulk powder-like nanoparticles,
bundles of nanowires, and multi-nanolayers [26]. The hierarchical
structures of 3D-ZnO typically provide high surface-to-volume ratios,
a large accessible surface area, and enhanced permeability. Additionally,
the hierarchical ZnO structures can improve light traveling paths
and facilitate light absorption, which is beneficial for the fabrication
of functional devices including sensors and photocatalysts [27]. The
distinction among ZnO structures significantly impacts their properties,
extensively explored for various applications, especially in nanorod
structures. ZnO nanorods, characterized by exclusive optical and
electronic properties, are particularly popular due to their precise
directional length, making them suitable for growth-oriented applications,
for example, sensing membranes, energy storages, light-emitting
diodes, and piezoelectric devices. Moreover, ZnO nanorods can
aggregate to form new structures such as nano-flowers or nano-flakes
[28], enhancing surface area and benefiting applications such as
photocatalytic degradation.

This research aims to synthesize ZnO nanopowders using various
zinc salt precursors, including zinc acetate, zinc nitrate, zinc sulphate, and
zinc chloride, by a one-step sol-gel process without a post-treatment
step. However, the impact of these diverse zinc precursors on the physical
properties of the ZnO material obtained via a low operating temperature
under consistent conditions, including a constant precursor molar ratio,
the same reaction temperature, and a steady HMTA content in each
experiment has seldom been explored. Consequently, the formation
and reaction of ZnO are predominantly proposed and investigated
using different zinc salt precursors. The morphology, structural
properties, and chemical bonding of ZnO samples demonstrated
different sizes and flake-like structures with distinguished formation
and aggregation depending on the zinc precursor being used.

2. Experimental

ZnO nanopowders were synthesized by one-step sol-gel process
with various zinc starting materials of zinc acetate, zinc nitrate, zinc
sulfate, and zinc chloride. Each zinc salt precursor at 20 mmol was
dissolved in 50 mL of deionized (DI) water using an ultrasonic bath
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for 15 min. The concentration of hexamethylenetetramine (HMTA)
at 2.3 mmol was added to the zinc precursor solution and subjected
to continuous ultrasonication at room temperature for 15 min. 2 M
of sodium hydroxide (NaOH) solution was prepared by dissolving
50 mL DI water under ultrasonication for 15 min to form a white
slurry. Subsequently, the zinc precursor solution with HMTA and
NaOH solution was mixed using an ultrasonic bath for 15 min. The
mixture of different zinc salt precursors was then allowed to stand
at 80°C for 24 h. Afterward, ZnO products with various starting
materials were separated by centrifugation at 2,500 rpm for 20 min.
The precipitates were washed with DI water and ethanol until pH 7.
Finally, the products of all samples were dried overnight at 60°C.
The as-prepared samples appeared as white powders with varying
aggregation features. The structural phases, surface morphologies,
and element mapping of the ZnO products were characterized using
X-ray diffraction (XRD; Rigaku SmartLab) and field emission scanning
electron microscopy (FE-SEM; JSM-7001F and Hitachi S-8030).
The chemical bonding structures of ZnO powders were characterized
by Fourier transform infrared spectroscopy (FT-IR; PerkinElmer) and
Raman spectroscopy (Raman; Renishaw inVia Raman microscope).
Additionally, the specific surface area per unit volume of the various
ZnO structures was analyzed using the Brunauer-Emmett-Teller
(BET) method with a Quantachrome Autosorb iQ-C-XR-XR-XR
instrument.

3. Results and discussion

During the synthesis, all zinc salt precursors were completely
dissolved in water. HMTA solution was added in the heated solution
causing the formation of a milky solution. The production of hydroxide
ions (OH ") from HMTA hydrolysis under thermal conditions yields
Zn hydroxide intermediate. Then the Zn hydroxide dehydration
produces ZnO product [29]. The microstructural features of ZnO
products from various zinc precursors were examined using field
emission scanning electron microscopy, as illustrated in Figure 1.
The different zinc precursors affect the structure of ZnO nano-
powders with a distinct size and a flake-like structure [30]. The diverse
morphologies observed in zinc oxide products are attributed to variations
in growth rates associated with distinct crystallographic planes by
the influence of the zinc precursor basic strength (CI <NOs~ < SO4
< CH3COQ ). In the case of zinc acetate precursor (Figure 1(a)),
ZnO nanopowder exhibited a high degree of agglomeration, forming
large flake-like shapes and small rod-like in some areas due to the
stronger basic solution compared to the other precursors. Conversely,
ZnO materials synthesized from zinc sulphate and zinc chloride
precursors, as shown in Figure 1(b-c), demonstrated plate-like structures.
The ZnO powders observed less particle aggregation than those
produced from the zinc acetate precursor [31]. The morphology of
ZnO powder by zinc nitrate precursor in Figure 1(d) exhibited high
agglomeration, forming flake-like structures, contributing to the larger
area. The negligible basicity of CI,NOs3 , and SO+~ ions affect
the morphology of ZnO nanostructure yield the flake-like structure.
Furthermore, the elemental mapping result of Zn element from ZnO
nanopowders synthesized using different zinc salt precursors is
illustrated in Figure 2. A high distribution of Zn atoms on the ZnO
powders was observed. The high purity of the obtained ZnO nano-
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structures via a facile sol-gel method under mild thermal energy
could be confirmed by EDS spectra. The highest atomic percentage
of Zn element, approximately 80% was consistent across all zinc
precursors (the insert figures in Figure 2), indicating the purity of
ZnO formation in comparison to the atomic percentages of O and
other elements, as presented in Table 1.

The XRD patterns within the range of 15° to 75° of ZnO nano-
powders derived from various zinc precursors are illustrated in
Figure 3. The high crystallinity of all ZnO samples was related to
the wurtzite structure and hexagonal lattice. No characteristic peaks
of other impurities, such as NaOH precursor and salt products
appear in the patterns confirming the purity of ZnO products. The
evident peaks of all ZnO samples at 26 of 31.8°,34.4°,36.3°,47.6°,
56.6°, 62.9°, 66.4°, 68.0°, 69.1° and 72.6° were related to the
crystalline planes of (100), (002), (101), (102), (110), (103), (200),
(112), (201) and (004) (ICSD No. 167690). The formations of ZnO
nanopowders using different zinc starting precursors were created
by chemical reaction as following the Equation (1-4) [32].

The reaction involving zinc acetate is represented by chemical
reaction (1)

HMTA and H,O

Zn(CH,C00),+2NaOH = ZnO+2CH;COONa+H,0 (1)
The reaction involving zinc sulphate is represented by chemical
reaction (2)

HMTA and H,O

ZnSO+2NaOH = ZnO+NaySO,+H,0

500 nm

Figure 1. FE-SEM images of ZnO nanopowders with different zinc precursors
of (a) zinc acetate, (b) zinc sulphate, (c) zinc chloride, and (d) zinc nitrate.

The reaction involving zinc chloride is represented by chemical
reaction (3)

HMTA and H;O
-
AT

ZnCl,+2NaOH ZnO+2NaCl+H,0 3)

The reaction involving zinc nitrate is represented by chemical
reaction (4)

HMTA and H,O
+
Zn(NO,),+2NaOH

ZnO+2NaNO;+H,0 4)

200 nm

200 nm
—

200 nm
——

Figure 2. EDS analysis by the elemental mapping images of Zn element
from ZnO nanopowders using different zinc precursors (a) zinc acetate, (b)
zinc sulphate, (c) zinc chloride, and (d) zinc nitrate.
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Figure 3. XRD patterns of ZnO nanopowders with different zinc precursors
of (a) zinc acetate, (b) zinc sulphate, (c¢) zinc chloride, and (d) zinc nitrate.

Table 1 Atomic percentage by EDS technique of ZnO nanopowders synthesized by different zinc precursors.

Sample Atomic (%)
Zn (0] Other elements
Zinc acetate 81.93 16.29 1.78
Zinc sulphate 79.27 17.93 2.80
Zinc chloride 81.06 16.95 1.99
Zinc nitrate 79.30 18.11 2.59
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The formation of ZnO products can be attributed to the ion
exchange process between Zn ions and NaOH base solution under
gentle thermal energy, serving as the mechanisms for the precursor
transformation. Meanwhile, the generation of anions by various zinc
precursors was found to affect the diverse ZnO morphologies, as
proposed in the SEM discussion. The crystalline structure of ZnO
products can be completely formed through sufficient thermal energy
at 80°C, leading to the decomposition of the zinc hydroxide intermediate.
The presence of salt products, including CH3;COONa, NaNOs, NazSOs,
and NaCl as mentioned in the mechanisms, was effectively eliminated
by the washing process. Thus, XRD patterns of ZnO powders are shown
in the purified phase devoid of any contaminated peaks. Moreover,
the d-spacing calculations, average crystallite size, and the relative
intensity ratio of To2) /I(101) from various zinc precursors are presented
in Table 2. The average crystallite size of the ZnO powders was
evaluated by the Debye—Scherrer Equation as follows [33],

D

kA (5)

= B cosO

where D is the crystallite size, k is the form factor (0.89), A is
the wavelength of Cu Ka radiation (0.154 nm), B is the width
evaluated at mid-high of the most intense diffraction peak, and 0 is
the Bragg angle. The interplanar d-spacing was calculated through
Bragg’s Law Equation [34] using the major ZnO peak at the 101 plane
[35]. The average crystallite size of ZnO powders derived from different
zinc salt precursors is approximately 20 nm to 26 nm, varying based on
their morphologies. The largest crystallite size of ZnO material using
zinc nitrate precursor was associated with the high aggregation of
flake-like structure. Meanwhile, the d-spacing calculations of ZnO
powder exhibited insignificant changes indicating minimal impact
from variations in the precursor used. The relative intensity ratio of
the dominant planes at (002) and (101); Lioo2) /I101) in the diffraction
patterns of zinc oxide was further studied to investigate the prominent
rod-like shape in the ZnO structure. However, the relative ratios
obtained by ZnO materials using various zinc salt precursors showed
similar values, approximately around 0.5 corresponding to the overall
morphology of flake and plate-like.

The chemical bonding of ZnO nanopowder with different zinc salt
precursors was conducted using an FT-IR spectrophotometer, with
recorded spectra in Figure 4 within the range of 400 cmi™! to 4000 cm .
The FT-IR spectra of all samples consistently revealed vibrational
modes corresponding to Zn—O bonding at 454 cm™! and 523 cm™!
under each condition. Additionally, the predominant peaks at 690 cm™!
and 900 cm™ are associated with Zn—OH [36], originating from the
physical absorption of water on the ZnO surface. This result confirms
the formation of ZnO powder, indicating the bonding of Zn atoms

with oxygen atoms. Meanwhile, the evident peak at 3400 cm™ in the
FT-IR spectra was identified to O—H stretching from the hydroxyl
group [37]. Therefore, all FT-IR spectra of ZnO powder using various
zinc precursors reveal the functional groups in ZnO bonding, which
correspond to pure ZnO without any chemical contamination in all
zinc salt precursors.

(d) ;
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Figure 4. FT-IR spectra of ZnO nanopowders with different zinc precursors
of (a) zinc acetate, (b) zinc sulphate, (c) zinc chloride, and (d) zinc nitrate.
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Figure 5. Raman patterns of ZnO nanopowders with different zinc precursors
of (a) zinc acetate, (b) zinc sulphate, (c) zinc chloride, and (d) zinc nitrate.

Table 2. d-spacing calculations, average crystallite size and the I2)/1101) intensity ratio of ZnO nanopowders with different zinc precursors.

ZnO powder from Twoz/Taon ikt Average crystallitesSize
different precursors A) (nm)

Zinc acetate 0.51 2.5918 20.7

Zinc sulphate 0.54 2.5962 21.2

Zinc chloride 0.50 2.5940 21.6

Zinc nitrate 0.53 2.6035 253
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The Raman spectra acquired from the ZnO nanopowder are
depicted in Figure 5. Identical spectra were obtained for all samples
using different zinc salt precursors corresponding to FTIR analysis.
The observed Raman spectra in the ZnO powder are attributed to
the Raman-active vibrational modes of the hexagonal wurtzite ZnO
structure, and no impurity-related Raman peaks are evidently in the
spectrum. The optical phonons at the zone center, predicted by group
theory A; + E; + 2E>. The modes of 4; and E; symmetry are polar
phonons, exhibiting distinct frequencies for the transverse-optical
(TO) and longitudinal-optical (LO) phonons. Raman intensity peak
in the spectrum of ZnO powder is observed at 440 cm™! of sharp Ezn
mode, attributed to oxygen vibration incorporated with Zn sublattice
[38]. Meanwhile, the observed peaks at 335 cm™ and 590 cm™ were
attributed to E2x— E21 and Er)mode. The non-activated state of ZnO
nanopowder reveals a pronounced second-order Raman mode with
A1 symmetry, particularly notable in the ZnO sample derived from
zinc nitrate [29]. Therefore, the Raman and FT-IR results were described
as chemical bonding, which was found to match the chemical fingerprint
as identified to pure ZnO powder. The highest Raman intensity strongly
occurred in the ZnO sample using zinc nitrate precursor owing to
the largest crystallite size as proposed in XRD analysis.
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Nitrogen adsorption/desorption isotherms and pore size distribution
measurements at liquid N2 temperature 80°C of ZnO nanopowders
synthesized using different zinc precursors are presented in Figure 6.
The classification based on [IUPAC criteria indicates that all the samples
exhibited isotherm type IV with H3 type in low altitude distinct hysteresis
loop. The results of surface area per volume, cumulative volume, and
average pore diameter are presented in Table 3. The average pore
diameter of all ZnO nanopowder using different zinc salt precursors
is in the range of 6.2 to 7.6 nm corresponding to mesoporous structure
with the isotherm type IV [39]. Moreover, H3 type hysteresis loop
is not affected by limiting adsorption at high P/Po which is typically
associated with aggregated particles [40]. The ZnO material exhibiting
the highest specific surface area was achieved by a zinc sulfate precursor,
attributed to its flat-plate structure. The specific surface area of the
ZnO sample using a zinc acetate precursor was similar to that of the
sample with a zinc sulfate precursor, due to the mixture of small rod-like
and plate-shape ZnO nanostructures. Meanwhile, the lowest specific
surface area was observed in the samples using zinc chloride and
zinc nitrate, which was related to the high aggregation of ZnO cluster.
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Figure 6. N-isotherms of ZnO nanopowders using zinc precursors (a) zinc acetate, (b) zinc sulphate, (c) zinc chloride, and (d) zinc nitrate.
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Table 3. Results of surface area per volume, cumulative volume, and average pore diameter.

Samples BET surface area Cumulative volume (1-50 nm) Average pore diameter
(m*-g™) (cm*g™) (nm)

Zinc acetate 50.29 0.085 6.8

Zinc sulphate 58.38 0.091 6.2

Zinc chloride 35.33 0.067 7.6

Zinc nitrate 30.48 0.053 7.0

4. Conclusions

ZnO nanopowders with different structures were synthesized via
a one-step sol-gel process under mild thermal energy. ZnO products
synthesized from various zinc salt precursors exhibited a high
crystallinity in the ZnO wurtzite structure, devoid of impurities
from starting materials and intermediates. Notably, the formation of
ZnO from zinc hydroxide intermediate is particularly evident during
the synthesis, relating to the purity of ZnO powders obtained from
all zinc salt precursors as confirmed by the similar analysis of XRD
patterns, FTIR spectra, and Raman characteristics. The structural
characteristics of these ZnO structures exhibited small rod-shaped
and flake-like structures with distinct formations depending on the
types of zinc salt precursors, consequently affecting the resulting
different morphology and surface area. The highest specific surface
area was observed in the ZnO sample using zinc sulfate precursor owing
to the optimized structure in small flake-like. The mixture of small
rod-like and plate-shaped ZnO nanostructures observed in the ZnO
sample using a zinc acetate precursor exhibited a similar specific surface
area to the sample with a zinc sulfate precursor. This finding is interesting
for further investigation to enhance the ZnO-specific surface area
utilized in the sensing membrane and effective photocatalysts.
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