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Abstract

Hydrothermal route and solution reaction method are adopted for the synthesis of zinc oxide (ZnO) nanopowders having four different morphologies such as
nanoparticle, mirorod, nanoplate and nanotubule. Zinc nitrate hexahydrate Zn(NO,),.6H,O was used as precursor for ZnO nanostructures. ZnO nanorods and
nanoplates were synthesized by a hydrothermal approach using KOH as reaction chemical. ZnO nanotubes were obtained by a chemical reaction of Zn(NO,),
and NH,OH. And ZnO nanoparticles were prepared by precipitation method from zinc nitrate and ammonium carbonate (NH,),CO, in aqueous solution. The
structures, morphology, and element components of these ZnO products fabricated by the above-mentioned methods were characterized by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). These experimental results demonstrated that the as-prepared ZnO
nanoparticles have average diameter of 30-60 nmj; rod-like ZnO has average diameter of about 350 nm and the length of 3.5 pm; plate-like ZnO has average thickness
of about 40 nm and lateral size of 200 x 400 nm; ZnO nanotubules have outer diameter of about 400 nm and inner diameter of about 300 nm, the length of about 4
pm. The XRD results indicated that four morphologies of ZnO are all wurtzite structure. It is found that the wet chemical technique is very promising for fabricating

ZnO nanocrystallines with various morphologies.

Introduction

ZnO nanostructures have attracted much attention in recent years
due to unique optical, electrical properties compared with their bulk
counterparts as well as their size-dependent optical and electrical
characteristics, which have encouraged many researchers to investigate
ZnO nanomaterials. The properties of the ZnO nanomaterials strongly
depended on the microstructures of the materials such as crystal size,
morphology (how the crystals are stacked), orientation, aspect ratio,
crystalline density [1]. Nano-sized zinc oxide is frequently studied
because of its interest in fundamental science as well its applied
aspects in many areas, including chemical sensor [2-7], biosensors
[8], photocatalysis [9,10], solar cell [11], electrochemical cells [12],
ultraviolet lasers [13-15], light-emitting diodes [16], flat panel displays
[17], etc. Hitherto, synthesizing uniform nanosized ZnO material is of
great important due to its various attractive properties and potential
applications. So various methods have been adopted for the fabrication
of ZnO nanostructures such as direct precipitation [18-21], sol-gel [19],
hydrothermal method [22,23], wet chemical method [8,24,25], thermal
evaporation [7,26], etc. Among these techniques, low-temperature
wet chemical processes such as precipitation and hydrothermal
methods are cost-effective and excellent routes for synthesizing various
nanomaterials. The precipitation process has been successfully used to
design different structures of ZnO [27]. The hydrothermal process is
relatively easy to perform and allows us to tailor the morphology of
the products by controlling the components of the solution reaction
and hydrothermal conditions. Hydrothermal method also provides
a low cost and large-scale production. It does not need expensive
raw materials and complicated equipment. This method shows the
reliability, repeatability and simplicity compared with other methods.

In recent years, scientists have made some advancement in
fabricating metal oxide nanostructures using hydrothermal route.
For example, Yani Li et al. prepared tungsten oxide nanorods by

Adv Mater Sci, 2019 doi: 10.15761/AMS.1000147

microwave hydrothermal method [28], Choong-Yong Lee synthesized
WO, hollow microspheres by one-pot hydrothermal reaction of
an aqueous solution containing glucose and sodium tungstate
[29], Xuchun Song et al. fabricated tungsten oxide nanobelts by
hydrothermal technique using CTAB as assisting agent [30], Jun Zhang
et al. synthesized a-Fe,0,@ZnO core-shell nanospindles via a two-step
hydrothermal approach [31], O. Lupan and his colleagues obtained
SnO, nanorods via a hydrothermal treatment [32], ZnO nanorods
and nanoparticles have been synthesized by hydrothermal technique
[33], iron oxide was prepared through microwave hydrothermal route
using ferrous sulphate and sodium hydroxide as starting chemicals
[34]. Various metal oxides were also synthesized by hydrothermal
methods such as Sn,O, [35], FeWO, [36], TiO, [37,38], ZrO, [39],
etc. As the morphology and structure of a material depend upon
synthesis conditions and parameters, therefore, various precursors
and additives are used in aqueous medium to successfully synthesize
ZnO nanostructures bearing different geometries. It is suggested that
the growth mechanism of the ZnO nanostructures is self-aggregation
and oriented aggregation. In the present study, the nano-sized ZnO
structures were synthesized by a direct precipitation method and a
hydrothermal method. These methods in comparison with the other
methods have their own advantages such as low-processing cost,
high quality and high manufacture yield. A detailed comparison of
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the crystalline size, morphology, structure and composition of ZnO
products synthesized by the above mentioned methods was made.

Experimental

Synthesis of ZnO nanoparticles

All chemical reagents used in this experiment were of analytical
grade. The detailed synthesis procedure was described as follows. Zinc
nitrate hexahydrate Zn(NO,),.6H,0 (3.7125 g) was added to 200 ml of
distilled water (high-purity water) to obtain the solution concentration
of Zn(NO,), of 0.0625 M. Then, 2.25 gammonium carbonate trihydrate
(NH,),CO,.3H,0 was dissolved in 240 ml of distilled water to become
0.0625 M (NH,),CO, solution. Subsequently, (NH,),CO, solution
was slowly dropped into the vigorously stirred Zn(NO,), solution
with molar ratio of 1:1.2 for 1 h. The reaction between Zn(NO,), and
(NH,),CO, solutions yields the white precipitate:

Zn(NO,) +(NH,),CO,5ZnCO, | +2NH,NO, (1)

The white precipitate (ZnCO,) was collected by filtration and
repeated washed with water and absolute ethanol several times then
dried at 80°C overnight. The final product of porous particle-like ZnO
nanostructure was obtained by annealing the as-prepared precursor at
500°C for 2 h in a tube furnace. ZnCO, turns into ZnO following the
thermal decomposition of the precursor:

ZnCO,>Zn0+CO,1 (2)
Synthesis of ZnO nanoplates

ZnO nanoplates were synthesized using method reported
previously [40]. In a typical experiment, 7.512 g Zn(NO,),.6H,0 was
dissolved into 50 ml of deionized water. Then, 83 ml 1.5 M KOH
solution was added drop wise under constant magnetic stirring for
15 minutes. After that, the resulting mixture solution was sealed in a
Teflon-lined stainless-steel autoclave of 200 ml capacity. The autoclave
was heated to 180C and maintained for 20 h. After cooling down to
room temperature naturally, the white precipitate was harvested and
rinsed with distilled water and absolute ethanol several times and
finally dried in air at 80°C overnight for further characterization. The
reactions happened in the producing process containing:

Zn(NO,) ,+2KOH>Zn(OH),| +2KNO, 3)
Zn(OH),»ZnO+H,0 (4)
Synthesis of ZnO microrods

The procedure for producing ZnO microrods using the
hydrothermal route is similar to that of ZnO nanoplates presented
above. The only difference between two techniques is the hydrothermal
time (48 h instead of 20 h).

Synthesis of ZnO nanotubules

Zinc nitrate hexahydrate Zn(NO,),.6H,0, ammonia solution
NH,OH (25%), absolute ethanol (C,H,OH, purity 99.7%) and
deionized water were used in the experiment. The detailed synthesis
procedure was described as follows. Firstly, 0.925 g Zn(NO,),.6H,0
was dissolved in 100 ml distilled water at room temperature and stirred
for 30 minutes to obtain the transparent solution. Then, 9.5 ml NH ,OH
solution was slowly dropped into the Zn(NO,), solution. The mixture
solution was stirred constantly using the magnetic stirrer for 2 h.
Precipitation was made in this process as following:

Zn(NO,) +6NH,OH>Zn(NH,) (OH),++2NH,NO,+4H,0 (5)
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Zn(NH,),(OH) >ZnO+4NH,+H,0 (6)

In order to remove the by-products and remnants bound to the
nanotubules, the precipitate was washed with ethanol and distilled
water repeatedly. At last, the precursors were dried in the muffle
furnace at 80°C overnight. Zinc hydroxide was dehydrated to form
ZnO which is described by equation (4). The white powder of the ZnO
nanotubules was obtained after heating at 600°C for 2 h.

Results and discussion

SEM analysis

Figure 1 shows the scanning electron micrographs (SEM) and
the transmission electron micrograph (TEM) of ZnO nanoparticles
prepared by direct precipitation method. This figure reveals that the
ZnO nanoparticles have particle-like morphology with the diameter in
the range of 30-60 nm.

Figure 2a shows the scanning electron microscopy (SEM)
photograph of the ZnO nanoplates. Transmission electron microscopy
(TEM) was also used to observe the surface state of ZnO nanoplates
in order to further determine the morphology of the ZnO, and the
result shown in Figure 2b indicated that the plates are about 40-50 nm
in thickness with neat shape. Figure 2c shows ZnO nanoplates with
the lateral size of 200 x 400 nm in higher resolution. There was no
considerable difference in the plate dimension. Furthermore, smooth
surface confirmed few crystal defects on the surface of the ZnO plates.

Figure 3 obviously shows that the as-prepared ZnO powder sample
synthesized through hydrothermal route at 180°C for 48 h consists of
relatively uniform and smooth surface rod-like micro-structures with
length of 3.5 um and hexagonal cross section with diameter of 350 nm.
The possible formation mechanism for rod-like and plate-like ZnO
structures was given in Figure 4.

The precursor precipitates of zinc oxide (ZnO) were obtained via
the reaction between zinc nitrate Zn(NO,), and potassium hydroxide
KOH in aqueous solution. The precursor of ZnO is benificial to the
formation of nanoplate structure in the hydrothermal process.
When the hydrothermal time was prolonged, the nanoplates present
preferential-oriented aggregation and growth at [002] direction
and ZnO microrods with the aspect ratio of 10 are synthesized. The
formation of rod-like and plate-like ZnO is closely related to each other.
It was found that the precursor of reactants, hydrothermal temperature
and time were the key factors for preparing ZnO materials.

Figure 5 shows the SEM micrograph of tubular ZnO synthesized
by precipitation method from Zn(NO,), and NH,OH. It can be seen
from Figure 5a that the tubular ZnO is composed of a number of
non-uniform tubule-like structures which coexist with small irregular
nanorods. ZnO product is in tube-shape with an average length of 4
pm, the outer and inner diameters of the hollow tubule with a closed
end and an opened end are about 400 nm and 300 nm, respectively. The
wall of the tubule of ~100 nm thickness is not smooth due to its build-
up by polycrystalline nanoparticles. The magnified hollow structure
in the 3D nanostructures could be clearly observed in Figure 5b. The
pore structure and the high porosity in ZnO tubules are visible from
SEM images. It is found that the products well remain the tube shape
without significant destruction after calcination at 600°C for 2 h. The
formation of tube-like ZnO may be ascribed to the crystal habit. ZnO
is a polar crystal showing positive and negative polar planes, rich in Zn
and O [10]. The ZnO nanoparticles formed in the reaction assemble
along certain orientations and aggregate into hollow structure. In
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(@) Zn nanoparticles (x200k)

(b} ZnD nanoplates

Figure 3. SEM images of ZnO microrods at the magnification of (a) 6k and (b) 24k

Zn(NOs), Hydrothermal Hydrothermal
180°C-20h 180°C-48h [ .
t Zn(OH), »> - :L Zn(OH), microrods
Nucleation Oriented
KOH growth aggregation

Dried at 80 °C
Dried at 80 °C

v
[ ZnO microrods J

Zn0 nanoplates

Figure 4. Illustration of the possible formation mechanism for rod-like and plate-like ZnO structures.
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Figure 5. SEM images of tubular ZnO at the magnification of (a) 10k and (b) 40k

2002, Jun Zhang and co-workers (China) [41] synthesized tubular
ZnO from Zn(NH,) ** precursor decomposition at 180°C in ethanol.
Their tubules had the hollow structures with ~450 nm in diameter
and ~4 pm in length. According to Jun Zhang, the solvent ethanol and
the temperature are important factors for the formation of tubular
ZnO. In this study, though we do not use ethanol as solvent as well
as hydrothermal treatment, we obtained obvious hollow structure of
ZnO.

XRD analysis

Figure 6 depicts the XRD pattern of the ZnO nanomaterials, which
is called the zincite. All of three morphologies have the same hexagonal
wurtzite type structure with lattice parameters in accordance with
values in the standard card (JCPDS card number 79-0205 for ZnO),
where a=b=0.3242 nm, ¢=0.5188 nm, a=p=90°, y=120°, space group
P6/3mc. Nine peaks appear at 20 = 31.7°, 34.4°, 36.3°, 47.5°, 56.6°, 62.3°,
66.5°, 67.9°, and 69.1°, which correspond to (100), (002), (101), (102),
(110), (103), (200), (112) and (201) planes, respectively. The strong and
narrow diffraction peaks in the pattern imply the ZnO nanomaterials
with high degree of crystallinity. No characteristic peaks from other
impurities were detected in the XRD pattern, confirming the high
purity of the synthesized products. As estimated from the half-peak
width by Debye-Scherrer’s equation:

Do kA @
Pcosd

where D is the crystalline size, k=0.893 is the Debye-Scherrer constant,
A=0.154056 nm is the X-ray wavelength used in XRD analysis, f is the
line broadening at half the maximum intensity (FWHM) in radians
and 0 is the Bragg diffraction angle [42], the average crystalline size
of ZnO nanoplates and nanorods was about 42 nm, and that of ZnO
nanoparticles was about 30 nm. The particle size of ZnO nanoparticles
(30-60 nm) observed in TEM measurement is more than the crystallite
size (30 nm) using XRD measurement, indicating the agglomeration
of crystallites in ZnO nanoparticles. Such agglomeration of ZnO
nanoparticles was also reported by Davood Raoufi [18], who prepared
ZnO nanoparticles with crystalline size in the range of 8.34-27.59 nm
by a precipitation method from zinc nitrate and ammonium carbonate.
The preferential crystalline orientation was obtained by the Texture
coefficient TC(hkl), which has already been reported previously [20]
and indicated that the (002) plane was the main preferred growth
orientation of the ZnO microrods and tubules.
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Figure 6. XRD pattern of ZnO microrods, nanoplates and nanoparticles synthesized by
hydrothermal treatment

Conclusion

In summary, ZnO nanomaterials with different morphologies
have been obtained by the hydrothermal technique and the chemical
solution method. The obtained ZnO nanostructures were verified by
different methods including SEM, TEM, XRD and EDS measurements.
ZnO nanoparticles and nanotubules can be prepared by a wet chemical
method and ZnO nanoplates and microrods can be synthesized by a
hydrothermal route. Where, ZnO nanoparticles were synthesized by a
direct precipitation via Zn(NO,),/(NH,),CO, as starting materials; ZnO
nanotubules from Zn(NO,),/NH ,OH as precursors; ZnO nanoplates
and microrods were synthesized by hydrothermal method viaZn(NO,),/
KOH as starting materials. All the XRD patterns indicated that there
was no obvious difference in crystal structure, but the morphology and
crystalline size were different. The ZnO nanomaterials formed in this
research have promising applications in the development of studying
target gases/metal oxide surface interaction and nanosized gas sensors.
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