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Abstract: Nanostructured zinc oxide (ZnO) particles were synthesized by the one step Ultrasonic
Spray Pyrolysis (USP) process from nitrate salt solution (Zn(NO3 )2 ·6H2 O). Various influential
parameters, from Zn(NO3 )2 ·6H2 O concentrations (0.01875–0.0375 M) in the initial solution, carrier gas
(N2 ) flow rates (0.5–0.75 L/min) to reaction temperature (400–800 ◦ C), were tested to investigate their
role on the final ZnO particles’ morphology. For this purpose, Scanning Electron Microscopy (SEM),
High Resolution Transmission Electron Microscopy (HRTEM) and (Selected Area Electron Diffraction)
SAED techniques were used to gain insight into how the ZnO morphology is dependent on the USP
process. It was revealed that, by certain parameter selection, different ZnO morphology could be
achieved, from spherical to sphere-like structures assembled by interwoven nanoplate and nanoplate
ZnO particles. Further, a more detailed crystallographic investigation was performed by XRD and
Williamson-Hall (W-H) analysis on the ZnO with unique and non-typical planar morphology that
was not reported before by USP synthesis. Moreover, for the first time, a flexible USP formation model
was proposed, ending up in various ZnO morphologies rather than only ideal spheres, which is
highly promising to target a wide application area.
Keywords: ZnO; ultrasonic spray pyrolysis; influential parameters; formation mechanism; structure;
morphologies; characterization; TEM; HRTEM

1. Introduction
ZnO in a nanosized form is an indispensable candidate for electronic, optical, and gas sensors,
as well as in catalysis applications, owing to its band gap value of 3.37 eV, large exciton binding
energy of 60 meV and high electron mobility [1–5]. In the last decade, ZnO with various morphologies,
including flower-like [6,7], nanodisc [1], nanobelt [8], and nanotube [9], targeting various application
areas, have been investigated using different synthesis methods, e.g., sol-gel [10], hydrothermal [11],
the microwave-assisted method [12] and spray pyrolysis [13]. Kajbafvala et al. reported synthesis of
spherical and flower-like ZnO via the microwave-assisted method for organic dye photo-degradation
via UV lamp irradiation. It was revealed that the degradation efficiency of the spherical particles is
better than that of those with flower-like morphology due to their higher surface area, which provides
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the absorption of oxygen molecules and OH-ions, resulting in an increment of H2 O2 and OH−
radicals’ formation rate [14]. In another study, Sin et al. [15] reported synthesised self-assembled ZnO
microsphere formed by nanoplanar crystal units to improve photocatalytic performance for various
endocrine-disrupting chemicals under UV irradiation by the chemical solution route. The enhancement
in the photocatalytic performance was attributed to the combined effects of the hierarchical surface
structure and the large surface area, which suppresses the recombination of photo-generated electrons
(e−) and holes (h+), and expedites the diffusion of electrons [15]. In another study by Li et al.,
carbon-doped and coated spherical ZnO particles were synthesized for use as anode material in high
power Zn-Ni batteries. ZnO microspheres exhibit excellent cycling stability and superior high-rate
performance [16].
These previous studies revealed that ZnO finds wide application areas, e.g., planar nano ZnO
favors catalytic properties owing to its higher surface area, while granular nano ZnO is preferred
in optical applications due to better absorption behavior, and battery applications due to structural
stability and anti-corrosion capability [13]. Considering these morphology dependent utilizations of
ZnO, adjusting a synthesis method to end up with varying morphologies in a controlled way would be
advantageous. There have already been some studies reported, that control ZnO morphology by wet
chemical methods is possible; however, these used reactant agents, such as polyethylene glycol (PEG)
and cetyltrimethylammonium bromide (CTAB). In our previous study focusing on Ag/ZnO core shell
nanostructured materials for photocatalytic applications, under some synthesis conditions, variation
from the typical spherical morphology Ultrasonic Spray Pyrolysis (USP) into entangled plates was
observed in ZnO particles without any additives [17]. These findings raised the question of whether
it is possible to tune ZnO particles morphology by the USP process with simplicity, good process
control, high flexibility, and good scale-up potential, without any additives, obtaining high-purity
products [17]. For this purpose, varying influential USP process parameters like Zn(NO3 )2 ·6H2 O
concentration in the initial solution, carrier gas (N2 ) flow rate and reaction temperature (400–800 ◦ C)
were examined. Based on this, the aim was to synthesize ZnO nanoparticles and to investigate
the newly formatted ZnO morphology through the USP process. With detailed ZnO morphological
investigations by High Resolution Transmission Electron Microscopy (HRTEM) and Scanning Electron
Microscopy (SEM), the role of each USP parameter was determined. A more detailed crystallographic
investigation was performed via XRD and W-H analysis only on the non-conventional nanostructured
ZnO particles. Moreover, the reason behind the different morphologies of ZnO were explained, and a
reaction progress model was proposed considering the USP process and thermodynamic conditions.
There has been no study in the literature utilizing USP to synthesize ZnO nanoparticles with the aim
of obtaining different morphologies.
2. Experimental Procedures
2.1. Synthesis of Zinc Oxide Particles
For the synthesizing of ZnO particles with USP, an aqueous solution of zinc nitrate hexahydrate
(Zn(NO3 )2 ·6H2 O, purity > 99.9%) was used, purchased from MERCK Chemical GmbH (Darmstadt,
Germany) Zinc nitrate hexahydrate, at the determined amount given in Table 1, was dissolved in
distilled water and stirred for 30 min by a magnetic stirrer. This solution represents the so-called
precursor, which was atomized by an ultrasonic nebulizer at 1.7 MHz. The formed aerosol was
transferred into a one-step USP device to the pre-heated furnace (Nabertherm, R 50/250/12, Lilienthal,
Germany) through a quartz tube (0.7 m length and 0.02 m diameter) using N2 gas. The experiments
were conducted with 0.5 L/min and 0.75 L/min N2 flow rate at 400, 600 and 800 ◦ C reaction
temperature for 3 h. The thermal decomposition of Zn(NO3 )2 ·6H2 O under air atmosphere during the
spray pyrolysis has been reported previously [17,18]. The chemical balance equations were given in
3 reaction steps:
Zn(NO3 )2 ·6H2 O → Zn(NO3 )2 ·H2 O + 5H2 O↑
(1)
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3Zn(NO3 )2 ·H2 O → Zn(NO3 )2 ·2Zn(OH)2 + H2 O↑ + 4NOx ↑

(2)

Zn(NO3 )2 ·2Zn(OH)2 → 3ZnO + 5H2 O↑ + 2NOx ↑

(3)

ZnO is the final product of all intermediate product decomposition of zinc nitrate. Synthesized
ZnO particles were collected in a washing bottle filled with ethanol. Details of the synthesis procedure
can be found elsewhere [19,20]. To characterize nanostructured ZnO particles, ethanol was evaporated
in a drying oven at 70 ◦ C for 300 s. A summary of the process parameters is illustrated in Table 1.
Table 1. Process parameters of nanostructured ZnO particles synthesized with various solution
concentrations, reaction temperature and N2 gas flow rate.
Sample Name

Zn(NO3 )2 ·6H2 O
Concentration (mol/L)

Reaction
Temperature (◦ C)

N2 Gas
Flow Rate (L/min)

S1
S2
S3
S4
S5
S6
S7

0.01875
0.02875
0.03750
0.02875
0.02875
0.02875
0.02875

800
800
800
600
400
600
800

0.5
0.5
0.5
0.5
0.75
0.75
0.75

2.2. Characterization of Zinc Oxide Particles
The morphology of the ZnO nanoparticles (size and shape) was examined by Field Emission
Scanning Electron Microscopy (FE-SEM, JSM 700F, JEOL, Tokyo, Japan), operating at 5 kV. During SEM
sample preparation, the SEM holder was grinded, the particles were dispersed in ethanol, and then
the suspension was added dropwise onto the SEM holders, and, afterwards, a conductivity Pt coating
was added to prevent charging of the particles by Sputter Coater (Polaron Range SC7620, Quorom
Technologies, East Sussex, UK). A Transmission Electron Microscope (TEM, JEM-2100 HR, JEOL, Tokyo,
Japan) with integrated Selected Area Electron Diffraction (SAED) pattern analysis, operating at 200 kV
was used. Samples of ZnO nanoparticles in demineralized water for TEM analyses were drop cast
onto a copper TEM grid covered with a carbon support film, dried, and then used for investigations.
The as-synthesized ZnO nanoparticles were analyzed using a X-ray diffractometer operating at
40 mA and 40 kV with Cu-Kα radiation (λ = 0.154051 nm). The diffraction spectra were recorded 2θ in
the range between 10◦ and 90◦ in 2θ steps of 0.02 degrees. Phase composition was determined with a
digital library of crystallographic cards JCPDS. Based on the Full Width at Half Maximum (FWHM),
zinc oxide crystallite size was evaluated by Williamson–Hall (W-H) analysis and the Debye-Scherrer
(DS) method.
3. Results and Discussion
3.1. Effect of Precursor Concentration
SEM micrographs of nanostructured ZnO particles are given in Figure 1, revealing the effect of
precursor concentration on final morphology.
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Figure 1. SEM micrographs of nanostructured ZnO particles (a) S1, (b) S2, and (c) S3, at 800 °C, 0.5
Figure 1. SEM micrographs of nanostructured ZnO particles (a) S1; (b) S2; and (c) S3, at 800 ◦ C,
L/min of N2 gas flow rate.
0.5 L/min of N2 gas flow rate.
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Figure 2. Indexed XRD pattern of sample S1.

As shown in Figure 2, reference sample S1 exhibited a phase pure zinc oxide hexagonal structure
with a space group P63mc (186), unit cell of a = 3.2533 Å and c = 5.2073 Å corresponding to JCPDS
Card 00-036-1451. The peaks at 2θ = 31.80°, 34.45°, 36.32°, 47.56°, 56.65°, 62.89°, 66.38°, 67.98° and
Figure 2. Indexed XRD pattern of sample S1.

Figure 2. Indexed XRD pattern of sample S1.

As shown in Figure 2, reference sample S1 exhibited a phase pure zinc oxide hexagonal structure
with
a space
(186), unit
cell ofS1a exhibited
= 3.2533 Å aand
c = 5.2073
Å corresponding
to JCPDS
As
shown
ingroup
FigureP63mc
2, reference
sample
phase
pure zinc
oxide hexagonal
structure
Card
00-036-1451.
The
peaks
at
2θ
=
31.80°,
34.45°,
36.32°,
47.56°,
56.65°,
62.89°,
66.38°,
67.98°
with a space group P63mc (186), unit cell of a = 3.2533 Å and c = 5.2073 Å corresponding toand
JCPDS
Card 00-036-1451. The peaks at 2θ = 31.80◦ , 34.45◦ , 36.32◦ , 47.56◦ , 56.65◦ , 62.89◦ , 66.38◦ , 67.98◦ and
69.10◦ are assigned to (100), (002), (101), (102), (110), (103), (200), (112) and (201) diffraction planes,
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respectively. No characteristic peaks of zinc nitrate salt were detected in the diffraction pattern,
implying termination of decomposition reaction. Based on the most intense peaks (101) diffraction
Metals 2018, 8, x FOR PEER REVIEW
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Figure 3. Williamson-Hall (W-H) analysis integrated with Uniform Deformation Model (UDM) model of S1.
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studies, it was reported that the decomposition of zinc nitrate hexahydrate into zinc oxide takes
place via step-wise reaction with the formation of a Zn(NO3 )2 ·2Zn(OH)2 intermediate compound.
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supersaturation
degree.
Increased
temperatures
and
flow
rate
again. This also increased the nucleation rate and, therefore, at 800 °C, almost all samples exhibited results
spherical-like
morphologies.
the USP
process,the
temperature
change and
flow In
rateorder
also act
in higher
temperature
gradientsInand
increases
supersaturation
rate.
toparallel
demonstrate
to
concentration
in
terms
of
supersaturation
degree.
Increased
temperatures
and
flow
rate
results
the change, the supersaturation degree plays a crucial role in the final morphology;
theinoptimal
higher temperature gradients and increases the supersaturation rate. In order to demonstrate the
concentration (0.02875 mol/L) was selected and the temperatures and flow rates were varied to
change, the supersaturation degree plays a crucial role in the final morphology; the optimal
observeconcentration
their individual
effects.
(0.02875
mol/L) was selected and the temperatures and flow rates were varied to
observe their individual effects.

3.2. Effect of Reaction Temperature and N2 Gas Flow Rate
3.2. Effect of Reaction Temperature and N2 Gas Flow Rate

USP reaction temperature and gas flow rate together determine the residence time of
USP reaction
and
gastherefore
flow rate
together
determine
the residence
of
droplets/particles
in the temperature
heating zone,
and
they
also play
a significant
role in time
the nucleation
droplets/particles in the heating zone, and therefore they also play a significant role in the nucleation
step and growth mechanism. In previous synthesis conditions, reaction temperature was fixed at
step and growth mechanism. In previous
synthesis conditions, reaction temperature was fixed at 800
800 ◦ C. °C.
Temperature
was changed to 600 ◦ C/400 ◦ C while ensuring complete decomposition of zinc
Temperature was changed to 600 °C/400 °C while ensuring complete decomposition of zinc
nitrate. nitrate.
SEM micrographs
of the
formatted
canbebe
found
in Figure
SEM micrographs
of the
formattedZnO
ZnOparticles
particles can
found
in Figure
5. 5.

Figure 5. SEM micrographs of nanostructured ZnO particles synthesized at various reaction

Figure 5. SEM micrographs of nanostructured ZnO particles synthesized at various reaction
temperatures at S5 (a), S6 (b) and S7 (c), where concentration (0.02875 mol/L) and flow rate (0.5 L/min)
temperatures
at S5 (a), S6 (b) and S7 (c), where concentration (0.02875 mol/L) and flow rate (0.5 L/min)
were constant.
were constant.
To begin with, it is worth emphasizing that all samples synthesized at different temperatures
exhibited complete conversion to ZnO. With increasing synthesis temperature, similar to the change
To begin with, it is worth emphasizing that all samples synthesized at different temperatures
in concentration, a gradual morphological change was observed from plates to spheres. When the
exhibited
complete conversion to ZnO. With increasing synthesis temperature, similar to the change
reaction temperature was high, the supersaturation rate and mobility of particles were expected to
in concentration,
a gradual
morphological
changehigher
was observed
spheres.
When the
be high. Higher
supersaturation
degree yielded
nucleation from
rates, plates
while ato
higher
mobility

reaction temperature was high, the supersaturation rate and mobility of particles were expected to be
high. Higher supersaturation degree yielded higher nucleation rates, while a higher mobility increased
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when
particle
synthesized
the highest
accumulation
on already existing
nuclei 1a).
and directed
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Figure
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(see Figure
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whenimplies
a particlethat
synthesized
temperature
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thereconcentrations
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the increased
at the
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wastemperature
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increased nucleation rate was more dominant.
In order to assess flow rate effect in morphology, a high temperature (800 ◦ C) was used to ensure
In order to assess flow rate effect in morphology, a high temperature (800 °C) was used to ensure
complete
conversion and ZnO was synthesized at a relatively lower flow rate. The SEM micrographs
complete conversion and ZnO was synthesized at a relatively lower flow rate. The SEM micrographs
presented
in Figure
6 reveal
the the
effect
of of
flow
presented
in Figure
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effect
flowrate.
rate.

Figure 6. SEM micrographs of nanostructured ZnO particles synthesised from 0.02875 mol/L at 600

Figure 6. SEM micrographs of nanostructured ZnO particles synthesised from 0.02875 mol/L at 600 ◦ C;
°C; (a) 0.75 L/min N2 gas flow and (b) 0.5 L/min N2 gas flow rate.
(a) 0.75 L/min N2 gas flow and (b) 0.5 L/min N2 gas flow rate.
Figure 6 reveals that an obvious morphology change occured when the flow rate was varied.
Although
the particle
remained similar,
when the
flow rate
decreased
from the
0.75 flow
to 0.5 L/min,
the varied.
Figure
6 reveals
that size
an obvious
morphology
change
occured
when
rate was
granular morphology was replaced with plates and spheres assembled by these plates. In the case of
Although the particle size remained similar, when the flow rate decreased from 0.75 to 0.5 L/min,
higher flow rates, a higher gradual temperature was achieved within the droplet, which also
the granular
morphology
was replaced
with
plates
spheres assembled by these plates. In the
increased
the supersaturation
and driving
force
of theand
reaction.
case of higher flow rates, a higher gradual temperature was achieved within the droplet, which also
3.3.the
Formation
Mechanism and driving force of the reaction.
increased
supersaturation
In the USP process, the aerosol droplets undergo evaporation/drying, precipitation and

3.3. Formation
Mechanism
thermolysis
in a single-step process and under extreme synthesis conditions (high droplet/particle
heating rate and high surface reaction), as presented in Figure 7. Within the short reaction time (2–3

In the USP process, the aerosol droplets undergo evaporation/drying, precipitation and
s), intraparticle transport, solute nucleation and growth take place. The morphological findings
thermolysis
in ainsingle-step
and under
extreme
synthesis
conditions
(high droplet/particle
presented
Figures 1, 5,process
and 6, revealing
the effect
of temperature,
precursor
concentration
and flow
heatingrate,
rateare
and
high
surface
reaction),
as
presented
in
Figure
7.
Within
the
short
time
consistent, implying that lower supersaturation degrees decrease the driving
forcereaction
of the
(2–3 s), reaction
intraparticle
transport,
solute
nucleation
take
place. The
morphological
and, hence,
nucleation
rates.
During the and
USP growth
process, as
summarized
in Figure
7, in the casefindings
of lower
nucleation
rates,6,growth
occurs
already
existing nuclei
in favoredconcentration
crystallographic
presented
in Figures
1, 5 and
revealing
thefrom
effect
of temperature,
precursor
and flow
directions,
ending
up
with
planar
growth.
In
the
case
of
a
higher
driving
force,
higher
nucleation
rate, are consistent, implying that lower supersaturation degrees decrease the driving force of the
rates ensure homogenous nucleation, and precipitation takes place in the determined volume and
reaction and, hence, nucleation rates. During the USP process, as summarized in Figure 7, in the
shape of spherical droplets.
case of lower nucleation rates, growth occurs from already existing nuclei in favored crystallographic
directions, ending up with planar growth. In the case of a higher driving force, higher nucleation rates
ensure homogenous nucleation, and precipitation takes place in the determined volume and shape of
spherical droplets.
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Keeping in mind that morphological features of nanostructured ZnO particles are directly
related to
properties, USP
can be
as a suitable
targeting
various
Keeping
in their
mindfunctional
that morphological
features
of utilized
nanostructured
ZnOmethod
particles
are directly
related
application
areas
of
ZnO.
It
has
already
been
reported
that
higher
surface
areas
of
ZnO
plates
are
to their functional properties, USP can be utilized as a suitable method targeting various application
favorable in photocatalysis applications [24]. For such applications, a synthesis strategy can be
areas of ZnO. It has already been reported that higher surface areas of ZnO plates are favorable in
utilized dealing with low concentrations, temperatures and flow rates. On the other hand, the
photocatalysis
applications [24]. For such applications, a synthesis strategy can be utilized dealing with
photocatalysis application necessitates the sintering of particles and UV-blockage properties, as
low concentrations,
temperatures
and flow
rates.
On the
other
hand, the
spherical particles
are more favorable
owing
to their
good
sinterability
andphotocatalysis
good absorbanceapplication
with
necessitates
the sintering
of particles
and
UV-blockage
properties,
as spherical
particles are more
less scattering
of light [25,26].
For such
applications,
USP should
be utilized
at higher concentrations,
temperatures
rates.
A basic and
model canwith
be found
in Figure of
7, light
which
favorable
owing toand
theirflow
good
sinterability
andempirical
good absorbance
less scattering
[25,26].
summarizes
recipes
to
synthesize
spherical
or
planar
ZnO
particles
using
the
USP
method.
For such applications, USP should be utilized at higher concentrations, temperatures and flow rates.
A basic and empirical model can be found in Figure 7, which summarizes recipes to synthesize
4. Conclusions
spherical or planar ZnO particles using the USP method.
The synthesis of pure and nanostructured ZnO particles was accomplished by USP. A lower
concentration of Zn(NO3)2·6H2O in the initial solution, and the reaction temperature and flow rate of
4. Conclusions
N2 resulted in lower Zn-saturation and, therefore, in lower nucleation rates. All these facts lead to the

The
synthesis
of pure and ZnO
nanostructured
particles
was accomplished
by USP.
A lower
formation
of nanostructured
particles with ZnO
a planar
morphology,
which is not typical
for USP.
concentration
the
initial solution,
and the
reaction
temperature
and
flow rate
Moreover,ofitZn(NO
was explained
byin
the
schematic
representation
of the
formation
mechanism,
which
3 )2 ·6H2 O
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in lower
Zn-saturation
and,
therefore, inZnO
lower
nucleation
rates. All
these
facts lead
showed that
it is possible
to control
nanostructured
particle
morphologies,
from
spheres
to plates via altering
the USP parameters.
This pioneering
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to the assembled
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with a planar
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formation
mechanisms
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ZnO
nanostructures
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will
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for USP. Moreover, it was explained by the schematic representation of the formation mechanism,
in our next study.
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Abbreviations
Ag
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DS
FE
HRTEM
N2
OH−
SAED
SEM
UDM
UV
USP
ZnO
XRD
W-H

Silver
Bright-Field
Debye-Scherrer method
SEM-Field Emission Scanning Electron Microscopy
High Resolution Transmission Electron Microscopy
nitrogen
Hydroxide ion
Selected Area Electron Diffraction
Scanning Electron Microscopy
Uniform Deformation Model
Ultraviolet
Ultrasonic Spray Pyrolysis
Nanostructured zinc oxide particles
X-ray diffraction analysis
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