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Experimental approaches using an open-plate reactor were proposed to investigate the thermal decom-
position and deposition processes of solution droplets sprayed over a heated horizontal plate. The
temperature-dependent flow condition of the carrier gas may influence the properties of incoming
sprayed aerosols. Zinc oxide (ZnO) particle layers were synthesized by spraying zinc acetate solution
to the plate with deposition angle of 45�. The prepared particle layers and a numerical simulation verified
the presence of thermally generated convection and fluid instability. Correlation between the size and
morphology of deposited aerosols and the dynamical condition due to temperature distribution above
the plate has been analyzed. A short distance (2 cm) between the nozzle and the plate will prepare finer
(nanometer-scaled) ZnO particle layers. ZnO with higher crystallinity can be prepared using one-step
route (directly spraying at 450 �C) compared with those of two-step heating procedures (150 �C – spray-
ing then 450 �C – re-heating in 1 h), which consume higher energy.
� 2017 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

Spray route is one of the well-established methods to produce
particle layer, by deposition of particles from solution/colloidal
suspension. This method has been applied to synthesize various
types of materials in atmospheric pressure, for application in sens-
ing material, transparent conductive film, photo-catalyst and cor-
rosion protection [1–7].

Considering the operation of spraying ‘‘cool” aerosol droplets
onto a ‘‘hot” substrate, one of the issues is the difficulties of the
aerosol droplets to deposit onto the substrate (i.e. the productiv-
ity). Previous studies discussed about thermophoresis as the main
cause, but other studies claimed that thermophoresis was insignif-
icant and the Leidenfrost phenomena (i.e., a heated object becomes
insulated by a vapour layer and vapour generation may cause the
levitation of aerosol droplets) was proposed [8,9]. It appears that
the temperature is not only critical for driving the thermal decom-
position of solution aerosol droplets but also influences the force
balance over the heated zone due to the presence of thermal
convection.
In the present study, an experimental system was designed to
investigate the thermal decomposition and deposition processes
of aerosol droplets in an open-plate reactor by taking ZnO as a
model material. ZnO is a well-known metal oxide and its proper-
ties have been already widely studied [3,10]. The temperature dis-
tribution around the designed reactor was studied by numerical
approaches.

The effect of experimental parameters such as substrate tem-
perature, flow rate, spray distance and spray angle [3,5,6,11–15]
on the formation of spray derived particle layer have been dis-
cussed in a number studies. However, the interaction between
parameters such as flow-temperature which affect the dynamical
condition inside the reactor was rarely discussed [8,16].
2. Method

The reactor was positioned in a simple semi-open chamber
(dimension: 25 cm � 25 cm � 45 cm), with a heated zone (a circle
with diameter: 15 cm) on the floor for positioning the substrate. A
cylindrical pipes (inner diameter: 4 mm, outer diameter: 6 mm) is
used as inlet, directed 45� to the horizontal plane [14,17]. This
angle has been assumed to prevent the ‘‘unwanted” large droplets
to deposit on the substrate. The designed chamber was combined
with an ultrasonic nebulizer (NE-U17, Omron, Japan) through a
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simple droplet classifier (lab-made), driven by controlled air flow
as a carrier gas (Fig. 1).

To deposit particle on the substrate, generated solution droplets
(0.05 mol/l, zinc acetate (Zn(O2CCH3)2(H2O)2)) was delivered in
constant flow rate (1.5 l/min) to the 150 �C, 300 �C and 450 �C
heated horizontal plate for 30 min. The temperature values were
Fig. 1. Experimental setup of heated-plate spray pyrolysis experiment.

Fig. 2. XRD spectra of synthesized thin films. (a) at 450 �C. (b) at 300 �C. (c) at 150 �C.
selected based on studies in thermal decomposition process of
the ZnO from zinc acetate solution which has critical temperature
around 280–340 �C [18–20]. In order to investigate the effect of
force balance between carrier gas (forced convection) and buoy-
ancy (thermal convection), the distance between the spray nozzle
and the horizontal substrate (a silicon wafer) was varied at 2, 4 and
6 cm at constant temperature of the substrate. Numerical simula-
tion has been conducted to investigate the presence thermal con-
vection due to the parameters used in the experimental work
(Appendix).

Powder X-ray Diffraction method (XRD, Rigaku, Japan) has been
use to investigate the crystallinity of the particle layer. The size and
morphology of the resulted layer was analyzed by two scanning
electron microscopes (SEM and FE-SEM, JEOL, Japan). The optical
vibrational properties of the deposited layer were investigated
using Raman spectrometer (Micro-Raman, Thermo Scientific Nico-
let Almega, USA).
3. Results and discussion

3.1. Crystallinity and Raman spectra of particle layers

The effect of different force balance due to thermal convection
and carrier gas flow might also be indicated by XRD spectra,
(d) at 150 �C followed with reheating for re-crystallization at 450 �C in one hour.
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Fig. 3. Raman spectrum of ‘‘bulk” ZnO powder at 450 �C (upper), two-step-heated
layer (middle), and of one-step-heating 450 �C layer (lower) in correlation with five
different phonon mode of ZnO as (A1(TO), E1(TO), E2(High), A1(LO), E1(LO)) [23].
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especially from the results of 300 �C (around thermal decomposi-
tion temperature of ZnO) and 450 �C (Fig. 2(a, b)).

After calculating the crystallite size using the spectra by the
well-known Debye-Scherrer equation [21], it is clear that by
increasing the spray distance from 2 cm to 6 cm (Fig. 2(a)), the
Fig. 4. SEM images of samples prepared at different temperatures (150 �C: a, b, c; 300 �C:
are scaled for 5 mm.
crystallite sizes change from 27.4 nm to 19.7 nm. The shorter the
distance, the larger the crystallite of particle layers was. Weaken-
ing of XRD peak intensity can be detected from the samples pre-
pared at longer distance (Fig. 2(a) 450 �C). Here, spray distances
might affect the amount of aerosols deposited on the substrate
[22]. Similar tendency also occurs at the lower temperature
(Fig. 2(b) 300 �C). The decreasing of amount of particles in the layer
might correlate to the gas velocity indicated earlier in the numer-
ical simulations (Appendix). In the case of longer distance, there is
more chance for the sprayed aerosols to be lifted by thermally
induced gas carrier, comparing with that of shorter distance.
Therefore, only low temperature (150 �C) condition can allow the
aerosols to be arrived on the substrate, in the case of 6 cm. While
at higher temperatures (300 and 450 �C) the gas carrier may lift
large amount of aerosols before they arrive on the substrate. From
SEM images, there is a formation of particle layer at 150 �C, how-
ever as expected, there is no conditions forming ZnO phase
(Fig. 2(c)), because 150 �C is far below the thermal decomposition
point (around 300 �C).

An interesting phenomena was occurs when the comparison
between one-step-heating of aerosols versus two-step-heating of
pre-deposited particle layers. Post-heating treatments (at 450 �C
in 1 h) were performed for 150 �C-pre-deposited layers (original
spectrum is in Fig. 2(c)). After post heating the spectrum can be
seen from Fig. 2(d), which show ZnO phase with lower intensities.
While ZnO layers prepared directly by one-step-heating of aerosols
at 450 �C (Fig. 2(a)) have higher crystallite size (i.e. higher quality)
compared with those of two-step-heating (150 �C for 30 min. plus
450 �C for 1 h), suggesting that there is a low-energy route by
spraying the solution droplets directly on a heated substrate at
temperature higher than the decomposition point of the solution
d, e, f; 450 �C: g, h, i) and distances (2 cm: a, d, g; 4 cm: b, e, h; 6 cm: c, f, i). All bars



Fig. 5. (a) FE-SEM images of samples prepared at by 2 cm spray at 150 �C then
reheated at 450 �C. (b) Synthesized in 2 cm direct spray at 450 �C. All bars are scaled
for 1 mm.
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(higher than 300 �C, in the case of ZnO). In the other words, re-
heating (even in few hours) of the pre-deposited (zinc acetate) par-
ticle layers cannot reach the level of ZnO crystallization which is
obtained by one-step spray heating (around 30 min). These results
indicate that heat transfer of the suspended micron-sized aerosols
is more efficient than those of the ‘‘bulky” particle layer deposited
on a solid substrate.

Raman scattering analysis at the range between 200 cm�1 and
700 cm�1 region was also performed for further understanding of
the properties of particle layers prepared by one-step and two-
step-heating procedures (Fig. 3). For a comparison, a ‘‘bulky” ZnO
particle layer (powder) was additionally prepared by heating
(450 �C, 1 h) the drop of zinc acetate aqueous solution on a silicon
wafer. ‘‘Bulk” ZnO has shown longitudinal optic (LO) and trans-
verse optic (TO) modes [23,24] (Fig. 3-upper). Raman spectrum
of two-step-heated layer (Fig. 3-middle) follows the shape of spec-
trum of the ‘‘bulk”, with the broadening of A1(TO), E1(TO), E2(High)
phonon modes while the A1(LO), E1(LO)) modes are absent or shift-
ing. On the other hand, the layer produced from one-step-heating
(direct-spray, 450 �C) shows stronger peak at A1(TO), E1(TO),
E2(High) phonon modes while other modes are very weak. These
altered Raman spectrum may correlated with oxygen vacancies
in the ZnO which was occurred due to multi-step heating of the
pre-deposited particle layers [25,26]. These results show that
two-step-heated layer has experienced similar processes (i.e.,
heating and crystallization) with the ‘‘bulk” ZnO powder.

3.2. Morphology and size of particles

SEM images of the particle layers produced at various condi-
tions are shown in Fig. 4. At 150 �C (Fig. 4(a,b,c)), the aerosol dro-
plets formed layer of dry zinc acetate. From Fig. 4(a) it is clear that
short distance (2 cm) and low temperature condition makes a
‘‘wide” layer derived from the ‘‘coagulation” of incoming (and
deposited) wet aerosols. By increasing the spray distance to 4 cm
(Fig. 4(b), the deposition of hollow spherical particles having size
around 5 lm is observed. In hollow particle formation, one-
droplet-to-one-particle conversion mechanism can be considered.
Therefore, by using a simple material-balance conversion (not
shown) based on the concentration of zinc acetate, density and size
of final ZnO particles, one can predict that originally 10 lm sized
droplets were converted to 5 lm-sized dry hollow particles. Unlike
the short-distance (2 cm) spraying, it can be predicted that in the
case of longer spray-distance (4 and 6 cm) the hollow particles
were ‘‘fully” dried in the suspended condition (as aerosols) before
they arrive onto the substrate.

At 6 cm-spraying (Fig. 4(c)), the formation of plate-type hollow
particle formation can be confirmed, and the final ‘‘diameter” of 6
cm-sprayed (plate-type) particles are larger than those of 4 cm-
sprayed hollow particles. This is due to the deformation of droplet
by buoyant convection. This thermal convection changes the shape
of suspended droplet (wet aerosol) from the stable spherical to
instable non-spherical (damped) shape. It was reported that the
droplet shape instabilities or oscillations are primarily a conse-
quence of droplet heating through vapour pressure, surface tension
and viscosity [27]. These SEM images also indicate the decreasing
in number concentration of arriving aerosol droplets, when the
spray distance was increased to 6 cm (Fig. 4(c)). At the same tem-
perature (150 �C), the longer distance may reduce the carrier gas
thrust (inertial) needed for delivering the aerosols to the surface.
In this case, the buoyancy force is dominant [27].

It is well reported that ultrasonically (using 1–2 MHz
frequency) sprayed droplets have average diameter around 5 lm
(with the range approximately between 1 and 10 lm). From 5
lm sized droplet, by assuming one-droplet-to-one-particle con-
version, the average size of the final (dense) particle is around
0.5 lm. However, from SEM images (obtained at 150 �C),
sub-micron sized particle cannot be detected. Considering the
dominance of buoyancy force, the inertial force for delivering large
droplet is larger than those of small droplet. Therefore, droplets
with size around 10 lm sprayed from the ultrasonic sprayer can
arrive onto the substrate; however it is not the condition for small
(single lm) droplets to be deposited onto the heated substrate.

Around the temperature for thermal decomposition of ZnO
(around 300 �C), it is not easy to understand the mechanism
related to the size and morphology of particles. At least, in the case
of 2 cm distance, the ‘‘rougher” (than 150 �C (Fig. 4(a)) layer is
observed (Fig. 4(d)). For 4 cm distance, there is a deposition of
spherical (hollow) particles with size around lm (Fig. 4(e)) mean-
ing that the suspended droplets were dried (or also experienced
thermal decomposition) before they arrive onto the substrate. In
the case of longer (6 cm) distance, as mentioned earlier, the incom-
ing droplets cannot preserve their spherical shape (Fig. 4(f)). At
300 �C, samples collected at increasing distance (from 2 cm to 4
cm) has similar tendency with the samples obtained at 150 �C.
While in the case of 6 cm spray, the effect of the buoyancy force
is large. From SEM images, at 300 �C, the instabilities or oscillations
of suspended droplet may allow its deformation and breakage. The
incoming droplets might break-up into fragments, and after
further drying or thermal decomposition, these fragments were



Fig. 6. Effect of nozzle distance at constant temperature (450 �C) above thermal decomposition point. (a) FE-SEM image at 2 cm spray distance. (b) FE-SEM image at 4 cm
spray distance. (c) Spraying process above thermal decomposition point. (d) FE-SEM image at 6 cm spray distance for 450 �C. (e) FE-SEM image at 6 cm spray distance for
300 �C. All bars are scaled for 1 mm.
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converted into submicron sized particles. These phenomena will be
more rigorously seen in the case of 450 �C samples.

At 450 �C (2 cm distance), sub-micron ZnO particles with
‘‘spherical” morphologies were deposited (Fig. 4(g). Considering
the mechanism of one-droplet-to-one-particle conversion [28],
one can predict that the original sprayed droplets were around
5 lm. However, as mentioned earlier, due to the strong influence
of buoyancy force, those lm sized droplets cannot arrive
onto the substrate. The incoming droplets should have size larger
than lm and have larger inertial force. Droplets having size
around 10 lm might break-up into few lm sized fragments, and
at 450 �C heated substrate, these fragments can be converted into
submicron ZnO particles. The carrier gas thrust is strong enough to
deliver the droplets with size around or more than 10 lm onto the
substrate at high temperature. SEM images of 4 cm samples also
indicate the decreasing in the number concentration of the depos-
ited submicron ‘‘spherical” particles. Compared with 2 cm-samples
(Fig. 4(g), 4 cm-samples have more ‘‘non-spherical” particles
(Fig. 4(h)). Similar tendency is also observed in the case of longer
distance (6 cm-samples), where the droplets or particles cannot
maintain their sphericity due to buoyancy force Fig. 4(i)). At higher
temperature, increasing distance will not only decrease the
number concentration of ‘‘spherical” aerosols, but will also
increase the possibility of droplet or particle breakage due to expo-
sure of buoyancy force from the bottom.

For deeper understanding on the change in particle morphol-
ogy, FE-SEM images of some samples were additionally taken.
Firstly, two samples obtained by one-step (450 �C-spray) and
two-step (150 �C-spray plus 450 �C-1 h) heating were analyzed
(Fig. 5). The FE-SEM image reveals that the two-step heated parti-
cle layer exhibits rough layer with crack (Fig. 5(a)). Meanwhile,
one-step heated sample obtained at close distance (2 cm) can
maintain the sphericity of particles with the typical ZnO
whisker-type morphology (Fig. 5(b)). This result is consistent with
the crystalline structure analysis of the same samples (Fig. 2).

Secondly, FE-SEM images were taken from some samples
(mainly 450 �C samples), for more understanding on the effect of
spray-distance on the morphology or size of deposited particle
layer. As shown in Fig. 6, FE-SEM images refine the results and dis-
cussion based on SEM images (Fig. 4). Morphology evolution at



Fig. A.1. Computational domain with outlet and inlet for flow boundary and
circular hot plate for temperature boundary.
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450 �C as function of spray distance can be observed as follow:
Spherical whisker-type particles (around 1 lm or smaller) can be
produced at 2 cm distance (Fig. 6(a)). In the case of 4 cm, the
amount of large (1 lm) particles decreases. As mentioned earlier,
due to the effect of buoyancy force, the fragments can be formed
from the breakage of large (10 lm) droplets. These fragments then
were converted to submicron-sized, whisker-type ZnO particles
(Fig. 6(b)). The cartoon of dynamic and deformation of the incom-
ing droplets is illustrated in Fig. 6(c). The result of force balance to
the body of the droplet may allow the breakage of the droplet [29].
The proposed mechanism can be considered also in the case of
longer (6 cm) distance at 450 �C (Fig. 6(d)) and 300 �C (Fig. 6(e)).
Comparing the 4 cm and 6 cm samples (450 �C), the final size of
‘‘fragment” derived from droplet breakage is smaller in the case
of 6 cm. It is clear that by making longer spray-distance, there is
more chance for the deformation and breakage of the suspended
droplets. Without using additional energy, sub-micron or even
smaller size ZnO particles can be prepared by (only mainly) chang-
ing the spray distance.

4. Conclusions

The effect of the processing conditions such as plate tempera-
tures and spray distances on the morphology and crystalline prop-
erties of ZnO thin film was investigated. Both parameters have
influence on the presence of thermal convection and force balance
in the air around the heated substrate as shown by numerical
study which consequently affected the thermal decomposition
processes and properties of the product such as morphology and
crystalline phase. The result also shows that direct (one-step) heat-
ing at close distance at ‘‘high” temperature produce well-defined
morphology and relative homogeneous size of particles in compar-
ison to the other routes (low temperature, close distance and two-
step heating). These results suggest that the method employed
may have a potential to enhance the productivity of particle layer
via spray route.
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Appendix A. Governing equation, domain and boundary
condition

The parameter determination in the experimental work has
been analyzed by using numerical simulation for the correlated
geometrical spray system to get description of the dynamical con-
dition. A 25 � 25 � 35 cm semi-open chamber equipped with a
heated plate has been used for this purpose. In this system, non-
isothermal flow system was solved by temperature-dependent
body force [30,31]. Navier-Stokes equation coupled with thermal
convection diffusion equation can be written as follow:

@q
@t

þr:ðquÞ ¼ 0 ðA:1Þ

q
@u
@t

þ u:ru
� �

¼ �rP þ lr2u� gqbTDT ðA:2Þ

@T
@t

¼ r:ðarTÞ � r:ðuTÞ ðA:3Þ
where u is velocity field in the chamber which are variables to be
solved, simultaneously with temperature (T). Eqs. (A.1)–(A.3) were
solved by assuming incompressibility. The well-known Bousinessq
approximation (i.e. the density (q) is assumed to depend linearly
on the temperature (T)) is expressed in the last term in momentum
equation (Eq. (A.2)) to reduce non linearity.

Simulation domain and boundary condition are described in
Fig. A.1, with the inlet velocity of 0.97 m/s directed 45� to the sub-
strate. At the outlet, constant pressure was set as boundary condi-
tion has made possibility for the air inside the box to flow outward
and inward, depend on the pressure gradient. Simulation has been
run with a combination of two parameters; spray distance (inlet to
substrate) at 2, 4, 6 cm and temperatures at 150, 300, 450 �C with
reference room temperature at 20 �C. Isothermal simulation (at T =
20 �C) was performed to calculate the velocity due to spray in the
absence of natural convective forces. There is a possibility of air
convection called Rayleigh-Bénard convention to appear in a
heated plate system [30]. In such system, a transition occurs from
steady state diffusion transport to rapid turbulent flow [16].

Eqs. (A.1)–(A.3) were solved by a FEM (finite element method)
based multi-physics simulation software (COMSOL Multiphysics).
Dependency between spray and thermal parameters can be
observed on a heated plate from the temperature distribution.
The temperature profiles were influenced by spray distances due
to the force balance in the system. Examples of numerical results
are presented in Fig. A.2 for temperature distribution (sampled at
60 s) in the different spray distances (2, 4, 6 cm) at two tempera-
tures 150 �C (Fig. A.2(a-c)) and 450 �C (Fig. A.2(d-f)). The flows
are transient and difficult to reach steady state. The figures show
temperature distributions are strongly depends to the nozzle
position. In 150 �C (Fig. A.2(a-c)) the effect are obvious since at
this temperature, the thermal convection is not very strong com-
pared to the 450 �C (Fig. A.2(d-f)). However it is still difficult to
show the thermal convection quantitatively, therefore in the next
section, the thermal convection velocity will be calculated from
the simulation and from the non-dimensional analysis as
comparison.
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4 cm (c, f) 6 cm.
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A.1. Parameter dependency analysis

Non-isothermal flow simulation generates consequences that
parameters use in the heated plate spray are not independent. As
the spray parameter varied, the thermal quantity such as convec-
tion velocity will be affected. Further, the velocity-dependent tem-
perature will also influence the flow dynamic around the heated
plate.

The problem can be simply explained by a mixed convection
system with two major components; natural and forced convec-
tions, quantified by Archimedes number (i.e., the ratio between
natural convection rate and forced convection rate). The Archi-
medes number in relation to natural convection parameter (Gra-
shof number) and flow parameter (Reynolds number) is
described as:
Ar ¼ Gr

Re2
ðA:4Þ

Reynold number (Re) is proportional with characteristic length (L)
and inversely proportional to dynamic viscosity (m) as (Re �
jujL=m). Equating nominator and denominator, Grashof number
(Gr) was used to derive the non isothermal gas velocity due to nat-
ural convection, independently to spray process. The velocity mag-
nitude can be calculated from the Gr number as:

juTj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
GrðTÞ mðTÞ

2

L2

s
ðA:5Þ

where uT is thermal convection velocity. Note that Eq. (A.5) cannot
calculate the effect of spray distance.
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At heated plate temperature equal to room temperature, all
dynamical contribution are due to the velocity of the spray
(isothermal) judj which can be obtained from the simulation (Eq.
(A.2)) by setting T = T0. Finally, the convection velocity magnitude
in the temperature-dependent flow was calculated by vector sub-
traction of total velocity ðuÞ at specific temperature (Eqs. (A.1)–
(A.3)) by isothermal velocity ðudÞ as:
juTj ¼ ju� udj ðA:6Þ
The plot presented in Fig. A.3 described the dimensionless velocity
magnitude calculated at 1 cm away (L) of a distance from substrate
to nozzle. The magnitude of isothermal gas velocity (judj) obviously
depends on the spray distance (points with error bar at temperature
of 20 �C) solved for d = 2, 4, 6 cm. At the absent of spray process,
thermal convection velocity magnitude (juTj) was obtained from
temperature using Eq. (A.5) (continuous line without point), while
the same quantity (juTj) in the temperature-dependent flow was
calculated from a simulation (Eq. (A.6) line with points). The results
have shown significant deviation between independent and depen-
dent approaches at 150 �C and the deviations reduce as the temper-
ature increase.

The results (Fig. A.3) show the effect of spray distance and tem-
perature to the magnitude of thermal convection velocity. The plot
is correlated to the amount of particles deposited on the substrate
which could be traced from the XRD spectra (rather than from SEM
images). As can be seen from Fig. 2a, for the particle obtained at
450 �C, the XRD intensity was reduced as the spray distance
increase (higher velocity magnitude). The similar tendency also
occurs in 300 �C (Fig. 2b) and 150 �C followed by reheating at
450 �C (Fig. 2d), while the layers obtained by one-step, direct depo-
sition at 150 �C (Fig. 2c) did not show peak since the ZnO phase
was not formed.

These phenomena are the proofs that the thermal convection
forces influence the thickness of the deposited particle layers, in
which at higher thermal velocity, more difficult for the particles
to deposit, thus resulted in a thin layer with weak XRD
intensity. The result agrees with the previous study discussing
the effect of sample thickness to the XRD intensity of ZnO
films [22].
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