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Nanoparticles have been increasingly studied due to their unique properties. The deposition of uniform layers with these
nanoparticles however is a crucial step in many of their applications. In this work, ultrasonic spray coating is the tech-
nique of choice as it is by design well-suited for the deposition of nano-suspension dispersions. The influence of different
deposition parameters, ink composition and post-treatment are subject of study in this paper. It is shown in this work that
(mass-) production of uniform nanoparticle layers is possible due to the narrow distribution of the droplet size and the
deagglomeration of the particles during ultrasonic spray coating. It is also demonstrated that with ultrasonic spray coating
it is possible to deposit an eco-friendly, water-based nanoparticle ink into layers with desired thickness and morphology.

1 Introduction Polymeric nanoparticles with controlled
surface compositions or functionalization have been in-
creasingly studied and used in a variety of applications, in-
cluding separation media, adhesive technology, coating,
drug delivery systems [1], medical diagnostics[2], etc. Na-
noparticle-layers have several advantages over precursor or
solution processed layers. The fact that one can use a lower
post-treatment temperature enables the depaosition on heat-
sensitive substrates[3][4]. The control over the dimensions
and functionalisation of the nanoparticles allows, for in-
stance, engineering the optimal distances of donor and ac-
ceptor materials for optimal charge transfer and efficiency
in polymer solar cells[5][6]. NP-inks can also be formulat-
ed without harmful solvents since there is no need to dis-
solve the polymer in the ink.[7]

There are various techniques known to deposit thin films
of nanoparticles onto a substrate, where the choice de-
pends, besides the desired thickness and morphology of the
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final layer, on the size of the area that needs to be covered.
Drop-casting [8] and spin coating [9] are obviously not
suited for large areas deposition. Langmuir-Blodgett depo-
sition [10] offers a high level of control of the particle dep-
osition process and allows for uniform monolayer films but
faces similar limitations when it comes to upscaling. Other
techniques involve the surface functionalization of sub-
strate and particle before deposition. The drawbacks of
these techniques are the required surface modification of
the substrate and the limited particle packing density po-
tential.

Dip-coating is a simple, straightforward process and be-
cause of this also a widely used coating technique, even
being roll to roll compatible. Both for polymer [11] as for
metal nanoparticles [12], dip-coating has a range of appli-
cations and the lowest process cost for high-volume appli-
cations. The large amount of excess material needed and
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the high difficulty to mask areas makes it however less
suited for some applications.

Alternatively, spray coating techniques have a great poten-
tial for large scale production, since they have virtually no
limitation in substrate size and a low utilization of materi-
al. It is possible to apply a variety of particle mixtures to a
wide range of substrates and it allows to engineer the thin
film depositions by manipulating the tuneable spray coat-
ing parameters. Spray coating is already established in
many coating industries and currently researched for vari-
ous emerging applications in nanotechnology including,
organic [7] and hybrid (perovskite) [13] solar cells, OLEDs
[14], electrodes (polymer [15]; metal nanoparticle [16];
carbon nanotubes [17]) , etc.

The focus of our research was directed to deposit an eco-
friendly, water-based nanoparticle ink into layers with de-
sired thickness and morphology, by optimising the ultra-
sonic spray coating parameters. We studied the influence
of the individual ultrasonic spray coating parameters as
well as the influence of deposition temperature and thermal
post treatment.
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Figure 1 (a) Ultrasonic atomization principle at the at-
omizing surface (b) Cross-section of an ultrasonic spray
nozzle and deagglomeration of nanoparticles

2 Materials and Methods In order to study the
layer formation, packing density and uniformity under dif-
ferent conditions, pristine polystyrene NPs with an average
diameter of 200 nm (dynamic light scattering:137.9 nm
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with a polydispersity index (PDI) of 0.130) were prepared
-using the miniemulsion [18][19] technique and were used
in this study as a proof-of-principle model system. Thus,
6.0 g of styrene, 250 mg of the hydrophobic agent hexade-
cane and 100 mg of the initiator V-59 were added to a sur-
factant solution containing 72 mg of sodium dodecyl sul-
fate (SDS) and 24 g of water. After stirring for 1h for pre-
emulsification, the emulsion was subjected to ultrasoni-
cation (Branson 450W digital sonifier 1/2" tip) under ice
cooling for 2 min at 90% amplitude. For polymerization,
the miniemulsion was transferred to a round bottom flask
and stirred overnight at 72°C. The excess surfactant in the
sample was removed by multiple washing steps using
Milipore membrane tubes. The solid content as synthesized
was 14.68 %.

The glass substrates were cleaned by sonication in soapy
(Brandson GP) water solution for 30 min, followed by son-
ication in distilled water and then in acetone for 5 and 10
min respectively. Finally they were put in hot isopropy! al-
cohol for 10 min and dried in air with a nitrogen gun.

A commercial ultrasonic spray coater (Model: ExactaCoat)
from Sono-Tek was employed to print water-based poly-
styrene NPs diluted using water-ethanol solution under dif-
ferent conditions. This ultrasonic spray coater applies har-
monic vibrations to pulverise the liquid into an aerosol.
The vibrations create standing waves in the liquid at the
atomizing surface of the nozzle (Figure 1 a). With enough
power, cavitation occurs at the liquid gas interface result-
ing in an aerosol with a narrow droplet size distribution
closely related to the capillary wavelength at the liquid sur-
face. Frequency is the predominant factor determining the
droplet size following from the Kelvin’s equation for the
capillary wavelength. Lang was able to empirically link the
droplet diameter (D) to the ultrasound frequency (f) [20]:
1/3 1/3

D=03%x (TTGJ ¥ C;;J )

wWhere o is the liquid surface tension and p its density. The
piezoelectric transducers of the nozzles used in this work
had all an operational frequency of about 120 kHz. This re-
sults in an average mean droplet size of about 20 pm.

As the liquid is flowing through the spray head (Figure
1b), the NPs are exposed to the ultrasonic vibrations and a
deagglomeration of the NPs takes place. Due to the relative
low power and short time the liquid is exposed to the vi-
brations, the effect is limited to small aggregates so it is
important to start with a high quality dispersion.

After the droplets are separated from the nozzle the nitro-
gen carrier gas directs the droplets towards the substrate.
The precise control over the pressure of the carrier gas al-
lows optimising the kinetic energy of the droplets upon
impact on the substrate.

The surface structure and coverage was studied by an Axi-
overt 40 MAT optical microscope. The thickness and
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roughness of the spray coated layers were measured by a
DektakXT stylus profiler from Bruker. To examine the
layer formation and (nano-)morphological aspects of the
layers a FEI Quanta 200F Field Emission Gun Scanning
Electron Microscope (FEG-SEM) was used.

3 Results and discussion

Although the solvent to co-solvent ratio and NP-content
were changed to some extent, the research mainly focused
on how the change of the independent spray coating varia-
bles influenced the resulting layers.

First the ink formulation (water to co-solvent ratio and NP
content) was optimised to influence the main indirect vari-
able, the so-called coating efficiency, which depends on
the effective chemistry between substrate and ink. When
the ink reached the desired wetting properties, required to
achieve thin and homogeneous layers, fully covering the
substrate (Figure 2), the direct spray coater settings (flow
rate, spray speed and temperature) were tuned to finalize
with a thin and very smooth polystyrene layer.

Figure 2 Optimized 10pm thick polystyren nanoparti-
cle layer

3.1 Initial layer formation Since the same ink-
formulation (1 wt%) was used throughout most experi-
ments, it was possible to observe the change in surface free
energy during deposition. The initial droplets that hit the
bare substrate face different wetting properties and had a
higher particle mobility than the particles deposited on a
covered substrate. Partly due to this higher mobility of the
particles in the water based ink, the coffee ring effect could
be observed. There are many ways to counter or minimal-
ize this effect [21][22]. In our experiments the counter-
measures were confined to the solvent to co-solvent ratio
and temperature. In different experiments, the higher etha-
nol concentration appeared better to create thin nanoparti-
cle layers as the fast dry-time locked the particles in place.

Although the surface tension is practically halved with the
addition of 20 wt% of ethanol [23] and an initially low
contact angle is observed, it rapidly retracts into large clus-
ters with contact angles close to that of pure water [24].
To reach the desired wetting effect on our substrate we
need more than 50 wt% of ethanol as previously observed
for the spraycoating of polymer solar cells [25]. This
dewetting-effect is more pronounced at lower temperatures.
Concentrations of ethanol over 70 wt% however led to ag-
glomeration of the particles in the ink.

When the coating efficiency of the ink is tuned, one can
start the optimisation of the spray coating process. Vak et
al. [26] divided the distance between airbrush nozzle and
substrate in three different regions, which are “wet”, “in-
termediate”, and “dry”. They concluded, as confirmed by
Susanna et al. [27] and our experimental results, that the
best linear control over layer formation was in the “inter-
mediate zone”. The great advantage of ultrasonic spray
coating over airbrush is the independent control over the
process variables like droplet size, the kinetic energy of the
droplets and the volume of sprayed liquid. This allows to
reach this desired “intermediate state” through different
approaches.

In Table 1 the ranges of the tested spray coating parame-
ters are displayed. Numerous experiments were conducted
to search for the optimum for the different settings.

Table 1 Range of the tested spray coating parameters

Parameter Tested setting range
Flow rate 0.05 -1 mL/min
Nozzle Speed 1-50 mm/s

Nozzle Power 1.7-5W

Co-solvent ratio H,0/C,HsOH  70/30 -30/70 [%)]
NP-content 0.1-3 wt%
Temperature RT-250 °C

# layers 1-50

Each parameter had the ability to change the layer mor-
phology tremendously. The SEM images in Figure 3 show
the impact a relative small change of one of the parameters
has on the layer formation. The increase in substrate tem-
perature above 70 °C increased the roughness significantly
as the layer dried almost instantly. When increasing the
nozzle velocity, one can tune the flowrate in order to de-
posit the same amount of material on a given area by rais-
ing it accordingly. The layer formation will change as
more material is deposited in less time, further increase
will eventually lead to the undesired “wet film” phenome-
non.
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Figure 3 SEM images displaying the influence on the
morphology for different parameter alterations. a)
Temperature, b) Nozzle speed, c¢) ethanol/water ratio,
and d) Flow rate

It can be inferred from these results that optimization of
individual parameters is very crucial for obtaining optimal
layers. Also, the choice of the solvents (vapor pressure)
makes the process challenging as the ambient conditions
(temperature/humidity) can play a decisive role. It is wide-
ly known that humidity plays an important role during the
curing of waterborne coatings. The relative humidity af-
fects the speed at which the water and coalescing solvents
evaporate relative to each other.

3.2 Nanoparticle stacking in thick layers As a next
step, the influence on the stacking of the NPs under differ-
ent conditions was studied to see how the final layer mor-
phology was formed. Different multilayer approaches to
improve the coverage and density of the NP layer were
compared to single layers.

After the substrate became partly covered, the mobility of
the particles was reduced further due to the increased
roughness and change in surface free energy. In this phase
of the layer formation a higher particle mobility (i.e. lower
ethanol concentration and/or temperature) was needed to
reduce the roughness below the particle size.

3.3 Influence of temperature Finally, the effect of a
thermal post-treatment was studied. Temperatures above
the glass transition temperature (Tg), to increase adhesion
to the coated surface and above the melting point (Mp), to
create dense thin layers were used and their influence was
studied.

Copyright line will be provided by the publisher

Figure 4 SEM images of layers durig the annealing
process. (Left) Top-view; scale bar is 5 pm (Right)
cross-section; scale bar is 2 um.

As already discussed above, temperature is an important
variable to influence the dry-time of the layer and the mo-
bility of the NPs. As mentioned earlier, even the change in
room temperature (RT) plays a significant role. Since we
observe this behaviour during our experiments at RT we
conducted further experiments at a minimum of 30 °C to
reduce the effect. Temperature can partly compensate for
the lack of the preferred volatile solvents to maximize lig-
uid evaporation and reduce any potential particle aggrega-
tion associated with capillary forces during drying. Be-
cause there is no binder or other adhesive in our ink, the
layer can easily be removed. Temperatures above the glass
Tg (100 °C) [28] can be used to make the particles stick
without particle deformation as can be observed in SEM. It
is even possible to do this temperature treatment during the
deposition process as the temperature of the substrate table
can be ramped up to 250 °C. Higher temperatures change
the layer formation too much and are only possible as a
post-treatment. With various temperature post-treatments
above Tg, mesoporous layers with a lower roughness could
be achieved. A free surface is known to cause reductions in
the Tg of thin polystyrene films [3]. Since the free surface
area is orders of magnitude larger than for solid films,
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combined with the relative low molecular weight [4], a
significant decrease in Tg was expected. In Figure 4, the
change in morphology for different post-treatment temper-
atures can be observed.

. ,~_’42‘4.".\~?-’. A,
Figure 5 (Left) Digital photographs of the annealed lay-
ers on 18 x 18 mm glass substrates, respectively (top to
bottom), as deposited at 70 °C and after annealing for 5
min. at 110; 150; 200; 260 °C. (right) Optical microsco-
py images from the change in morphology during an-
nealing. (Scale bar is 20 pm)

At 110 °C, well above the Tg, a mesoporous layer is
formed. Due to thermal decomposition [29], the particles
melted together at much lower temperatures than the melt-
ing temperature (~240 °C)[28] of the material. It formed

into a dense layer at 150 °C, which reduced even further in
thickness and average roughness at higher temperatures.
(Figure 5 left) The optical transparency increased as well at
higher temperatures as can be observed in Figure 5 left. All
aggregates broke up at 260 °C (Figure 5 right) and the
most uniform dense layer was formed at this temperature
(Figure 4). Higher temperatures result in dewetting of the
molten polystyrene layer and eventually even in the for-
mation of molten polystyrene droplets on the substrate.

4 Conclusion Water-ethanol-based polystyrene NP-
dispersions were spray coated on glass substrates under a
wide range of different parameter conditions in order to
study the layer formation and its final morphology. The ul-
trasonic spray coater allowed studying the influence of the
different parameters separately and various approaches
could lead to similar uniform NP-layers. The influence of
temperature for deposition and post-treatment was studied
and led to mesoporous and dense polystyrene layers. It was
demonstrated that dense polystyrene layers are obtained
using water based dispersions with low solid contents. The
presented experimental results on the model system of
polysterene NPs has therefore demonstrated that spray
coating is a promising route towards a reliable, flexible and
cost efficient fabrication method for printing nano-
suspension dispersions.
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