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ABSTRACT: We report on the preparation of SiO,-based nanoparticles readily available for superhydrophobic applications. In
contrast to usual approaches, our process is substrate-free and based on electrostatic adsorption of small SiO, particles onto large
SiO, cores with the aid of poly(diallyldimethylammonium chloride) followed by calcination and chemical modification with
trichlorododecylsilane. The as-prepared nanoparticles are in powder form and exhibit stable superhydrophobic behavior at room
temperature because of the unique combination between the hierarchical raspberry-like structure and low surface energy. If properly
stored, the nanoparticles retain their functional properties for several months.

B INTRODUCTION

Biological materials are generally organized from the nano- to
the macroscale, often in hierarchical structures with intricate
nanoarchitectures that are difficult to mimic in industrial
processes. Building blocks are assembled into multiscale
structures and respond cooperatively to external stimuli,
resulting in unusual properties—an advantage that boosted
the interest in bioinspired designs.' The leaves of Nelumbo
nucifera (lotus flower), for example, have inspired the
development of water-repellent surfaces’ > due to their
superhydrophobic properties with the synergy between the
hierarchical structure and low surface energy.s_8 Systematic
methods of preparing hierarchical nanoparticles may thus
enhance biomimetics with suitable building blocks for
bioinspired structures.

Nanoparticles with superhydrophobic properties can be
fabricated in different ways. For instance, hierarchical
structures were prepared via layer-by-layer (LbL) deposition
of small particles over already-deposited large particles on a
glass substrate, from which superhydrophobic coatings were
obtained after proper chemical modification.” However, the
LbL route is time-consuming, being limited to substrates that
can withstand high temperatures since a calcination step is
required. Furthermore, the formed particles may exhibit
intrinsic defects during the assembly cycles. These limitations
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are overcome in the present work, in which we present an
efficient method of preparing substrate-free nanoparticles in
powder form readily available for superhydrophobic applica-
tions. The hierarchical structure of SiO,-based nanoparticles is
built-up in an aqueous medium via electrostatic assembly of
small particles onto a large core with a strong polycation. This
electrostatic adsorption is advantageous compared to the usual
chemical approach based on the functionalization of one or
more components. """ It does not require expensive or
extremely controlled reactors, being amenable to the use of
different materials; it is also safer/cleaner as hazardous
chemicals are not required.

B RESULTS AND DISCUSSION

Electrostatic adsorption in aqueous solutions requires all the
system components to be charged; surface charge is reversed in
each adsorption step, and flocculation should be avoided. Since
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Figure 1. Zeta potential measurements for (a) 400 nm SiO,, (b) 22 nm SiO,, and (c) 400 nm SiO, + PDDA aqueous suspensions. (d) Excerpts of
the FTIR spectra in the C—H stretching region of (i) non-treated and (ii) treated raspberry-like nanoparticles.

Figure 2. SEM images of (a) the superhydrophobic nanoparticles and (b) surface of a lotus leaf adapted from Ensikat et a

1.'° distributed under the

Creative Commons Attribution 2.0 Generic License (http://creativecommons.org/licenses/by/2.0/). (c) Water droplet over our nanoparticles and

its respective WCA analysis.

the surface charge of particles in contact with water is normally
pH-sensitive,'> we determined stabilities of 22 and 400 nm
SiO, using Zeta potential measurements over a wide pH range.
Figure la and Figure 1b show a negative character for 400 and
22 nm SiO, suspensions over almost the entire pH range,
respectively. Stability of SiO, suspensions could be observed
above pH ~8;'>'° therefore, pH ~9 was fixed for all coating
steps. Surface modification of negatively charged 400 nm SiO,
was performed with PDDA, which was chosen because it is a
water-soluble strong polycation, i.e., the degree of dissociation
of its ionic groups is nearly pH-independent.'” This feature is
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useful since there is no pH range limitation for using PDDA.
The successful PDDA adsorption on 400 nm SiO, is indicated
in Figure lc, with its positive charge from the ammonium
groups overcompensating the SiO, negative charge. Hence,
adsorption of 22 nm SiO, is made possible on a 400 nm SiO, +
PDDA surface. The as-prepared raspberry-like nanoparticles
were calcinated and modified with trichlorododecylsilane. The
success of the chemical treatment was confirmed in the FTIR
spectra of Figure 1d, where a comparison is made for the C—H
stretching region of the non-treated and treated nanoparticles.
There is no peak for non-treated nanoparticles in the region of
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2800—3000 cm™!. On the other hand, three peaks are seen for
the treated nanoparticles, which are assigned to be 2960 cm™
= v, asymmetric CH; stretching vibration, 2921 ecm™ = v,
asymmetric CH, stretching vibration, and 2852 cm™ = v,
symmetric CH, stretching vibration."® The methyl and
methylene stretching vibrations arise from grafted trichlor-
ododecylsilane molecules on the treated nanoparticles,
confirming the chemical modification.

An SEM image of the nanoparticles is shown in Figure 2a
and compared to the surface of a lotus leaf, our source of
inspiration, in Figure 2b. Despite the difference in scale, both
surfaces are conceptually similar, exhibiting dual-scale rough-
ness governed by a hierarchical structure. After calcination and
chemical modification, the nanoparticles form a homogeneous
powder, exhibiting water repellency and low hysteresis, as
illustrated in Figure 2c and Movie S1. From our experiments,
the water contact angle (WCA) of the raspberry-like SiO,
nanoparticles in powder form is ca. 150°. We note,
nevertheless, that our substrate is a powder, and thus, one
cannot ensure the same topography in every measurement as
required by the water contact angle definition. Therefore, the
WCA value should be regarded just as an indicator of the
superhydrophobic effect of the raspberry-like SiO, nano-
particles and not as an absolute value. Despite the technical
limitations, one may infer that the nanoparticles are highly
stable with no significant change in the WCA during 15 min
(see Movie S1). Finally, if the nanoparticles are properly stored
(i.e, away from sunlight and at room temperature), then the
superhydrophobic effect can last for several months.

B CONCLUSIONS

Substrate-free raspberry-like nanoparticles were successfully
prepared via electrostatic adsorption of negatively charged 22
nm SiO, nanoparticles onto positively charged 400 nm SiO, +
PDDA cores. After calcination and chemical treatment with
trichlorododecylsilane, a powder with stable superhydrophobic
behavior at room temperature was obtained. The synergy
between the hierarchical structure and low surface energy is the
key for the superhydrophobicity of the nanoparticles. We
believe that the simplicity of the proposed process allied to its
low-cost might may inspire a new set of technological
applications, permitting widespread use of the superhydro-
phobic phenomenon.

B MATERIALS AND METHODS

Tetraethyl orthosilicate (TEOS, 99%); aqueous ammonia
solution (25%); trichlorododecylsilane; poly-
(diallyldimethylammonium chloride) (PDDA, Mw
200,000—350,000, 20 wt % aqueous solution); and Ludox
TM-40 (40 wt % SiO, suspension in water, 22 nm average
diameter) were purchased from Sigma-Aldrich. SiO, particles
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(~400 nm average diameter) were synthetized via the Stober
method.”® Milli-Q water was used in all aqueous suspensions/
solutions and rinsing steps. The stability of the colloidal
suspensions was evaluated with Zeta potential measurements
performed in a Dispersion Technology DT1200 equipment
over a wide pH range. Evidence of chemical modification was
investigated by Fourier transform infrared spectroscopy
(FTIR) in a Nicolet Nexus 470 FTIR ESP spectrometer
using samples prepared in KBr pellets. The morphology of
nanoparticles was studied with scanning electron microscopy
(SEM) images obtained using a Zeiss LEO 1530 FESEM.
Contact angle measurements were performed in a CAM 200
(KSV NIMA) equipment using a 6 L droplet deposited over a
certain amount of our superhydrophobic nanoparticles in
powder form.”' The water contact angle (WCA) was estimated
using the LB-ADSA, a freely available plugin for ImageJ.””

The fabrication of raspberry-like nanoparticles was based on
the electrostatic adsorption of negatively charged coating
particles (22 nm SiO,) onto the positively charged cores (400
nm SiO,), as shown schematically in Figure 3. The
experimental procedure was carried out with the batch
technique using a similar procedure to Phan et al,”® where
all components are employed in aqueous media. The
concentration of aqueous solutions/suspensions is not fixed
and should be defined for each system; however, the coating
component must always be in excess compared to the core.
Here, assuming a close-packed monolayer coverage, the
maximum theoretical number of small particles N, on a
sir21§1e large particle is calculated from the geometry with eq
1.

- %[1 ’ G)T 1)

where r and R are, respectively, the radii of small and large
nanoparticles.

N, Was estimated, assuming that nanoparticles of both
sizes are monodispersed and amorphous (i.e., p ~2.2 g/cm?).
As an attempt to achieve a satisfactory coverage of the
raspberry-like nanoparticles, we applied a multiplier of 100X to
the theoretical N, value (see the Supporting Information).
The concentrations and volumes of aqueous solutions/
suspensions employed are shown in Table 1.

The deposition of the polyelectrolytes and/or coating
particles on the cores was conducted by dropwise addition
of component A to component B under vigorous stirring for
several hours. To minimize the bridging effect, the following
mixing protocol was adopted: particle suspension (A) into
polymer solution (B) for particle/polymer systems and small
particle suspension (A) into large particle suspension (B) for
particle/particle systems. After each adsorption step, the
suspension obtained was centrifuged, washed/dispersed several

N,

max
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Table 1. Concentrations and Volumes Employed in
Preparing the Nanoparticles”

first step (pH 9) second step (pH 9)

4400 nm A22 nm 5400 nm SiO, +
SiO, 5pDDA SiO, PDDA
concentration (wt 0.5 1.0 4 0.1
%)
volume (mL) 100 200 100 100

“Dropwise addition of component A to component B under vigorous
stirring for several hours.

times in water, and dried in vacuum overnight at room
temperature. The as-prepared nanoparticles were calcinated at
500 °C for 4 h to remove PDDA and consolidate the
raspberry-like structure. The product was powdered with a
mortar and pestle, dispersed in a 0.25 wt % trichlorodode-
cylsilane solution in chloroform for 1 h, centrifuged/washed in
chloroform, and dried in vacuum overnight at room temper-
ature.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05878.

S1. Control of surface coverage of SiO, raspberry-like
nanoparticles (PDF)

Movie S1. Superhydrophobic effect of the substrate-free
SiO, nanoparticles and the stability test, showing the
contact angle of a water droplet deposited on substrate-
free SiO, nanoparticles for 15 min (AVI)
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