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ABSTRACT

A facile atmospheric pressure cold plasma process is presented to deposit a novel organic-
inorganic hydrocarbon polymer/ZnO nanoparticles nanocomposite coating. Specifically, this
method involves the utilization of an atmospheric pressure dielectric barrier discharge (DBD) fed
with helium and the aerosol of a dispersion of oleate-capped ZnO nanoparticles (NPs) in n-
octane. As assessed by X-ray photoelectron spectroscopy (XPS) and attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy, the deposited nanocomposite coating
combines the chemical features of both the oleate-capped ZnO NPs and the polyethylene-like
organic component originated from the plasma-polymerization of n-octane. Additionally,
scanning electron microscopy (SEM) and transmission scanning electron microscopy (TSEM)
confirm the synthesis of hierarchical micro/nanostructured coatings containing quasi-spherical
NPs agglomerates. The polyethylene-like polymer covers the NPs agglomerates to different
extents and contributes to their immobilization in the three-dimensional network of the coating.
The increase of both the deposition time (1 - 10 min) and the NPs concentration in the dispersion
(0.5 -5 wt %) has a significant effect on the chemical and morphological structure of the thin
films and, in fact, results in the increase the ZnO NPs content, which ultimately leads to
superhydrophobic surfaces (advancing and receding water contact angles higher than 160°) with

low hysteresis due to the hierarchical multiscale roughness of the coating.



1. INTRODUCTION

Intense research efforts are directed nowadays towards the development of new synthetic
strategies for the preparation organic/inorganic nanocomposite (NC) thin films consisting of
polymers and inorganic nanoparticles (NPs) with size generally smaller than 100 nm. According
to previous research, among different properties, these coatings can exhibit superhydrophobic
behavior (i.e., water contact angle greater than 150° and contact angle hysteresis less than 10°)
due to the combination of a low surface energy organic component and an adequate surface
roughness induced by NPs incorporation.!?

Recently aerosol-assisted processes have been widely utilized for the preparation of this class of
NC coatings; in their simplest form these processes exploit the atomization of a dispersion of
preformed NPs in a suitable solvent. Interestingly, organic-inorganic NC coatings with a
hierarchical microscale-to-nanoscale nanotextured surface morphology can be produced by the
simple spray-deposition (also referred to as spray-casting) of a dispersion of NPs and a
preformed organic polymer, typically followed by air-drying under ambient condition or by mild
heat treatment to remove any solvent residual and cure the coating.>* For instance,
perfluoroacrylic polymer/ZnO NPs nanocomposite coatings were obtained by Steele et al.* from
suspensions of fluoroalkyl methacrylic copolymer and ZnO NPs in water, using acetone as a
proper cosolvent. Noticeably, alternative strategies are the spray-deposition of a dispersion
containing the NPs and the organic precursors of the polymeric component, followed by thermal
or photoinduced polymerization of the precursors.®’ In a recent example, Sparks et al.® reported
the production of a NC coatings via spray-casting of a dispersion containing SiO2 nanoparticles,
UV-curable resin (i.e., thiol-ene resin), a photoinitiator and a low boiling point organic solvent,

followed by photopolymerization to afford the organic matrix formation. It was shown that the



combination of the spray-deposition process and NPs dispersion/agglomeration provides
surfaces with hierarchical morphology and superhydrophobic character. Interestingly, the
aerosol-assisted chemical vapor deposition (AACVD) has demonstrated to be a facile single-step
strategy towards NC coatings;>° in this process the aerosol of a dispersion of NPs is transported
by a carrier gas to a reactor (either hot-wall or cold-wall reactor) where a heated substrate is
located. Due to the high operating temperatures, most published studies on this strategy refer to
the production of inorganic NC coatings in which for instance the inorganic NPs are embedded
in a host metal oxide matrix.®° However, very recently it was shown that the adequate choice of
the organic component and of the temperature, allows avoiding the pyrolytic decomposition of
the organic fraction and affords the deposition of organic-inorganic NC coatings. Crick et al.!%!!
incorporated preformed NPs into a polydimethylsiloxane (PDMS) polymer using a cold-walled
AACVD technique. They atomized a chloroform suspension of a thermosetting silicone
elastomer, containing a curing agent, and NPs adequately functionalized with a surfactant. While
the NPs were functionalized to be readily dispersible in chloroform, the curing agent was added
to promote crosslinking and hardening of the polymer, and therefore to generate a heat resistant
organic matrix. It was observed that the elastomer cures around NPs agglomerates forming
PDMS bulbs that protrude from the surface and are responsible of both microstructure and
superhydrophobic character of the coatings.

Here we report, for the first time, the deposition of superhydrophobic organic-inorganic NC
coatings by aerosol-assisted atmospheric cold plasma deposition. This process can be considered
as a variation of the classical AACVD in which the atmospheric plasma, fed with a carrier gas

and the aerosol of a dispersion of NPs in a liquid organic precursor, allows the deposition in a



single step and at room temperature of an organic-inorganic NC coating; the NPs are embedded
in the organic matrix formed by the plasma-polymerization of the organic precursor.'?"!”
Specifically, in this work polyethylene-like polymer/zinc oxide nanoparticles NC films were
produced, the utilization of ZnO NPs being intended for future photocatalytic and self-cleaning
applications of the deposited coatings. First, commercial ZnO NPs were appropriately
compatibilized by surface-functionalization with oleate; then, a dielectric barrier discharge
(DBD) fed with helium and the aerosol of a dispersion of oleate-capped ZnO NPs in n-octane
(i.e., the hydrocarbon liquid precursor) was utilized to deposit the NC coatings. To clarify how
the hydrocarbon polymeric fraction and the ZnO NPs organize in the plasma-deposited NC, the
growth and structure of the thin films were investigated as a function of the deposition time and
of the NPs concentration in the dispersion. The coatings contain quasi-spherical NPs
agglomerates which promote the formation of a hierarchical surface roughness that ultimately
leads to superhydrophobic surfaces with low hysteresis. To our best knowledge of previous
research on organic-inorganic NC coatings produced by aerosol-assisted atmospheric cold

plasma deposition,'>-!7 the present study provides the first example evidencing this kind of

hierarchical surface texture and wettablity behavior.

2. EXPERIMENTAL SECTION

Chemicals. ZnO nanoparticles (99.5%) with average particle size of 36 nm, nearly spherical
shape and hexagonal crystal structure were purchased from ABCR GmbH & Co. KG. Oleic
acid (cis-9-octadecenoic acid, 90%), ethanol (absolute, >99.8%) and n-octane (>99%) were

purchased by Sigma-Aldrich and utilized without further purification. Deionized water, sodium



hydroxide (NaOH, 98%, Sigma-Aldrich), nitric acid (HNOs, 65%, Sigma-Aldrich), perchloric
acid (HC1Os, 70%, Sigma-Aldrich) and acetate buffer solution (Fluka) were also utilized.
Preparation of oleate-capped ZnO nanoparticles. The surface of commercial ZnO
nanoparticles was functionalized with oleate according to the following procedure: 10 mL of a
1.0 M aqueous NaOH solution were added to 10 mL of a 0.60 M aqueous solution of oleic acid
under continuous stirring, then 2.0 g of ZnO NPs were dispersed in the resulting solution and,
finally, 20 mL of deionized water were added. The resulting mixture was allowed to react under
vigorous stirring at 60 °C for a total reaction time of 20 hours. After reaction completion, the
mixture was centrifuged, the resulting nanoparticles were isolated, washed and centrifuged twice
with ethanol (5 mL) and finally dispersed in n-octane.

Deposition of nanocomposite thin films. Nanocomposite thin films were deposited in the
atmospheric pressure plasma reactor with dielectric barrier discharge (DBD) configuration
shown in Figure S1 of the Supporting Information. The plasma is generated between two parallel
plate electrodes (4 mm gas gap, 50x50 mm? electrode area) both covered with a 0.635 mm thick
Al20s plate (CoorsTek, 96%), by applying a sinusoidal AC high voltage (26 kHz, 2 kVims) by
means of a STT Calvatron power supply (model SG2) operated in pulsed mode (20 ms period,
13 ms plasma on-time, 65% duty cycle). Under these conditions the average specific power
dissipated in the DBD was equal to 0.28 + 0.02 W-cm™. Each electrode consisted of a Ag-Pd
metallization layer directly realized on the Al,Os plate. The DBD electrode system was located
into a Plexiglas chamber (volume of about 14 L) slightly pumped with a dry diaphragm pump
(Pfeiffer), to keep the working pressure constant (10° Pa) as measured by a MKS capacitive
pressure gauge. During the deposition process the atmospheric plasma was fed by He

(Airliquide, 99.999%) and the aerosol of a dispersion of oleate-capped ZnO NPs in n-octane, at a



concentration ranging from 0.5 to 5 wt %. The feed mixture was introduced in the discharge zone
through a slit and pumped through a second slit positioned on the opposite side (longitudinal gas
injection). The total He flow rate was equal to 8000 sccm; a fixed He flow rate of 2800 sccm was
utilized for the operation of a pneumatic atomizer (TSI, model 3076) and allowed the
atomization of the dispersion at a mass flow rate of 0.23 = 0.02 g'min™'. The dispersion was
sonicated for 2 h before each experiment and kept under continuous magnetic stirring during
atomization. The gas flow rates were controlled with MKS mass flow controllers (MFC), while
the effective amount of dispersion atomized per unit time was evaluated by weight variation per
unit time of the dispersion reservoir. Before each experiment, the Plexiglas chamber was purged
with 8000 sccm of He for 10 min to remove air contaminations. The deposition processes
duration (deposition time, tq) was varied between 1 and 10 min. Thin films were deposited on
substrates (i.e., borosilicate glass slides, CaF; substrates, carbon-coated Cu grids) located in the
middle of the DBD region on the lower electrode.

ZnO nanoparticles and thin films characterization. X-ray Photoelectron Spectroscopy (XPS)
analyses were performed using a Thermo Electron Theta Probe spectrometer equipped with a
monochromatic Al Ka X-ray source (1486.6 eV) operated at a spot size of 300 um corresponding
to a power of 70 W. Survey (0-1200 eV) and high resolution (Cls, Ols, and Zn2p) spectra were
recorded in FAT (fixed analyzer transmission) mode at pass energy of 200 and 100 eV,
respectively. All spectra were acquired at a take-off angle of 37° with respect to the sample
surface. A flood gun was used to balance the surface charging. Charge correction of the spectra
was performed by taking the hydrocarbon (C-C/C-H) component of the Cls spectrum as internal
reference (binding energy, BE = 285.0 eV).!® Atomic percentages were calculated from the high

resolution spectra using the Scofield sensitivity factors set in the Thermo Avantage software



(Thermo Fisher Corporation) and a non-linear Shirley background subtraction algorithm. The
analyses were repeated on three samples produced in different experiments. The best-fitting of
the high-resolution Cl1s and Ols spectra was performed using the Thermo Avantage software;
the full-width at half maximum (FWHM) of each Cls and Ols lineshape was allowed to vary
between 1.3 - 1.7 eV and a maximum relative standard deviation of 10% was estimated on the
area percentages of the curve-fitting components.

A vacuum Fourier transform infrared (FTIR) spectrometer was used to register the infrared
absorption spectra (375 — 4000 cm™' range, 4 cm™! resolution) of NPs and of thin films deposited
on CaF» substrates (Crystran, 0.5 mm thickness). Spectra were collected in attenuate total
reflectance (ATR) mode utilizing an ATR module equipped with a single reflection diamond
ATR crystal (refractive index of 2.4). NPs and thin film ATR-FTIR spectra, obtained after
subtraction of the CaF, substrate spectrum, were baseline corrected and normalized to the most
intense absorption band. FTIR spectra were also collected in transmission mode for pristine and
oleate-capped ZnO nanoparticles.

The ZnO loading in the NC coating, defined as weight percentage (wt %) of ZnO, was
determined by anodic stripping voltammetry (ASV) using a Metrohm 757 VA Computrace
polarograph. A weighed amount of NC coating was deposited by DBD on borosilicate glass
substrate, then the coating was dissolved using a wet digestion procedure with nitric-perchloric
acids. Electrochemical determination of dissolved zinc was performed in differential pulse ASV
mode using a classical 3-electrode cell provided with a hanging mercury drop electrode (HMDE)
used as the working electrode, an Ag/AgCl with saturated 3 M KCl reference electrode and a
platinum wire counter electrode. The solutions obtained after digestion were diluted with

deionized water, adjusted to pH of 5.0-5.5 with acetate buffer solution, and deaerated with a



stream of nitrogen for 100 s. Electrochemical deposition was performed at -0.8 V for 45 s under
stirring. After this time the stirrer was switched off and the oxidation curves were recorded in the
potential range from -1.15 to -0.75V (sweep rate of 0.06 V-s!). Zinc was quantified by addition
of a Zn?" standard solution in the cell. As known amounts of coatings were dissolved, the
loading of ZnO was straightforward. The reported loading values are the average of three
measurements on six different samples produced in different experiments. An analogous
procedure was utilized for determination of ZnO loading in the oleate-capped ZnO NPs.

The thickness of coatings deposited on 0.15 mm thick borosilicate glass substrates was estimated
using an Alpha-Step 500 KLA Tencor Surface profilometer. Measurements were repeated on
three different samples produced in different experiments and a relative standard deviation of
30% was associated to average thickness values due to the high surface roughness of the NC
coatings and to the fact that the penetration of the profilometer tip in the coatings cannot be ruled
out. The deposition rate was calculated by dividing the average film thickness by the deposition
time.

The morphology of the plasma-deposited films and of the ZnO nanoparticles (pristine and
oleate-capped NPs) was investigated by a Zeiss SUPRA™ 40 field emission scanning electron
microscope (FESEM). SEM images were acquired with a high resolution in-lens secondary
electron detector at the working distance of 2 mm and electron acceleration voltage (extra-high
tension, EHT) of 2 kV (unless otherwise specified), magnification in the range 5 - 500 kx. Thin
films deposited by DBD on borosilicate glass substrates were sputter-coated with a 10 nm thick
layer of Cr prior to SEM observation utilizing a turbo-pumped sputter coater (Quorum
Technologies, model Q150T); cross-sectional SEM analyses were carried out after samples

fracturing with tweezers. For SEM observation, pristine and oleate-capped ZnO nanoparticles



were dispersed in water and n-octane, respectively, then ultrasonicated for 2 hours, drop-casted
(5 pl drop) on small pieces of a c-Si(100) substrates, and analyzed after solvent evaporation at
room temperature (no sample metallization). Size distribution of NPs agglomerates in the
nanocomposite coatings was estimated by SEM images with the help of a dedicated software
(Image J). The morphological investigation was also performed utilizing the multimode
transmission scanning electron microscopy (TSEM) detector of the Zeiss SUPRA™ 40 FESEM
both in bright-field (BF) and dark-field (DF) modes, at EHT of 20 and 30 kV, working distance
in the range 1.5 - 2.2 mm, magnification ranging between 5 kx and 500 kx. TSEM analyses of
NPs were performed after drop-casting of a 5 ul drop of a NPs dispersion onto carbon-coated
300 mesh copper grids with a procedure similar to that utilized for the preparation of SEM
samples; TSEM analyses were also carried out on NC coatings directly deposited for 2 min onto
carbon-coated copper grids.

Atomic force microscopy (AFM) was utilized to determine the route mean square (RMS) surface
roughness of the coatings. Analyses were carried out with a Park System XE-70 microscope in
non-contact mode using Nanosensors PPP-NCHR tips with resonance frequency of ~280 kHz.
The reported RMS roughness values are the mean of the three measurements on different
samples over 20 x 20 pm? surface areas.

Surface wettability was evaluated with a Ramé-Hart manual goniometer (model 100) by
dynamic water contact angle (WCA) measurements using the sessile drop method in order to
assess advancing and receding contact angles (6a and Or, respectively) and to estimate the
contact angle hysteresis, CAH (difference between 04 and 0r). A dropl of 1 ul in volume was at
first deposited on the sample surface by a micrometer syringe and its volume was increased

forcing the drop to advance on the sample. Advancing angles were the maximum angles
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observed during the droplet growth. Then the drop was progressively shrunk, receding contact
angles were the ones just before the contact surface reduction. The reported WCA values are the
average of measurements on three different samples produced in different experiments (five
measurement for each sample) with an estimated maximum error of 3°.

The adhesion of the coatings to glass substrates was tested using a Scotch 810 Magic Tape (3M)
based on the ASTM standard (D3359).!%2° In this peel test, the tape was pressed against the
coating with a fingertip and after 60 s it was pulled off rapidly back at an angle as close as
possible to 180°. WCA measurements and SEM analyses were performed before and after the
tape adhesion test. The reported WCA values are the average of measurements on three different

samples (five measurement for each sample).

3. RESULTS AND DISCUSSION

DBDs fed by He and the aerosol of pure n-octane (mass flow rate = 0.23 + 0.02 g-min™!) allowed
the synthesis of smooth and uniform thin films (RMS roughness of 0.345 £ 0.007 nm) at a
deposition rate of 19 = 3 nm'min’'. The ATR-FTIR spectrum of the coating in Figure 1 is
characterized by the typical absorption features of a polyethylene-like (PE-like) polymer, i.e.,
the band of sp> C-H stretching in the range 2800 — 3000 cm™!, and the bending of sp* CH; and
CH; groups at 1461 cm™ and 1377 cm™!, respectively.?! Results from XPS analysis (Table 1)
indicate a very low oxygen surface atomic concentration (2.0 + 0.5%) reasonably ascribable to
oxygen and water vapor contaminations in the Plexiglas chamber of the DBD reactor and/or to
oxygen uptake upon post-deposition air exposure of the coating. The high-resolution Cl1s XPS

spectrum of the coating (Figure 2a) can be curve-fitted with the dominant aliphatic hydrocarbon
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component (C-C/C-H) at 285.0 = 0.2 eV and the weak peak due to C-O groups at 286.5 £0.2 eV

(about 2% peak area).'®
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Figure 1. FTIR spectra of (a) polyethylene-like coating deposited for 10 min in a DBD fed with
He and the aerosol of n-octane (ATR mode), (b) oleate-capped ZnO NPs (transmission mode),
(c) NC coating deposited for 10 min in a DBD fed with He and the aerosol of a 3 wt % oleate-
capped ZnO NPs dispersion in n-octane (ATR mode).

Table 1. XPS surface atomic concentrations: (a) polyethylene-like coating deposited for 10 min
in a DBD fed with He and the aerosol of n-octane; (b) oleate-capped ZnO NPs; (c)
nanocomposite film deposited for 10 min in a DBD fed with He and the aerosol of a 3 wt %
oleate-capped ZnO NPs dispersion in n-octane.

C% 0% Zn%
a  PE-like coating (n-octane) 98.0+0.5 2.0£0.5 --
b  Oleate-capped ZnO NPs 55+4 29+2 16 £2
NC coating (3 wt % oleate-capped ZnO NPs 8743 10+ 3 30405

dispersion in n-octane)
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Figure 2. High resolution XPS Cls and Ols spectra: (a, d) polyethylene-like coating deposited
in a DBD from n-octane aerosol (deposition time = 10 min), (b, ¢) oleate-capped ZnO NPs, (c, f)
nanocomposite coating deposited in a DBD from a 3 wt % oleate-capped ZnO NPs dispersion
in n-octane (deposition time = 10 min).

The dispersion of commercial ZnO NPs in n-octane was highly unstable since, even under
ultrasonication and stirring, the inorganic polar NPs tended to separate from the organic non-
polar solvent and precipitate. For this reason, ZnO NPs were first successfully surface-
functionalized with oleate (capping), according to the procedure described in the experimental
section, and then appropriately dispersed in n-octane. The FTIR spectrum of the oleate-capped

ZnO NPs in Figure 1 displays the intense ZnO stretching band (maximum at about 420 cm™!),?>%
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the broad band centered at about 3400 cm! related to the OH stretching of hydroxyl groups on
the ZnO NPs surface and/or adsorbed water vapor, the typical CHy stretching signals due to the
oleate in the range 2800 — 3050 cm™' (Supporting information, Figures S2 and S3) and two
absorptions ascribed to the asymmetric and symmetric stretching of the oleate carboxylate group
at 1566 cm™' and 1418 cm™, respectively.?**” The wavenumber separation between the COO
bands (148 cm™) indicates that the carboxylate group of the oleate molecule very likely interacts
with the Zn atoms on the ZnO NPs surface via a bridging bidentate coordination mode
(Supporting information, Section SI2).2*?” The quantitative XPS analysis of the oleate-capped
NPs shows a surface carbon atomic percentage of 55 + 4% (Table 1). The high-resolution Cls
spectrum in Figure 2b is curve-fitted with the C—C/C-H (285.0 = 0.2 eV) and COO (288.8 = 0.2
eV) components and, in good agreement with the theoretical percentages of aliphatic and
carboxylate C atoms in the oleate molecule (94.4% aliphatic C : 5.6% carboxylic C), the peak
area percentage ascribed to carboxylate was 5%. The Zn2ps» XPS signal of the oleate-capped
NPs is symmetrical and centered at 1021.6 eV, as reported for ZnO?*-? and also observed in the
case of the pristine NPs; while the Ols spectrum (Figure 2¢) displays two components
associated to oxygen in ZnO structure (530.2 £ 0.2 eV, 72%) and to oxygen in carboxylate and
hydroxyl groups (531.9 + 0.2 eV, 28%).

The nanocomposite coating, deposited for 10 min in a DBD fed with He and the aerosol of a 3 wt
% oleate-capped ZnO NPs dispersion in n-octane, showed the chemical features of both the
oleate-capped ZnO NPs and the organic component due to the plasma-polymerization of n-
octane. In fact, the ATR-FTIR spectrum in Figure 1 is characterized by the absorption bands due
to ZnO (420 cm™"), the OH stretching band (3400 cm™), the COO asymmetric and symmetric

stretching signals (in the range 1300-1600 cm™) ascribed to the oleate-capped ZnO NPs, while
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the CH» and CH3 stretching and bending signals (2800-3000 cm™ and 1300-1600 cm’!,
respectively) show good agreement with the corresponding bands observed in the case of the
polyethylene-like coating deposited from a pure n-octane aerosol. No appreciable olefinic CH
signals (e.g., the signal ascribed to the =C—H symmetric stretching in oleate at 3005 cm™) were
detected. This fact does not represent unequivocal evidence for reaction of the C=C bond of the
oleate molecules, because it could simply indicate that the concentration of C=C double bonds in
the NC coating is reduced below the detection limit of ATR-FTIR due to dilution of the
polyethylene-like polymer, without any chemical reaction.

As reported in Table 1, the nanocomposite coating is characterized by a higher XPS C atomic
percentage (87 + 3%) than the oleate-capped ZnO NPs, while lower percentages are detected for
Zn and O (10 + 3% and 3.0 + 0.5%, respectively). The high-resolution Cls spectrum (Figure 2c)
is dominated by the hydrocarbon component and shows very weak peaks due to C-O (5%) and
COO (< 1%). The Zn2p3,; signal is symmetrical and slightly shifted towards higher BE (1022.2
+ 0.2 eV) with respect to the oleate-capped NPs. Both FTIR and XPS results confirm that zinc
oxide keeps its chemical integrity in the NC coating. The high-resolution Ols peak of the NC
coating in Figure 2f is curve-fitted with the peak ascribed to oxygen in ZnO (66%) and to
oxygen in COO, OH and CO (34%). It is worth highlighting that this NC coating deposited from
a 3 wt % dispersion of oleate-capped NPs in octane exhibits a ZnO loading of 68 + 5 wt %
evaluated by ASV measurements after coating digestion.

As shown in Figure 3a, the nanocomposite coating consists of NPs agglomerates which seem to
be covered at different extents by the organic component originated from the plasma-
polymerization of n-octane. NPs agglomerates present mean diameter of 640 nm (minimum and

maximum size of about 250 and 2200 nm, respectively), nearly lognormal size distribution with
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a geometric standard deviation (o) of 2 in agreement with typical polydisperse aerosol
population reported for the pneumatic atomizer utilized in this work (Supporting Information,
Figure S5). This coating has RMS roughness of 574 + 11 nm.

Figure 3 compares the SEM images of the nanocomposite coatings to those obtained from drop-
casting and spray-deposition of the oleate-capped ZnO NPs dispersion on a c-Si substrate.
Figures 3d and 3e clearly show NPs aggregates of irregular size and dimension deposited on a c-
Si substrate by drop-casting of the dispersion (TSEM images are reported in the Supporting
Information, Figure S6). While, as reported for spray-drying of dispersions of preformed
NPs,*3? the spray-deposition results in NPs aggregates which very often exhibit a quasi-
spherical shape (Figures 3g and 3h). These quasi-spherical aggregates are detected also in the
plasma-deposited coating, and, as evident in the high magnification images of Figures 3b and 3c,
they seem to be coated by a thin layer (i.e. the organic component due to plasma-polymerization)
which is not observed in case of analogous aggregates collected by simply atomizing the
dispersion (Figures 3h and 31). As evident from the TSEM images (Supporting Information,
Figure S6), in the nanocomposite coatings the NPs seem to be more densely packed in the
agglomerates than in the case of the drop-casted dispersion.

This evidence supports the hypothesis that a certain n-octane evaporation occurs at the aerosol
droplets surface, and therefore the NPs (or the NPs aggregates) undergo evaporation-induced
agglomeration to form locally closely-packed structures. Analogous results are widely reported
and discussed in the scientific literature on aerosol-assisted processes utilizing the atomization of
a liquid dispersion containing NPs towards the production of nanostructured and nanocomposite

thin films 37113435
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Figure 3. SEM images: (a, b, ¢c) NC coating deposited for 10 min in a DBD fed with He and the
aerosol of a 3 wt % oleate-capped ZnO NPs dispersion in n-octane, (d, e, f) sample obtained
from drop-casting of the NPs dispersion on a c-Si substrate; (g, h, i) sample obtained collecting
the aerosol of the NPs dispersion on a c-Si substrate.

The presence of a thin layer of hydrocarbon polymer covering the NPs agglomerates is
evidenced in Figure 4 which compares the SEM, the bright-field TSEM, and the dark-field
TSEM images of a typical spherical agglomerate acquired at an electron acceleration voltage of
20 kV. Specifically, the SEM image (Figure 4a) evidences the surface of the agglomerate
covered by the polymeric layer, however due to the high electron accelerating voltage utilized
for image acquisition, and hence the deeper penetration of the electrons and larger interaction
volume,*® only the general surface profile of the agglomerate can be distinguished; surface
details can be clearly observed at lower electron acceleration voltages as in Figures 3b and 3c,

showing the SEM image of a NPs agglomerate recorded at the electron acceleration voltage of 2
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kV. The bright-field TSEM image (Figure 4b) is dominated by the mass-thickness contrast,?’ and
therefore shows a dark agglomerate due to the scattering of electrons to higher angles than the
acceptance angle of the bright-field detector. The dark-field TSEM image of Figure 4c, better
evidences the presence of NPs in the agglomerate. Indeed, the high magnification dark-field
TSEM image in Figure 4d allows the estimation of the thickness of the organic layer on the
agglomerate (between 10 and 20 nm, in this image). The dark-field TSEM mode is particularly
suitable to distinguish the organic and the inorganic components of the nanocomposite because it
utilizes an off-axis annular detector able to collect only scattered electrons and, therefore, more
sensitive to small variations in sample properties.®’ In dark-field mode both the mass-thickness
contrast and the Z-contrast (i.e., related to the atomic number) contribute to image formation,*’
and, as a consequence, in the present study this TSEM mode allows better discriminating the
inorganic component from the organic component due to the fact that Zn has the highest atomic
number in the nanocomposite.

It is worth mentioning that neither SEM nor TSEM observations permitted to reveal the
presence of the oleate layer on the surface of the oleate-capped ZnO NPs, likely due to the fact
that the thickness of this organic layer is very low. Therefore, even if the reaction of the oleate
molecule on the NPs surface during the plasma process cannot be excluded, it seems reasonable
to assume that the organic layer covering the NPs agglomerates in the nanocomposite coating
(e.g., Figures 3 and 4) can be predominantly ascribed to the plasma-polymerization of n-octane.
This hypothesis is supported by the evidence that the surface morphology of the oleate-capped
NPs agglomerates, purposely collected on a glass substrate by spray-deposition, does not change
after exposure to a pure He DBD under the same experimental conditions utilized in this work

(SEM images in the Supporting Information , Figure S7).
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Figure 4. (a) SEM, (b) bright-field TSEM, (c) dark-field TSEM images of a typical agglomerate
(EHT = 20 kV); (d) high-magnification dark-field TSEM image evidencing the organic layer on
the NPs agglomerate.

The growth and structure of the NC coating was investigated as a function of the deposition time
with a dispersion at a NPs concentration of 3 wt % in n-octane. Figure 5a shows that with
increasing the deposition time, the relative intensity in the ATR-FTIR spectra of the CHx
absorption features decreases with respect to that of ZnO, while SEM images in Figure 5b clearly
display the increase of the NPs agglomerates density as a function of the deposition time. The
Zn XPS atomic concentration varies from 1.0 + 0.4% at 1 min to 3.0 + 0.5% at 10 min. This
quite slight variation of the Zn XPS percentage, respect to the important change of FTIR spectra
and agglomerates density in Figure 5, can be ascribed to the fact that, since XPS has a maximum
sampling depth of about 10 nm, the surface composition of the NC coating as determined by

XPS is very likely dominated by the organic layer which covers the NPs agglomerates.
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Figure 5. (a) ATR-FTIR spectra and (b) SEM images of NC films deposited by DBD from a 3
wt % oleate-capped ZnO NPs dispersion in n-octane as a function of the deposition time (1, 2
and 10 min).
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Figure 6. (a) Advancing and receding WCAs of the NC coatings versus the deposition time (3
wt % oleate-capped ZnO NPs dispersion in n-octane); (b) cross-sectional SEM images of NC
films deposited at different deposition times (1, 2 and 10 min).
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The deposition time significantly affects the wettability of the coating, and in fact, as shown in
Figure 6a, with increasing the deposition time from 1 to 10 min, advancing (6.) and receding (6)
contact angles increase from 113° to 170° and from 64° to 168°, respectively. Therefore,
superhydrophobic surfaces (0. and 0, greater than 150°) with very low hysteresis were produced
at 10 min deposition time. Noticeably, a polyethylene-like coating deposited by a DBD fed with
n-octane aerosol for 10 min shows advancing and receding WCA values equal to 106° and 95°,
respectively. The wetting behavior of the NC coating can be ascribed to the presence of a
hydrocarbon polymer component with a low surface energy and of NPs agglomerates which

generate a hierarchical multiscale morphology,*

as clearly evidenced by the cross-sectional
SEM images in Figure 6b. NPs agglomerates provide the micrometer-scale roughness, while the
NPs on top of the agglomerates provide the nanoroughness. Such NPs organization in a
hierarchical (i.e., microscale-to-nanoscale) morphology is known to produce
superhydrophobicity and low contact angle hysterises.>*%3 In particular, the appearance of a
hierarchical roughness as a function of the deposition time produces the transition from a
Wenzel state (complete wetting) characterized by high values of CAH and, therefore, water
droplet adhesion to the surface, to a Cassie-Baxter state (partial wetting) in which water droplets
sit partially on top of surface protrusions and exhibit small CAH.>*%3% 1t is worth highlighting
that thin films deposited for 10 min from pure n-octane and from a 3 wt % NPs dispersion in n-
octane are characterized by RMS roughness values of 0.345 + 0.007 nm and 574 + 11 nm,
respectively.

The increase of the concentration of the ZnO NPs in the dispersion from 0.5 to 5 wt % resulted in

a higher ZnO loading in the coatings (from 19 + 3 wt % to 78 + 4 wt %, Figure 7a), as also
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confirmed by the increase of the intensity ratio between the ZnO and the CHx absorption bands
in the ATR-FTIR spectra (Figure 7b). Accordingly, XPS results show an increase of the Zn
atomic surface concentration from less than 0.5% to 4.5 + 0.7% and a concomitant decrease of
the C atomic concentration from 99 + 2% to 85 + 3%.

SEM images in Figure 7c show that the coating deposited from a 0.5% wt % NPs dispersion has
a smooth morphology (RMS roughness of 6.1 &+ 1.4 nm) dominated by the polyethylene-like
component and presents few NP aggregates; this coating, in fact, is produced at the same
deposition rate observed for the polyethylene-like thin film from pure n-octane aerosols. The
dark-field TSEM images (Supporting Information, Figures S8a and S8b) evidence also the
presence of a few non-agglomerated NPs in the coating. With increasing the NPs concentration
in the dispersion, the number of NPs agglomerates in the coating increases (Figure 7b) along
with the RMS roughness (Figure 8a) and the average thickness of the coating, as demonstrated
by the cross-sectional SEM images in Figure 8b (the deposition rate with a 5 wt % ZnO
dispersion was about 110 nm-min’'). TSEM analyses allow the presence of unagglomerated NPs
in the polymeric matrix to be excluded at a NPs concentration higher than 3 wt % (Supporting
Information, Figures S8c and S8d). Furthermore no significant change of the NPs agglomerate
size distribution can be observed as a function of the NPs concentration in the dispersion. As
expected, the increase of the NPs content in the dispersion and in the coating (and therefore of
the surface RMS roughness) results in a steep increase of both the advancing and receding
WCAs at NPs concentration in the dispersion higher than 2 wt % (Figure 8c). Specifically, at
NPs concentration lower or equal than 2 wt % the maximum values for advancing and receiding
contact angles are 117° and 93°, respectively, with a maximum hysteresis of about 30°; while at

higher NPs concentrations superhydrophobic surfaces are obtained characterized by 6. and 6;
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greater than 160° and hysteresis lower than 8°. This trend can be clearly ascribed to the fact that
as the NPs content increases, a transition from a polymer-dominated to a nanoparticles-
dominated surface morphology occurs (Figure 8b) due to the abundant inclusion of NPs
agglomerate in the coating.

The deposited coatings stored under ambient conditions retain their chemical structure,
morphology and superhydrophobic character over long-term storage under ambient conditions
(aging tests carried out after storage for 24 months).

To assess whether the NC coatings adhere to the substrate, the tape peel test was performed on
thin films deposited on glass substratesfrom a 3 wt % NPs dispersion. Briefly, the results
demonstrated that while a certain fraction of NPs agglomerates is removed (in particular larger
agglomerates), the hydrocarbon polymer layer at the NC coatings/substrate interface robustly
adhere to the substrate (SEM images in Figure S9). WCA measurements carried out with
increasing the thickness of the coating indicated that an average thickness of about 1000 nm is

required to keep low hysteresis superhydrophobic surfaces after the test (Figure S10).
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Figure 7. (a) ZnO loading in the NC coating, (b) ATR-FTIR spectra and (c) SEM images of

NC coatings deposited by DBD from a dispersion of oleate-capped ZnO NPs in n-octane at a
concentration of 0.5, 3 and 5 wt % (deposition time = 10 min).

24



1000+

8004

600+

400-

200+

RMS rougness (nm)

0 1 2 3 4 B
NPs wt % in octane

0 1 2 3 a4 5
NPs wt % in octane

Figure 8. (a) RMS roughness of the NC coatings as a function of the concentration of the
oleate-capped ZnO NPs in the dispersion; (b) cross-sectional SEM images of NC films
deposited from dispersions at different concentration of the oleate-capped ZnO NPs in n-octane
(0.5, 3, 5 wt %); (c) advancing and receding WCAs of the NC coatings as a function of the
concentration of the oleate-capped ZnO NPs in the dispersion (deposition time = 10 min).

The detailed investigation of the deposition mechanism in this aerosol-assisted DBD process is
beyond the scope of this paper. However, we believe that the mechanism of NC film formation
mainly consists of the contemporaneous plasma-polymerization of n-octane and electro-
deposition of NPs and NPs agglomerates, even if other contributions cannot be ruled out. The
plasma-polymerization of n-octane is due to the formation in the atmospheric plasma of reactive
hydrocarbon radicals (e.g., n-octane fragments and oligomeric radicals) from n-octane
molecules. In fact, considering the dissociation energies of C-C and C-H bonds in saturated
hydrocarbons (~3.6 and ~4.3 eV, respectively), it is reasonable to assume that n-octane
molecules undergo fragmentation by collision with energetic electrons (1-10 eV) and He
metastable atoms (~20 eV)*® present in the atmospheric plasma, leading to the formation of

reactive hydrocarbon radicals. These radicals are the “true” precursors of the polyethylene-like
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polymer, i.e., the building blocks responsible of the growth of the organic component of the NC
coating on the surface of the substrate. The electro-deposition (or electro-collection) of NPs and
NPs agglomerates is due to the fact that, as reported by Borra et al.,***! NPs and NPs
agglomerates can be effectively charged by ions present in the DBD and subsequently collected
by the electrodes (i.e., deposited on the substrate located on the electrodes); the charging
mechanism and efficiency depend on the particle diameter and on the DBD electrical
conditions.***! The fact that the weight percentage of NPs is considerably higher in the NC
coatings than in the starting dispersion could be ascribed to an efficient electro-deposition
mechanism in the DBD.

Briefly, the main advantage of this deposition process is that it allows the production of an
organic-inorganic NC in a single step and at room temperature; importantly, the versatility and
generality of this approach mainly resides in the possible combination of a wide range of NPs
and in principle of any organic precursor (also an unsaturated hydrocarbon such as n-octane) that
introduced in the atmospheric plasma undergo fragmentation and consequent plasma-

polymerization.

4. CONCLUSION

In this study a facile atmospheric pressure cold plasma process was developed to deposit, in
single step and at room temperature, a novel organic-inorganic hydrocarbon polymer/ZnO
nanoparticles nanocomposite coating. Specifically, the synthetic approach involved the
utilization of a DBD fed with helium and the aerosol of a dispersion of oleate-capped ZnO
nanoparticles in n-octane. It was demonstrated that the deposited nanocomposite coatings present

the chemical features of both the oleate-capped ZnO NPs and the polyethylene-like organic
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component originated from the plasma-polymerization of n-octane. The coatings contain quasi-
spherical nanoparticle agglomerates which promote the formation of a hierarchical surface
roughness; the hydrocarbon polymer covers the agglomerates to different extents and seems to
contribute to their immobilization in the coating. The increase of both the deposition time and
the NPs concentration in the starting dispersion promotes an increase of the ZnO content in the
coating, allowing the surface roughness to become less influenced by the morphology of the
polymer and more affected by the NPs agglomerates; this ultimately leads to superhydrophobic
surfaces with low contact angle hysteresis. Considering the versatility and generality of this
deposition method, with particular regard to the possible combination of a wide range of NPs and
organic precursors, this study provides a new direction to design and synthesize hierarchical
organic-inorganic NC coatings. We are currently investigating the utilization of this NC coatings
for photocatalytic, self-cleaning and anti-staining applications as well as the scalability of the

deposition process on large-area substrates.
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