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ABSTRACT:

Hypothesis: The wetting properties of films created using metal oxide nanoparticles can be
controlled through roughness and chemical functionality; however, other variations such as
the size and shape of the particles play an important role in improved understanding of the
wetting behaviour of these materials.

Experiments. Infrared (IR) spectroscopy and thermogravimetric analysis (TGA) were used to
study the chemisorption and grafting density of a carboxylic acid onto the surface of
nanoparticles. Scanning electron microscopy (SEM) and atomic force microscopy (AFM)
were used to investigate the morphology and roughness of the nanoparticle films. To
investigate the wettability and surface energy of the films, static and dynamic contact angle
(CA) measurements were used.

Findings: Smaller, spherical nanoparticles (<50 nm) were observed to create films that
displayed greater surface roughness and showed superhydrophobic properties. By
comparison, larger, 135 nm spherical nanoparticles showed reduced surface roughness and
displayed water contact angles (WCAs) <150° Since these particles showed similar
carboxylate grafting densities, this suggests that there is a particle size limit above which it is
not possible to deposit superhydrophobic films. This study also shows that topographical
effects brought about by film roughness can be overcome through increasing the carboxylate
grafting density on the surface of the nanoparticles. It was observed that films created using
mix shape <50 nm nanoparticles with relatively low surface roughness displayed
superhydrophobic WCAs and low hysteresis. These particles also possessed a substantially
larger carboxylate grafting density, indicating that the extent of functionalization also has a
large bearing on the wettability of the films. Herein, we show that particle size, morphology,

and reactivity all play important roles in determining the wettability of nanoparticle films.

Keywords: Surface modification, Superhydrophobic Nanoparticles, Particle size,

Hydrocarbon Low Surface Energy Materials (LSEMs).

1. Introduction

Coatings formed from functionalized nanoparticles have been reported to imbue a variety
of materials with superhydrophobic properties [1-3]. Functionalization of nanoparticles with
low surface energy compounds offers an attractive method of synthesising superhydrophobic
materials since the particles are often commercially available and relatively cheap.

Furthermore, this methodology is also appealing since the nanoparticles can be readily
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applied to different surfaces through versatile coating techniques such as dip [2] or spray
coating [3]. Metal oxide nanoparticles, such as ZnO [2.,4], ALO; [3] or Fe;04 [2,5], have been
widely used in these studies, and have been functionalised with low surface energy
compounds such as carboxylic acids [3,4,6] and organosilanes [1,2,5].

It has been shown that dual micro- and nanoscale surface roughness is required for
surfaces to show superhydrophobicity [7,8]. This is because the grooves created by the
surface roughness are believed to trap pockets of air, resulting in a state where water droplets
do not penetrate between the grooves and readily roll off the surfaces [8,9]. It has been
observed that coatings formed from functionalized nanoparticles possess rough surface
morphologies that are able to suspend water droplets from spreading [3.4,5]. Generation of
surface roughness using nanoparticle films is an attractive alternative to techniques that alter
the physical form of materials in order to achieve the desired surface texture. Techniques that
remove material from surfaces such as etching [10,11], laser ablation [12,13], and ion
bombardment [14,15] have been shown to create surface roughness that is necessary for
superhydrophobicity. However, these methods permanently alter the physical form of
substrates, which can make them less suitable for use in the desired applications (such as self-
cleaning and water resistance food packaging, water-proof textiles, papers, and fibres and
anti-corrosion metal coatings).

Coatings formed from hydrophobic nanoparticles do not rely on the underlying
surface texture of the substrate in order to display superhydrophobicity. The majority of
studies reporting superhydrophobic nanoparticle films have used particles of one size to
create the desired level of surface roughness [1-6]. However, some studies have investigated
using nanoparticles of different sizes to create surface textures more representative of natural
superhydrophobic surfaces [16,17]. Studies using modified SiO, nanoparticles have shown
that coatings prepared using smaller particles are more hydrophobic [16,18]. These coatings
showed rougher morphologies [16], enabling them to trap more air between the surface
features and thus display higher contact angles [19].

Although the influence of particle size on wettability has been studied previously
[16,18], to our knowledge, no studies have been reported that discuss how particle
morphology affects the wetting properties of nanoparticle films. In addition, existing reports
that compare nanoparticle films have not studied how the number of chemisorbed molecules
on the surface of the particles affects the wettability.

In our previous works we showed for the first time that environmentally friendly, non-

hazardous and cost effective superhydrophobic nanoparticles could be formed using
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hyperbranched hydrocarbons rather than fluorocarbons and polymers [3,6]. Herein the effect
of nanoparticles shape, size and reactivity on the wetting properties of films is investigated.
The films were formed using five different types of commercially available nanoparticles and
highly branched hydrocarbon, isostearic acid was used for surface functionalization, using a
method described in our previous work [3]. The nanoparticles used here are either ALO; or

boehmite (y-AIO(OH)).

2. Materials and methods
2.1 Materials

Toluene (>99.5%), isopropanol (>99.7%) and ethanol absolute (>99.8%) were
purchased from Sigma-Aldrich and VWR Chemicals. [sostearic acid was provided by Nissan
Chemical Industries and used without further purification. Distilled water (Millipore, 18 MQ
cm) was used during the WCA measurements. The 5 nm cubic pseudo boehmite
nanoparticles (Pural SB 74% Al,O3) were provided by Sasol Performance Chemicals and the
< 50 nm ALO; nanoparticles were purchased from Sigma-Aldrich. The other Al,Os;
nanoparticles (99.9%) were purchased from US Research Nanomaterials, Inc. Microscope
slides were purchased from VWR Chemicals. Images showing the different particle

morphologies taken from the manufacturers are shown in Figure S1.

2.2. Methods
2.2.1. Synthesis of the isostearic functionalized nanoparticles and preparation of the
nanoparticle films

Synthesis of the isostearic functionalized nanoparticles was performed in a similar
manner to described previously [3]. The AlL,O; nanoparticles were refluxed with isostearic
acid in foluene in a 1:1.5 molar ratio. Functionalization of the boehmite nanoparticles was
achieved using 1:2.8 molar ratio of boehmite to isostearic acid. This was performed because
of the higher surface area of the boehmite nanoparticles (Table 1). Typically, 5.0 g of
nanoparticles were refluxed in 100 mL of toluene for at least 12 hours, along with the
appropriate amount of isostearic acid (20.9 g Al,Os nanoparticles or 71.3 g of boehmite
nanoparticles). Once the reaction time had elapsed, the mixtures were centrifuged at 5000
rpm for 30 minutes. The supernatant was decanted and the nanoparticles centrifuged twice in

isopropanol and once in ethanol. The nanoparticle slurries were then oven-dried at 80 °C for



at least 12 hours. Nanoparticle films were spray-coated onto glass microscope slides at 80 °C

from 2 %wt suspensions in isopropanol.

2.2.2. Characterization methods

Scanning electron microscopy (SEM) was performed using a Hitachi Field Emission
S-4800 scanning microscope. Atomic force microscopy (AFM) was carried out using a JPK
Nanowizard AFM in non-contact mode. Surface roughness values for the films were
measured from three different 10 x 10 pm’ areas of the surfaces. Values of the surface
roughness parameters discussed in this paper are the average of these three measurements,
uncertainties are the standard deviation from the mean. Thermogravimetric analysis (TGA)
was conducted using a TA Instrument SDT Q600 under static air-flow. Nanoparticles were
loaded into an open alumina crucible during the measurements and heated from 50 to 800 °C
at a rate of 20 °C min™. Infrared (IR) spectroscopy was carried out using a Thermoscientific
i510 in the range of 400 - 4000 cm™. Typically 16 scans were performed during each
measurement. Contact angle measurements (static contact angle, advancing and receding
contact angle) were obtained using the sessile drop method and were carried out using a
DSAZ25 Expert Drop Shape Analyzer (Kriiss). Measurements were performed under ambient
conditions using deionized water. Diiodomethane was also used for surface free energy (SFE)
measurements. SFE measurements were calculated using Kriiss sofiware and the OWRK
model [20]. Each stated contact angle is the average of three measurements from various
positions on the surface. Uncertainties associated with the contact angles were also calculated

using Kriiss software.

3. Results and discussion

Films were prepared through spray coating onto glass microscope slides. Table 1
shows some of the properties of the as received nanoparticles, and the contact angles of the
films created using these nanoparticles on glass microscope slides. As shown in Table 1, the
particles possess a wide range of surface areas, and the non-functionalized films are hydro-

and oleophilic before functionalization with isostearic acid.



Table 1
Water (WCA) and diiodomethane (CA) contact angles of the as received nanoparticles spray-
coated onto glass microscope slides. Particle sizes, surface areas and morphological

information were supplied by the manufacturers.

Type Size Surface area Morphology WCA CH,L, SFE
(nm) (m?/g) ) CA(°) (mN/m)
ALO; 5 150 Spherical 10 +£3 6+1 80+1
Al O5 50 35 Spherical 17 £1 9+1 78+1
ALO; 135 18-25 Spherical 53 £7 101 5945
AL O, <50 40 Mix shape- mainly <5 <5 -
cylindrical
v-AlO(OH) 5 250 Cubic/ hexagonal crystals <5 741 -

3.1. Surface functionalization and carboxylate loading

Prior to functionalization, the IR spectra of the as received nanoparticles show no
significant bands except -OH stretching modes at the region of 3301 to 3464 cm™ [21] (Fig.
la). Following modification with isostearic acid, all of the nanoparticles show CH,/CHj
stretching bands between 2963 and 2929 cm™ due to the aliphatic stretches of the acid.
Symmetric stretches at 1468 em™ and asymmetric stretches at about 1556 cm™ are due to
carbonyls in bidentate modes, indicating an occurrence of the chemical reaction between the

carboxylic acid and the -OH groups of the nanoparticles (Fig. 1b) [22-24].
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Fig. 1. ATR-IR spectra of the as received (a) and isostearic functionalized (b) nanoparticles.

TGA was performed on the as received nanoparticles and isosteaic functionalized

nanoparticles (Fig. 2). This was conducted in order to calculate the acid grafting densities on
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the surface of the nanoparticles. Weight losses of the as received nanoparticles were due to
removal of surface hydroxyl groups and adsorbed H>O mainly. It was observed that all of the
nanoparticles showed more rapid weight loss between 50-200 °C ascribed to the removal of
H>O during heating (Fig. 2a). At temperatures greater than 200 °C weight losses are largely
attributed to the removal of surface hydroxyl groups from the nanoparticles. The as received
boehmite nanoparticles showed the largest weight loss between 200-800 °C, possibly because

of their increased surface area and thus larger number of surface hydroxyl groups.
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Fig. 2. TGA heating profiles of the as received (a) and isostearic functionalized (b)

nanoparticles.

It was observed that the pure isostearic acid used in this study underwent combustion
at approximately 200 °C [3]. By comparison, removal of chemisorbed isostearic from AlLO;
was observed to occur at temperatures greater than about 330 °C (Figure 2b). The organic
weight losses listed in Table 2 are the differences between the mass losses observed in the
heating profiles of the as received and functionalized nanoparticles. These values were used
to calculate the acid grafting densities [3]. Using the TGA data, it was observed that the
isostearic grafting densities of the spherical 5, 50, and 135 nm nanoparticles were ~1, 0.9 and
0.5 nm™ respectively, which are consistent with the surface area of the nanoparticles. Notably
(even by taking into consideration the NPs’ specific surface area) these values are lower than
the carboxylate grafting densities we have reported on spherical 13 nm Al,O; particles, which
were between 2-3 nm™ [3], and also what other groups have reported in related studies
[25,26]. These AlLO3 nanoparticles were purchased from a different manufacturer to what we
have used previously, hence the lower grafting densities show that they are less reactive to

what we have used in our previous syntheses.



TGA data also show that the mix shape 50 nm Al,O; nanoparticles are substantially
more reactive than the spherical ALLO; particles studied here. The acid grafting density of
these nanoparticles was calculated to be higher (by ~2.6 nm™), even more than to what we
have observed in our previous studies [3,6]. This could suggest that carboxylic acids suffer
less steric hindrance when they bind to mix shape (mainly cylindrical) nanoparticles,
allowing more carboxylates to chemisorb onto the surface. The 5 nm boehmite nanoparticles
were observed to have much lower carboxylic grafting density than the other nanoparticles,
despite a larger amount of isostearic acid being used in the synthesis. This could suggest that
5 nm Al O; nanoparticles are more reactive to carboxylic acids than boehmite nanoparticles
of the same size. Carboxylate functionalization of boehmite has been accomplished at higher
temperatures in previous studies [27]. Consequently, it is possible that our reaction conditions

were not vigorous enough to achieve a high carboxylate grafting density on this material.

Table 2.

TGA mass losses and isostearic grafting densities of the functionalized nanoparticles.

Type Size (nm) Weight loss of organic Gratting density (nm™)

material (%)

ALOs 5 6.4 1.0
ALOs 50 1.4 0.9
ALOs 135 0.4 0.5
ALO; <50 6.4 3.6
v-AlO(OH) 5 6.4 0.6

3.2. Morphological investigations

SEM was performed on the nanoparticle films to visualize their morphological
features. SEM showed that all of the Al,O; nanoparticle films were composed of
agglomerates of nanoparticles of various sizes (Fig. 3a-c). Cavities were observed between
the nanoparticle agglomerates indicating that density variations exist within the films. As a
consequence of the high degree of irregularity of the film structures it was difficult to
determine whether the Al,O; nanoparticle films were morphologically different. However, it
was apparent that the unfunctionalized nanoparticle films (shown in Fig. S2 and S3) were less
densely packed than analogous films created using the carboxylate functionalized
nanoparticles. It is apparent from the Fig. 3¢ that the boehmite films have far fewer cavities

between the surface features and also aggregates with various sizes (multi-components) are
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formed compared to films formed by Al,O; smaller nanoparticles which more monodisperse

aggregates are observed.

Fig. 3. SEM images of (a) isostearic functionalized 5 nm spherical AL,Os;, (b) 135 nm
spherical Al;Os, and (¢) 5 nm boehmite nanoparticle films. AFM images of the isostearic (d)
functionalized 5 nm spherical AlOs, (e) 135 nm spherical ALOs, and (f) 5 nm boehmite

nanoparticle films.

AFM was used to study the roughness of the isostearic functionalized nanoparticle
films. Table 3 shows the values of the surface roughness parameters of the different films.
The large uncertainties associated with these values reflects the wide range of sizes of the
different surface features. Despite this, useful information into the roughness of the films was
obtained from the AFM images. It was observed that the spherical 5 and 50 nm nanoparticles
created films that displayed the largest surface roughness parameters (Table 3). By
comparison, the surface roughness parameters of the nanoparticle film formed from the 135

nm spherical ALLO; nanoparticles were observed to be lower. These results are in line with
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what has been observed for films formed from hydrophobic SiO, particles, where AFM

showed that larger nanoparticles created films that displayed lower surface roughness [16].

Table 3

Surface roughness parameters of the isostearic-functionalized nanoparticle films.
Type Size Average roughness Root mean squared Peak to valley

(nm) (R,) (nm) roughness (Ry) (nm) roughness (R;) (nm)

ALOs 5 288 £51 367 £62 2325 £382
ALOs 50 414 £144 496 +£165 3075 £718
ALO; 135 184 +25 232 431 1599 +43
ALO; <50 171 +63 228 +74 1792 +625

v-AlO(OH) 5 40 +16 61 +21 740 +£65

Interestingly, changing the shape of the nanoparticles affected large changes in the
topography of the nanoparticle films. The 5 nm cubic boehmite nanoparticles generated a
film that showed substantially reduced surface roughness, relative to when the 5 nm spherical
Al,Os; nanoparticles were used (Table 3 and Fig. 3f). This could indicate that these
nanoparticles pack together more effectively and generate more densely packed films.
Similarly, the film formed from the mix shape 50 nm AL O; nanoparticles showed similar
surface roughness parameters to the film created using the larger 135 nm AL O3 nanoparticles,
providing further evidence that spherical nanoparticles form rougher films.

Unfortunately, it was not possible to accurately measure the topography of films
formed from the unfunctionalized nanoparticles. This was due to problems associated with
nanoparticles moving around the surfaces during AFM measurements. This indicates that the
unfunctionalized nanoparticles experience poorer adhesion with neighbouring particles in the
films, suggesting that they are less densely packed relative to films prepared using the
carboxylate-functionalized nanoparticles. Images showing packing variations between the as

received and functionalized 135 nm ALO; nanoparticle films are displayed in Fig. S4.

3.3. Wetting properties of the nanoparticle films

As anticipated, chemisorption of isostearic acid onto the surface of the nanoparticles
was observed to substantially increase the hydrophobicity of the nanoparticle films (Fig. 4).
Prior to functionalization with isostearic acid, all of the films are hydrophilic (Table 1 and

Fig. S5). WCAs of greater than 150° were observed for the films formed from the 5 and 50
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nm spherical ALO; nanoparticles (Table 4 and Fig. 4), indicating that the roughness and
grafting density of the isostearic chains was high enough to create superhydrophobic
surfaces. Nevertheless, the WCA hysteresis for the film formed from the 5 nm spherical
ALO; nanoparticles was substantially lower than the film composed of the 50 nm spherical
ALO; nanoparticles (Table 4), indicating that the water droplets were less adherent and
would more readily roll off the surface [9].

The WCA of the film formed from the 135 nm spherical Al,O; nanoparticles was not
superhydrophobic (Fig. 4) and possessed a larger hysteresis than the films from the smaller
spherical particles. As discussed above, all of the spherical nanoparticles are functionalized
with similar numbers of carboxylates. Consequently, the lower WCA and greater adhesion of
the water droplets on the film formed from the 135 nm AL O; nanoparticles is more likely due
to its lower roughness, in line with previous studies [16,19].

Interestingly, it was observed that the nanoparticle film formed from the mix shape <
50 nm ALO; nanoparticles displayed a WCA of greater than 150° (Table 4 and Figure 4),
despite possessing similar roughness to the less hydrophobic film formed from the 135 nm
ALO; nanoparticles. Since these nanoparticles were observed to be functionalized by the
largest amount of isostearic acid this could suggest that topographical effects of the films
could be overcome by greater carboxylate grafting densities. Furthermore, this film showed
the lowest hysteresis out of all of the films studied, indicating the water droplets experience
the lowest adhesive force when applied to this surface [9].

The film formed from the 5 nm cubic boehmite nanoparticles showed the lowest
WCA (Table 4). This is perhaps unsurprising due to the low isostearic grafting density on the
particles and smooth surface topography of the film (Fig. 3c and f). Using this data, it is not
possible to ascertain whether the lower wettability is due to a topographical or chemical
effect. However, WCAs of ~115° have been observed on carboxylate functionalized
aluminium oxide films with low surface roughness [27], which could suggest that the more

hydrophilic WCA of the boehmite film is due to its smoother topography.
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Table 4.

Average contact angles and hysteresis values for the isostearic functionalized nanoparticle

films.
Particle type Size Dynamic contact angle (°)

(nm) Advancing Receding Hysteresis

ILO CILL ILO CILL 1LO CILL

ALO, 5 153+2 YD 144 +1 49 +1 9.0 8.0
ALO, 50 158+ 1 74 £1 129 =4 71+l g9 29,0 3.0
ALO, 135 137 +4 70 £2 80 £3 65 £2 51.0 5.0
AlLO, <50 158 +3 101 +£2 151 +3 84 =4 7.0 17.0
V-AIO(OH) 5 12042 100 =1 83 £2 93 +2 37.0 7.0

The wetting behaviour of diiodomethane droplets on the surfaces indicates that the
nanoparticle films are oleophilic or slightly oleophobic (Table 4). This was anticipated since
high levels of oleophobicity have largely been realized through functionalizing rough surface
textures with species containing fluorocarbon groups [29-32]. Surfaces terminated with CF;
groups have a lower surface energy than those terminated by CHj; moieties [30,32].
Consequently, liquids with lower surface tensions than water, such as oils or iodomethane,
show reduced wettability when applied to fluoro- as opposed hydrocarbon-functionalized
surfaces [30-32]. As is shown in Fig. 4, chemisorption of isostearic onto the nanoparticles
reduces their surface energy, relative to the values provided in Table 1. Films formed from
the mix shape < 50 nm Al,O; nanoparticles and 5 nm boehmite nanoparticles showed the
lowest surface energy out of all the films. This is due to a larger contribution to the surface

energy from the dispersive (CH,I,) component.
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Fig. 4. Plot of the static contact angles (SCAs) of H,O and diiodomethane droplets of the
different nanoparticle films and their surface free energy (SFE). Images of 4 pL water

droplets on the appropriate surface are also shown.

4. Conclusions

While it has shown previously that certain metal oxide nanoparticles can create
hydrophobic surfaces [1-6], this work investigates a number of important factors that
influence the wettability of carboxylate functionalized aluminium oxide nanoparticle films.
We show that although roughness and chemical functionality are essential for tuning the
hydrophobicity, nevertheless the size, shape, and reactivity of the nanoparticles also play
significant roles when designing suitable hydrophobic surfaces. Spherical particles, with sizes
of <50 nm, were observed to create rougher films and display superhydrophobic properties.
Consequently, they are well suited to be used as scaffolds to create low wettability coatings.
Larger spherical aluminium oxide nanoparticles, which are at least 135 nm in size, generate
films with lower surface roughness, making them less useful for fabricating
superhydrophobic coatings.

This study also demonstrates that nanoparticle shape in addition to size plays an
important role. Although nanoparticles with non-spherical morphologies created films that
showed reduced surface roughness, the highest WCA and lowest hysteresis was observed for

a film created using mix shape nanoparticles. TGA revealed that these nanoparticles
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possessed a substantially higher carboxylate grafting density than the spherical particles
studied here and previously [3,6], indicating that the mix shape particles were more reactive
towards chemisorption of carboxylic acids. This specifies that topographical effects caused
by lower film roughness can be overcome by using nanoparticles that show a greater extent
of functionalization. In summary, when selecting nanoparticles for creating low wettability
coatings it is important to consider nanoparticles on the basis of their shape, in addition to
their size. This work could be beneficial for users who wish to develop low surface energy
surfaces based on metal oxide nanoparticles, since it widens the specification of particles that

could be used in the application.
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Fig. S1. SEM image of the 50 nm spherical ALOs nanoparticles (a) (www.us-nano.com), and
TEM images of the 50 nm mix shape AlLOs nanoparticles (www.sigmaaldrich.com) and the 5
nm cubic pseudo-boehmite nanoparticles (c) (http://sasolnorthamerica.com). The images are
taken from the manufacturer’s websites.
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Fig. S2. SEM images of the as received spherical Snm AlO; nanoparticle film (a), the
isostearate functionalized spherical 5nm Al,Oz nanoparticle film (b), the as received spherical

50nm AlOs nanoparticle film (c), and the isostearate functionalized spherical 50nm Al,Os
nanoparticle film.

Fig. S3. SEM images of the as received nanoparticle tilm (a) 5 nm bohemite, (b) 50 nm mix
shape, and (c¢) 135 nm spherical nanoparticle.
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Figure S4. AFM images of films created using the as received (a) and isostearate
functionalized 135 nm Al>O3 nanoparticles (b).

(a) (b)

(c) (d)

Fig. S5. Images of 4 ul water droplets on the as received nanoparticle films (a) 5 nm spherical
ALOs, (b) 50 nm spherical , (c) 135 nm spherical, and (d) 5 nm boehmite nanoparticle.
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