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Special wettability durable coatings, with average water contact angles exceeding 140°, have been
fabricated utilising functionalised hydrophobic-SiO, (H-SiO,) particles embedded in fatty acids. The
inexpensive and non-toxic H-SiO, particles imparted delicate lotus leaf inspired hierarchical surface
nano-morphologies while the fatty acid modification afforded a suitable drop in surface energy.
Comparison studies were carried out to explore the effects of fatty acid chain length and pipette as
opposed to spray coating deposition methods on the coatings hydrophobicity. It was determined that
the longest chain length fatty acid coatings showed enhanced hydrophobic properties due to their
extended hydrophobic alkyl chain. A pipette deposited suspension containing H-SiO, nanoparticles and
octadecanoic acid generated a coating with the most favourable average water contact and tilting angles
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Introduction

Water retardant ‘smart’ materials® are central to a plethora of
novel applications, such as anti-stick surfaces for microdevices,
microfluidics,” oil-water separation® and self-cleaning glasses/
coatings/textiles.** The functional properties of these materials
can be understood using Neinhuis and Barthlott's description
of the lotus effect - named after naturally superhydrophobic
(average water contact angle > 150°) lotus plant leaves.® The pair
determined that the leaves' intricate surface micro/nano-
morphology combined with their low surface energy coating
cause water droplets to reside in a near spherical form on the
anti-wetting surface.® Consequently, many artificial super-
hydrophobic surfaces use biomimicry to recreate this extreme
wetting phenomenon.*®

Neinhus and Barthlott's work has inspired many biomimetic
superhydrophobic surfaces found in the literature. Plasma
etching,'*'* lithography,>** switchable electrochemical depo-
sition,"*'* micro-phase separation,™ templating,'*’” nano-
particles assembly and nano-fabrication'" are several of the
commonly used synthesis routes. These approaches often
involve time intensive multistep fabrication pathways that are
unsuitable for large scale commercial coating production. From
this, Lu et al. used a facile method to produce robust paints
from nanoscale TiO, particles and a £6 per gram per-
fluorooctyltriethoxysilane,* fluoro-containing SiO,
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of 142 4+ 6° and 16 £ 2° respectively.

nanoparticles were synthesised by Wang's research team? and
Liang et al. used a slightly more involved procedure to create
alkenyl-functionalized SiO, particles which were grafted and co-
cast with a fluoroalkylsilane.”” Additional work in this field
includes: transparent superhydrophobic SiO, paper generated
using octadecyltrichlorosilane functionalised nanoparticles,*
insulating silica aerogels fabricated from the one-step drying of
polyethoxydisiloxane/methyltrimethoxysilane based sols** and
Shi et al. fabricated a highly water repellent SiO,/polyvinylidene
fluoride film via spray coating.*® Whilst extremely functional
(average water contact angles 140-174°), each of these surfaces
are still flawed - this time by material expense and toxicity.

The hydrophobic properties of the cheaper, more environ-
mentally friendly and non-fluorinated octadecanoic acid (£25
per kilogram) have been explored on chemically etched zinc,
aluminium or glass substrates. Wei, Chen and Mittal indepen-
dently generated hierarchical roughness by immersing their
respective surfaces in concentrated HCl. A final coating of
octadecanoic acid sufficiently lowered their surface energies.
Average water contact angles > 150° were achieved in all cases
but unfortunately substrate etching substantially reduced the
versatility of said methods.>*®® To improve on many existing
approaches, extreme wetting regimes should be afforded after
one treatment of any substrate using non-fluorinated econom-
ically viable coating precursors.

A facile production of inexpensive, non-toxic water repellent
surface coatings involving a one pot method is described
herein. Surface structuring functionalised SiO, nanoparticles

This journal is © The Royal Society of Chemistry 2018
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Table 1 Optimised hydrophobic-SiO, (H-SiO,) particle, fatty acid and solvent loadings for water repellent coating slurries. SiO, nanoparticles
(10.00 wt%) were pre-functionalised in their respective fatty acid (2.00 wt%)/ethanol (88.00 wt%) mixture

Fatty acid Carbon chain length H-SiO, nanoparticle loading/wt% Fatty acid loading/wt% Ethanol loading/wt%
Octanoic 8 6.00 £+ 0.01 2.44 £ 0.01 91.56 £+ 0.01
Decanoic 10 6.00 £+ 0.01 1.94 £ 0.01 92.06 £+ 0.01
Dodecanoic 12 6.00 = 0.01 4.52 £ 0.01 89.48 £ 0.01
Hexadecanoic 16 6.00 £+ 0.01 5.79 £+ 0.01 88.21 + 0.01
Octadecanoic 18 6.00 &+ 0.01 3.21 £ 0.01 90.79 £+ 0.01

were combined with low surface energy fatty acids®™' (Cg-Cyg
carbon chain lengths) to establish the desired lotus-like effect
upon curing, Table 1. Careful optimisation of hydrophobic-SiO,
(H-SiO,) particle loading, fatty acid concentration and chain
length and coating deposition method afforded comparably
high average water contact angles on octadecanoic acid coat-
ings, Fig. 1. Clear trends indicated that improved water repel-
lency was associated with coatings containing long chain acids
and, in some cases, matched the functionality of fluorinated
alternatives.

In addition to the high average water contact angles, the
Cassie-Baxter effect explained why the coatings also showed
relatively low average water tilting angles.*” This wetting state
allowed water to remain suspended on top of an air layer
entrapped between surface asperities.*® Subsequently, liquid
droplets rolled from the material collecting dust and dirt
particles; an action that rendered the surface self-clean-
ing.**%*3¢ More recently these single application non-
fluorinated coatings®”~** have generated interest from the coat-
ings industry as the long chain acids suitably fulfil the low
surface energy hydrophobicity requirement, are low cost, have
marketable viability and maintain performance. Therefore, fine
tuning this facile one-pot method could potentially result in
compatibility with commercial self-cleaning products.*>**

Experimental
Materials

Unrefined SiO, particles (0.5-1.0 um diameter) and fatty acids
were purchased from Sigma-Aldrich, AEROSIL® OX50 SiO,
nanoparticles were acquired from Evonik and laboratory
solvents were bought from Fisher Scientific. All chemicals were
of analytical standard and were used as received.

Fabrication of hydrophobic-SiO, particles (H-SiO,)

(C8H1602); (Cl()HZOOZ);
(C12H240,), hexadecanoic (C16H3,0,) and octadecanoic acids
(C18H360,) (2.00 wt%) were separately stirred in different
aliquots of absolute ethanol (88.00 wt%), 40 min at 40 °C, prior
to the addition of innately hydrophilic SiO, nanoparticles
(10.00 wt%). After a further 20 min of stirring, the five SiO,
particle containing suspensions were oven dried at 60 °C for
120 min. This process afforded hydrophobic-SiO, (H-SiO,)

Octanoic decanoic dodecanoic
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particles coated in selected non-fluorinated hydrocarbon
chains.

Fabrication of hydrophobic slurries

Hydrophobic-SiO, (H-SiO,) nanoparticles were sonicated,
60 min at 40 °C, in their respective octanoic, decanoic, dodec-
anoic, hexadecanoic or octadecanoic acid/ethanol mixture. In
every case, H-SiO, particles had been treated with the corre-
sponding polymer material in which they were finally dispersed.
Optimised particle loadings and acid concentration composi-
tions are outlined in Table 1.

Coating application method

Glass substrates were covered in double sided Scotch tape (25 x
30 mm) to aid coating adhesion. Pipette application (1 mL of
coating material deposited in the centre of the taped region
using a Pasteur pipette) and spray coating (5 s duration, zigzag
motion, ~10 cm distance from substrate) were the two methods
utilised to deposit hydrophobic slurries onto the taped surfaces.
Whilst octadecanoic acid containing samples were dried at
60 °C for 20 min to prevent recrystallisation, all other coatings
were dried overnight at room temperature and pressure. Spray
coating was carried out using a BADGER airbrush spray gun and
SprayCraft universal airbrush propellant.

Characterisation

X-ray photoelectron spectroscopy (XPS) was carried out using
a Thermo Scientific XPS K-Alpha X-ray Photoelectron Spec-
trometer with a monochromated Al Ko X-ray source at
1486.6 eV. Atmospheric pressure thermogravimetric analysis
(TGA) was carried out using a Netzsch Jupiter analyser. Fourier
transform infra-red (FT-IR) spectroscopy was performed using
Bruker alpha platinum-ATR equipment (650 to 4000 cm ).
Transmission electron microscopy (TEM) was completed using
100 kv JEOL CX100 equipment to determine unrefined and
functionalised SiO, particle sizes. Surface topographies were
investigated using a JEOL JSM-6301F scanning electron micro-
scope (SEM) with an acceleration voltage of 5 or 10 kV.

Functional testing

Three water contact angles were measured per coating at
ambient temperature via the sessile-drop method using a FTA
100 optical contact angle meter (5 uL water droplet). An average
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value and associated error were calculated for each sample. The
tilting angle, defined as the angle at which a water droplet
readily slides off a slanted surface (fixed droplet volume of 0.5
mL), was recorded using a digital angle finder. Averages and
standard deviations were calculated.

A high-speed camera (fps1000HD-256 made by The Slow
Motion Camera Company Ltd., Hertfordshire, UK) was used
to capture methylene blue dyed water droplets bouncing on
the functional surfaces to confirm water repellency.
Samples were also immersed in vegetable oil (20 s) prior to
further water contact angle tests for coating robustness
comparison.

Results and discussion

A one pot method was developed to superhydrophobic SiO,
coatings from functionalised hydrophobic-SiO, (H-SiO,) nano-
particles embedded in fatty acids. H-SiO, particles were

View Article Online

Paper

produced by stirring SiO, nanoparticles in a fatty acid (octanoic,
decanoic, dodecanoic, hexadecanoic and octadecanoic acid)/
ethanol mixture. The H-SiO, slurries were prepared by soni-
cating H-SiO, particles in their respective octanoic, decanoic,
dodecanoic, hexadecanoic and octadecanoic acids stock solu-
tions, Fig. 1. Resulting white, opaque coatings remained
adhered to double-sided tape covered microscope slide without
peeling after a 6 month period of storage at room temperature
and pressure.

XPS data was used to determine the chemical environments
found in the acid samples containing embedded functional-
ised SiO, nanoparticles. Resulting data allowed fatty acid/
particle binding method determination. The octadecanoic
acid coating, seen in Fig. 2, displays modelled Si2p, C1s and
O1s scans which confirmed the presence of acid, alcohol and
ester groups. The peak at 103.9 eV in the Si2p scan established
that SiO, particles were present at the surface of the sample.
The C1s scan closely matched environments identified in the
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Fig.1 Schematic displaying SiO, nanoparticle functionalisation stages for each fatty acid chain length: octanoic acid (Cg), decanoic acid (Cyq),
dodecanoic acid (C4,), hexadecanoic acid (Cy6) and octadecanoic acid (Cyg).
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Fig. 2 Deconvoluted XPS (a) Si2p, (b) Cls and (c) Ols scans of the coating comprising octadecanoic acid functionalised SiO, nanoparticles
(6.00 wt%) originally in an octanoic acid (3.21 wt%)/ethanol (90.79 wt%) mixture.

120

115 4 114.89331)

—(x

185.079, y

110

105

100

95 -

Mass/%

90

85

80

75 1

(x=1542.179, y = 74.81127)

70

T T T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500 550 600
Temperature/°C

Fig. 3 Thermogravimetric analysis (TGA) of the coating comprising
octadecanoic acid functionalised SiO, nanoparticles (6.00 wt%) in a dried
octadecanoic acid (3.21 wt%)/ethanol (90.79 wt%) mixture. The
percentage mass change was plotted against increasing temperature to
determine the amount of coating material surrounding the particles. Mass
percentage rose above 100% due to unavoidable air buoyancy effects.

octanoic acid functionalised SiO, starting material; 284.9 eV
(C-O(OH) environment),* 286.8 eV (C-OH environment)* and
289.1 eV (C-O(OR) environment).** Peaks in the O1s scan
further supported the presence of ester linkages between SiO,
particles and the fatty acid. Consistency in acid/particle
linkage was supported by the acid, alcohol and ester envi-
ronments which were reported in all hydrophobic coatings,
irrespective of fatty acid chain length. Furthermore, Fig. 3
presents the thermogravimetric analysis (TGA) collected for H-
SiO, nanoparticles functionalised with the long chain octa-
decanoic acid coating, air buoyancy effects gave rise to a mass
percentage greater than 100% at 50 °C. From this, it was
determined that the organic fatty acid mass loss occurred at
temperatures between 200 and 600 °C. It is most probable that
the organic material removed from the sample at tempera-
tures nearing 600 °C were chemically bonded to the nano-
particles' surface as a significant amount of thermal energy
was required for removal. Any additional acid material capped

This journal is © The Royal Society of Chemistry 2018

the functionalised particles by secondary forces, as repre-
sented by the mass loss at lower temperatures.

The functional groups in uncoated SiO, nanoparticles, all
acid precursors, acid functionalised SiO, nanoparticles and the
coatings with H-SiO, nanoparticles were then compared using
FT-IR analysis. Fig. 4 displays the spectra achieved on samples
containing some of the longer chain acids. The strongest -CH,
symmetric alkane stretches and C=0 carboxylic acid stretches
were detected in both the hexadecanoic and octadecanoic acid
precursors at around 2850 cm ™" (sh, w) and 1700 cm ™" (sh, w)
respectively.! Other peaks at 1060 cm ™" (br, m), 770 (sh, m)
and 760 (sh, w), originally seen in the H-SiO, spectra, repre-
sented Si-O-Si asymmetric transverse-optical stretching,
symmetric Si-O-Si stretching and bending respectively.*> An
absence of the broad O-H stretch at 3000 cm ™" was typical of
acid dimerization in all samples.? Peak positions showed no
significant deviation with fatty acid chain length as chemical
properties were similar.

Transmission electron microscope (TEM) images of the as
received nanoparticles, Fig. 5, suggested particle diameters
were <60 nm; the smallest recorded were 25 nm. After func-
tionalisation with fatty acids, particle sizes were substantially
increased, ~100 nm. The correlation between H-SiO, particle
diameters and final surface morphology required the use of
these small scale precursors to ensure some coating nano-
structure was achieved.

Surface topographies were then assessed using scanning
electron microscopy (SEM), Fig. 6. Nanoscale protrusions and
areas of particle agglomeration (>1 pm) were detected under
high magnification. Whilst the presence of micro clumps was
not an issue for the surfaces that contained longer chain length
acids, the analysis highlighted that more extreme particle
clumping was an issue for the shorter chain samples. In the
case of octanoic acid the shortened hydrophobic chain meant
that any large-scale clumps would have more heavily compro-
mised hydrophobicity.

Functional testing

Initially, functional testing was carried out on untreated/as
received SiO, nanoparticles. This precursor was deemed

RSC Adv., 2018, 8, 27064-27072 | 27067
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Fig. 4 Fourier transform infrared (FT-IR) spectra of (a) hexadecanoic acid functionalised SiO, (H-SiO,) particles (6.00 wt%) in hexadecanoic acid
(5.79 wt%)/ethanol (88.21 wt%) mixture and (b) octadecanoic acid functionalised SiO, (H-SiO,) particles (6.00 wt%) in octadecanoic acid
(3.21 wt%)/ethanol (90.79 wt%) mixture. SiO, and acid precursors also plotted.

superhydrophilic in nature as average water contact angles were
<5°. Surface wettability was subsequently determined for the
optimised water repellent coatings. Fig. 7 proves the hydro-
phobicity of pipette versus spray coated samples were similar.

41.70 nm

735,38 nm

200 nm

144.91 nm

Fig. 5 Transmission electron microscope (TEM) size determination of
(@) SiO, nanoparticles and (b) octadecanoic acid functionalised SiO,
(H-SiO,) particles.
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The coating sample containing hexadecanoic acid had average
water contact angles of 142 + 1° and 128 + 23° for pipette and
spray application respectively. Average tilting angles were found
to be indistinguishable within experimental error.

The largest difference in hydrophobicity was realised when
the octadecanoic acid polymer was incorporated into coating
slurries; the pipette application generated an average contact
angle ~80° larger and an average tilting angle ~40° lower than
the spray application alternative. In contrast, the functional
results were improved by ~30° on the sprayed short chain
decanoic acid coatings. This data confirmed that the use of
spray deposition benefited short chain polymer systems by
distributing H-SiO, particles more evenly in the less viscous
shorter chain acids; short chain acids showed no sign of
crystallising during this process. With that said, pipetting was
advantageous for the more bulky octadecanoic acid coatings
where a maximum average water contact angle of 142 + 6° was
achieved. The longer chain acids, such as octadecanoic acid,
had a greater tendency to crystallise during slurry deposition.
It was found that crystallisation during pipette application was
reduced due to the speed and nature of deposition (reaction
temperature was closely maintained throughout). This
promoted even surface coverage and likely elevated average
water contact angles; unfortunately this was not the case for
the spray deposition alternative as the method promoted
slurry cooling. In spite of this, the environmentally friendly
and cheap ‘hydrophobic coatings’ are of significance as they
have only been marginally outperformed by coatings of much
greater toxicity and expense. Sino et al. created a fluo-
roalkylsilane based emulsion with TiO,/ZnO particles (water
contact angle, >150°) while other work documents the use of
TiO,/SiO, particles combined with fluorinated polymers and
epoxy resins (water contact angle, ~152°).4¢47

A high-speed camera was used to support the average water
contact angle data results obtained on the shortest and longest
fatty acid chain length coatings. Fig. 8 presents snap shots of

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 High magnification SEM images (a) and (b) depict the topography of the coating containing octanoic acid functionalised SiO, particles (H-
SiO,) (6.00 wt%) in octanoic acid (2.44 wt%)/ethanol (91.56 wt%) mixture. SEM images (c) and (d) depict the topography of the coating containing
octadecanoic acid functionalised SiO, particles (H-SiO;) (6.00 wt%) in octadecanoic acid (3.21 wt%)/ethanol (90.79 wt%) mixture. All samples

were gold sputtered to minimise the effects of charging.

water droplets being pipetted onto the optimised
coating surfaces. In the case of structured octanoic acid
samples, water droplets landed and remained pinned to the
coating with marginal surface repulsion. When contrasted
with the roughened octadecanoic acid surface, small water
droplets bounced up to three times on the functionalised
material before resting in a more spherical form. This result
improves upon the ~2 bounces seen on a similarly water
retardant but ‘harder’ surface fabricated by Crick et al*®
Crick's work made use of SiO, particles modified with the
expensive and environmentally harmful polydimethylsiloxane
(PDMS).*

The functionality of the SiO,/fatty acid coatings, prepared
in this work, were preserved after the oil immersion test, Fig. 9.
The samples showed exceptional durability after being
submerged in vegetable oil, washed in water and oven dried. In
all cases the average water contact angle remained unaltered
within experimental error. For example, the octadecanoic acid
containing coating had an average water contact angle of 134
+ 11° after the oil bath test and the tilting angles were
comparable.

This journal is © The Royal Society of Chemistry 2018

Coating performance

Consistent chemical properties present in all fatty acid coatings
resulted in near identical XPS, FT-IR, TEM and SEM data irre-
spective of carbon chain length. In contrast, differences arose
when comparing sample functionality. The pipette deposit of H-
SiO, nanoparticles in the long chain octadecanoic acid coating
afforded the highest average water contact angle (~142°)
whereas the short chain octanoic acid with embedded nano-
particles was considerably lower (~111°). This observation was
justified by considering the nonpolar -(CH,),~ to polar -COOH
group ratio; as the carbon chain length increased so does the
net repulsion between the hydrophobic nonpolar aliphatic
chain and surface water. The hydrophobic character of the
long chain easily dominated, negating the polar influence of the
acid functional group that permits hydrogen bonding with
water.*

Conclusion

We have successfully generated inexpensive and non-toxic
coatings containing functionalised SiO, particles and long

RSC Adlv., 2018, 8, 27064-27072 | 27069
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Fig.7 Average contact and tilting angle data for optimised fatty acid coatings containing the preferred hydrophobic functionalised SiO, (H-SiO,)
particle loading. H-SiO, (6.00 wt%)/octanoic acid (2.44 wt%)/ethanol (91.56 wt%), H-SIO (6.00 wt%)/decanoic acid (1.94 wt%)/ethanol
(92.06 wt%), H-SiO, (6.00 wt%)/dodecanoic acid (4.52 wt%)/ethanol (89.48 wt%), H-SiO, (6.00 wt%)/hexadecanoic acid (5.79 wt%)/ethanol
(88.21 wt%), and H-SiO, (6.00 wt%)/octadecanoic acid (3.21 wt%)/ethanol (90.79 wt%) coatings were separately applied to prepared glass

microscope slides via the pipette or spray coating method.

H-Si0; (2 wt%)
in octanoic acid

H-Si0; (8 w1%)
in octadecanoic
acid

Fig. 8 High-speed camera images of water droplets falling onto the coating containing octanoic acid functionalised SiO, particles (H-SiO,)
(6.00 wt%) originally in an octanoic acid (2.44 wt%)/ethanol (91.56 wt%) mixture and the coating containing octadecanoic acid functionalised
SiO, nanoparticles (H-SiO,) (6.00 wt%) originally in an octadecanoic acid (3.21 wt%)/ethanol (90.79 wt%) mixture.

carbon chain length fatty acids. These durable hydrophobic
coatings have been achieved using a facile one pot synthesis
followed by pipette or spray deposition methods. Trends sug-
gested that water repellency was increased with fatty acid
carbon chain length; the coating comprising hydrophobic-SiO,
(H-Si0,) particles (6.00 wt%) originally in an octadecanoic acid

27070 | RSC Adv., 2018, 8, 27064-27072

(3.21 wt%)/ethanol mixture (90.79 wt%) had favourable average
water contact and tilting angles of 142 + 6° and 16 + 2°
respectively. Further work should be aimed at scaling up this
process by making use of dip coating techniques or by incor-
porating these slurries into commercial products to form the
‘smartest’ self-cleaning surfaces.

This journal is © The Royal Society of Chemistry 2018
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Fig.9 Optimised octanoic, decanoic, dodecanoic, hexadecanoic and
octadecanoic acid based coatings containing embedded fatty acid
functionalised SiO, particles were subjected to the oil bath test.
Sample robustness was monitored by immersing the coatings in
vegetable oil prior to washing with water and oven drying.
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