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Understanding and tuning the wettability of the surfaces are highly intriguing for various
applications. The development of stable and transparent coatings over aluminium alloys
and glass substrates for making them superhydrophobic and extended oleophobic (lower
to the surface tension of 33.4 mN/m (coconut oil)) using a scalable and simple spray painting
technique is demonstrated. Fluorinated graphene oxide (FGO, fluorine content of 34.4 atomic
weight %), an atomically layered material, modified Polydimethylsiloxane (PDMS) polymer
compositeis used as the paint for the coatings. The coated films were studied for their surface
and compositional features. A water contact angle (CA) of 173.7° (close to the highest ever
reported water CA, 175°) is achieved with 60 wt% FGO in PDMS, and the same showing a CA
of 94.9° with coconut oil, in conjunction with a low contact angle hysteresis (4°). The work
of adhesion with the amount of FGO is studied and the surface energy of FGO containing
paints is calculated and compared with the bare paints using Zisman plot analysis.

© 2014 Elsevier Ltd. All rights reserved.

surface by a liquid is determined by the surface tension of
the liquid, roughness of the solid surface and the surface

1. Introduction

Engineering the wettability of a solid surface plays an impor-
tant role in many fields such as self-cleaning surfaces, corro-
sion resistive coatings, and microfluidic devices [1-6]. The
wettability of a solid surface by a liquid is defined in terms of
the contact angle (CA), along with other factors such as tilting
angle and contact angle hysteresis, and the CA is defined as the
angle between the tangent plane to the surface of the solid and
the tangent plane to the surface of the liquid at the point of
intersection [7-9]. Surfaces with very high water (in the case
where liquid is water) contact angle (>150°) are usually called
superhydrophobic surfaces, while if the contact angle is below
90° the surface is called hydrophilic. The wettability of a solid

energy of the solid [10-12]. Hence for a given liquid, the CA
can be tuned either by creating periodically or randomly dis-
tributed micro-nanostructures and/or by engineering the sur-
face chemistry (surface energy) of the solid. There are plenty
of reports in the literature that systematically discuss the
impact of surface texture on wettability [13-20].

Low-surface energy fluorine-containing polymeric coat-
ings have been extensively studied to create superhydropho-
bic surfaces with water contact angle (WCA) higher than 150°
due to their anti-contamination and self-cleaning properties
desirable for many industrial and biological applications
[21-25]. However, most of these coatings exhibit undesirably
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high WCA hysteresis (>30°) [26]. The high hysteresis may be
due to: surface reorientation and chain mobility, different
morphology, chemical composition heterogeneities, presence
of different amounts of trapped low molecular weight poly-
meric species, difference in the number of surface defect sites
(impurities, etc) which will influence contact angle line pin-
ning [11,12]. Coclite et al. [27] have developed grafted crystal-
line poly-perfluoroacrylate structures for superhydrophobic
and oleophobic functional coatings (advancing WCA = 160°)
with extremely low hysteresis (5°) and oleophobicity [mineral
oil (surface tension: 35 mN/m) contact angle of 108°].

The exceptional thermal and mechanical properties and
excellent electrical conductivity of graphene-based sheets
and films have attracted tremendous attention in recent years
[28-33]. With a graphene plane decorated with hydroxyl, car-
bonyl, epoxy, and phenol functionalities [34], graphene oxide
(GO) has shown remarkable promise as a manipulatable pre-
cursor [35]. One of the authors’ and co workers have devel-
oped [36] a chemical scheme to synthesize bulk quantities
of 2-dimensional (2D) nanosheets of fluorinated graphene
oxide (FGO, with a fluorine content of 27 at.%), with aliphatic
C-F bonds within the aromatic domain of the graphene basal
plane in addition to epoxy, hydroxyl and carbonyl functional
groups, which typically exist on the surface of GO. The low
surface free energy of the C-F bond [37] enables one to tailor
the wetting characteristics of a surface, by chemically altering
the C/O and C/F ratio on the graphene oxide basal plane. But
in the previous works, [36] the water contact angle was lim-
ited to 150° and oleophobicity was also limited to 92.5° (sur-
face tension 59 mN/m). Moreover, the role of FGO was not
clear from the earlier reports, since the nanomaterials can
induce roughness and this can also eventually leads to the
formation of air pockets. But, conventional coating tech-
niques have no control over this roughness, in particular
when composites are used as paints.

In the present work, superhydrophobic and oleophobic
transparent films have been developed without the use of
sophisticated patterning techniques, over a range of substrates
ranging from glass to alloys using covalently functionalized
FGO (having higher fluorine content than the previously
reported [36] FGO) and polydimethyl siloxane (PDMS) (Mp-
110,000, viscosity ~50,000 cSt) with tetraethyl ortho silicate
as cross linker and dibutyltindilaureate as catalyst. In this
paper, oleophobicity refers to a contact angle of greater than
90° with organic solvent (ethylene glycol) and coconut oil
having surface tensions much lower than water. Though silane
functionalised GO has been reported previously [38,39], here
we show the covalent linkages between FGO and silane can
be used for the development of stable paints/inks. The role of
FGO in making self-cleaning surfaces is studied using the
calculation of work of adhesion and Zisman analysis.

2. Experimental section

2.1. Materials

Polydimethylsiloxane (PDMS) silanol terminated {average
right  (M,-110,000), Kinematic  viscosity
and Tetraethyl orthosilicate (TEOS) was

molecular
(~50,000 cSt)}

procured from Sigma Aldrich, St. Louis, United States. Fluori-
nated Graphite powder was procured from Sisco Research
Laboratories Pvt. Ltd. from Mumbai India. Dibutyl Tin (II) lau-
reate was procured from Alfa Aesar (A Johnson Matthey Com-
pany) from UK. Potassium permanganate, Sulphuric acid,
Orthophosphoric acid, Hydrogen peroxide, Ethanol and Tolu-
ene solvents were purchased from Merck Millipore.

2.2.  Synthesis

2.2.1. Preparation of fluorinated graphene oxide (FGO)
Fluorinated graphite powder was exfoliated using an
‘Improved Method'. A detailed synthesis protocol has been
reported [36].

2.2.2. Fabrication of PDMS-FGO composite films

The exfoliated graphene oxide was incorporated in 2.5 wt%
polydimethylsiloxane (PDMS) in toluene with as received tet-
raethyl orthosilicate (TEOS) as cross-linker for PDMS system
and dibutyl tin dilaureate as catalyst. The reaction mixtures
were magnetically stirred for 30 min and spray coated over
aluminium and glass substrates and maintained atomizing
air pressure at 20-25 p.s.i. The thickness of the film was
8-10 um. Fig. S3a and b in Supporting information show the
distribution of various elements in FGO and PDMS-FGO film
respectively.

3. Results and discussion
3.1.  Wettability studies

The surface wetting property of the film depends on chemical
composition, surface free energy and surface morphology and
thus has an important role in achieving the desired wettabil-
ity. The contact angles (CA) of the liquid droplet on the coated
surface with and without incorporating varying amounts of
FGO in PDMS matrix have been measured with three different
liquids with varying surface tension. All measurements were
made in static contact angle mode using Laplace-Young cal-
culation method. The standard deviation of WCA was found
to be ~+0.5°. An average of 25 measurements is taken here
for reporting the WCA. The polydimethylsiloxane (PDMS) film
shows a water contact angle of CA - 111° (y - 72.9 mN/m), eth-
ylene glycol (EG) CA - 71° (y - 47.7 mN/m) and coconut oil (C.
oil) CA - 33.9° (y - 33.4 mN/m) [all the paintings were made
on an aluminium alloy which is prone for oxidation]. From
this wettability study, the higher surface tension liquid water
behaves as partial wetting (hydrophobic) over the PDMS film
and the other two liquids are in hydrophilic array. Fig. 1A
shows the variation of contact angle with concentration of
FGO (wt%) in PDMS matrix (for a given FGO concentration,
5-different coated films were prepared, and in each film, CA
measurements were conducted at 5 different places to show
the uniformity of the coating and consistency of the CA val-
ues). Hence, the pristine PDMS surface was oleophilic, the
oil CA was about 33.9°. After adding varying amount of FGO
in polymer matrix, the contact angle was increased gradually,
and at 60.2 wt% FGO, the PDMS-FGO film was oleophobic. The
enhanced hydrophobicity and oleophobicity with fluorinated
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Fig. 1 - (A) Variation of contact angle of coatings with different concentration of FGO, (B) concentration of FGO versus CA and
tilting angle (TA), (C) water CA Images (a - PDMS film, b - 23.3 wt%, ¢ — 37.7 wt %, d - 47.6 wt%, e — 54.7 wt% and f - 60.2 wt%
FGO in PDMS polymer matrix) [The coatings were made on an aluminium alloy] and (D) photograph of PDMS-FGO spray
painted glass showing 43 % transmittance. A water droplet sitting on the coating showing a contact angle of 173.7°. (E)
Coloured water (using different metal salts) droplets sitting over a coated (60 wt% FGO containing PDMS) aluminium alloy
plate is shown. (A colour version of this figure can be viewed online.)

graphene oxide is attributed to the lowering of surface energy
by the presence of fluorine atoms. It is seen that at 60.2 wt%
FGO in PDMS matrix, the composite film exhibits superhy-
drophobicity (CA: 173.7°, it is close to the highest ever
reported WCA (175°) [40]), with water and oleophobicity with
ethylene glycol (CA: 136.2°) and coconut oil (CA: 94.9°),
respectively.

Contact angle hysteresis (CAH) values of the coatings were
measured by measuring the difference in dynamic contact
angles (front and back of the droplet) by tilting the substrate.
The CAH (average of 25 measurements in each tilting angle
below 4°, where the droplet completely rolled off) is found
to be 4°. The tilting of the substrate and the roll-off angle were
captured in video based programming. The roll-off angle was
also about 4° and the droplet was completely rolled out from
the surface. The effect of FGO concentration on tilting angle
(TA) is shown in the Fig. 1B. It can be seen that, above
50 wt% of FGO, the TA suddenly drops into below 20°).
Fig. 1C shows the water contact angle images of pristine
PDMS film and FGO Polymer composite films with different
concentrations of FGO. Fig. 1D shows the photograph of a
60 wt% FGO containing PDMS-FGO film spray painted over a
glass substrate. Fig. 1E shows the coloured water droplets sit-
ting at different places of a coated (60 wt% FGO containing
PDMS) aluminium alloy plate, indicating the uniform super-
hydrophobicity of the surface. Uniform pin-hole free coatings

can be made by this technique and the water droplets will roll
off from the substrate — behaving like complete self-cleaning
one (please see Supporting information, video S2-1 wetting of
PDMS coated glass and video S2-2 non-wetting and self-
cleaning of FGO modified PDMS coated glass).

PDMS film shows hydrophobicity which is explained by
homogenous wetting mechanism. The homogeneity of a film
has been described in terms of Wenzel equation

Cosf, = rCosbs (1)

This equation is used to describe the WCA for a liquid
droplet on a rough solid surface [12]. Here, 7 is the roughness
factor, and 0, and 0s are the WCA values on a rough surface
and a smooth surface made of the same material respectively.
In this regime, water is assumed to follow the roughness of
the underlying surface. Here, the actual water-solid contact
area is much larger than the apparent contact area. Water
drops on PDMS and PDMS-FGO composite coatings up to
47.61 wt% FGO are in Wenzel state. In the case of coatings pre-
pared with 54.7 wt% FGO, the surface exhibited non wetting
and self-cleaning property with WCA of 150.2° and sliding
angle (SA) < 12°. Further, in PDMS-FGO (60.2 wt%) film, the
surface evinced the perfect non-wetting manner with WCA
of 173.7° and sliding angle of 4°. This can be due to the tran-
sition from the Wenzel regime to Cassie regime. The rough-
ness created on the surface with increased FGO might be
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Fig. 2 - Wettability of surfaces and work of adhesion versus FGO concentration. (A) Water: y = 72.9 mN/m), (B) ethylene glycol:
y = 47.7 mN/m), (C) coconut oil: y = 33.4 mN/m and (D) solid surface fraction (f) value on composite films with 3 different
liquids. (A colour version of this figure can be viewed online.)

sufficient to trap air inside the voids of the surface. This
causes a heterogeneous surface composed of both air and
solid, which reduces the adhesive force between the water
and solid surface and for this case contact angle is to be
described in terms of Cassie-Baxter equation.

The superhydrophobicity of PDMS-FGO composite film
can be explained using Cassie’s model [11]. The CA () of a
drop on a heterogeneous rough surface is given by Cassie’s
equation,

Cosf; = f,(Cosbs + 1) — 1 (2)

where f; is the surface area fraction of the solid, 0, and 05 are
CA on rough and smooth surface respectively. As lot of air
gets trapped into the valleys between the peaks and protru-
sions on the rough surface, water droplets on such coating
only contacts the top of the protrusions resulting in a large
water-air interface termed as composite surface which pre-
vents water droplets from penetrating into the valleys and
troughs, leading to superhydrophobicity [41]. Miwa et al. [41]
have derived an equation describing the relation between
WCA and SA on a rough surface and it has been shown that
a very low SA is attained from a superhydrophobic surface
that obeys Cassie’s model. The solid surface fraction (f) values
calculated by using Cassie’s equation are found to be 1.00,
0.65, 0.55, 0.41, 0.207, and 0.0094 for 0O, 23.3, 37.7, 47.6, 54.7
and 60.2 wt% respectively, as shown in the Fig. 2D. Such low
solid fraction values connote for higher FGO concentrations,
water droplets are exposed to an extremely large portion of
air that offers a high resistance against wettability and hence

favour the movement of water droplets resulting in extremely
low WSA. This can also be studied by considering the work of
adhesion (W) on the surfaces. Work of adhesion basically esti-
mates the ease with which the water drops move on the sur-
face. The work of adhesion and solid fraction (f) values are
linearly related. The work of adhesion for a smooth coating
is given by the Young-Dupre’s equation [42].

Cosgzuzﬂ_1

VLA

” 3
/LA

In Fig. 2A, the work of adhesion and contact angles for
water (y-72.9 mN/m) versus FGO concentration is plotted.
The work of adhesion values are found to be 47, 30.6, 25.9,
19.3, 9.7, and 0.44 mN/m for 0, 23.3, 37.7, 47.6, 54.7 and
60.2 wt% FGO respectively. Fig. 2B and C show the WCA vs.
work of adhesion of ethylene glycol and coconut oil
respectively.
3.2.  Surface energy calculation
Another reason for the increasing contact angle with FGO
amount can be due to the lowering of surface energy due to
the fluorinated materials. The contact angles of the compos-
ite films depict that surface energy of the solid films decreases
which can be calculated by Zisman method [43]. The surface
tension of five liquids viz., water, Diethanol Amine (DEA), Eth-
ylene Glycol, Dimethylsulphoxide and Coconut oil with sur-
face tension of 729, 483, 47.7, 44, and 33.4mN/m
respectively is then plotted against the cosine value of the
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corresponding contact angle which is shown in Fig. 3. The
solid line in Fig. 3 represents a best fit for the measured points
and is extrapolated to intersect with the value of Cos @y = 1.
At the point of the intersection a line (dashed line) is drawn
perpendicular to the x axis and a value of critical surface ten-
sion (yc) is approximated to surface energy of solids [43]. The
surface free energy of PDMS film calculated in the present
work is 25.86 mN/m which is close to the literature value
(23 mN/m) [44]. It has been observed that the surface energy
gradually changes after adding FGO to polymer matrix and
reduced to 18.17, 11.86, 5.78 and —15.09 with FGO concentra-
tions of 23.3, 37.7, 47.6, and 54.7 wt% respectively (please see
Supporting information for details). Further, it is seen from
the Fig. 3 that surface energy has been drastically reduced
(=25.91 mN/m) by adding 60.2 wt% of FGO in PDMS matrix
and which is responsible for the high contact angle (173.7°).

3.3. Surface morphology

Fig. 4 shows the FESEM images of polymer films with and
without FGO addition using a spray-painting technique over
aluminium alloy surfaces. It is seen that the PDMS film is
smooth (Fig. 4A) whereas PDMS-FGO polymeric composite
film in Fig. 4B clearly shows a structure modified with layered
FGO flakes. This layered structure created a number of peaks
and cavities thereby roughening the surface. Such structured
surfaces easily trap large amount of air within them and
make the liquid droplets to rest on a layer of air.

To further probe the enhancement in the surface rough-
ness of PDMS-FGO films, they are analysed using Atomic
Force Microscopy (AFM) and the results are shown in the
Supporting information Fig. S1. The pristine PDMS film is
smooth with average roughness (R,) value of 3.5nm

Fig. 4 - FESEM images of spray-painted aluminium alloy polymer films (A) PDMS and (B-D) PDMS-FGO film in different

magnifications.
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whereas the PDMS-FGO composite film shows a R, of
245 nm.

TEM photographs (Fig. S2) of developed FGO containing
34.4 at.% F (calculated using EDX Analysis, Fig. S3) is shown
in Supporting information Fig. S2. It is seen that the nano-
sheets are transparent and highly stable under the electron
beam. The Selected Area Electron Diffraction (SAED) pattern
for FGO is shown in the Fig. S23, indicating the hexagonal nat-
ure of FGO. 2-dimensional nature of FGO atomic layers is
shown in TEM images, Fig. S2(b-d).

3.4. FT-IR studies

The chemical moities were confirmed by FT-IR spectroscopy.
The IR spectra of Graphite Monofluoride, FGO, PDMS-FGO
and PDMS are shown in Fig. S4. In the Fig. S4a, the peaks at
950 and 1198 cm™' correspond to C-C stretching and C-F
groups respectively. In Fig. S4, the peak at 3702 cm™? corre-
sponds to free hydroxyl group in the exfoliated fluorinated
graphene oxide. The peaks at 1354 and 1739 cm™" correspond
to C-O and C=O0 groups respectively. The peaks at 931, 1350
and 2965 cm ™ correspond to G-C stretching , C-F and C=C
respectively. The peaks at 764 and 1016 cm™~* in Fig. S4c corre-
spond to Si-O and Si-O-Si groups respectively and the peak at
2961 cm ™! corresponds to C=C bond in fluorinated graphene
oxide. In Fig. S4d, the peaks at 807, 1249 and 3704 cm ™! corre-
spond to Si-O, Si-CH3 and OH groups respectively. Compared
to the spectra in Fig. S4b and d, the new peak corresponding
to Si-O-Si group observed in Fig. S4c indicates the covalent
linkage of FGO and PDMS through the formation of Si-O bond.

These stable (paints) suspensions can be not only used as
anti-corrosion coatings or self-cleaning surfaces, they can
also be used for patterning, and hence to make regular hydro-
philic/hydrophobic regions for applications such as water
harvesting [45].

4, Conclusions

PDMS and FGO based stable ink is developed and a simple
spray painting technique is used to make pin-hole free uni-
form coatings over a range of substrates, ranging from oxida-
tion prone aluminium alloys to transparent glass substrates.
The substrates (with 60.2wt% FGO) showing a WCA of
173.7¢, close to the highest ever reported value, with a low
hysteresis of 4°. Moreover, these substrates also showed an
oleophobic nature (until a surface tension of 33.4 mN/m).
The role of FGO in making superhydrophobic and oleophobic
surfaces is studied by varying the concentrations and the
work of adhesion and surface energy of the coated substrates
were compared. It is found that FGO atomic layers are not
only making the surfaces rough to make enough air pockets
for making Cassie-Baxter regions, but also substantially low-
ering the surface energy of the substrates. This study paves
new dimensions for making low surface energy surfaces
using stable inks containing atomically layered materials
and this in turn will help to make transparent self-cleaning
surfaces without the aid of sophisticated patterning
techniques.
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