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Superhydrophobic and high adhesive performance of functionalized graphene films
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Graphene films with high hydrophobic and adhesive performance were fabricated via chemical modification
of graphite oxide and heat reduction processes. Irregularly stacked multilayer graphene nanosheets com-
prised the microstructure, whereas folding and agglomeration of graphene nanoflakes with few layers com-
prised the nanostructure. The resulting films showed remarkable superhydrophobic property with a static
contact angle of 160.5°. Unlike many superhydrophobic materials, the obtained film is highly adhesive,
allowing water drops as large as 50 L to be inverted. Meanwhile, the film can be absolutely wet by silicone
oil. This highly hydrophobic, oleophilic and adhesive performance of the graphene films could be useful in the
device and biomaterial application.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Carbon materials such as carbon nanotubes (CNTs) and graphene
are some of the most promising materials for the incorporation of spe-
cial functions into thin films, including mechanical applications and ap-
plications in catalysis and membranes [1,2]. Among the various possible
applications of carbon materials already reported, surface wettability
conversion is one of the most important application areas because of
the unique physical properties required. In general, the wettability of
a solid surface is strongly influenced both by its chemical composition
and by its geometric structure (or surface roughness) [3].

Graphene is an ideal two-dimensional material with higher specific
surface area than carbon nanofibers (CNFs) or CNTs, which is suitable
for the formation of microscale surface roughness for a hydrophobic
surface [4-6]. Several experimental and modeling studies have focused
on exploiting surface roughness to engineer superhydrophobicity
or superhydrophilicity. For example, Leenaerts et al. indicated that
graphene is strongly hydrophobic based on density functional theory
[7]. They concluded that the binding energies between water molecules
are larger than the associated adsorption energies on the graphene sur-
face, such that water molecules form clusters on the graphene sheet [7].
Yang et al. [8] reported that epitaxial graphene has a static contact angle
(CA) of 92° and is slightly hydrophobic regardless of its thickness,
whereas reduced graphene has a CA of 127° and a small interfacial
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energy with water, regarding film structure. The roughening effect of
the micro-/nanostructure on the graphene film surface greatly contrib-
uted to the wettability which could be controlled by UV irradiation and
air storage [9]. Koratkar et al. reported that the surface roughness can be
tuned by changing the solvent composition, which produces graphene
films ranging from superhydrophobic to superhydrophilic [10].

In this study, we report a feasible method to produce super-
hydrophobic and functionalized graphene composite films with nano-
scaled surface roughness. The graphene composite films were fabricated
via three steps: chemical exfoliation of natural flake graphite follow-
ing redox, functionalizing graphite oxide (GO) with (heptadecafluoro-
1,1,2,2-tetradecyl) trimethoxysilane (HFTMS) and heat treatment of
functionalized graphene composite films to create superhydrophobic
surface. HFTMS has a long fluorocarbon chain, which will lower the
surface energy of HFTMS-functionalized GO (GO-F). The GO-F film
exhibits an enhanced surface roughness, which is essential for its
superhydrophobicity.

2. Experimental
2.1. Materials

Graphite powder (40 pm) was obtained from Qingdao Henglide
Graphite Co., Ltd. Concentrated sulfuric acid (H,SO4, 98%), potassium
permanganate (KMnO,4) and sodium nitrate (NaNOs3) were pur-
chased from Shanghai Reagents Company and used as received.
(Heptadecafluoro-1,1,2,2-tetradecyl) trimethoxysilane (HFTMS) were
obtained from Hangzhou Feidian Chemical Co. Ltd. (Hangzhou, Zhejiang,
China).
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2.2. Preparation of GO

GO was synthesized through graphite powder oxidation with sul-
furic acid and potassium permanganate (H2SO4-KMnO,) [11].

2.3. Functionalization of GO and preparation of GO-F films

100 mg of GO was dispersed in 100 mL of ethanol containing 400 mg
of HFTMS. The suspension was sonicated for 2 h. The HFTMS-GO was
separated by filtration using a nylon membrane (0.02 pm, Whatman)
and finally washed with ethanol to remove the excess HFTMS. The
obtained HFTMS-GO was dried in vacuum at 60 °C for 24 h. The resulting
solid was dispersed into ethanol under ultrasonic processing again to
produce a supernatant solution. The supernatant solution was used to
produce a thin film by a drop coating method and heat treatment pro-
cesses. The resulting film was used for the measurement of the water
contact angle (WCA).

2.4. Characterizations

The FT-IR characterizations were performed at ambient temperature
with a spectrometer (Nicolet, Magna IR 560), which is equipped with dif-
fuse reflectance accessories. Powder X-ray diffraction (XRD) analysis was
analyzed by using X-ray diffractometer (i.e. SIEMENS Diffraktometer
D5000, Germany) using Cu Ko radiation source at 35 kV, with a scan
rate of 0.02°. Thermogravimetric analysis (TGA) was measured on a
thermogravimetric analyzer (TGA-2050, TA Instruments). Samples were
heated at a rate of 20 °C/min in an ambient atmosphere. Water contact
angle measurements were performed at ambient conditions using a
Rame-Hart goniometer with a charge-coupled device camera equipped
for image capture. Scanning electron microscopy (SEM) (LEO 1550)
was used to investigate the surface morphology under an accelerating
voltage of 4 kV.

3. Results and discussion

The structure and properties of GO depend on particular synthesis
method and degree of oxidation. It typically preserves the layer struc-
ture of the parent graphite, but the layers are buckled and the interlayer
spacing is about two times larger (~0.7 nm) than that of graphite
[12,13]. GO is a nonstoichiometric material with lots of oxygen
containing functional groups dispersed both in the basal plane and
along the edges. The chemical structure of GO has been extensively
studied but still controversial. It is generally agreed that the hydroxyl
and epoxy groups are major functionalities that mainly exist in the
basal plane with other functional groups located at the edges, including
carbonyl (=CO), hydroxyl (- OH) and phenol groups [14,15]. These
oxygen-containing functional groups make the GO hydrophilic with a
surface free energy of 62.1 mJ/m? [16]. In order to decrease the surface
energy of GO and turn it into hydrophobic, a fluorocarbon chain cou-
pling agent, HFTMS was selected to chemically modify the GO. After
functionalization, long fluorocarbon chains are exposed instead of hy-
drophilic functionalities on GO sheets. Materials with perfluoroalkyl
chains are well known for their low surface energy and so high liquid
repellency characteristics. Surface with regularly aligned closely packed
CF; groups exhibited lowest surface energy of 6.7 mj/m? well below the
18 mJ/m? value for poly(tetrafluoroethylene) [17]. Therefore, the GO-F
is expected to have a similar surface energy to HFTMS, which is lower
than that for graphite, 54.8 mj/m?; GO, 62.1 mJ/m?; and graphene,
46.7 mJ/m? [16].

A schematic description of the process is shown in Scheme 1. The
interaction between GO and HFTMS has three possibilities: hydrolysis
between the alkoxy groups of HFTMS and hydroxyl groups of GO, hy-
drogen bonding, and nucleophilic substitution between epoxy and
alkoxy. In most cases the silane is subjected to hydrolysis prior to
the surface treatment. Following hydrolysis, a reactive silanol group

is formed, which can condense with other silanol groups to form si-
loxane linkages. It was also found that the silanol group opened the
epoxy ring upon heating, concurrently with the silanol condensation
[18]. Although the graphene films have been treated by heating, few
carboxylate groups from the GO's layers and silanol groups still are
present in the films. Hydrogen-bonding interactions may be formed
between the carboxylate groups of the GO's layers and the oxygen-
containing groups of guest molecules [19].

The FT-IR spectra of pristine graphite (G), graphite oxide (GO),
HFTMS modified GO (GO-F) and GO-F after heat treatment (H-GO-F),
as shown in Fig. 1, give information on the chemical reactions in the dif-
ferent functionalization steps. In the spectrum of G, no characteristic
peaks can be found which indicated that the graphite walls may not
be strongly IR active as shown in Fig. 1A. For GO sample, the peak at
3404 cm™ ' can be attributed to O - H stretching vibrations of absorbed
water molecules and structural OH groups, and the peak at 1623 cm !
can be attributed to O—H bending vibration [20]. After the HFTMS
functionalization, these bonds were intact, and thus the corresponding
peaks did not change significantly in either intensity or position. The
presence of carboxyl functional groups in GO can also be detected
at around 1746 cm™' [20]. Its intensity decreased after HFTMS
functionalization, indicating that carboxylic groups react with
HFTMS molecules. The most significant change in FT-IR spectrum of
GO-F was the large intensity decrease for peaks from ~2800 to
~3750 cm ™!, corresponding to the O—H stretching and deforma-
tion. This is due to the consumption of hydroxyl groups in GO sheets
after hydrolysis with HFTMS. Upon further thermal treatment the
remaining hydroxyl groups condense to loss water molecules and
the intensity of O-H characteristic peaks decrease correspondingly.

XRD measurements were employed to investigate the crystalline of
the synthesized hybrids. Fig. 2 depicts the XRD patterns of G, GO, GO-F
and H-GO-F. While the characteristic peak corresponding to the (002)
plane of pristine graphite appears at 20 =26.67°, the GO pattern
shows a strong peak at 26 =10.14°, indicating the presence of oxygen
containing functional groups after the oxidation process as shown in
Fig. 2B [11]. After modification by HFTMS, a broad peak at 26 =15°-
33° can be found as shown in Fig. 2C. The drastic changes in GO and
GO-F for the 26 =15°-33° are due to the exfoliation of GO sheets after
rapid vaporization of the intercalated water molecules. In particular,
H-GO-F displays a stronger peak at 26 =15°-33° and becomes broader
after heat treatment which indicated that the interlayer distance dggz
becomes larger. These XRD results are closely related to the exfoliation
and reduction processes of GO and the processes of removing interca-
lated water molecules and the oxide groups of hydroxyl and carboxyl
groups during the transition [21].

Fig. 3 shows the TGA curves for G, GO, GO-F and H-GO-F. Graphite
shows a thermal stability up to 600 °C and a negligible weight loss,
which is about 2% of its total weight in the entire temperature range.
Comparing with the pristine graphite, GO shows the three weight loss
stages. The first stage is around 120 °C, which results from the removal
of adsorbed water. The second stage occurs at 200 °C due to the decom-
position of labile oxygen-containing functional groups [14]. When the
temperature was higher than 500 °C, GO decomposed rapidly and al-
most completely decomposed. The weight loss of GO-F dropped slowly
in the entire temperature range in terms of desorption of water, physi-
cally bonded HFTMS, and chemically bonded HFTMS. However, in the
case of H-GO-F, an enhanced thermal stability was observed for ther-
mally treated sample with negligible weight loss below 300 °C. When
the temperature was higher than 300 °C, H-GO-F decomposed rapidly
due to the decomposition of covalently bonded HFTMS, together with
the decomposition of GO.

After functionalization and thermal treatment, the resulting
H-GO-F was dispersed in ethanol and filtrated to form a film. The sur-
face morphologies of starting GO film, GO-F film and H-GO-F film are
shown in Fig. 4. Compared with the starting GO film (Fig. 4A and B),
the GO-F film exhibited an enhanced surface roughness (Fig. 4D and
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Heat treatment

Scheme 1. Structure change of GO in the HFTMS reaction and thermal treatment.

E). In the case of H-GO-F film, highest surface roughness consisted of
many separated H-GO-F domains with flake dimensions ranging from
several to tens of micrometers. The origin of the larger surface rough-
ness of GO-F can be explained in terms of dispersion behaviors. The
unmodified GO is well dispersed in ethanol, a polar solvent, leading
to a slow vacuum filtration process. Thus, GO sheets form a well-
stacked film with a smooth surface, which is thermodynamically sta-
ble [11]. However, for GO-F and thermally treated GO-F, their hydro-
phobic nature leads to poor dispersion in ethanol and the formation
of aggregated domains. These large domains tend to be randomly ori-
ented in the resulting film due to a fast solvent volatilization process.
Thus, significant surface roughness can be produced, which is critical
for fabricating superhydrophobic surfaces. Interestingly, in the case of
H-GO-F film, the surface microstructure consists of ~5 nm-thick
graphene sheets with a size of ~10 um, as shown in Fig. 4H. To deter-
mine the superhydrophobicity of these films, water contact angle
(WCA) measurements were performed at ambient conditions. The
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Fig. 1. FT-IR spectra of graphite (A), graphite oxide (GO, B), HFTMS modified GO (GO-F,
C) and GO-F after heat treatment (H-GO-F, D).

starting GO film has the WCAs for a 5 puL water droplet with 37.5°
and exhibited a hydrophilic surface, as shown in Fig. 4C. For the sam-
ple treated by HFTMS modification, the static WCA for 5 pL droplet
was 106° which demonstrated an enhanced superhydrophobic sur-
face (Fig. 4F). It is interesting to note that, the static WCA can be
improved to more than 160° after the heat treatment (Fig. 4I). The
microstructure and nanostructure provide sufficient roughness bene-
ficial to surface hydrophobicity as described in Wenzel's theory [22].
Another important factor in surface property is surface free energy,
which is highly relevant to the interior nature of graphene and the
surface environment. As demonstrated above, the remaining labile
oxygen-containing groups that are hydrophilic and physisorbed by
HFTMS molecules can be removed after the thermal treatment. Com-
pared to as-prepared GO-F, the surface energy of thermally treated
GO-F film is further reduced. This implies that microstructure and in-
terior nature governs and conveniently modulates the hydrophobici-
ty of graphene films.
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Fig. 2. XRD patterns of graphite (G, A), graphite oxide (GO, B), HFTMS modified GO
(GO-F, C) and GO-F after heat treatment (H-GO-F, D).
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Fig. 3. TG curves of graphite (G), graphite oxide (GO), HFTMS modified GO (GO-F) and
GO-F after heat treatment (H-GO-F).

To demonstrate the potential application of HFTMS modified GO
in superhydrophobic coating, GO-F was dispersed in ethanol forming
~1.5 mg/mL dispersion. A thin GO-F coating on a glass substrate was

achieved using a drop coating method and heat treatment for 1 h at
150 °C. The optical image of a water droplet with 50 pL on the surface
of the as-prepared coating gives a direct demonstration of the super-
hydrophobic surface of functionalized graphene oxide films as shown
in Fig. 5A. Whereas, coating surface can be absolutely wet by silicone
oil and exhibited an oleophilic property. The superhydrophobic and
superoleophilic surfaces may be used to separate oils from the water
surface easily [23-25]. In another experiment, the platform was rotated
to 180°, and the water droplet still can maintain its position without
sliding and exhibited a good adhesive property, as shown in Fig. 5B. This
phenomenon is similar to the nature of water drop on the leaves' surface.
We believe that the HFTMS modified GO coated superhydrophobic sur-
faces can be achieved by various coating methods. Therefore, it is a prac-
tical material for low-cost and large-scale superhydrophobic coating.

4. Conclusion

Graphene films with high hydrophobic and adhesive performance
were fabricated via chemical modification of graphite oxide and heat re-
duction processes. Irregularly stacked multilayer graphene nanosheets
comprised the microstructure, whereas folding and agglomeration of
graphene nanoflakes with few layers comprised the nanostructure.
The films also showed remarkable superhydrophobic and oleophilic
properties. On the other hand, the capillary force is maximized by the
nanostructure such that water fills the grooves of the rough solid

37.5°

106° 160.5

Fig. 4. SEM images with different magnifications and the water contact angles (WCA) with a 5 puL water droplet of graphite oxide (GO, A, B and C), HFTMS modified GO (GO-F, D,

E and F) and GO-F films after heat treatment (H-GO-F, G, H and I).
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Fig. 5. Optical images of a 50 L of silicone oil and water drop onto the HFTMS modified GO coating after heat treatment (A) and the water drop adhesive platform after it has been

rotated to 180° (B).

surface. This results in a strong interaction between water and the film
surface giving highly adhesive property to the films. The highly hydro-
phobic and adhesive performance of the graphene films could be useful
in the device and biomaterial application.
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