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Superhydrophobic and superhydrophilic properties of chemically-modified graphene have been achieved in
larger-area vertically aligned few-layer graphene nanosheets (FLGs), prepared on Si (111) substrate by
microwave plasma chemical vapor deposition (MPCVD). Furthermore, in order to enhance wettability,
silicon wafers with microstructures were fabricated, on which graphene nanosheets were grown and
modified by a chemical method to form hydrophilic and hydrophobic structures. A superhydrophilic
graphene surface (contact angle 0°) and a superhydrophobic graphene surface (contact angle 152.0°) were
obtained. The results indicate that the microstructured silicon enhances the hydrophilic and hydrophobic
wettabilities significantly.

any plants’ leaves have a special function of self-cleaning, especially the lotus, as has been noted for

thousands of years. We call this kind of phenomenon the ‘Lotus effect.” A leaf surface that has the ‘Lotus

effect’ is superhydrophobic’, which indicates that the contact angle (CA) with a water drop is larger than
150°. One important feature of such a surface is anti-contamination, which means that contamination can be
easily washed away by liquid. Barthlot and Neihuis>* studied the microstructure of lotus leaves and concluded
that a lotus leaf’s mastoid structure in micrometer scale is the main reason for the lotus effect. Superhydrophobic
and superhydrophilic surfaces are very useful in many applications, such as waterproof surfaces, anti-contam-
ination surfaces, coatings and biomedical devices.

Graphene is a two-dimensional crystal, which has been regarded as unstable**. In 2004, the discovery of
graphene demonstrated that a single sheet of carbon atoms is stable at room temperature”®. Graphene has
attracted great interest because it has many extreme properties, such as mechanical stiffness’, high operating
bandwidth'®, and high thermal'' and electrical’> conductivity. In the past decade, different qualities of
graphene were prepared through various routes, including mechanical exfoliation®, epitaxial growth on
silicon carbide®, epitaxial growth on single crystal metal substrates', chemical vapor deposition (CVD)"
and reduction of graphite oxide (GO)'°. Pristine graphene is similar to a natural lotus leaf in that it exhibits
hydrophobicity. But its wetting ability can be changed and enhanced by different modifications. First,
multiple synthesis methods were used to get graphene with different microstructures, which enhanced the
hydrophobic/hydrophilic properties; second, chemical modifications were presented to further improve the
hydrophobic/hydrophilic properties. In previous studies, different wetting characteristics of graphene were
obtained through chemical modification of Graphite Oxide (GO), aerogels of graphene and graphene-resin
composite. GO has many hydrophilic functional groups such as carboxyl and hydroxyl, and further chemical
modification can change these functional groups and get different interface properties. Moreover, GO has a
flake-like structure in micron scale, which can be controlled to enhance the graphene’s particular wetting
ability. Rafiee'” used a rapid thermal expansion route to expand and reduce the GO to prepare few-layer
graphene. Then acetone or molecular water was attached to the surface of graphene sheets to change their
wettability from superhydrophobic to superhydrophilic. Wong’s group reported that GO sheets were modi-
fied using octadecylamine (ODA) to form a superhydrophobic graphene surface'®. Zhao et al., synthesized a
superhydrophobic composite which has special structure in micron scale combining vinylidene fluoride-
hexafluoropropylene (PVDF-HFP) and graphene'. This material has a CA of 152°. Jin’s group® also got a
porous composite combining graphene and PVDF which is superhydrophobic. Liu’s group®' got a composite
combining graphene and 2-methoxy-5-(20-ethyl-hexyloxy)-1,4-phenylene vinylene(MEH-PPV) particle,
which has a CA of 152°. Graphene aerogel has a great specific surface area, which can enhance its wetting
a lot. Lin* got superhydrophobic graphene aerogel by rapid thermal expansion of GO, and then modified it
by 1H,1H-2H,2H perfluorodecyl-trichlorosilane. The CA of graphene aerogels can be larger than 160°.
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Although some research about superhydrophilic and superhydro-
phobic graphene was presented in recent years, there is little research
about the wetting property of graphene synthesized by the MPCVD
method. MPCVD is commonly used in industry, since it can prepare
wafer-size homogeneous samples. MPCVD is used to synthesize few-
layer vertical graphene nanosheets on different kinds of bases, such
as silicon®, nickel and titanium?*. Maslesevic* has synthesized ver-
tical few-layer graphene by the MPCVD method, and his experiment
showed that the graphene synthesized by MPCVD has a great field
emission property. The microstructure of MPCVD graphene has
vertical nanosheets, sharp edges and a large surface area, which
may significantly improve the surface’s wetting ability. But no one
has reported the wetting property of MPCVD graphene. Moreover,
there is little research about the wettability of graphene on a pat-
terned surface with microstructure. It has been reported that a silicon
surface with micropillars has much better hydrophobicity than a
smooth silicon surface®. Graphene synthesized on a silicon micro-
structure may have better wettability than graphene synthesized on a
smooth silicon surface.

Although MPCVD is a well developed technique and has been
used by other groups, the recent investigations of vertical graphene
prepared by MPCVD mainly focused on its field emission properties.
The superhydrophilic and superhydrophobic properties of vertical
graphene on the silicon surface have not been reported. In this paper,
we report the control the superhydrophilic and superhydrophobic
property of graphene on a wafer-size silicon surface. This may
expand the application potential of graphene. Vertically aligned
few-layer graphene nanosheets (FLGs) were prepared by microwave
plasma chemical vapor deposition on a patterned silicon substrate.
Then the surface of the FLGs was modified using a chemical method
to get better superhydrophilic and superhydrophobic performance.
The graphene’s wetting characteristic can be tuned from superhy-
drophilic to superhydrophobic. In order to compare the influence of
the substrate on the wetting properties of graphene, we used silicon
with micron-scale structures as the substrate to fabricate FLGs.

Growing FLGs on the microstructured substrate can enhance the
special wetting properties.

Results

The vertical few-layer graphene nanosheets were successfully pre-
pared on the Si substrate using MPCVD. Figure 1(a) shows SEM
images of FLGs grown on the Si (111) in which we can clearly see that
the surface of the FLGs is smooth and uniform. The size of the
graphene sheetisabout 1 pm and a few layers thick. A cross sectional
SEM image of FLGs is shown in Fig. 1(c). It can be found that the
sheets grew vertically on the substrate and the height of each sheet is
about 1 pm.

Raman spectrum was used to confirm the thickness of FLGs. The
Raman spectrum of FLGs is shown in Fig. 1(b). Three peaks are
observed: G peak at 1583cm™", D peak at 1348cm™" and 2D peak
at 2699cm™". The intensity of the D peak relates to disordered carbon
content and defects in the graphene. The G peak at 1583 cm ™' repre-
sents the graphite content. The ratio of the intensities of the D and G
peaks (Ip/Ig) shows the number of disorders and defects in the
graphene. The intensity of the 2D peak relates to the layer thickness
of the graphene sheets. The ratio of the intensities of the 2D and G
peaks (I,p/Ig) indicates the quality and number of layers of the
sheets”**". From the Raman spectrum analysis result, we find that
the 2D band ratio I,p/Ig is about 1.0. Therefore, an as-prepared
vertical graphene sheet has about 10 layers®>*. High resolution
transmission electron microscopy (HRTEM) was also used to pre-
sent the real thickness of the as-prepared graphene nanosheet
directly. The HRTEM image in Fig. 1(d) shows that the thickness
of one typical graphene nanosheet is 9 layers, which confirms that
the Raman spectrum gives us valid evidence of the thickness of the
as-prepared FLGs.

The vertical graphene sheet film was modified through a chemical
method. The detailed modification process is described in Fig. 2. The
first step is an oxidation process, in which FLGs are oxidized in a
solution of sulfuric acid, potassium permanganate and sodium
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Figure 1 | SEM images of FLGs and Raman spectrum of FLGs. (a) SEM image of FLGs on smooth silicon surface. The size of graphene nanosheet is
about 500 nm to 1 pum. (b) SEM image of cross section of FLGs on substrate. The height of FLGs is about 1 pm. (c) Raman spectrum of FLGs, G peak at

1583 cm™', D peak at 1348 cm™
edges terminated with nine-layers graphene.

"and 2D peak at 2699 cm ™. (d) HRTEM image of a typical graphene nanosheet of FLGs. It can be seen clearly that the
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Figure 2 | Schematic diagram of the chemical modification of FLGs.

nitrate. We call them Oxide-FLGs (O-FLGs) after they are oxidized.
The second step is to acyl-chloridize the O-FLGs in a solution of
thionyl chloride and DMF, then in melted ODA. These products are
called the ODA-modified FLGs (ODA-FLGs).

SEM images of chemically modified FLGs are shown in Fig. 3(a-b).
We can clearly observe that the surface and structure of the FLGs has
not been damaged by the chemical modification. The sheet-like struc-
ture of FLGs is preserved after chemical reaction. The micro sheet
structure is preserved while functional groups on FLG have been
greatly changed after oxidation and ODA modification. On the other
hand, the molecular structure of the FLGs has been significantly
changed by the reaction, especially in the first step of oxidation. X-
ray diffraction technology was used to characterize the crystal struc-
ture of FLGs. Figure 3(c) presents the XRD patterns of FLGs and O-
FLGs. A diffraction peak at 26.4° can be observed, corresponding to
the (002) plane of natural graphite. In the XRD result of O-FLGs, the
diffraction peak at 26.4° has disappeared, indicating that the typical
layer structure of graphite does not exist. The interpretation of this
phenomenon is that oxidation inserts oxygen-containing functional
groups into the graphene layers. The distances of graphene layers have
been changed separately and are different. So there is no sharp peak in
the XRD pattern.

Raman spectra of modified FLGs show that the quality of FLGs has
been changed. In Fig. 3(d) we can see that the 2D peak significantly

NH(CH;)17CH;

decreases and the D peak gradually increases. The decrease of the 2D
peak indicates that many functional groups have formed on the
surface of the O-FLGs. The intensity of the D peak is clearly
increased, which demonstrates an abundance of new defects, edges
and disorders in the graphene nanosheets, since oxidation breaks up
the sp2 carbon network, and many sp3 carbon atoms have been
added into the FLGs. Some other peaks which are not obvious indi-
cate that some other atoms and bonds exist, due to the presence of
oxygen-containing functional groups.

To enhance the hydrophobic and hydrophilic abilities of FLGs,
silicon microstructures were designed and fabricated. Then FLGs
were grown on the microstructures. The SEM images in Fig. 4(a-
(b) show that FLGs grew homogeneously on the silicon substrate.
Then these FLGs were modified similarly by the steps above. The
oxidizing solution in the first step cannot dissolve silicon, and the
molten ODA which is alkaline cannot corrode (111) silicon since
there is no (100) surface, which is the only surface alkaline solution
can dissolve. So the silicon microstructure is preserved after the
reaction.

Since the functional groups on FLGs are changed in different stages
of the reaction, the wettabilities of different kinds of FLGs among our
samples differ significantly. The CA of unmodified FLGs, O-FLGs
and ODA-FLGs have been measured. The CA of the unmodified
FLGs is 132.9°, showing that they are hydrophobic. This result is easy
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Figure 3 | SEM image of O-FLGs and ODA-FLGs, and XRD and Raman spectrum of O-FLGs and ODA-FLGs. (a) SEM image of O-FLGs on substrate.
The structure of O-FLGs is similar to FLGs. (b) SEM image of ODA-FLGs on silicon substrate. The SEM image shows that the oxidation of reaction with
ODA does not damage the few-layer structure of FLGs. (c) XRD result of FLGs and O-FLGs. (a) is FLGs, a peak at 26.4° can be found. (b) is O-FLGs and
there is no significant peak at 26.4°. (d) Raman spectrum of O-FLGs and ODA-FLGs. (a) is O-FLGs, and (b) is ODA-FLGs. 2D peak disappears and ID/IG

is raised significantly.
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Figure 4 | SEM images of silicon microstructure. (a)—(b) SEM images of
FLGs on silicon microstructures. FLGs grew uniformly on silicon structure
including the sides and bottom of the silicon pillars.

to understand, since pure graphene without any oxygen-containing
functional groups is hydrophobic, and the nanosheet-like structure
enhances the hydrophobicity. Figures 5(a)-(c) show droplets on
smooth silicon surfaces that have different kinds of FLGs on them.
The CA of O-FLGs is 53.1°, since many functional groups such as
carboxyl and hydroxyl, which are hydrophilic, have been added onto
the FLGs. Carboxyl and hydroxyl are hydrophilic because the oxygen
significantly raises the surface energy. On the other hand, the CA of
ODA-FLGs is 133.7°, indicating that ODA-FLGs are hydrophobic. A
surface that has alkane chains is hydrophobic since the hydrogen
reduces the surface energy. The large CA shows that alkane chains
lower the surface energy. The CA of ODA-FLGs is significantly larger
than that of O-FLGs but is similar to the CA of unmodified FLGs.
This result indicates that the hydrophobic property of FLGs is not
improved a lot by the reaction - they are similar in wettability.
Although FLGs and ODA-FLGs are similar in CA and wettability,
their differing Raman spectra have already shown that they are dif-
ferent substances. Considering that ODA molecules should make the
hydrophobicity of ODA-FLGs better than that of simple FLGs, the
similar CA of FLGs and ODA-FLGs should be attributed to the
oxygen functional groups remaining on ODA-FLGs.

The CAs of FLGs, O-FLGs and ODA-FLGs on microstructures
were also measured. Figures 5(d)-(f) show droplets on silicon micro-
structures which have FLGs. The CA of FLGs on microstructures is
149.8°. Comparing this to the 132.9° CA of FLGs on smooth silicon
substrate, we can see that the microstructure enhances the hydro-
phobicity. The CA of O-FLGs on microstructure is 0°, meaning this

-I---I-
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Figure 5| CA of FLGs, O-FLGs and ODA-FLGs. (a) FLGs on smooth
silicon substrate, CA = 132.9°. (b) O-FLGs on smooth silicon substrate,
CA = 53.1°. (¢) ODA-FLGs on smooth silicon substrate, CA = 133.7°.
(d) FLGs on microstructure, CA = 149.8°. (e¢) O-FLGs on microstructure,
CA = 0. (f) ODA-FLGs on microstructure, CA = 152.0°.

surface is superhydrophilic and it can be totally wetted by water
droplets. The surface is more hydrophilic because of the microstruc-
ture. The CA of ODA-FLGs on the microstructure is 152.0°, meaning
this surface is superhydrophobic. The microstructure also enhances
the hydrophobicity of ODA-FLGs. The CA results prove that the
hydrophobicity of the graphene has been improved a little by the
ODA modified surface (from 149.8° to 152.0° on microstructure).
The reason, as explained before, is that there are still some oxygen
functional groups on ODA-FLGs, which reduce the CA.

Discussion

Wenzel®' and Cassie®® have each offered a theory of the wetting of a
surface which has structure. Wenzel’s model describes the wettability
of the surface which has been totally wet by liquid, and there are no
gas bubbles between the liquid and the solid surface. On the other
hand, Cassie’s model describes the wetting of a surface in which gas
bubbles reside between the liquid and the solid, and the surface is not
totally wet. Figure 6(a) shows schematics of the Wenzel and Cassie
contact models. In Wenzel’s model, the CA of a smooth surface and
the CA of a surface with structure satisfy

cos 0, =rcos 0 (1)

where 0,, is the CA of the surface with structure, 0 is the CA of the
smooth surface, and r is the roughness ratio, which is defined by the
ratio of the true surface area of the structure to its projection area. For
surface which has microstructure and r > 1, the structure makes the
CA bigger if 0 > 90°, and makes the CA smaller if @ < 90°. In Cassie’s
model, the CA of a smooth surface and the CA of a surface with
structure satisfy

cosO.=f;cosO0—f, (2)
where 0, is CA of surface with structure and 6 is CA of smooth
surface, f; is ratio of the area of the solid-liquid interface to the total
projection area, f, is the ratio of the area of the solid-gas interface to
the total projection area, and f; + f, = 1. The Cassie model tells us the
CA will increase if there is gas between the solid and the liquid.
According to the principle of minimum energy, the real contact
mode will be either Cassie or Wenzel, depending on which one’s
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Figure 6 | Schematics of several contact modes and the true contact
mode. (a) Schematics of Wenzel and Cassie contact models. (b) Schematic
of the silicon microstructure. (c) Photo of droplet on ODA-FLGs grown on
silicon microstructure. (d) Optical image of the contact line of ODA-FLGs
on microstructure. Gap with gas can be found between droplet and solid
surface.
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energy is lower. An optical microscope can also be used to determine
the contact mode.

For O-FLGs on silicon microstructure, since O-FLGs are hydro-
philic, the surface is easily wetted, and the contact mode is Wenzel
mode. According to the shape and size of our structure, the contact
angle can be predicted by

cos 0=A(1+ cos0)—1. (3)

where A is a parameter determined by this structure:

A=%,a=15,um, b=35um (4)
&)+
a

Figure 6(b) shows a schematic of the silicon microstructure. The
CA of O-FLGs on a smooth surface is 53.1°, so the predicted the CA
of O-FLGs on microstructure is 0°. The experiment gives the same
result. For ODA-FLGs on microstructures, the contact mode is deter-
mined by the surface energy. Optical microscope image Fig. 6(d)
shows that there is air between the droplet and the silicon structure,
so we assume the contact mode of ODA-FLGs on microstructures is
the ideal Cassie mode. According to the shape and size of our struc-
ture, the contact angle can be predicted by

4A
cosf)w—<1+a/H> cos 0 (5)
where A is a parameter which has the same meaning before. The CA
of ODA-FLGs on smooth surface is 133.7°, so the predicted CA of
ODA-FLGs on microstructure is 170.0°. But the real CA is smaller:
152.0°. According to reference [33], the main reason may be that the
35 pm interval between the structures is too big, so some liquid can
move into the interval. This phenomenon would reduce the CA and
lower the surface’s superhydrophobicity, and the real contact mode
would not be the ideal Cassie mode, but would be between Cassie and
Wenzel. If we can build a microstructure which has smaller intervals,
the CA result may be closer to the predicted result. We will improve
the experimental method, and try to finish the experiment using a
smaller-interval wafer in the future.

In summary, we demonstrate the procedure of producing FLGs
using MPCVD and the steps of chemical modification. Both hydro-
philic and hydrophobic FLGs surfaces on smooth silicon substrate
were prepared. SEM, HRTEM, EDX, XRD and Raman spectrum
were used to characterize the properties of FLGs, O-FLGs and
ODA-FLGs. Microstructures with different FLGs were prepared —
both superhydrophilic (CA = 0°) and superhydrophobic (CA =
152°) FLGs on the surface of silicon microstructures. These super-
hydrophilic/superhydrophobic surfaces have many important appli-
cations such as waterproof surfaces, anti-contaminant surfaces,
coatings and biomedical devices.

Methods

Materials. Four-inch N-doped silicon wafers (111) were obtained from GRETEK Inc.
Sulfuric acid (95~98%) was purchased from Sinopharm Chemical Reagent Co.,
Beijing, China. Potassium permanganate (99.5%) and sodium nitrate (99%) was
obtained from Beijing Chemical Reagent Co., Ltd., Beijing, China. Thionyl chloride
(99%) and dimethylformamide (DMF, 99%) were obtained from Bodi Chemical
Reagent Co., Tianjin, China. Octadecylamine (ODA, 90%) was purchased from
Aldrich Chemical Company Inc.

Preparation of the vertical few-layer graphene nanosheets. The FLGs were
prepared in a microwave plasma chemical vapor deposition system. Silicon (111) was
washed by acetone and then distilled water, for 10 min each. Silicon substrate was
placed in a quartz boat and moved into the quartz tube. Then the reaction tube was
pumped down to 5 Pa, and 10 sccm CH4 and 50 sccm H2 were introduced into the
reaction tube. After the pressure was adjusted to 7.5 Torr, a microwave was turned on
to start the reaction and kept on for 135 seconds. The samples were cooled down to

room temperature naturally under vacuum conditions. The black product was
obtained on the surface of the substrate.

Chemical modification of vertical few-layer graphene nanosheets. In the first step
of chemical modification, 23 ml sulfuric acid and 0.5 g sodium nitrate were added
into a 100 ml flask, and 3 g potassium permanganate was stirred into the solution
slowly at room temperature. This dark green solution was prepared for the oxidized
FLGs. We put the silicon substrate upon which FLGs had been grown into the
solution for 15 minutes, and then washed it by 3% peroxide and distilled water and
dried it. In the second step 20 ml thionyl chloride and 1 ml dimethylformamide
(DMF) were added into 50 ml flask. After stirring, O-FLGs were put into the solution.
After 24 hours of reaction, the silicon piece was washed by toluene and ethanol and
dried. In the final step 10 g ODA was added into a 50 ml flask, and was heated to
100°C in an oil bath. Finally the results were put into molten ODA for 4 hours. After
the reaction, the silicon piece was cooled down and washed by a great deal of ethanol

and dried.

Characterization of graphene nanosheets. Field-emission scanning electron
microscopy (SEM, XL-SFEG, FEI Corp) was used for morphological observation of
graphene sheets. Energy dispersive X-ray spectroscopy (EDX, XL-SFEG, FEI Corp)
was employed to analyze components of samples. X-ray diffraction (XRD) was
performed on an X’Pert Prodiffractometer with Cu Ka radiation at a wavelength of
A = 0.15418 nm. Raman spectrum was recorded using JY-HR800 Raman microscope
(A =532 nm). The contact angles were measured by a POWERREACH contact angle
measuring instrument. The default volume of droplets is 5 pl, though this is not
mentioned explicitly in the article.
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