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In this work, the surface part of single-walled carbon
nanotubes (SWNTs) film were unzipped by sputtering Zn/HCl
process, and the wettability of this graphene nanoribbons
(GNRs)/SWNTs hybrid film was investigated. The contact angle
of water droplets on the hybrid films is ~ 113.0°, which is
different from that on pristine SWNTs film (~ 121.8°). The
mechanism of this variation is discussed. Combining the unique
properties of GNRs and SWNTs film, this kind of hybrid film is
of great application potential.

Introduction

Graphene is the thinnest two-dimensional atomic crystal with
outstanding mechanical and electronic properties,™ and has attracted
considerable attention since its successful isolation from graphite.?
The perfect structure of the carbon atoms which arrange in the
hexagonal lattice makes the electrons in graphene behave like the
massless Dirac fermions, leading to the carrier mobility much higher
than those of silicon and sub-micrometer ballistic transport in room
temperature.” However, the zero-bandgap feature of graphene limits
its application in electronics. One promising approach to open the
band gap is to produce GNRs due to the quantum confinement of
electrons. Theoretical investigation suggests that the band gap is
inversely proportional to the width of GNRs.® The on/off ratio of
sub-10 nm wide GNR-based field-effect transistors could be as high
as 10°, thus providing application potential in all-carbon electronics.”
There are several methods to synthesize GNRs, among which
unzipping carbon nanotube is an ideal one resulting in width and
morphology controllable GNRs.*"?

Previous studies have shown that particle bombarding and
irradiation on carbon nanomaterials could modify their
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microstructures.'*'” In 2011, Dimiev et al. found that sputter-coating
graphene and graphene oxide with zinc and dissolving the Zn with
dilute acid can remove one graphene layer and leaves the lower
layers intact.'® Considering the similar sp? carbon configuration of
grapheme and single-walled carbon nanotube (SWNT), the similar
methods may be used to unzip SWNT into GNR. Recently, Wei et
al. used this method to produce an intramolecular junction by the
controllable unzipping of SWNTs, which combine a GNR and a
SWNT in a one-dimensional nanostructure.'” Gong et al. used
similar method to fabricate array structures of narrow GNRs and
measured their electrical transport properties.”’ Theorists have
predicted that the unzipped and partially unzipped SWNTs could
have intriguing electronic properties.”" > For instance, Santos et al.
showed that the GNRs will behave as transparent contacts for the
SWNTs in seamless SWNT/GNR heterojunctions and huge
magnetoresistance will exist in the junctions.?!

The wettability, which has been researched in many fields
recently, is one of the most important characteristics of a solid
interface. It can reflect the changes of characteristics of a solid
surface, including the chemical composition and the geometric
structure. The wettability has a broad influence on the applications
of materials for various industries, such as biomedical, automobile

and paint industries.”*"*°

In this Communication, we will report the fabrication of
GNRs/SWNTs hybrid films (GSHFs) through zinc sputtering on the
SWNT films, and study the wettability of this hybrid films.

Experimental
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The individual disperse SWNTs and SWNT films were fabricated
by floating catalytic chemical vapor deposition (FCCVD).>'* As
catalyst source, ferrocene/ sulfur powder is heated to 65-75°C and
flowed into a reaction zone by the mixture of 1000 sccm argon and
1-10 sccm methane. The temperature of the catalyst and the flow of
the methane can be tunable with different samples.** The quality of
the SWNTs can be studied by Raman spectroscopy and scanning
electron microscopy (SEM). The micro-Raman measurements were
performed with Renishaw inVia Raman Spectroscope under ambient
conditions with the laser excitation of 514.5 nm (2.41 eV) induced
by argon ion laser. The laser power is controlled at ~1 mW and the
spatial resolution of laser spot is ~1 um. The SEM measurements
were taken under high vacuum (~107 Pa or lower) and the
accelerating voltage is set at 3 kV using the Hitachi S-4800 field-
emission system. For the disperse SWNT samples, we will immerse
the samples into the de-ionized water to make the SWNTs adhere to
the silicon wafers tightly, followed by air drying. After that, the
SWNTs were sputtered by Zn (KJLC Lab-18, Lesker). After the
pressure of the sputtering chamber reached 10 mTorr, pre-sputtering
of Zn target was performed for 10 min to remove the impurities on
the Zn target at a radio frequency (RF) power of 100 W, and then the
Zn sputtering was performed at a RF power of 100 W for 10 min.
After that, the SWNT samples were put into the dilute HCI (0.1 M)
to dissolve the Zn residue. When the reaction is complete, the
samples were taken out and rinsed with de-ionized water for several
times. Finally, the samples were dried again in the air. For the
SWNT films, the original SWNT films (O-SWNTFs) are fabricated
by depositing SWNTs upon the silicon wafers directly with a
duration of 2.5h. Since the structure of O-SWNTFs is very fluffy, we
will condense the SWNT bundles by dropping the ethanol on to the
films,* and then the films will be dried in the air. After that, the
condensed SWNT films (C-SWNTFs) are processed in the same way
as the disperse SWNT samples and dried in the air.

Results and discussion

By adjusting the parameters of the FCCVD system such as the
catalyst sublimation temperature and the deposition duration to the
optimized ones, we have obtained the disperse SWNT of high
quality. Figure 1 shows typical atomic force microscope (AFM)
images of pristine and unzipped SWNT, and the corresponding
height profiles. It is obvious that the SWNTs are mostly individual
ones rather than in the form of bundles. The heights of the pristine
SWNT are 1.74/1.96 nm, respectively, which is consistent with our
group’s earlier report.*? The heights of the unzipped SWNT are
0.99/1.05 nm, respectively, indicating that the SWNTs are
successfully unzipped into GNRs.
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Figure 1. Typical AFM images of pristine (a) and unzipped (b)
SWNT. The corresponding height profiles (c), (d) along the
marked lines displayed in (a), (b). The heights are 1.74, 1.96 nm
for pristine SWNT and 0.99, 1.05 nm for unzipped SWNT,

respectively. The scale bar is 500 nm.

Figure 2 (a) shows a typical SEM image of the O-SWNTF on the
silicon wafers. We can see that the O-SWNTFs are very fluffy. After
ethanol dropping, the films get condensed, as shown in figure 2 (b).
We have measured the contact angles (CAs) of de-ionized water
droplets (1 pL) on O-SWNTFs and C-SWNTFs (OCA20 CA,
Dataphysics), as shown in insets of figure 2 (a) and (b), respectively.
The CA decreases from 136.4° to 124.1° after ethanol dropping. The
accuracy of the CA measurements is higher than 1°. In order to
confirm the characteristics of SWNTs wouldn’t be changed by
dropping the ethanol, we take the Raman spectra of these two kinds
of films. Raman spectroscopy, known as a convenient and non-
destructive technique, is widely used in probing the microstructures
of carbon materials.*® Figure 2 (c) shows typical Raman spectra of
the O-SWNTF and C-SWNTF. We can see that the D peak of the
SWNT films can almost be ignored, which proves that the SWNT
films are of high quality. Furthermore, these two Raman spectra
show remarkable similarity, indicating that the ethanol wouldn’t
influence the characteristics of SWNT films.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. (a) A typical SEM image of the original SWNT film (O-
SWNTF) which was fabricated by depositing SWNTSs upon the
silicon wafer directly, the inset is the contact angle (CA) of de-
ionized water droplet on the O-SWNTF. (b) A typical SEM
image of the condensed SWNT film (C-SWNTF) which was
condensed by dropping ethanol on the O-SWNT, the inset is the
CA of water droplet on the C-SWNTF. The scale bar is 1 pm. (¢)
Typical Raman spectra of the O-SWNTF (black) and the C-
SWNTF (red), the remarkable similarity of these two Raman
spectra indicates that the ethanol does not influence the
characteristic of SWNT films.

The wettability of a solid surface, however, is strongly influenced
both by its chemical composition and by its geometric structure (or
surface roughness).’”* If the films are sufficiently rough that the
liquid may trap air, which could induce a composite surface effect.
In this case, the relationship between the CA of the flat surface 8 and
that of the suitably rough surface 6, is expressed by Cassie and
Baxter equation:*!

cos B, =1+ ficosh — f,, )

where 7 is the roughness factor (which is defined as the ratio of the
actual surface area of a rough surface to the projected area), f; and f,
are the fractions of the nanotubes and air on the O-SWNTFs,
respectively. The Cassie and Baxter equation indicates that the CA
6, increases with an increasing fraction of air (f;).* However, the as-
grown SWNT films are also condensed when they were immersed
into water. In order to eliminate the influence of water when the
SWNT films are rinsed and confirm the decrease of the CAs of water
droplet on GSHFs are not introduced by the water, we drop the
ethanol on to the O-SWNTFs, as the figure 2 (b) shows, the SWNT
bundles are much tighter just like the films which are picked out
from water, and the CAs of water droplet on these two kinds of
condensed SWNT films are same.

This journal is © The Royal Society of Chemistry 2012
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When the C-SWNTFs were dry, we tested the static CA of the
water droplet on the C-SWNTFs before sputtering, firstly. As a
control experiment, we also tested the CAs of water droplet on C-
SWNTFs which were immersed into the dilute HCl without
sputtering Zn. Comparing these two kinds results of CA
measurements, we find no obviously differences, which indicates the
HCI has little effects on the wettability of C-SWNTFs. When the
GSHFs were dry, we tested the CAs of the water droplet on the
GSHFs again. As shown in figure 3, the CAs decrease obviously
after the SWNT films were processed.

Compared with the C-SWNTFs, the CAs of water droplets on the
graphene films are smaller. Large-area monolayer graphene films
have been synthesized by chemical vapour deposition (CVD) on Cu
foils using the methane as the precursor at the 1030°C. Figure 3(d)
shows the Raman spectra of graphene sample. We can see that the
Raman spectra show typical features of monolayer graphene: (i) a
~2.64 2D-to-G intensity ratio and (ii) a symmetric 2D band with a
full width at half maximum of ~39.17cm™.*** For the ignorable D-
peak, the quality of the graphene film should be high. We test the
CAs of the water droplets on graphene films, the result (~ 85.4°) is
similar with other reports.*> %6

On the basis of Young’s equation,*’ as we all know, the CA can
be given as follows:

Ys =Vst t Vi cosb, 2

where y; , ¥; and yg; represent the solid surface free energy, liquid
surface free energy, and solid-liquid interfacial energy, respectively.
6 is the CA between the solid surface and liquid. On the other hand,
the work of adhesion between a solid surface and liquid W; can be
described by eqn (3):

Wa =vs+vi—Vsi- 3)

Combining eqns (2) and (3) results in eqn (4):*
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Figure 3. (a) The evolution of CAs of water droplets on C-
SWNTFs and graphene nanoribbons/ single-walled carbon
nanotubes hybrid films (GSHFs); (b) and (c) are the cross—
sectional views ofwater droplet on the C-SWNTFs and GSHFs,
respectively. (d) A typical Raman spectrum of graphene film, the
inset is the cross—sectional views of water droplet on the
graphene film.

Ws =y - (14 cosb). 4)

According to eq (4), the W, (graphene), W;; (C-SWNTF) and W,
(GSHF) are 1.08 y;, 0.47 y; and 0.61 y;, respectively. It is obvious
that W, (graphene) is much higher than W;; (C-SWNTF). So when
the surface part of C-SWNTFs is unzipped by sputtering Zn/HC1
process, the work of adhesion between the GSHF and water will
increase and the CAs of water droplets on the GSHFs will decrease
correspondingly. Another issue worth noting is that most SWNTs
exist as the form of bundles in the SWNT films and the arrangement
of SWNT bundles is completely random. Hence, the roughness of
the GSHFs is much higher than that of graphene films. According to
eqns (1) and (4), the CAs of water droplets on the GSHFs should be

4| J. Name., 2012, 00, 1-3

bigger than that on the graphene film and smaller than that on the C-
SWNTFs, which is consistent with our CA measurements.
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Figure 4. Schematic diagram of C-SWNTF unzipping into
GSHF. The GSHF consists of GNR film in the surface part and
C-SWNTF in the rest parts.

Conclusions

In summary, we have fabricated the GSHFs by the sputtering
Zn/HCI method, and investigated the wettability of the GSHFs. As
far as we know, it is the first time to fabricate this kind of GSHFs by
the above method. We found that after unzipping, the wettability of
SWNT films have changed, which can be demonstrated by the CA
decreasing. Comparing unzipping the SWNT by the strong oxidant,”
4 this method can keep the unique properties of the SWNT films
without damaging the structure of the bottom part of SWNTs, and
combine the properties of GNRs. We believe that this kind of
GSHFs has greater application potential.
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