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Dynamic surface wettability of three-dimensional graphene foam*
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In this work, three-dimensional graphene foams (GFs) are synthesized and characterized by scanning electron micro-
scope (SEM) and Raman spectroscopy. The SEM images indicate that after the growth of graphene, the graphene covers
the surface of nickel (Ni) foam uniformly. Raman spectra show that the percentages of monolayer, bilayer, trilayer, and
multilayer graphenes are ~ 58%, ~ 32%, ~ 8%, and ~ 2%, respectively. The contact angle (CA) (~ 12°) of water droplet
(3 puL) on GF is found to be larger than that on Ni foam (~ 107°), indicating that graphenes have changed the surface
wettability of the Ni foam. Meanwhile, the dynamic characteristics of CA of water droplet on GF are different from those
on Ni foam. The mechanisms for different behaviors are discussed, which are attributed to volatilization and seepage of

water droplets.
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1. Introduction

Graphene, a two-dimensional (2D) crystal with carbon
atoms arranged in a hexagonal structure,!!! has attracted exten-
sive attention since it was experimentally discovered through
separating the one-atom-thick planar sheet from graphite in
2004.12) Tt has many fascinating properties, including giant
electron mobility,?! extremely high thermal conductivity,!
and large surface areas.’! These fundamentally superior qual-
ities make it a promising material for a wide range of
applications, such as field-effect devices,®! microelectronic
device,!”8! chemical and biological sensors, ! etc. To take
full advantage of the outstanding characteristics of graphene,
it is necessary to integrate individual 2D graphene sheets into
a macroscopic structure. However, the integrated structure
has poor electrical conductivity because of the high inter-sheet
junction contact resistance of graphene sheets.[!"]

Therefore, this has become an urgent issue to fabri-
cate large-scale graphene. Macro-porous carbon films were
recently fabricated using the ‘breath-figure’ method, but
the method was time-consuming due to the multi-step pro-
cessing and needed high-temperature reduction and transfer
processes.[!121 Ahn et al.l'3] achieved the self-assembled
foam-like graphene networks through nucleate boiling. How-
ever, some properties of graphene synthesized by the methods
above were less favorable for those of CVD-grown graphene.

The wettability of a solid surface, which has been re-

[14-17]

searched much recently, is important for a wide range

of applications in industrial settings, including paper and paint
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industries, '8! biomedical industries for the design of implants
and medical devices,“g’zoJ such as dental implants, contact
lenses, the design of biomimetic microfluidic devices, and the
determination of solid-liquid adhesion force. So, it is signif-
icant to investigate the surface wettability of graphene foams
(GF).

In this paper, GF is synthesized by CVD firstly. GF
is characterized by scanning electron microscope (SEM) and
laser Raman spectroscopy. Then, the surface wettability of
GF is investigated, the contact angle (CA) of a water droplet
on GF varies with time nonlinearly, but the variation curve is
different from that on Ni foam, indicating that the graphene
has affected the surface wettability of Ni foam. The volume of
a water droplet on GF deceases gradually, which is attributed
to volatilization and the seepage of water into the porous struc-
ture of the GF.

2. Experiment
2.1. Synthesis of GF

The GF was synthesized on a scaffold of Ni foam (1.5 cm
x 1.5 cm x 0.5 cm) by CVD,?1-22] 3 schematic diagram of the
apparatus used is shown in Fig. 1(a). The Ni foam was placed
in a round quartz tube, which was inserted into the horizontal
tube furnace (~ 32-mm inner diameter). A transition tube was
used to link the air inlet end and the furnace, whose inner di-
ameter was ~ 6 mm. Carbon atoms were deposited on the Ni
foam through CH4 decomposition at ~ 1000 °C under ambient
pressure. >3 After growing for about 10 minutes, a continuous
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GF was formed as a macroscopic structure with extremely thin
interconnected graphene sheets outside the Ni foam.

(a) transition tube furnace Ni foam

gas outlet

AI‘, CH4

Fig. 1. (color online) Schematic diagram of the apparatus used for syn-
thesizing GF (a), SEM images of Ni foam (b), and GF (c).

2.2. Characterization of GF

SEM is a powerful tool for investigating the characteris-
tics of materials. The SEM images (100 x) of Ni foam and
GF, which are shown in Figs. 1(b) and 1(c), were captured by
a Hitachi S4800.

Raman Raman

spectroscopy  (Renishaw in Via

)[24.25] is one of the most common characteri-

Spectroscope
zation tools in graphene research. The Raman spectra of our
samples were collected using the laser excitation of ~ 514 nm
by an argon ion laser. To avoid damage to the samples, we
set the laser power to be less than 1 mW. A ~ 1 um laser spot
size was obtained with using a 100x objective lens with a

numerical aperture of 0.926.

2.3. Measurements of CA and volume

To investigate the surface wettability of GF, the CA and
volume of a distilled water droplet (3 pL) were measured by
sessile-drop method?®2”! on a Dataphysics OCA20 CA sys-
tem at room temperature. Firstly, a drop of liquid was de-
posited with a micro-syringe onto the dry GF in air. Images
of the drops were captured, and the experimental profile of
each drop was extracted. Then, the three-phase contact points
were identified, which was a highly delicate process. The
Young—Laplace theoretical model!*® based on axisymmetric
drop shape analysis was selected and the tangent line of the
goniometer was adjusted to the contact points to obtain the
CA automatically. This technique often resolves CAs with an
accuracy of ~ 0.2°. The volume of liquid was also calculated
using the same theoretically calculated model by an automatic
computer image recognition technique.

3. Results and discussion

The Raman spectrum of graphene is dominated by two
prominent features: >l G band and 2D band. By combining

the intensity images of the G and the 2D bands, one can reli-
ably estimate the number of graphene layers.**3!1 As shown
in Fig. 2(a), there are typical Raman spectra of GF. From bot-
tom to top, the intensity ratios of the 2D to G modes (l»p/Ig)
of the as-grown GF show that the walls of GF are comprised of
monolayer, bilayer, trilayer, and multi-layer graphene sheets.
The strongly-suppressed defect-related D band confirms high
quality graphene grown by CVD. In the analysis, the hLp /I
of 49 points among all 50 counted ones lie between 1.5 and
3.0, indicating that ~ 98% of them are covered by monolayer,
bilayer, and trilayer graphene. The histogram of the layers of
GF samples is shown in Fig. 2(b).
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Fig. 2. (color online) Raman spectra (a) and histogram of layers (b) of
GF.

The surface wettability of an ideally flat, homogeneous,
and inert surface can be described by CA, which can be ex-

pressed by Young’s equation as follows: 3233

cos 0 = (%y — %1)/Yiv (1

where 6 denotes the CA of a droplet deposited on a surface,
that is, at a position where the solid, liquid, and vapor phases
are in contact, considering a balance between liquid—vapor
(Yiy), solid-liquid (%), and solid—vapor (%y) interfacial ten-
sions.

Figures 3(a) and 3(b) show the cross-sectional views of
water droplets lying on the surfaces of Ni foam and GF at three
different moments: 0 s, 500 s, and 1000 s. At O s, the CA of
water droplet lying on GF is ~ 126°, which is larger than that
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on Ni foam. So, we can obtain the conclusion that graphene
can affect the surface wettability of Ni foam. From Fig. 3(b),
we can obtain that the CA decreases to ~ 85° after 500 s and
~ 30° after 1000 s, the CA of water droplet becomes smaller
and smaller with time going by. The same conclusion can be
drawn from Fig. 4(a), in which the variation curves of CAs of
water droplets on Ni foam and GF are shown.

As the CA varies with time, the volume of water droplet
on GF keeps decreasing as shown in Fig. 3(b), the volumes of
water droplet are 3 mL, 1.4 mL, and 0.2 mL at three differ-
ent moments: 0 s, 500 s, and 1000 s. To explore the causes
of the phenomenon, we set up two different contrast experi-
ments, in which Ni foam and a piece of Ni are used as sub-
strates, as shown in Figs. 3(a) and 3(c). Obviously, during the
same period (0 s ~ 500 s), the volume variable quantity of wa-
ter droplet on Ni foam is larger than that on Ni, indicating that
the volatilization is not the only cause for the volume varia-
tion. So, we can infer that the porous structure of Ni foam and
GF plays a role in the volume variation and some of water has
seeped into the pores of the porous materials.

(a) 3 uL 1.2 uL 0 uL
Ni foam nﬁ" h780 0
[ —
(b) 3 pL 1.4 uL 0.2 uL
O A

1.6 pL 0.6 uL

(c) 3 uL

76° 26°
—

Fig. 3. (color online) Cross-sectional views of water droplet on Ni foam
(a), GF (b), and a piece of Ni (c), the volumes and CAs at three different
moments (0 s, 500 s, and 1000 s) are shown.

To compare the volatilization rate of water droplets on
Ni foam with that on GF, and explore the deeper causes
of the phenomenon above, we need to consider the Kelvin

[34]

formulal”*, as follows:

pr—po _ 2YM
po  RTRp’

(@)

where p; is the vapor pressure of water droplet, pg is the com-
mon vapor pressure, ¥ is the surface tension of water, M is the
molar mass of water droplet, R is the gas constant, T is the
environmental temperature, and is expressed on an absolute
temperature scale (K), R’ is the radius of curvature, and p is
the density of water. From the above formula it follows that
the smaller the curvature radius of water droplet, the larger the
vapor pressure of water droplet is.

By comparing Fig. 3(a) with Fig. 3(b), it can be easily
inferred that the curvature radius of water droplet on GF is
smaller than that on Ni foam, and the water droplet on GF
should decrease more quickly. However, an opposite conclu-
sion is drawn from Fig. 3, which should be attributed to the

existence of graphene. As shown in Fig. 4(b), three curves
with different colors reflect the variations of volumes of wa-
ter droplets on Ni foam (red line), GF (black line), and Ni
(green line) with time. The same conclusion can be drawn
from Fig. 3, that is, the volume of water droplet on Ni foam
decreases more quickly than that on Ni due to the porous struc-
ture, the volume of water droplet on GF decreases more slowly
than that on Ni foam due to graphene.
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Fig. 4. (color online) (a) Time variations of CAs of water droplets on
Ni foam (red line), graphene foam (black line), and (b) time variations
of volumes of water droplets on Ni foam (red line), GF (black line), and
Ni (green line).

From Figs. 1(b) and 1(c), we know that the pore size of
Ni foam has little difference from that of GF. So the variation
rate of water droplet on GF is not influenced by the pore size,
but by the three-dimensional graphene itself. As reported be-
fore, graphene as a single-atom-thick sheet composed of sp?
hybridized carbon atom is highly hydrophobic. >3] Therefore,
both the larger CA (0 s) and slower variation rate of water
droplet on GF than on Ni foam are attributed to the hydropho-
bic characteristics of graphene.

4. Conclusion

In this paper, we synthesized GF by CVD in growth
chamber firstly. Then, GF was characterized by SEM and
laser Raman spectroscopy, and it is concluded that ~ 98% of
the GFs are monolayer, bilayer, and trilayer. As a continuous
macroscopic structure, GF overcomes the low quality and/or
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high inter-sheet junction contact resistance of integrated struc-
tures of graphene sheets.

In order to investigate the surface wettability of GF, the
CA of water droplet (3 uL) on GF is measured, which is found
to be larger than that on Ni foam, indicating that graphene has
changed the surface wettability of Ni foam. The volume of a
water droplet on GF is reduced gradually, which is attributed
to volatilization and seepage into its pores. However, the re-
ducing rate of water droplet on GF is slower than that on Ni
foam due to the existence of graphene.
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