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ABSTRACT: The idea of extending functions of graphene
aerogels and achieving specific applications has aroused wide
attention recently. A solution to this challenge is the formation of a
hybrid structure where the graphene aerogels are decorated with
other functional nanostructures. An infiltration—evaporation—
curing strategy has been proposed by the formation of hybrid
structure containing poly(dimethylsiloxane) (PDMS) and com-
pressible graphene aerogel (CGA), where the cellular walls of the
CGA are coated uniformly with an integrated polymer layer. The
resulting composite shows enhanced compressive strength and a
stable Young’s modulus that are superior to those of pure CGAs.
This unique structure combines the advantages of both
components, giving rise to an excellent electromechanical
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performance, where the bulk resistance repeatedly shows a synchronous and linear response to variation of the volume
during compression at a wide range of compressed rates. Furthermore, the foamlike structure delivers a water droplet with
“sticky” superhydrophobicity and a size as large as 32 pL that remains tightly pinned to the composite, even when it is turned
upside-down. This is the first demonstration of superhydrophobicity with strong adhesion on a foamlike structure. These
outstanding properties qualify the PDMS/CGA composites developed here as promising candidates for a wide range of
applications such as in sensors, actuators, and materials used for biochemical separation and tissue engineering.
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superhydrophobicity

B INTRODUCTION

Carbon aerogels represent an attractive form of carbon
monoliths with practical importance because of their light
weight, high 3porosity, large surface area, and electrical
conductivity.' ™ These structures can be easily produced by
carbonization of polymer aerogels produced using sol—gel
chemistry"* and the assembly of novel carbon nanomaterials
such as carbon nanotubes, ™ '° carbon nanofibers,'! gra-
phene,">™*° and their composites.”' >’ Recently, the boom of
graphene has aroused wide attention to graphene aerogels,
which can harvest the attractive properties of graphene for
macroscopic applications.®® As such, a series of methods have
been established to produce graphene aerogels, including
hydrothermal reduction,'¥'%'® chemical reduction,'>'**° and
template-directed chemical vapor deposition.***' Chemically
converted graphene nanosheets have been widely utilized as
building blocks for the integration of aerogel-like materials due
to the diversity in controlling the structures and properties
during assembly.'>~>° However, the idea of extending functions
of graphene aerogels and achieving specific applications is also
highly demanded and requires the formation of hybrid
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strucutres. Using a functionalization—lyophilization—

microwave treatment approach,'® we reported a compressible
graphene aerogel (CGA) with a porosity of up to 99.8% and
excellent compressibility. The CGA consists of wrinkled cell
walls with an in-plane size of tens to hundreds of microns.
These features may allow CGA to be a promising candidate for
formation of a hybrid strucutre with outstanding properties
such as attractive wettability when combined with materials of
low surface energy.

Herein, we present an inﬁltration—evaporation—curing
strategy for the fabrication of a poly(dimethylsiloxane)
(PDMS)/CGA hybrid structure, where an integrated PDMS
layer is formed on the cellular walls of a CGA scaffold, leading
to a greatly improved mechanical performance. Furthermore,
the unique monolithic structure consisting of graphene@
PDMS demonstrates an excellent electromechanical perform-
ance required in electrical devices such as sensors and actuators.
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Figure 1. (a) Schematic illustration of the fabrication process of PDMS/CGA. SEM images of the porous structure (b) and cellular wall (c) of the
CGA. (d) TEM image of the CGA. SEM images of the porous structure (e) and cellular wall (f) of PDMS/CGA. (g) TEM image of PDMS/CGA.

Also, spherical water droplets remain pinned to PDMS/CGA
without falling off, even after being turned upside-down. This is
the first time that this “sticky” superhydrophobicity has been
observed for a foamlike structure, leading to potential
applications in biochemical separation, microdroplet transport,
tissue engineering, and microfluidic chips.

B EXPERIMENTAL SECTION

Synthesis of a Compressible Graphene Aerogel (CGA). CGAs
were synthesized via a functionalization—lyophilization—microwave
treatment process reported elsewhere.'® In a typical synthesis process,
a graphene oxide (GO) dispersion (3 mg mL™", 5 mL) was mixed with
ethylenediamine (20 L) in a glass vial with an inner diameter of 20
mm before reaction at 95 °C for 6 h. After formation of a
functionalized graphene hydrogel, a freeze-drying process was used
to remove the solvent within the gel. Then, the as-obtained
functionalized graphene aerogel was exposed to microwave irradiation
for 1 min in an argon atmosphere, giving rise to the CGA.

Fabrication of Poly(dimethylsiloxane) (PDMS)/CGA. The as-
prepared CGA was first immersed into a hexane solution of the PDMS
monomer and a curing agent. The mass ratio of hexane, PDMS
monomer, and curing agent was set in a wide range from 9000:10:1 to
4:10:1. The mixture of PDMS and curing agent without hexane was
also used to infiltrate the pores of CGAs. Then, the infused CGAs
were transferred into a vacuum oven and heated to 120 °C to remove
the solvent, thus allowing the PDMS monomer and curing agent to be
concentrated on the surface of the cellular wall. Afterward, the
structure was further heated at 120 °C to induce the polymerization
reaction, resulting in the production of PDMS/CGA.
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Fabrication of a Pure PDMS Film. A pure PDMS film was
synthesized by first uniformly mixing the PDMS monomer and curing
agent with a mass ratio of 10:1. Then, the mixture was coated on a
glass plate and heated at 120 °C overnight under a vacuum to remove
gas bubbles and induce polymerization.

Characterization of the Composite. The porous structure of the
composite was observed on a QUANTA 450 scanning electron
microscope, while an FEI TF30 transmission electron microscope
recorded the detailed morphologies of the cellular walls. Raman
spectra of PDMS, CGA, and PDMS/CGA were performed on a DXR
Raman microscope (Thermo Scientific) with an excitation wavelength
of 532 nm. The compressibility was tested via a method reported
elsewhere.'>**3 This process typically involves loading a monolith
between a compressible head and pressure sensor, where the
displacement and corresponding stress values were recorded. All of
the stress—strain curve measurements were conducted at a
compression speed of 1 mm s™". In order to test the electromechanical
performance, the monolith was glued between two plates using a silver
paste, where metal wires were connected to an electrochemical
workstation (CHI 760D) to record variation of either the current or
voltage. The I-V curves were obtained via linear sweep voltammetry.
The voltage range was typically set between —0.2 and +02 V.
Variation of the bulk resistance with strain was conducted by
generating an amperometric i—t curve. In this process, the voltage
was fixed at 0.1 V and variation of the current was recorded as a
function of time, allowing for the resistance to be obtained by dividing
the current at each time point by the voltage. The water contact angles
(WCAs) were measured by the goniometry method, where images of
droplets with 4 pL of water resting on the monolith surfaces were
captured, and the WCAs were determined using JC2000CI software
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Figure 2. Elemental maps and Raman spectra. (a) SEM image of PDMS/CGA. (b) EDX spectrum and (c) carbon, (d) nitrogen, (e) oxygen, and (f)
silicon maps of PDMS/CGA taken in the rectangular area in part a. (g) Raman spectra of PDMS, CGA, and PDMS/CGA.

(Powereach, China). The structure analysis and property testing were
conducted on PDMS/CGA with a graphene content of about 17 wt %.

Bl RESULTS AND DISCUSSION

The fabrication process of PDMS/CGA includes three main
steps, as illustrated in Figure la. First, the as-prepared CGA'
was immersed in a hexane solution containing the PDMS
monomer and curing agent, with a mass ratio of 10:1. The
strong affinity of graphene for the organic solvent'®'7%3!
allows for full infiltration of the solution into the CGA pores.
Then, the infused CGA was transferred into a vacuum oven and
heated to 120 °C to remove hexane, causing the PDMS
monomer and curing agent to congregate on the cellular walls
of the CGA. After that, the material was further heated at 120
°C overnight to induce polymerization of PDMS on the cellular
walls of the CGA, giving rise to the fully formed PDMS/CGA
composite.

Digital images of PDMS/CGAs are shown in Figure SI in
the Supporting Information (SI). The composites can be easily
crafted into different morphologies such as rods, cylinders, and
cuboids (Figure S1 in the SI) because of the convenient
formation of graphene aerogels with various shapes.'®"’
Furthermore, the PDMS/CGAs can be easily manufactured
on a large scale by carrying out the synthesis process on CGAs
with larger sizes, exhibited in Figure S1 in the SI The
microscopic observation reveals that CGAs have a foamlike
structure containing interconnected pores in the range of tens
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to hundreds of microns (Figure 1b) and highly wrinkled cell
wall surfaces (Figure lc,d). As shown in Figure le, PDMS/
CGA exhibits a foamlike structure similar to that of pure CGA,
indicating that PDMS is mainly distributed on the cell wall
surfaces instead of filling the pores. The direct observation of
cell walls (Figure 1f,g) reveals increased thickness because the
sheets are less transparent under an electron beam, thus
confirming the successful coating of the cellular walls with the
polymer layer. The wrinkles and folds of the CGA after coating
with PDMS are partially maintained; concaves of several
microns and folds of hundreds of nanometers can be observed
(Figures 1f and in the SI).

The material composition and elemental distributions of
PDMS/CGA are both illustrated in Figure 2. The energy
dispersive X-ray (EDX) spectrum (Figure 2b) taken in the
rectangular region of Figure 2a mainly contains four elements,
including carbon, nitrogen, oxygen, and silicon, all of which are
distributed homogenously (Figure 2c—f), thus indicating the
uniform distribution of PDMS on the CGA’s wall surfaces. This
result is in good agreement with SEM (Figure le,f) and TEM
(Figure 1g) observations. The Raman spectra of PDMS, CGA,
and PDMS/CGA are compared in Figure 2g. The pure PDMS
mainly exhibits four peaks at 2965, 2905, 707, and 490 cm™
associated with the asymmetric and symmetric vibrations of
CHj;, the symmetric stretching of Si—C, and the symmetric
stretching of Si—0—Si,** while the CGA shows two dominant
peaks at 1350 and 1576 cm™, corresponding to the D and G

dx.doi.org/10.1021/am4050647 | ACS Appl. Mater. Interfaces 2014, 6, 3242—3249



ACS Applied Materials & Interfaces

Research Article

a  Original

A

b Compressed c

Released

45 8
d40- ——30% strain e | firsteycle
—— 680% strain —— second cycle
354 ——90% strain 6+ — fifth cycle
- — tenth cycle
o
x
B 4
g
»
24
T T T ™ 0- T T T T
0 15 30 45 60 75 90 0 10 20 30 40 50
Strain/ % Strain/ %

Figure 3. Compressibility of PDMS/CGA. (a—c) Digital images of a typical compression process of PDMS/CGA. Stress—strain curves of PDMS/
CGA at different maximum strains (d) and at a strain of 50% for 10 cycles (e).
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Figure 4. Electromechanical performance of PDMS/CGA. (a) Illustration of the test setup for the electromechanical properties. (b) I-V curves of
the original, compressed, and released PDMS/CGA. (c) Variation of the resistance of PDMS/CGA with strain up to 50% at different compression
rates. (d) Variation of the resistance of the composite with strain up to 50% at a compression rate of 1 mm s™' for multicycles.

bands of graphitic carbon (Table S1 in the SI).>* The PDMS/
CGA composite exhibits all of the bands of both PDMS and
CGA at the same position, except the red shift of the G band
from 1576 cm™ for CGA to 1590 cm™ for PDMS/CGA.
When bonds form between carbon and other components,
charge transfer between them could result in the red shift of the
G band of carbon.>**"* Thus, a 14 cm™" shift in the G band
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may indicate the formation of bonds between PDMS and
chemically converted graphene.

The compression tests of PDMS/CGA are shown in Figure
3. The monolith is able to be squeezed into a small pellet under
pressure, resulting in up to 90% strain, and recovers
immediately after the external force has been removed (Figure
3a). It should be noted that cracks may form on the outer

dx.doi.org/10.1021/am4050647 | ACS Appl. Mater. Interfaces 2014, 6, 3242—3249
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Figure S. Wettability of PDMS/CGA. (a) Variation of the WCAs with the PDMS content. (b) Shape of the water droplet on PDMS/CGA (PDMS,
83 wt %) (c) Shape of the water droplet on PDMS/CGA (PDMS, 83 wt %) when turned upside-down. (d) Water droplet on a rotated composite.

(e) Schematic illustration of a water drop in contact with the foam.

surface of pure CGAs after this type of extreme compression is
applied.">** However, the exterior of PDMS/CGA remains the
same, without the formation of any cracks. Even after repeated
compressions at a wide range of speeds, from 1 to S mm s,
the volume and outer surface remain unchanged without any
discernible deformation (Figures S3 and S4 and Movie S1 in
the SI). The stress—strain curves of PDMS/CGA at 30%, 60%,
and 90% strain are shown in Figure 3c. The linear-elastic region
of PDMS/CGA can be extended up to a 60% strain, much
higher than that of pure CGAs and other carbon
aerogels.'"'>'>*> The densification region appears at strains
larger than 60%, where the stress increases dramatically and the
maximum compressive stress at 90% strain approaches 43 kPa.
As reported previously, the corresponding value for CGAs is
only around 20 kPa (Figure S3a in the SI).'>"> The increased
compressive stress may associate with chemical bonding of the
polymer on the outmost layers of cellular walls. The mechanical
performance may be further improved by intercalating polymer
between graphene layers due to more chemical bonds.>® After
unloading, the formed hysteresis loops indicate an elastic foam
structure.'"*>* The cyclic compression test, with 50% strain, is
shown in Figure 3d. The curve for the first cycle remains linear
for almost the entire loading process. However, after this first
loading, the curves for the remaining cycles depart from
linearity. After repeated compressions, the Young’s modulus of
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the composite is discerned and compared to the initial value by
dividing the Young’s modulus in each cycle by that of the first
cycle. As shown in Figure SSb and Table S2 in the SI, the
Young’s modulus for the second cycle decreases to 89% and,
finally, to 73% after 10 cycles for PDMS/CGA. However, the
Young’s modulus remains only at 24% of the maximum value
after 10 cycles for pure CGAs. Furthermore, PDMS/CGA also
delivers a stable energy loss coeflicient over cycles, while the
percentage of energy dissipated over cycles decreases more
rapidly over repeated compression for CGA. The mechanical
performances of several other kinds of carbon aerogels have
been compared, and PDMS/CGA shows a wide elastic region
and relatively high compressive stress at the same strain (Table
S3 in the SI).

The electromechanical performance of the composite was
tested in the setup illustrated in Figure 4a. The hybrid monolith
was glued between two plates by silver paste, where two metal
wires were connected with an electrochemical workstation. As
shown in Figure 4b, the I-V curve of the original PDMS/CGA
exhibits typical linear ohmic behavior. The compressed
monolith (¢ = 50%) also exhibits this behavior but instead
with an increased slope, reflecting the decreased resistance. On
the other hand, the I-V curve of the released hybrid structure
coincides with that of the original one, thus demonstrating full
restoration of the electrical conductivity after unloading.*' This
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result is in good agreement with the greatly improved
compressibility and recovery observed for this material. The
resistance of PDMS/CGA changes synchronously with that of
the volume during loading and unloading. As shown in Figure
4c, variation of the resistance shows a linear relationship with
that of the volume, where the resistance decreases linearly
during the loading process (Figure 4b,c) and vice versa. This
linear relationship exists regardless of the compression rate, at
least within the range of 100—1000 xm s~ (Figure 4c). During
repeated compression, the linear relationship between variation
of the bulk resistance and the volume is well-maintained,
demonstrating high electromechanical stability.

Both CGAs and pure PDMS films show compromised
hydrophobicity. As shown in Figure 5a, the WCA for pure CGA
is around 100° because of the presence of heteroatoms, such as
oxygen and nitrogen, uniformly distributed on the surface."
The PDMS film obtained by direct polymerization exhibits a
similar WCA associated with near-flatness.*” The integration of
CGA and PDMS gives rise to enhanced hydrophobicity, as
reflected by the increased WCAs. When the content of PDMS
is around 83—94 wt % in the composite, a superhydrophobic
surface is achieved. After a further increase in the PDMS
content, the WCAs decrease even more because of blockage of
the CGA pores. Surprisingly, the spherical droplet can remain
pinned to the superhydrophobic surface without sliding, even
when turned upside-down (Figure Sb,c), indicating strong
adhesion.™** Snapshots of the water droplet resting on a
rotating foam were illustrated (Figure Sd). During the whole
rotating process, the droplet remained in the same position
without any sliding (Movie S2 in the SI). The strong affinity is
further illustrated by the amount of water that could be
suspended on the upside-down foam. As shown in Figure S6 in
the SI, as much as 32 pL of water can be tightly pinned to the
inverse composite. This property is vastly required in a wealth
of applications, such as biochemical separation, transport of
microdroplets, tissue engineering, and microfluidic chips.**~**
The water droplets can be expected to partially penetrate into
the pores of PDMS/CGA but cannot form direct contact with
the cellular surface because of the presence of wrinkles and
folds on the surface, leading to the Cassie impregnating wetting
regime, as illustrated in Figure Se.**** Thus, the partially sealed
water can be pinned to the surface, similar to that of the rose
petal. As such, it can be deduced that cooperation of the
hierarchically rough surface of the cell walls of CGAs and the
low surface energy of the PDMS films leads to “sticky”
superhydrophobicity. To the best of our knowledge, this is the
first demonstration of superhydrophobicity with strong
adhesion on a foamlike structure, whereas the widely
established methods for “sticky” superhydrophobicity are
mainly achieved by creating ordered microscopic arrays on
filmlike structures involvin‘ig sophisticated equipments or time-
consuming processes.*”*>* The strategy developed here has
proved to be a time- and cost-effective method to develop a
superhydrophobic structure with high adhesion.

B CONCLUSIONS

In summary, an infiltration—evaporation—curing method has
been proposed to produce a PMDS/CGA composite, where
the polymer layers are uniformly coated on the cellular wall of
the CGA. The corresponding structure shows greatly enhanced
strength in compression and a stable Young’s modulus over
repeated compression cycles. The composite also demonstrates
an excellent electromechanical performance, and variation of
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the resistance shows a linear relationship with the strain. The
PDMS/CGA composite exhibits superhydrophobicity, yet the
droplet can be pinned tightly onto the foam without sliding,
even after being turned upside-down. This is the first example
of a foamlike structure showing “sticky” superhydrophobicity.
These properties of PDMS/CGA may be useful for a wide
range of potential applications, including sensors, actuators, and
materials for biochemical separation and tissue engineering. We
believe that the multifunctional monolithic structure developed
using this time- and cost-effective method may pave the way for
practical applications of graphene.

B ASSOCIATED CONTENT
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Movies and images of hybrid aerogels with different sizes,
surface and structure analysis, and a comparison of the
compressibility of different kinds of aerogels as well as the
rotating process. This material is available free of charge via the
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