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(dimethylsiloxane) (PDMS) composite was fabricated by infiltrating PDMS

ABSTRACT: A three-dimensional (3D) graphene foam (GF)/poly- w V,‘

into 3D GF, which was synthesized by chemical vapor deposition (CVD) with
nickel foam as template. The electrical properties of the GF/PDMS composite
under bending stress were investigated, indicating the resistance of the GF/
PDMS composite was increased with the bending curvature. To improve the
bending sensitivity of the GF/PDMS composite, a thin layer of poly(ethylene
terephthalate) (PET) was introduced as substrate to form double-layer GF/
PDMS—PET composite, whose measurements showed that the resistance of the

GF/PDMS—PET composite was still increased when bended to the side of S o ] }
PET, whereas its resistance would be decreased when bended to the side of GF. LT

For both cases, the absolute value of the relative variation of electrical resistance I

was increased with the bending curvature. More importantly, the relative

variation of electrical resistance for double-layer GF/PDMS—PET composite can be up to six times higher than single-layer GF/
PDMS composite for the same bending curvature. These observations were further supported by the principle of mechanics of
material. The 3D GF/PDMS—PET composite also has higher flexibility and environment stability and can be utilized as a strain
sensor with high sensitivity, which can find important applications in real-time monitoring of buildings, such as a bridge, dam,

and high-speed railway.

Alp (m)

KEYWORDS: strain sensot, three-dimensional graphene foam/poly(dimethylsiloxane) composite, bending sensitivity, flexible,

environmental, principle of mechanics of material

1. INTRODUCTION

Graphene is a two-dimensional monolayer sheet of sp*
hybridized carbon atoms arranged in a honeycomb lattice.
Since it was discovered by Geim and Novoselov in 2004," it has
become the focus of extensive research owing to its
extraordinary structural, electrical, thermal, optical, and
mechanical properties.”™® Due to these unique properties,
graphene has great potential in fundamental research and
practical applications, such as electrodes of energy storage
devices,”'° field-effect devices,"! chemical and biological
sensors," " and fillers in conductive polymeric composites."*
Recently, research on graphene mainly focuses on three aspects,
ie, the preparation method, properties, and applications of
graphene. Since graphene properties directly determine its
applications, the properties of graphene must be improved or
some novel properties should be exploited for their realistic
applications.

Due to the fact that the generation and control of the
electrical signal are very simple and convenient, applications of
graphene based on the electrical properties are much more
facile compared with those based on the mechanical, thermal,
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and optical properties. Thus, research on the electrical
properties of graphene is more important, and there have
been abundant research results achieved.'>™'® The electrical
properties of graphene depend not only on the preparation
method of graphene but also on the stress, electric field,
magnetic field, and other physical factors applied on graphene,
which inevitably results in the complexity of the problem. In
comparison to the electric field and magnetic field, stress can be
applied to graphene more easily, and applications that relate to
the stress are very universal, such as pressure sensors, ultrasonic
sensors, and exploration of oil and coal.'”*® Additionally,
flexible sensors have attracted great interest due to their soft
and rubbery properties and potential applications, for example,
in recent years conductive polymer composites (CPCs) with
two-dimensional (2D) graphene, carbon black, or carbon
nanotubes as conductive fillers have been widely investigated
and proposed to act as sensors for various stimulis, such as
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strain, pressure, and touch.>'™>* Although the effect of the
stress on the electrical properties of 2D graphene has been
extensively studied both theoretically and experimentally,>> ™
to date similar research about 3D graphene has been hardly
reported. The 3D graphene structures, such as sponges,
aerogels, and foams, have been intensively investigated due to
their low mass density, large surface area, outstandin

mechanical stability, and high electrical conductivity.**~>

More recently, Z. P. Chen et al. reported that 3D graphene
foam can be synthesized using the template-directed CVD
method and the 3D GF consists of an interconnected flexible
network of graphene as the fast transport channel of charge
carriers for high electrical conductivity, which makes the 3D GF
possible to be used as flexible, foldable, and stretchable
conductors.”® However, research on the electrical properties
of the 3D GF under bending stress is rather scarce. To our
knowledge, this is the first time we systematically report on the
effect of bending stress on the electrical properties of the 3D
GF.

In this paper, we fabricated a 3D GF/PDMS composite by
infiltrating PDMS into GF, which was synthesized by CVD
with nickel foam as a template. The effect of the bending stress
on the electrical properties of the GF/PDMS composite was
systematically studied, indicating the resistance of the GF/
PDMS composite was increased with the bending curvature.
Furthermore, a novel method to improve the stress sensitivity
of the GF/PDMS composite was also proposed by introducing
a thin layer of PET as substrate to form double-layer GF/
PDMS—PET composite, whose physical mechanism has been
well interpreted with the principle of mechanics of material.
The 3D GF/PDMS—PET composite also has higher flexibility
and environment stability and can be used as strain sensor,
which can find important applications in real-time monitoring
of buildings, such as a bridge, dam, and high-speed railway.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of 3D GF/PDMS Composite and 3D GF/
PDMS—PET Composite. Details of the synthesis process of the 3D
GF/PDMS—PET composite is illustrated in Figure 1. In brief, nickel

A STNISAD = TN
72 L [ < pron/ H,/Ar 4’5’.;~v5,7”
ANNIS AT 1000 CVD A (A
(AN T DN AN T NN

Nickel foam Nickel foam / Graphene
HCl

80°C Etching

ST I TS AT

<:i.,f§f§?iio.. P Zar
aavesaivae 4 OISV

3D Graphene / PDMS-PET

3D Graphene /PET

Figure 1. Schematic of the fabrication of the 3D GF/PDMS—PET
composite.

foam, a porous structure with an interconnected 3D scaffold of nickel,
was first used as a template for growth of GE.**7*° During this process,
the nickel foam was cut into a rectangle with a size of 20 X 2 cm” and
then placed into a quartz tubular furnace and heated to 1000 °C at a
heating rate of 50 °C/min. In order to make the surface of nickel foam
clean, the nickel foam should be kept at 1000 °C about 10 min for
pretreatment. Then, the ethanol as carbon source was passed into the
tubular furnace under a mixed gas of H, and Ar as the carrier gas, in
which the gas flow of H, and Ar was controlled at 25 and S0 sccm,
respectively. The whole growth process was controlled under standard

atmospheric pressure. After 20 min of growth, the tubular furnace was
immediately closed and cooled down to room temperature. In the next
step, nickel substrates were etched by HCI solution (10%) at 80 °C
overnight to get 3D self-standing GF. Subsequently, the GF was placed
on a thin PET film, and two metal wires were attached to the both
ends of the GF using conductive silver adhesives. After drying of the
conductive silver adhesives, the GF was integrated with PDMS in a 5:1
(base:curing agent) ratio to get double-layer 3D GF/PDMS—PET
composite. To make a contrast with double-layer 3D GF/PDMS—PET
composite, we also fabricate a single-layer 3D GF/PDMS composite
without PET substrate under the same conditions.

2.2. Characterization. Surface morphologies of 3D GF were
characterized by scanning electron microscopy (SEM, JEOL, JSM-
6700F), and their Raman spectra (excited at S14 nm) were obtained
by a confocal Raman microscope (CRM200, WITec).

2.3. Electrical Measurements. The electrical resistance of the 3D
GF/PDMS composite and 3D GF/PDMS—PET composite was
measured in a Wheastone bridge. The detailed testing circuit is
shown in Figure 2a, where R, and R, are two resistors, R; is a variable
resistance box, and G is a pointer galvanometer. In the testing, the
resistance of R, is setted to be equal to R,; thus, the pointer of G
would point to the zero position when the resistance of the sample is
equal to that of Ry. The sample used in the experiment was cut into a
rectangular plate with a size of 20 X 2 X 0.1 cm®. In order to form a
closed loop, the wires were connected with the sample at both ends.
The resistance of the sample under different bending curvature was
tested. As an example, an optical image of the 3D GF/PDMS—PET
composite bended on a beaker is shown in Figure 2b. Shown in the
bottom inset of Figure 2b is the cross-sectional optical microscopy
image of the 3D GF/PDMS in which the pale region indicating the
transparent PDMS forms a large contrast relative to the graphene
scaffolds.

3. RESULTS AND DISCUSSION

Figure 2c presents the scanning electron microscopy (SEM)
image of the 3D graphene foam, which shows the 3D GF
exhibits a well-defined macroporous structure with a pore
diameter &~ 100—200 ym. Shown in the upper inset of Figure
2c is the higher magnified SEM image of the 3D GF, from
which it can be clearly seen that the thin graphene scaffold has a
smooth surface, assuming the identical surface topology as
nickel substrate due to conformal CVD. The Raman spectrum
of the 3D GF is shown in Figure 2d, which presents two
prominent characteristic peaks at ~1560 and ~2700 cm™),
corresponding to the G and 2D bands of graphene, respectively.
The absence of a D band at ~1350 cm™' in the Raman
spectrum indicates that the 3D GF is of high quality with few
defects. The shape of the 2D band and the intensity ratio
between the 2D and the G bands prove that the 3D GF is
composed of few-layer or multilayer graphene sheets.’” In
general, the defectless, few-layer, and low intersheet junction
contact resistance ensure high electrical conductivity of 3D
GE.3031

Figure 3 presents the plot of the relative variation of electrical
resistance for single-layer 3D GF/PDMS composite and
double-layer 3D GF/PDMS—PET composite as a function of
bending curvature 1/p, where p is the bend radius, the relative
variation of electrical resistance is defined as AR/R, = (R —
Ry)/Ry, and Ry is the resistance of the unbent sample (p = 0).
There are three cases in Figure 3: case a is for single-layer 3D
GF/PDMS composite, case b is for double-layer 3D GF/
PDMS—PET composite when it bended to the side of PET,
and case c is for double-layer 3D GF/PDMS—PET composite
when it bended to the side of graphene. As can be clearly seen
from Figure 3, the electrical resistance is increased with the
bending curvature for cases a and b, whereas the electrical
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Figure 2. (a) Schematic representation of the testing circuit of the 3D GF/PDMS composite and 3D GF/PDMS—PET composite. (b) Optical
image of the 3D GF/PDMS—PET composite bended on a beaker, and (bottom inset) cross-sectional optical microscopy image of the 3D GF/
PDMS composite. (c and d) Characterization of the as-prepared self-standing graphene foam: (c) SEM images of the 3D graphene foam at different

magnification, (d) Raman spectrum of the 3D graphene foam.
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Figure 3. Plot of the relative variation of electrical resistance for single-
layer 3D GF/PDMS composite and double-layer 3D GF/PDMS—PET
composite as a function of bending curvature 1/p, where p is the bend
radius.

resistance is decreased with the bending curvature for case c.
For the three cases, however, the absolute value of the relative
variation of electrical resistance is increased with the bending
curvature. More importantly, it is found that the relative
variation of electrical resistance of double-layer GF/PDMS—
PET composite can reach six times higher than that of single-
layer GF/PDMS composite for the same bending curvature,
that is, the bending sensitivity of double-layer GF/PDMS—PET
composite is much higher than that of single-layer GF/PDMS
composite. The results can be well interpreted with the
principle of mechanics of material.*®

When a sheet is bended, the distribution of the stress inside
the sheet can be analyzed using the principle of mechanics of

13457

the material.*® There exists a zero stress line (also referred to as
the neutral axis) in a sheet under bending the sheet downward,
below which all fibers are in a tension state and above which
they are in a compression state. The transition from tension to
compression due to bending occurs on the neutral axis, whose
position in the sheet depends on the properties of materials.*®

Figure 4a and 4b shows the position of the neutral axis (marked
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Figure 4. Schematic of the position of the neutral axis (dashed line)
for single-layer sheet (a) and double-layer sheet (b). (c—e) Schematic
of the position of the neutral axis for the three cases: (a) single-layer
3D GF/PDMS composite, (b) double-layer 3D GF/PDMS—PET
composite when it bended to the side of PET, (c) double-layer 3D
GF/PDMS—PET composite when it bended to the side of graphene.

using a dashed line) for a single-layer sheet and double-layer
sheet, respectively, where h is the thickness of the sheet and d is
the distance between the top surface of the sheet and the
position of the neutral axis. For a single-layer sheet, the neutral
axis is at the middle of the sheet, d = h/2, as shown in Figure
4a. However, it is different for a double-layer sheet composed of
two materials with different Young’s modulus According to the
principle of mechanics of the material,®® the position of the
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neutral axis in the double-layer sheet with two different
materials can be given by

L h1x§+nh2(hl+%)

hy + nh, (1)

where 7 = E,/E,, E; and E, are the Young’s modulus of two
different materials, and h; and h, are the thicknesses of two
different materials, respectively, as shown in Figure 4b.

The distribution of the stress in a sheet is given by eq 2,
where y is the distance between the point analyzed and the
neutral axis, 6(y) is the stress at the point analyzed, p is the
bending radius, and E is the Young’s modulus of the position at
the point analyzed. For a sheet bent downward, if the point
analyzed is above the neutral axis, y is positive and the stress at
this point is tensile stress. On the contrary, if the point analyzed
is below the neutral axis, y is negative and the stress at this
point is compressive stress

Yy
= E+
0 =E 2)

Figure 4c—e shows the schematic of the position of the
neutral axis for the three cases a, b, and c in Figure 3. For
single-layer 3D GF/PDMS composite (case a), the neutral axis
is in the middle of the sheet, as shown in Figure 4a. In this case,
a part of graphene is under tensile stress while another part is
under compressive stress during the bending process. The
effect of the compressive stress and tensile stress on the
electrical properties of the graphene is just the opposite, thus
resulting in the lower relative variation of electrical resistance
compared to cases b and ¢, as shown in Figure 3. In order to
improve the bending sensitivity of the GF/PDMS composite,
graphene should be wholly under tensile stress or compressive
stress. One medium layer should be attached to the single-layer
3D GF/PDMS composite, which could make the position of
the neutral axis move away from the graphene instead of in the
middle of graphene layer. Therefore, a PET layer with a
thickness of 0.01 cm was chosen as the medium layer, which
has greater Young’s modulus compared with PDMS. Usually
the Young’s modulus of PDMS is about 5—10 MPa, while the
Young’s modulus of PET is about 3700 MPa. According to eq
1, d = 1.03 mm can be obtained, which results in the position of
the neutral axis moving into the PET layer (see Figure 4d and
4e). For double-layer 3D GF/PDMS—PET composite when it
bended to the side of PET (case b) the electrical resistance of
graphene will increase during the tensile stress of graphene®
and its conductivity becomes poor, as shown in Figure 3. As for
double-layer 3D GF/PDMS—PET composite when it bended
to the side of graphene (case c), the electrical resistance of
graphene will decrease during the compressive stress of
graphene and its conductivity becomes good, as shown in
Figure 3. The effect of the tensile stress on the electrical
resistance variation is greater than the compressive stress.
Therefore, the relative variation of electrical resistance is largest
for case b, which further proves the highest bending sensitivity
for double-layer GF/PDMS—PET composite when it bended
to the PET side, as shown in Figure 3.

We further investigated the electrical and bending properties
of double-layer GF/PDMS—PET composite when it bended to
the PET side by measuring its electrical resistance as a function
of bend cycles. Figure 5a shows the results at the bending
curvature 1/p = 39.84 m™". It can be clearly seen that the
resistance of the composite increases with bending and
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Figure S. (a) Electrical resistance variation of the GF/PDMS—PET
composite when it bended to the PET side with a bending curvature
1/p = 39.84 m™' and then releasing for each cycle. (b) Electrical
resistance variation of the 3D graphene foam as a function of
temperature.

decreases with releasing, and its resistance change is quite
stable with increasing the cycle of bending—releasing, indicating
that the double-layer GF/PDMS—PET composite has excellent
electromechanical stability. Besides, we also investigated the
effect of the temperature on the electrical properties of the 3D
graphene foam. The electrical resistance of the 3D GF as a
function of temperature is shown in Figure Sb, which shows
that the resistance of the 3D GF decreases slowly with an
increase in temperature and exhibits an almost horizontal line
in relation with the temperature, especially for the common
environmental temperature. Therefore, the 3D GF has higher
environment stability and can be widely utilized in our daily life
as a stress sensor.

It is noted here that for realistic application of the GF/PDMS
composites as a strain sensor it is very necessary to achieve
detailed information regarding this kind of sensor, such as
gauge factor, strain level, and response time. Figure 6 presents

100 -

-2 0 2 4 6 8 10 12 14 16
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Figure 6. Polt of electrical resistance variation of the GF/PDMS
composite as a function of applied strain.

the plot of the electrical resistance variation of the GF/PDMS
composite as a function of applied strain. As can be seen from
Figure 6, the average gauge factor of the GF/PDMS composite
sensor can be estimated to be about 6.24, a value usually higher
than the CPCs with 2D graphene or carbon nanotubes as
conductive fillers,**** which most likely arises from the low
mass density, large surface area, outstanding mechanical
stability, and ultrahigh conductivity for the 3D GF.**~** Since
the GF/PDMS composites are composites, the strain level of
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the GF/PDMS composite sensor should depend on the
properties of both PDMS and GF. Considering the Young’s
modulus of PDMS (about 5—10 MPa) and the composites
allowed strain, the strain level of the GF/PDMS composite
sensor can be estimated to be about 3 MPa. As for the response
time of the GF/PDMS composite sensor, which should mainly
depend on the response time of PDMS, both the sample size
and the deformation degree have an effect on the response time
of the GF/PDMS composite sensor. Due to the fact that the
response time of PDMS is usually longer, which can reach
second order at larger sample size and larger deformation
conditions, the GF/PDMS composite sensor is suitable for
static stress measurement and not suitable for transient stress
measurement. However, provided we choose materials with
shorter response time, such as using PMMA instead of PDMS,
the response time can be reduced but the soft and rubbery
properties of PMMA are far lower than PDMS.

4. CONCLUSIONS

We investigated the effect of the bending stress on the electrical
properties of 3D GF/PDMS composite and 3D GF/PDMS—
PET composite. The results showed that the bending sensitivity
of single-layer GF/PDMS composite is far less than that of
double-layer GF/PDMS—PET composite. According to the
principle of mechanics of the material, for single-layer GF/
PDMS composite a part of graphene suffers from the
compressive stress while another part suffers from the tensile
stress when it is bended. The effect of the compressive stress
and the tensile stress on the electrical properties of the
graphene is just the opposite, thus resulting in the lower relative
variation of electrical resistance. For double-layer GF/PDMS—
PET composite, however, graphene can be wholly under
tension stress or compression stress by introducing a high
Young’s modulus PET layer as substrate, whose thickness is far
less than the thickness of GF/PDMS composite. Therefore, the
bending sensitivity of double-layer GF/PDMS—PET composite
is much higher than that of single-layer GF/PDMS composite.
The 3D GF/PDMS—PET composite plate also has higher
flexibility and environment stability and can be used as a strain
sensor with high sensitivity, which can find important
applications in real-time monitoring of buildings, such as a
bridge, dam, and high-speed railway.
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