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ABSTRACT: The constructions of internal conductive network are
dependent on microstructures of conductive fillers, determining various
electrical performances of composites. Here, we present the advanced
graphite nanoplatelet—carbon nanotube hybrids/polydimethylsilicone
(GCHs/PDMS) composites with high piezo-resistive performance. GCH
particles were synthesized by the catalyst chemical vapor deposition approach.
The synthesized GCHs can be well dispersed in the matrix through the
mechanical blending process. Due to the exfoliated GNP and aligned CNTs
coupling structure, the flexible composite shows an ultralow percolation
threshold (0.64 vol %) and high piezo-resistive sensitivity (gauge factor ~ 10°
and pressure sensitivity ~ 0.6 kPa™"). Slight motions of finger can be detected 0
and distinguished accurately using the composite film as a typical wearable
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sensor. These results indicate that designing the internal conductive network
could be a reasonable strategy to improve the piezo-resistive performance of composites.
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1. INTRODUCTION

Piezo-resistive (PR) materials with merits of being flexible,
sensitive, and easy to produce, allowing applied pressure to be
quantified through corresponding electrical resistance
changes,' > have drawn great interests for their applications
in many fields, such as finger sensing, artificial-skin, and
wearable electronic devices.’ "> In order to combine the
intrinsic advantage of each component and effectively widen
their applications, recently, composing conductive fillers with
flexible polymer matrix as composites becomes an efficient
approach. According to the percolation theory,">™'¢ the typical
PR behavior is generally observed at the filler concentration
beyond the percolation threshold (f.), where the formed
internal conductive network reconstructs itself synchronously
with external applied pressure, showing a measurable electric
resistance deviation.

High sensitivity is the key issue of evaluating the PR behavior
of composites,'”'® which can excite more pronounced
resistance change response under a slight stimulus. To maintain
the flexibility of polymer matrix and design the conductive
network reasonably have been considered as effective
approaches in improving the PR sensitivity.'”*° To retain the
intrinsic flexibility, a number of studies have focused on
decreasing the f. of composites.”’ In fact, the conductive
network structure is strongly dependent on the shape and
aspect ratio of fillers.”>™>° The composites with carbon black
and metallic particles as zero-dimensional (0D) conductive
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fillers showed remarkable PR response, owing to their high
intrinsic electrical conductivit)7.9’26’27 However, to form a
conductive network, the high filler loading could inevitably
destroy the flexibility of composites. In very recent years, a
blooming development made graphene as one of the most
popular and competitive nanofillers, due to its extraordinary
overall performance.”® ' Their two-dimensional (2D) struc-
ture can substantially increase interfacial adhesion with the
matrix and endow the composite with optimized perform-
ance.*> Nevertheless, the difficulty, time, and cost of the
composite processing procedure have to be raised by the
enormous surface energy of graphene. In our previous report
that the alkyl was grafted onto graphene as conductive loading,
PDMS based composites showed high sensitivity and low f..>>
Whereas, much solvent was utilized which limited the
possibility of industrial-scale production in short-term. Graphite
nanoplatelets (GNPs) served as another type of 2D filler,
composing of tens of natural flake graphite sheets, have
endowed the composites with excellent performances in recent
researches.>>*3® However, it is believed that their functionality
could be further improved by exfoliating GNPs into individual
GNP layers. Among these conductive fillers, carbon nanotubes
(CNTs) have been most intensively studied because of their
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typical one-dimensional (1D) structure with high aspect ratio
and outstanding intrinsic properties.””* But how to solve the
problem that CNTs are easily frizzy and entangled in the
polymer matrix is a long-term challenge. It is worthy to
mention that the high aspect ratio structure of CNTs could lead
to opposite influences on reducing the f, and enhancing the PR
sensitivity, respectively.””** On one hand, it has been proved
that the percolation threshold is inversely proportional to
aspect ratio. On the other hand, in contrast to the CNTs with
high aspect ratio, the counterparts with low aspect ratio prefer
to orientate with the deformation; hence, their composites
would show higher sensitivity to external stimulus.

To overcome these problems, a special coupling micro-
architecture of GNP—CNT hybrids (GCHs) was synthesized
through the approach of catalyst chemical vapor disposition
(CCVD).” Different from other CNT—substrate hybrid
structures, GCHs served as the distinctive conductive filler
with features of all-carbon composition, in particular coupling
structure and low intrinsic density. After a series of processes of
carbon source decomposition and carbon atoms redisposition,
numerous CNTs can well grow and vertically align onto the
surfaces of GNP substrates, forming the special structure.”~*
Especially, GNP substrates are capable of working as the “wire
concentrators” or “transport hubs”, connecting with all the
conductive single CNTs as “sideways” directly. These electrical
conductive “hub” structures could effectively promote the
interconnection among hybrids and facilitate the formation of a
conductive network. In addition, the PR behavior of a
composite based on micronano-hybrids has rarely been
reported, particularly for the all-carbon GCHs loaded
composite.

Polydimethylsilicone (PDMS) that utilized as the flexible
matrix of PR composite has received wide attention and great
approval, due to its excellent thermal stability, fast response
speed, high elastic elasticity, easy production, and low cost.*
Notably, the particular biocompatibility of PDMS could benefit
the potential application as artificial skin.*’

In this study, we present the advanced GCHs/PDMS
composites with high PR performance, prepared through
mechanical blending GCHs with PDMS matrix using the
three-roll mill at room temperature. The GCHs particles with
1D-2D coupling structure were precisely synthesized by
CCVD approach. The mechanical blending process without
chemical solvent can not only keep the hybrid structure from
breaking but also provide an excellent interfacial adhesion with
matrix. An ultralow percolation threshold and the significant
positive PR behavior with high sensitivity and stability were
achieved. In addition, the result of the typical finger-sensing
experiment indicates that the route of designing conductive
network to improve the PR performance of flexible composite
is reasonable. The GCHs/PDMS composite could be
potentially applied as artificial skin with high PR performances.

2. EXPERIMENTAL SECTION

Preparation of the GNP—CNTs Hybrids and Composites.
Graphite nanoplatelets hundreds of nanometers in thickness and 4—5
pum in diameter were provided by Xiamen K-Nano Graphene
Technology Co. The hydroxyl-terminated PDMS (S0 000 mPa-s,
from Sigma-Aldrich) was chosen as the flexible insulating elastomer
matrix in our experiment.

The GCH particles were synthesized through the floating-catalyst
CVD method without any pretreatment. Acetylene C,H, and xylene
C¢H,(CH;), were selected as cocarbon sources, and ferrocene
Fe(CsHjs), served as catalyst precursor for the growth of vertically
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aligned CNTs on the GNP surface. The synthesis time and
temperature were fixed as 10 min and 650 °C, respectively, in order
to achieve the hybrid architecture with the CNT/GNP mass ratio
approximated to 1:1. The mixing process of the GCHs/PDMS
nanocomposite was done using a three-roll mill (EXAKT 80,
Germany) at room temperature, with the hybrid volume fraction
ranging from 0 to 1.5 vol %. A long mixing time (45 min) and a low
mixing shearing rate (SO rpm) were used for not only obtaining an
excellent dispersion but also keeping the hybrid architecture from
being damaged caused by an overstrong mechanical shear as much as
possible. Then, the curing agent tetraethyl orthosilicate and an
accelerant dibutyltindilaurate (both from Sigma-Aldrich) were added
into the mixture. The resulting composite was poured out into a metal
mold and cured under a compression of 100 bar, at room temperature.
The final disk-shape samples with diameter of 10 mm and thickness of
3 mm were prepared for uniaxial compression. The rectangle film
samples with area of 10 X 80 mm?” and thickness of 150 um were
prepared for finger sensing.

General Characterization. Scanning electron microscope (ZEISS
LEO 1530 Gemini) was used to observe the morphology of the fillers
and the fractured surfaces of GCHs/PDMS composite. The dielectric
performances were evaluated in the frequency range of 10°~10° Hz
using an impedance analyzer (Solartron 1260). X-ray diffraction
(XRD) patterns of the GCHs/PDMS composites were measured on
XRD detector (BRUKER D2 PHASER with X Flash 430).

Real-Time Piezoresistivity Testing. The real-time piezoresistiv-
ity tests were carried out on a combination of a universal testing
machine (Instron 5544) and an electrometer (Keithley 2400).
Loading—unloading compression cyclic operation with a constant
crosshead rate of 1 mm/min and the measurement of volume electrical
resistance by the two-probe method were performed, respectively. To
reduce the contact resistance, Pt electrodes were coated onto both
sides of the samples through the plasma sputtering approach prior to
the measurement. The electrical performance data were recorded
through a LabVIEW program.

3. RESULTS AND DISCUSSION

Scheme 1 illustrates the main fabrication process of GCHs/
PDMS composites. The structure of the GNP substrates is

Scheme 1. Schematic Ilustration of the Preparation of GCH
Particles and GCHs/PDMS Composites

Solution spary Electrical furnace

Quartz tube

Xylene-Ferrocene GNP particles
solution
CCVD synthesis process

Mechanical
mixing

L ——m]
PDMS

GCHs/PDMS GNP-CNTs
piezo-resistive sensor hybrids

demonstrated in Figure la, with an average thickness of
hundreds of nanometers and diameter of 1—4 yum, respectively.
Figure 1b clearly shows the 1D—2D coupling structure of the
synthesized GCHs, where the length and diameter of those
vertically aligned CNTs are 2—4 pm and 15—-20 nm,
respectively. The structure of the hybrids can be tuned through
controlling the experimental parameters of CVD process.
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Figure 1. Typical morphological characterization using SEM: (a) the structure of GNPs and (b and c) the structure of GCHs particles. (d) SEM
image of the fracture surface of the GCHs/PDMS composite. (e) High-magnification image of GCH particle well embedded in the matrix.

Aligning CNTs onto certain substrates has been used for a
potential strategy to avoid CNT entanglement.*** Tt is
noteworthy that all CNT clusters were observed to grow
perpendicularly onto the surfaces of individual GNP rather than
those of GNP aggregates (natural state) (see Figure 1c). In fact,
during the CVD synthesis process of GCHs, the high
temperature in the furnace was used for not only offering
required energy for chemical reaction but also accompanying a
thermal exfoliation effect which separates the original GNP
aggregates into a number of much thinner individual GNP
layers. Thus, both the specific surface area of fillers and the
interfical area between fillers and the polymer matrix can be
increased effectively. Several notable properties of the
composite are well endowed by this special structure, which
will be introduced in detail in the following paragraphs.

Both the fillers distribution and the interfacial condition
between fillers and matrix play crucial roles in evaluating the
stability of composites. Figure 1d shows the SEM morphology
of the fractured surface of the GCHs/PDMS composite, where
GCHs are well distributed in the soft PDMS matrix without
aggregation. The 1D—2D coupling structure displays the
maximum effective surface, leading to a largely augmented
interfacial adhesion. Furthermore, the individual CNTSs are
bonded on the GNP substrate and separated from each other
by the insulating PDMS matrix, forming the conductive “hub”

structure. The “hub” structure can be embedded tightly in
PDMS matrix without an obvious break (see Figure le), which
makes GCHs/PDMS composite scalable from laboratory to
industrial scale.

In order to further investigate the thermal exfoliating effect of
GNPs, Figure 2 provides the X-ray diffraction (XRD) patterns
of CNTs, GNPs aggregate, and the GNP—CNTs hybrid. From
GNPs to GCHs, the strong peak around 26.46° dropped

Relative Intensity (a.u.)

10 20 30 40 50 60 70 80
2 theta (deg.)

Figure 2. X-ray diffraction patterns of CNTs, GNPs aggregate, and the
GCH particles.
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significantly, indicating the interlayer distance of exfoliated
GNP substrate kept constant, but the exfoliation degree of
GNPs aggregate enhanced. However, the sharp peaks at 44°
and 54.3° of the GNPs aggregate became gradual, which is in
accordance with typical peaks of CNTs, suggesting that the
CNT clusters were grown onto the surface of GNP substrate.

The dielectric percolation effect is one of the most important
signals of forming the conductive network; hence, the dielectric
performance of the GCHs/PDMS composite was characterized.
Figure 3 demonstrates the dependence of AC conductivity
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Figure 3. AC conductivity of the GCHs/PDMS composites with
different GCHs loading at room temperature. The inset shows the best

fit of log(o) vs log(facus — f2)-

(6ac) of GCHs/PDMS composite on filler concentrations at
the frequency range of 1 kHz—1 MHz, from which an obvious
percolation transition from insulating (65c ~ 107 S m™) to
conducting (64 ~107> S m™") with the increasing GCHs
loading can be noticed. Notably, more than 4 orders of
magnitude rise of o,c can be achieved under the range of
GCHs loading from 0.5 to 0.9 vol %, illustrating the
constructing process of the inner conductive network. The
conductivity of composite that approaches the percolation
threshold can be evaluated using the following power law:*®

for foop, > f. (1)

where fcy, and f, are the volume fraction of conductive GCHs
particles and the percolation threshold of the composite,
respectively, and f is the critical exponent in the conducting
region. The best fits of the experimental conductivity values to
the log—log plots of the power laws provides f. = 0.64 vol %
(see the inset in Figure 3). The critical exponent in the
conducting region, t = 1.76, is in accord with the universal
values (t & 1.6—2) for the composite loading three-dimensional
conductive fillers from the percolation theory.'® It is worthy to
note that such low percolation value was rarely reported in
most PDMS-based composites using the carbon series materials
as conductive filler. It is mainly ascribed to these fully
conductive multiple-branching “hub” structures, which can
not only enhance the interfacial area and polarization but also
extend their effective contacting space. Thus, the construction
of an internal conductive network was facilitated effectively.
To study the relationship between PR behavior and the
GCHs loading under relevantly low stimulus, the maximum
applied pressure was restricted to 0.32 MPa. The resistance
change (R/R,)—pressure curves averaged from more than three
independent tests are depicted in Figure 4a. A stepwise
compression (1 mm/min) was applied to the disk-shape
samples until the maximum charge. A series of positive pressure

t
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Figure 4. (a) Typical PR behaviors variation and (b) piezo-resistive
sensitiviy of GCHs/PDMS composites with various GCHs loading
under uniaxial compression.

dependence of resistance can be observed for all tested GCHs
loading. Noteworthy, the composites with filler concentrations
in the vicinity of the percolation threshold show larger
resistance changes under the same pressures than those with
much higher filler concentration. Due to the particular
conductive structure of the CGHs, the sensitive conductive
network can be formed at such low concentration via the
tunneling effect.®>%! However, with increasing filler content,
the connection mode of the conductive network transfers from
the tunneling state to the filler overlapping state, in which there
is enough quantity of GCHs to overlap each other. Thus, the
inner conductive network becomes relatively stable and
insensitive to external stimulus.

Generally, the sensitivity of strain sensors and pressure
sensors can be evaluated by the gauge factor (GF) and pressure
sensitivity (PS), respectively.*®

_ AR/R, _ AR/R,
N/ )
_ AR/R,

= 3)

where R, is the nominal resistance in the unloaded state
(pressure and strain are equal to 0), AR is the resistance
change, Iy and Al are the original thickness of sensor sample in
the unloaded state and the thickness change, respectively, and p
is applied pressure. The dependence of GF and PS values,
calculated by the average during the cyclic tests without the first
cycle, on filler concentrations is illustrated in Figure 4b. Similar
to the AC conductivity, both GF and PS values decrease with
the increasing filler content. Especially, an outstanding
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Figure S. (a) Resistance change on the applied pressure and strain of GCHs/PDMS composite with 0.8 vol %. GCHs. The inset images show the
three-step theoretical fit of experimental data. (b) Schematic diagram of the dependence between the internal conductive network structure and the

external applied pressure of three steps.

sensitivity (GF ~ 10%, PS ~ 0.6 kPa™) can be achieved from
the sample with the GCHs content of 0.75 vol % under the
pressure of 0.32 MPa. This result is adequately competitive
among reported carbon filler/PDMS composites. Thanks to the
“hub” structure, on one hand, one GCH particle can be totally
activated and conducted by another through even just a one-
point contact or weak tunneling effect that takes place on any
single CNT of GCHs. On the other hand, the relatively low
percolation threshold could well retain the flexibility of the
PDMS matrix for the composite, allowing a large deformation
under small pressure. Therefore, the composite is greatly
sensitive to the applied pressure.

By reason for its stable performance, the sample with 0.8 vol
% GCHs was chosen to study the piezo-resistive behavior of the
GCHs/PDMS composite in detail (see Figure Sa). On the basis
of the influences on conductive network that induced by the
increasing external pressure, the piezo-resistance correlation can
be devided into three parts. A sequence of exponential fittings
were made for each part, according to the modified formulas
that derived from the tunneling effect® (see the insets in Figure
Sa). The detailed fitting process is shown in the Supporting
Information. Figure Sb illustrates schematically the inner
conductive network constructions for three parts, respectively.

First, the fully conductive network is mainly made up via the
tunneling effect among fillers.>® A tiny resistance change can be
observed under the applied pressure from 0 to 0.04 MPa.
Hence, we call the first part a “tunneling state”. Due to the
influence of applied pressure to the reorientation of fillers being
slight, the correlation of piezo-resistive behavior of this part is
as follows:

R/Ry = (1 + p) exp(Ap) (4)

p is applied pressure that is proportional to strain, and A is the
parameter relevant to the intrinsic properties of materials and
deformation.®
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When the applied pressure increases to 0.04—0.2 MPa, this
range is defined as a “transitional state”. In this state, GCH
particles begin to move and reorientate with the deformation of
the PDMS matrix. Some initial contacting joints loosen, and
others are separated. The former ones continue connecting the
circuit to keep the functionality of the conductive network
through the tunneling effect. However, the latter ones are
responsible for the partial break of the conductive paths.
Therefore, the resistance of composite exhibits a measurable
enhancement. The relationship between R/R; and the pressure
can be fitted as follows:®

R/Ry= (1 + p) exp(Ap + sz) Q)

where B and C are both constants.

With the further increasing pressure, more intense
reorientation takes place. The distance between two GCHs
becomes beyond the tunnel distance. Plenty of GCHs are
separated by the continuous and insulating PDMS matrix,
resulting in the “discontinuous state”. Due to the special
network construction, a small reorientation of GCHs might
result in a huge role transformation from the “transport hubs”
to the “isolated islet”, subsequently damaging the conductive
network. Hence, the composite with GCHs as conductive units
is more sensitive to the applied pressure. The modified function
used to fit PR behavior is

R/R, = (1 + p) exp(Ap + Bp®> + Cp*) (6)

Besides high sensitivity, rapid electrical resistance response
and excellent repeatability are also considered as critical
properties of ideal piezo-resistive materials.’® To detect the
dynamic synchrony between the cyclic pressure and corre-
sponding resistance change, the multicycle piezo-resistive tests
were done to the sample with 0.8 vol % GCHs. An excellent
real-time response with little hysteresis and shoulder peak was
noticed in Figure 6a. Although a distinct piezo-resistive
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Figure 6. (a) Relative resistance (R/R;) and applied pressure vs time
under periodic loading—unloading tests; (b) (R/R;) under 100
loading—unloading cycles with the pressure ranging from 0 to 0.31
MPa. The inset shows the consistent PR response under 100 loading—
unloading cycles with the small applied pressure ranging from 0 to
0.15 MPa.

response at the first cycle was observed resulting from the
Mullins effect,®* the stable and excellent resistance changes (R/
Ry > 90) can be achieved in the following 10 cycles. An
excellent repeatability is a decisive property for practical
application. Figure 6b shows that the long-term PR behavior
of the composite with 0.8 vol % GCHs during 100 loading—
unloading cycles under the pressure range (0—0.32 MPa).
Although the value of R/R, can be stably maintained over 70,
there was a small decline of maximun resistance change and a
slight augmentation of minimum resistance change shown after
a high number of cycles. This could be interpreted by the
structure of the conductive networks being permanently
modified by a long-term periodic loading—unloading process.**
Besides, in the range of ultralow stimulus (lower than 0.1 MPa)
the piezo-resistive response tends to provide an excellent
consistency (see the inset of Figure 6b).

To achieve the promising functionalities of artificial skin such
as human—machine interaction and motion recognition, the
typical GCHs/PDMS composite film finger sensor was
fabricated using a similar preparation process. The film finger
sensor was fixed onto the surface of the stretchable nitrile glove.
Silver paste was coated between the film finger sensor and the
ultrathin conductive wire (used for reducing the contact
disturbance induced by movement) to reduce the contact
resistance (watch the Supporting Information video). As
illustrated in Figure 7a, we considered the relaxing straight
index finger as the initial state, and the collected electrical
signals were the baseline. In Figure 7b—d, three simple motions
were chosen to evaluate the response performance of the film
finger sensor: A, B, and C are the motions of bending the
second joint and third joint of the index finger and clenching,
respectively. Moreover, the tension deformation amplitudes of
these motions were calculated as 16.9%, 20.5%, and 28.9%,
respectively. Figure 7e shows the distinctive real-time resistance
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Figure 7. GCHs/PDMS composite film serving as a finger movement
detector. (a) Photograph of the relaxing state of the finger. (b—d)
Photographs of three distinct motions (A, B, and C) of bending the
second joint and the third joint of index finger and clenching,
respectively. (e) Relative resistance changes for each independent
movement.

changes (R/R, of motions A, B, and C are 0.75, 0.6, and 0.13,
respectively) and their unique duration times, which are
perfectly in accordance with the different amplitudes of
motions and corresponding action times. A particularly negative
piezo-resistance response under tension deformations was
revealed, which may result from it being difficult for GCHs
to orientate along the thickness direction during the pressure-
casting process, especially for film samples. With the enhanced
tension strain, GCHs prefer reorientating near the tension
direction. The anisotropic degree increases correspondingly,
and the tunneling effect may take place more easily. Therefore,
the composite film finger sensor that uses GCHs as conductive
filler can not only respond to subtle actions but also distinguish
them accurately, which makes the composite a good candidate
for artificial skin and wearable pressure sensor applications.

4. CONCLUSIONS

In conclusion, the advanced GCHs/PDMS flexible composites
with excellent PR behavior are prepared. The typical 1D—2D
coupling GCHs structure is synthesized through the CCVD
approach, in which GNP aggregates can be effectively exfoliated
to offer substrates for growing the vertically aligned CNTs.
Good dispersion and excellent interfacial adhesion can be
achieved by the mechanical mixing process. According to the
percolation theory, the composite shows a significant increase
of AC conductivity with filler loading. An ultralow percolation
threshold (0.64 vol %) is achieved due to the “hub” structure of
conductive units. Moreover, the modified three-step theoretical
exponential fit can well account for the more sensitive positive
PR behavior of composite under uniaxial compression. Beyond
the threshold, the PR sensitivity is inversely proportional to the
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GCHs content. Especially, the composite with 0.75 vol %
GCHs displays such extraordinary sensitivity that the GF and
PS value are as high as 10* and 0.6 kPa™’, respectively. During
the cyclic compression loading, the PR behavior of composites
manifests a superior dynamic correspondence with applied
pressure. In the meantime, the resistance response can retain at
a relatively high level after 100 loading—unloading cycles.
Notably, the typical finger-sensing experiment indicates that the
GCHs/PDMS composites are competent to detect and even
distinguish the slight finger motions. In summary, the strategy
of the conductive network design will contribute to the
development of PR composites with higher performances and
further drive the fabrication process to industrial scale.

B ASSOCIATED CONTENT

© Supporting Information

This material includes the detailed fitting process and three
figures of TGA-DSC data, schematic construction of the “hub”
structure, piezo-resistive behavior under small charge of GCHs/
PDMS composites; two figures of morphological image and
electrical property of GNPs/CNTs/PDMS three-phase com-
posites; and three tables of calculated parameters and the
comparison among similar reports. Movie showing GCHs/
PDMS composite film serving to detect finger movements. The
Supporting Information is available free of charge on the ACS
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