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ABSTRACT

Utilizing large-scaled graphene oxide (LGO) sheets, three dimensional (3D) graphene aerogels (GASs)
nanostructures were fabricated as a macroscopic monolithic from individual graphene sheets by modified
hydrothermal reduction and followed by freeze-drying process. Due to Because of the well-interconnected 3D
networks, larger stacking interfaces and strong m-m interactions between graphene sheets, GAs presents
well-shaped and self-supported hierarchical nano nanostructures with high porosity, ultralight density, ultra-high
and high electrical conductivity. By ice-bath assisted infiltration and vacuum curing process, GAs was
incorporated with polydimethylsiloxane (PDMS) to fabricate conductive composites and explore extensive
applications in macroscopic scale. Based on originally well-connected 3D conductive networks of graphene
sheets, GA/PDM S composites (GAPCs), freeing from the constraints of matrix on conductive properties, exhibit
excellent electro-mechanical and stable piezo-resistance effect, significant improvement of electrical (~ 1 S/cm).
The multifunctional GAPC offers promise in applications such as stretchable electrodes and ultra-large strain
Sensors.

KEYWORDS: graphene aerogels, modified hydrothermal reduction, ultra-high compressibility,
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1. INTRODUCTION

Graphene has attracted intense attention in both scientific and engineering fields in recent years
because of its unique properties [1-3] such as high thermal conductivity (~ 5000 W/(m+K)) [4], large
charge carrier mobility at low temperature (~ 200000 cm®/(Vs)) [5], huge specific area (~ 2630 m’/g)
[6], excellent optical transparency (~ 97.7%) [7], and extraordinary elastic properties (Young’s
modulus ~ 1.0 TPa, fracture strength ~ 125 GPa) [8]. To exploit these outstanding nanoscale
properties for macroscopic applications, graphene nanosheets are required to be synthesized at a large
scale and assembled into monoliths. Many approaches to synthesize graphene or its derivatives have
been developed, including chemical oxidation, mechanical exfoliation, chemical vapor deposition
(CVD), intercalation and liquid sonication [1, 9-12]. Particularly because of the easy and scalable
preparation process, low cost and promising chemical and mechanical properties, graphene oxide (GO)
sheets are expected to be the suitable candidates to fabricate electrically and thermally conductive
graphene-based macroscopic assembles or composites such as one-dimensional (1D) graphene
aerogel fibers [12], two-dimensional (2D) graphene-based paper-like films [13-15], three-dimensional
(3D) graphene-based polymer composites [16-23].

Because of the random stacking and aggregating characteristics of graphene sheets caused by their
high aspect ratio and large specific surface area, dispersing graphene sheets uniformly into polymer
matrices by mechanical stirring remains challenging, and percolation pathway among those isolated



graphene sheets also need to be established for efficient electron transport. Consequently, inferior
electrical conductivities (1x107 to 1x10™ S/cm) have been reported in previous work for
graphene-based composites [12, 20-27]. Furthermore, poor dispersion of graphene sheets in matrices
may cause fractures and weak interfaces within the composites that compromise the mechanical and
thermal properties [28-34].

In order to resolve the issue associated with the poor graphene dispersion in polymer matrices, 3D
monolithic graphene frameworks can be prepared before the incorporation of matrices. Several 3D
macroscopic structures of graphene sheets have been developed such as hydrogels, sponges, foams
and aerogels recently [12, 24, 30-31, 35-46], and related functional composites were prepared by
direct infiltration of matrix into these monolithic structures. The overall properties of the composites
have been improved (e.g., bulk electrical conductivity from 1x10° to 2.48x10" S/cm, thermal
conductivity from 0.12 to 0.36 W/(m*K), and compressive strain reaching up to 60% [35-44]).
Although 3D graphene monoliths and their composites show promising potential for practical
applications [37, 40, 47-52], scanning electron microscope (SEM) images of their structures still
indicate inefficient utilization of a substantial part of graphene sheets to form effective pathways for
transport and disordered cross-linking of graphene sheets, resulting in properties (e.g., stiffness,
strength, Young’s Modulus, thermal and electrical conductivity) far below those of the individual
graphene sheets as expected [45]. Moreover, the related graphene sheets used for fabrication of those
3D graphene structures exhibit small areas (smaller than a hundred square microns), which would lead
to high inter-sheet contact resistance due to a high density of junctions. Therefore, further efforts are
needed to fabricate graphene-based 3D structures with larger-scale features and more controllable
processing. Significant opportunities remain to improve the utilization efficiency of monolithic
graphene-based structures and their resultant properties.

The present work demonstrates the fabrication, characterization, and multifunctional performances of
3D GA-based polymer composites. Utilizing LGO synthesized by a modified Hummer’s method as
precursors, GA is prepared by a hydrothermal reduction and freeze-drying process, followed by
thermal reduction [53]. The as-formed 3D highly porous GA frameworks present well-aligned
interconnections among graphene sheets, high porosity, ultralight density, excellent electrical
conductivity and ultralarge compressibility. By the direct infiltration process under ice-bath and
vacuum assistances, PDMS is incorporated into GA to prepare 3D GAPC. The resulting highly
multifunctional GAPC exhibits high electrical and thermal conductivity, ultralarge deformability,
stable piezo-resistance effect, superior electric Joule heating performance, and good hydrophobicity.

2 MATERIAL FABRICATION

Graphite flakes (50 mesh) were purchased from Nanjing Xianfeng Nanomaterials Tech. Co., LTD
(China), and PDMS (Sylgard 184) was supplied by Dow Corning Co., LTD (China). Using LGO
sheets synthesized by a modified Hummer’s method as precursors, GA was fabricated by a modified
conventional hydrothermal approach, followed by freeze-drying and thermal reduction [53-54].

As illustrated in Fig. 1, PDMS matrix solution was self-infiltrated into as-prepared GA frameworks to
fabricate 3D GAPC. To facilitate the infiltration process, PDMS solution was first prepared by mixing
PDMS base agent, curing agent and n-hexane in the ratio of 10:1:1 by weight, followed by magnetic
stirring for 30 min. Because PDMS maintains good fluidity at low temperatures, GA was immersed
into the solution under vacuum and ice-bath conditions for 6 h to facilitate PDMS penetration into
aerogel pores and to eliminate trapped bubbles. Subsequently, the wetted GAPC cylinder was taken
out of solution and kept in a vacuum oven at 55 °C for 5h to solidify and remove the n-hexane. The
resulting GAPC maintained the original physical structure without visible changes to the GA
frameworks (e.qg., shrinkage) as shown in Fig. 1.
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Figure 1 Fabrication process of GAPC. (a) Initial PDMS solution with curing agent and n-hexane in the ratio of
10:1:1 by weight; (b) mechanically stirring the PDMS solution; (c) self-infiltrating PDMS into GA porous
frameworks under assistance of ice-bath and vacuum conditions; (d) thermally curing PDMS at 55°C in
vacuum.

3. RESULTS AND DISCUSSION

3.1 Characterization of materials

TEM images of isolated LOG sheets display typical wrinkled, few-layer structures with clear
hexagonal patterns in selected-area electron diffraction (SAED) (see Fig. 2a and b), indicating the
graphitic nature of the material. The AFM image in Fig. 2c shows an individual LGO sheet with a
thickness of 0.8 nm, and optical image in Fig. Sle reveals average lateral length of several tens of
micrometers to be 45+5 um, leading to an ultralarge aspect ratio (>50,000). This is beneficial to the
self-assembly process of LGO sheets to form 3D GA frameworks. Fig. 2d displays an optical image of
a GA sample with a cylindrical shape, and Fig. 2e shows well-aligned honeycomb-like 3D GA
frameworks with pore sizes of tens of micrometers. From the cross-sectional images of GA
frameworks, as depicted in Fig. 2f-g, graphene sheets first stack in a facial-linking pattern by strong
-7 interactions with interfacial area of ~ 400 pm? (interfacial stacking length ~ 2042 pm) during the
freeze-drying process, and subsequently form a hierarchical porous structure.

The conjugated domains of LGO structures are gradually reduced by EDA during the hydrothermal
process. The resulting hydrophobicity and Brownian movement force individual sheets to approach
mutually, and then the strong n-7 interactions among them facilitates self-assembly of LGO to form
effective local cross-links first (X cross-link) and finally the rhombus framework (See Fig. 2 f and g)
[38]. During the hydrothermal and in situ chemical reduction, those small-scale cross-links evolve
into stacking over a larger extent strengthened by n-n interactions. As a result, totally self-supported
and well-aligned 3D honeycomb graphene frameworks are formed, as shown in Fig. 2e.

To fabricate GAPC, a cylindrical GA sample is directly immersed into PDMS solution for the matrix
self-infiltrating process, and the composite is finally obtained after thermal curring (see Fig. 2i and
Fig. 1). SEM images of GAPC in Fig. 2j-k show that the cellular graphene walls in the GA framework
and PDMS are interlaced together seamlessly by strong bonding, which is beneficial to the overall
performance of GA-based composites (e.g., mechanical, electrical and thermal properties). As shown
in the inset of Fig. 2j, GAPC exhibts better hydrophobicity with a water contact angle over 1350 at RT
which is larger than that of GA, implying that the GA-based composites are potential candidates for
anti-ice or de-icing applications. They can also be reshaped as membrane-like materials coated on
airfoils, wind turbines, or power grid transmission lines. Fig. 21 and m show the typical surface
morphology of the wrinkling graphene sheets and well-cured PDMS matrix, respectiviey.



Figure 2 (a) TEM image of isolated LGO sheets; (b) SAED pattern of LGO; (c) AFM image of individual LGO
sheet; (d) optical image of an as-formed GA; () SEM images of GA frameworks (10 mg/cm?), the inset shows
contact angle; (f) rhombus frameworks of graphene sheets in GA; (g) X joint feature of few-layer graphene
sheets; (h) typical morphology of LGO sheets; (i) direct infiltration of PDMS into the porous GA frameworks; (j)
SEM morphology of GAPC, the left inset shows the unit framework and the right presents contact angle; (k) a
close-up of the boundary between the framework (GA) and matrix (PDMS); (l) typical morphology of graphene
sheets in GAPC, (m) SEM image of PDMS in GAPC.

3.2 Electromechanical properties

The GA also exhibits an excellent electrical conductivity of 1.148 S/cm at an ultralow density (10
mg/cm®), indicating promising potential as a framework for electrically conductive composites. As
shown in Fig. 3a, the electrical conductivity of GAPC depends on the GA loading fraction and at 1 wt%
(0.44 vol%) loading is 1 S/cm, which is 2 to 7 times higher than that of conventional graphene-based
composites [17, 24-29,31,36, 38, 43]. The high electrical conductivity of GAPC is attributed to the
well-interconnected GA frameworks.

GAPC exhibits excellent mechanical deformation and synchronous response of electric performance,
making them suitable as stretchable conductors or sensitive strain gauges. As shown in Fig. 4a, a
GAPC sample is pasted with silver conductive paint to minimize contact resistance, and sine-wave
(0.1H2) cyclic excitations are loaded using a MTS test machine under compressive strains of 20, 50
and 80%. Interestingly, Fig. 6c demonstrates that the resistivity of GAPC (GA=1 wt%) changes from
0 to +20% in response to compressive strains from 0 to 20%, which is opposite to that of GA (a
decreasing resistivity within the range of 0 to -30%). This phenomenon can be explained as follows.
The stacking area of interconnected graphene sheets in GA increases during the compressive process,
resulting in more pathways for electron transport (see Fig. 4b). However, vertical compression (0 to
80% strain) generates radial expansion of the encapsulated PDMS (0 to 32% strain). As a result, the
adjacent connected graphene sheets at the cellular corners of GA in GAPC are propped open partly by
PDMS, which reduces electron transport channels in the composite during the compressive process
(see Fig. 4c). The electro-mechanical properties of GAPC are studied under sine-wave (0.1 Hz)
dynamic cyclic compression (see Fig. 3d), and the resistivity change (JAR/R|)-compressive strain
curves show typical non-linear behavior and completely recoverable resistivity response. The |AR/R|
values of GAPC stabilize at 20, 53 and 90% after the 3rd, 4th and 8th cycle at compressive strains of
20, 50 and 80%, respectively.
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Figure 3 (a) Electrical conductivity of GAPC (GA content<l wt%) compared with other graphene-based
composites; (b) I-V curves of GAPC; (c) piezoresistivity effect of GA and GAPC at a strain of 20%; (d)
resistivity change and electro-mechanical stability of GAPC under cyclic compressive strains of 20, 50 and 80%
respectively. The inset shows the resistance change of GAPC under 20 cycles of compression; (e)
electro-mechanical properties of GAPC under a bending angle of 180° and 20 bending -flatting cycles. The left
inset shows the resistance change under a bending-flatting cycle, while the right inset illuminates the resistance
change when the bending angle changes from 0 to 180° (f) temperature-dependent conductivity of GAPC with
temperatures from -40 to 120 °C. The inset shows the conductivity change when the temperature increases from
-30 to 60 °C.

To further understand the electro-mechanical properties of GAPC, the samples (GA=1 wt%) were
bent 180° around a cylinder (diameter = 2.5 mm) to investigate the corresponding influence on
resistivity. As shown in the right inset of Fig. 3e, |AR/R| first rises to 28% with a bending angle
reaching up to 180° and then stabilizes at 30% at the 4th cycle. Through 20 folding-unfolding cycles,
|AR/R| increases during the first four cycles and then almost stabilizes until the 20th cycle with a
variation of +5%, which is possibly due to the absence of significant structural damage (e.g., cracks
on graphene sheets) of the GA frameworks (see Fig. 3e). Overall, GAPC shows better



electro-mechanical stability and electrical sensitivity than other reported graphene-based composites
under external deformation conditions [13, 16, 24-31].

To thoroughly understand the electron transport mechanisms in GAPC, the impact of temperature
fluctuations on electrical conductivity is studied (see Fig. 3f). A typical GAPC sample (GA=1 wt%) is
heated controllably from -40 to 120 °C at a heating rate of 0.5 °C/min in a furnace. The conductivity
shows good stability from -40 to 60 € with a slight variation of 2%, and increases from 1.02 S/cm at
-40 °C to 1.55 S/cm at 120 °C. This negative temperature coefficient of expansion (NTCE) effect
indicates typical semiconductor behavior with temperature dependence of resistivity and conductivity,
which is due to the existence of potential barriers between highly conductive conjugation domains on
reduced graphene sheets.

The transport mechanism of thermally activated electrons in GA is believed to be governed by a dual
2D/3D hopping conduction mechanism (2D in basal plane of graphene sheets: Inpo< T 3D in
stacked interfaces among graphene sheets: Inpo< T™E™ where p is the resistivity and T is
temperature), similar to that of other nanostructures (e.g., carbon Nanotubes and GA fibers) [12, 54].
However, the electrical conductivity of GAPC shows weaker temperature dependence and better
stability than that of GA, and this behavior is beneficial to their application at low temperatures (<0
°C). Consequently, the excellent electro-mechanical properties and temperature-resistivity effects of
GAPC show potential for applications in high-performance stretchable conductors with high
sensitivity and long-term stability.
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Figure 4 (a) Snapshots of GAPC for piezoresistivity tests; (b)-(c) conceptual illustrations of negative
piezoresistivity effect for GA and positive piezoresistivity effect for GAPC.

4. Conclusions

In this work, GA -based multifunctional polymer composites with excellent electro-mechanical properties were
fabricated and characterized. The 3D GA frameworks were prepared by a hydrothermal reduction of large-scale
graphene oxide (LGO) sheets, followed by freeze-drying and thermal reduction. These GA frameworks exhibit
ultralight density, ultra-high compressibility, stable electro-mechanical properties and excellent electrical
conductivity. By a direct infiltration process, GA was combined with PDMS matrix to fabricate the polymer
composites with multifunctional properties. The as-prepared GAPC shows high electrical conductivity,
outstanding electro-mechanical and stable piezo-resistance effec, which makes them promising in practical



applications such as stretchable electronic devices, ultralarge strain sensors.
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