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Highly Conductive Nanocomposites with Three-
Dimensional, Compactly Interconnected Graphene

Networks via a Self-Assembly Process

Chao Wu, Xingyi Huang,* Genlin Wang,* Libing Lv, Gan Chen, Guangyv Li,

and Pingkai Jiang*

Polymer-based materials with high electrical conductivity are of considerable
interest because of their wide range of applications. The construction of a
3D, compactly interconnected graphene network can offer a huge increase in
the electrical conductivity of polymer composites. However, it is still a great
challenge to achieve desirable 3D architectures in the polymer matrix. Here,
highly conductive polymer nanocomposites with 3D compactly intercon-
nected graphene networks are obtained using a self-assembly process. Poly-
styrene (PS) and ethylene vinyl acetate (EVA) are used as polymer matrixes.
The obtained PS composite film with 4.8 vol% graphene shows a high elec-
trical conductivity of 1083.3 S/m, which is superior to that of the graphene
composite prepared by a solvent mixing method. The electrical conductivity
of the composites is closely related to the compact contact between graphene
sheets in the 3D structures and the high reduction level of graphene sheets.
The obtained EVA composite films with the 3D graphene structure not only
show high electrical conductivity but also exhibit high flexibility. Importantly,
the method to fabricate 3D graphene structures in polymer matrix is facile,
green, low-cost, and scalable, providing a universal route for the rational
design and engineering of highly conductive polymer composites.

which shows many unique and fasci-
nating properties such as giant electron
mobility, high thermal conductivity, excel-
lent mechanical flexibility and large spe-
cific surface area.”l Therefore, graphene
sheets (GSs) have natural advantages by
means of these properties to significantly
improve the electrical properties of host
polymers. However, a huge challenge still
lies in the development of highly conduc-
tive graphene-based polymer composites
because of the agglomeration tendency of
GSs and high contact resistance between
GSs in the matrixes. A typical example
is graphite nanoplatelet-filled polymer
composites. Graphite nanoplatelets can
be viewed as the aggregation of GSs. The
electrical conductivity of the composites
with 3.12 vol% graphite nanoplatelts is
only 0.01 S/m.[®!

To improve the dispersion of graphene,
a great deal of efforts has been made

506 wileyonlinelibrary.com

1. Introduction

Polymer based materials with high electrical conductivity
are highly desirable in practical applications such as elec-
tronic devices,!?l sensor,l3] actuators,! and electromagnetic
shielding.®! Graphene has attracted considerable attention in
view of its potential to significantly enhance the electrical con-
ductivity of host polymers with a low loading.I®! Graphene is a
two-dimensional and conjugated honeycomb carbon network,
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by the organic group functionalization

strategy.[® For example, isocyanate-treated

GSs exhibit good dispersion in polystyrene
(PS) matrix, and the resulting composites have a conductivity of
about 1 S/m with a loading of 2.5 vol%. lonic-liquid-function-
alized GSs can be individuated and homogeneously distributed
into polar aprotic solvents, and its PS composite with 4.19 vol%
GSs has a conductivity of 13.84 S/m.['% However, the electrical
conductivity of these composites is still far below an expected
level, even if homogeneous dispersion is achieved, and there
still exists high inter-sheet junction contact resistance between
GSs, which arises from these functional groups and polymer
matrix between GSs. In addition, these functional groups also
damage the electronic conjugation of graphene. The construc-
tion of three-dimensional (3D) interconnected graphene net-
works in polymer matrixes provides a new strategy for fabri-
cating highly conductive graphene composites. 3D graphene
network can not only make GSs be uniformly distributed in
the polymer matrix, but also significantly reduce the contact
resistance between GSs. Although 3D porous graphene films
have been prepared by several approaches, such as directional
freezing and hydrothermal treatment, 13 the attention paid
to design and construct 3D structured graphene network in a
matrix is scarce so far.l13] Very recently, Cheng’s group reported
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a highly conductive poly(dimethyl siloxane)
composites with 3D graphene foams by a
template-directed chemical vapor deposition
(CVD) method.l However, such a method
is relatively complex and not easy-operated.
Therefore, it still remains a challenge to
develop a simple and versatile method to
obtain highly conductive polymer composites
with 3D graphene networks.

Herein, we present a simple and effective
route to fabricate the polymer composites
with 3D interconnected graphene networks by
using a self-assembly and hot press process.
The self-assembly process is driven by mutual
electrostatic interactions between graphene
oxide (GO) and polymer nanospheres in
aqueous phase, indicating that this route is

2) Filtration

more environment-friendly when compared
with the organic solvent processing methods.
Different from the graphene structures in
polymer matrix formed by the conventional
solvent processing method, the resulting 3D graphene network
fabricated by our approach can i) realize a uniform distribution
of GS without aggregation in polymer matrix and ii) result in
GSs directly and tightly contacting between them. As a conse-
quence, the PS composites with 3D graphene structure exhibit
a very high conductivity at low graphene loading. In addition,
the 3D graphene networks can be constructed in different
matrixes by using this approach, such as PS and ethylene-vinyl
acetate copolymer (EVA), suggesting a general universality of
our current approach.

networks.

2. Results and Discussion

2.1. Fabrication of the Graphene-Based Nanocomposites

Graphene has been synthesized by a variety of methods such
as CVD, epitaxial growth on SiC, organic synthesis, exfolia-
tion of graphite, and reduction of graphite derivatives (e.g.,
graphene oxide, GO).'>"Vl Currently, graphene-based mate-
rials derived from GO can be manufactured on the ton scale
at low cost, making GO potentially cost-effective materials for
polymer applications.['¥! On the other hand, GO is heavily oxy-
genated, bearing hydroxyl and epoxide functional groups on
their basal planes.l'] The presence of these functional groups
facilitates GO dispersion in water and polar organic solvent. In
this study, GO was used as a reliable and economically feasible
source for constructing the 3D graphene networks in polymer
matrixs. The preparing procedure of the polymer composites
with 3D graphene network is illustrated in Figure 1, including
four steps. Firstly, PS nanospheres were synthesized via emul-
sion polymerization and modified by surface grafting of amine
groups, which render the sphere surface positively charged.
Then, the modified PS nanospheres were assembled with nega-
tively charged GO by electrostatic interactions, resulting in
the demulsification of PS spheres and forming a coagulation.
GO was uniformly distributed in the gap between the spheres.
Under the optimal assembly conditions, almost all the spheres
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Figure 1. Fabrication process of the polymer composites with 3D interconnected graphene

were encapsulated and connected by GO in the coagulation,
leaving a transparent aqueous solution. Finally, the resulting
coagulation was made into films by filtering and reduced in
situ in hydrogen iodide (HI) solution, and then hotly pressed
to disk-like plates, resulting in a 3D graphene architecture in
polymer matrix. It should be noted that the GO solution and
the PS emulsion should be simultaneously added into an
empty container under the stirring condition. If GO solution
was gradually added into PS emulsion, only partial GO can be
assembled with PS spheres, leaving a yellow GO solution, as
shown in Figure Sla (Supporting Information).

2.2. Characterization of the Graphene-Based Composites

GO exhibits solution-like dispersion in aqueous phase, as shown
in Figure 1. The solution was spin coated on a silica wafer for
inspecting the structural features of GO by atomic force micro-
scopy (AFM). A typical AFM image (Figure 2a) reveals many
free-standing sheets with size of several micrometers and their
thickness is about 0.82 nm, suggesting that natural graphite
has been exfoliated into monolayer GO. Transmission electron
microscopy (TEM) was used to exhibit the morphology and
microstructure of GO and as-prepared modified-polystyrene
nanospheres. TEM image of GO (Figure 2b) shows the same
morphology as the observations from AFM. Figure 2c gives a
representative TEM image for PS nanospheres, along with a
sphere size distribution. Many colloidal PS nanospheres with
diameters ranging from 150 to 220 nm are observed. Notably,
the surface of these spheres is very smooth.

In order to examine the electrostatic interaction between
the modified nanospheres and GO, the surface charges of
nanospheres and GO were measured by zeta potential instru-
ment. As displayed in Figure 2d, the surface of GO is negatively
charged (zeta potential = —35 to —55 mV) over the investigated
pH range (2-11), in agreement with the reported studies.?%-21]
These negative charges originate from the ionization of the
carboxylic acid and phenolic hydroxyl groups on the GO
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feature is indeed demonstrated by the field
emission scanning electron microscopy (FE-
SEM) images of the resultant reduced coagu-
lations. As shown in Figure 3, many nano-
spheres adsorb to the same GS sheet at a low
graphene loading. The nanospheres adsorb
more GSs with an increase of graphene con-
tent. Almost all nanospheres are encapsu-
lated by GSs at the high content. Compared
with pristine nanospheres, the graphene-
encapsulated spheres exhibit crinkled and
rough textures, which are associated with
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the presence of flexible and ultrathin GSs.
Remarkably, no free graphene aggregates
and naked PS nanospheres appear in the
SEM visualizations even at high content, and
the edges of graphene shells are overlapped
or linked between the neighboring spheres
to form a 3D graphene framework in the
coagulations.

In order to evaluate the reduction level of
GO, the graphene framework was extracted

Figure 2. a) Typical AFM and b) TEM images of GO. c) TEM image of the amino-modified
polystyrene nanospheres. d) Zeta potentials of GO and the amino-modified nanospheres.

backbone.?! For the modified nanospheres, the surface charges
switch from positive (zeta potential = +26 mV) to negative (zeta
potential = —29 mV) with increasing pH value from 2 to 11. In
the experiments, we found that the spontaneous aggregates
immediately formed once the nanospheres solution was added
into the GO solution at pH value of 4, such a phenomenon
is not observed at pH value of 10, shown in Figure S1b (Sup-
porting Information), indicating that the electrostatic interac-
tion is the driving force. Additionally, no large aggregates were
observed at pH value < 1, possibly owing to protonation of GO.
This result suggests that the mutual assembly should be trig-
gered under weakly acidic medium.

It is well known that GO is an electrically insulating mate-
rials, which arises from a large amounts of oxygen-containing
groups on it basal planes. After removing such groups by a
reduction process, the electrical properties of graphene sheets
are supposed to be restored, presumably owing to restora-
tion of the graphitic network of sp? bonds.?223] So far, several
reduction methods of GO, such as thermal, chemical, and
ultraviolet-assisted reduction, have recently been reported.**2’]
However, the resulting GSs are prone to the irreversible aggre-
gation during the reduction process because of the strong n—r
stacking and hydrophobic interactions. Consequently, many
of the unique properties of individual sheets are significantly
compromised or even unavailable.?®! Thus, GO and modified
GO were reduced under a mild reduction condition to remain
some functional groups for preparing polymer composites.2%:3%
In contrast, the coagulations consisting of GO and PS nano-
spheres were reduced in high concentration HI solutions for
removal of most functional groups on GO. For this approach,
the aggregation of GSs did not happen because that the nano-
spheres can effectively prevent GSs from aggregating. This

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

by removing the PS nanospheres in dime-
thyl formamide (DMF) solution by ultrasonic
treatment. The morphology of the resulting
graphene framework is investigated by TEM
image. As shown in Figure a4a,b, a graphene
network with ripples and wrinkles are observed, but the net-
work structure has no regular pores remained after removal of
nanospheres, which is attributed to the collapse of graphene
framework under ultrasonic condition. The thermal properties
and microstructure of the graphene network was further inves-
tigated by thermogravimetric analysis (TGA) Fourier transform
infrared spectroscopy (FT-IR), and X-ray powder diffraction
(XRD). Figure 4c shows the TGA curves of GO and GSs. GO is
thermally unstable and starts to lose mass even below 100 °C,
which is attributed to the volatilization of stored water in its
-7 stacked structure. The major loss appears near 180 °C,
which is ascribed to the pyrolysis of labile oxygen-containing
groups. For GSs, it is thermally stable and exhibits a minor
mass loss (12%), suggesting that most of functional groups on
the surface of GO are removed during the HI reduction process.
The FT-IR spectra of the GO before and after reduction are pre-
sented in Figure 4d. It is clearly observed that almost no absorb-
ance peaks are detected for GSs. For GO, many overlapped
absorbance perks are observed, including the distinguished
peak at 1740 cm™ representing the carbonyl moieties (C=0)
and the peak at 3400 cm™! representing hydroxyl groups. The
FT-IR analysis of GO and GSs also demonstrated that the reduc-
tion method is effective and can be used to remove most of the
oxygen-containing moieties from GO. The collapsed graphene
framework was collected and pressed into graphene paper for
XRD analysis. As shown in Figure S2a,b (Supporting Informa-
tion), the XRD patterns of GO only reveal an sharp (002) diffrac-
tion peak at 260 = 9.6°, indicating that the natural graphite is oxi-
dized into GO, in agreement with the observation from AFM.
After reduction of GO, a broad peak centered at 26 = 24.2° is
detected, corresponding to an interlayer spacing of 0.36 nm.
This value is slightly lower than that (0.38 nm) of thermal
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Figure 3. Typical SEM images of the reduced coagulations as a function of GS loading:

a) 0.45 vol%, b) 0.91 vol%, c) 2.2 vol%, d) 3.5 vol%, and e,f) 4.8 vol%.

reduced graphene paper,'!! indicating more functional groups
were removed.

Raman and UV-vis absorption technologies provide further
evidences for the GO reduction. The representative Raman
spectra of GO and GSs exhibit two strong major bands, the
G-band (the E,, phonon mode of sp? carbon atoms) at around
1580 cm™! and D-band (the breathing mode of k-point mode
of A;, symmetry) at around 1351 cm™ (Figure S2c, Sup-
porting Information). When compared with GO, G band of
graphene sheets shifts to a low-wavelength range, indicating
a significant decrease of oxygen-containing groups on the
graphene backbone. In addition, as shown in the UV-vis
absorption spectra (Figure S2d, Supporting Information), a
marked red-shift of the typical peak of graphene sheets (corre-
sponding transition of aromatic C=C) is found in comparison
with GO. This result suggests that the electronic conjugation
of GO was restored after the removal of oxygen-containing
groups, which is in agreement with previous reports.3! Based
on above analysis, the graphene sheets in the reduced coagu-
lations not only form a 3D graphene framework, but also have
a high reduction level, certainly resulting in a high electrical
conductivity for the as-prepared graphene-based composites
(see below).
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2.3. Electrical Properties of the Graphene-
Based Nanocomposites

The obtained reduced coagulations, which
consist of GSs and PS nanospheres, were
hotly pressed to films for electrical conduc-
tivity measurement. The graphene-polymer
composites are a typical electrical percolation
system. For such a system, the conductive
filler forms an infinite network of conduc-
tive paths through the insulation matrix in
the vicinity of the percolation threshold (p.),
leading to a rapid increase in the electrical
conductivity of the composite (o). The rela-
tion between ¢ and p, obeys a power law:

250 nm
e

o =0oollp — pc)(1 —pc)] forp > p. (1)

where o) is the conductivity of the filler, p
the filler volume fraction, and ¢ is a critical
exponent.??]

Figure 5 shows the conductivity variation
of the graphene-polystyrene composites as a
function of graphene volume fraction, which
can be described by the power law in Equa-
tion (1). Percolation in the composites does
occur when the graphene concentration, p,
is near 0.15 vol%. This electrical percolation
threshold is quite low, suggesting a good dis-
persion of GSs in the polymer matrix. How-
ever, this value is slightly higher than that
of the composites with isocyanate-treated
GSs, possibly because of wave-structure of
GSs in the matrix, which arises from electro-
static interactions between GO and polymer
nanospheres. Remarkably, the conductivity
of our composites rapidly rises over a 2.5 vol% range, and is
up to 259.9 S/m at a loading of 2.2 vol%. An increase in GS
loading beyond 2.5 vol% yields a more gradual increase in elec-
trical conductivity, showing value of 607.1 S/m at 3.5 vol% and
1083.3 S/m at 4.8 vol%. For comparison, the graphene and
carbon nanotube-polymer composites were fabricated by the
solution mixing methods. As shown in Figure 6a, the electrical
conductivity of these composites is at least one order of mag-
nitude lower than that of the composites fabricated by a self-
assembly and hot press process.

Currently, high electrically conductive graphene-based
polymer composites were mainly fabricated via the solution
mixing methods by using functional GSs.383% After a careful
comparison, we find that the electrical conductivity of our com-
posites is higher than the highest value reported in the litera-
turel®! and some representative results are shown in Table 1.
The high electrical conductivity in our samples can certainly
be attributed to the following two factors. One factor is a 3D
compactly interconnected graphene network constructed in the
polymer matrix. In order to observe the morphology of these
3D graphene networks, the testing samples with 4.8 vol% GSs
were annealed at high temperature under nitrogen atmosphere
to obtain the residual graphene skeleton. Figure 6b—e shows
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Another key factor is high reduction level
of GO by using HI solution in our prepara-
tion approach, which makes the integrated
GSs show a high electrical conductivity. In
the previous study,**l it has been demon-
strated that the graphene films show higher
electrical conductivity with increasing the
reduction level. For comparison, hydrazine,
a conventional reducing agent for reduc-
tion of GO, was used to reduce GO in the
composite preparation process. The con-

(c) (d)
HI reduced-GS
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ductivity of the resulting composite films is
much lower than that of the films via the HI
reduction (Figure S4c, Supporting Informa-
tion). The GSs extracted from the composite
films remain more functional groups when
compared with the Hl-reduced GSs, which

co is confirmed by TGA and FT-IR (Figure 4

and Figure S4, Supporting Information)
curves.
Figure S5a (Supporting Information)

Temperture (°C)

Figure 4. a,b) Typical TEM images of the 3D graphene networks. c¢) TGA curves and d) FT-IR

spectra of GO and HI reduced-GS (the collapsed graphene framework).

the representative SEM images of the graphene skeleton. We
can see that there exist foam-like networks with a 3D compactly
interconnected graphene structure, suggesting that GSs were
uniformly dispersed in the polymer matrix. Notably, the hot-
press process is critical to generate compact junction contact
between GSs in the 3D architecture. A comparison between
electrical conductivity of the composite films before versus after
hot-press process is given in Figure S3, Supporting Informa-
tion. The conductivity of the films after hot-press is about three
times higher than that of the films without undergoing the hot-
press process.
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Figure 5. Electrical conductivity of the graphene-based polystyrene com-
posites as a function of filler volume fraction.
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shows a 3D structured graphene paper,
which is obtained by annealing the film
with 2.2 vol% GSs at high temperature.
The conductivity of the paper can be up to
707 S/m, higher than that of the composite
film (259.9 S/m). The higher electrical con-
ductivity should be attributed to the deeper removal of the
functional groups from the GSs during the annealing process
of the composite film. Figure S5b—d (Supporting Information)
shows the cross-sectional SEM images of the graphene paper,
a porous 3D network is observed. This porous structure can
prevent the agglomeration of GSs. The high conductivity and
porous structure satisfy the critical features for high perform-
ance electrode materials of batteries and supercapacitors.[134243]
Thus, this graphene paper may have potential applications for
energy storage.

For practical applications, the mechanical and thermal prop-
erties of the obtained graphene-polystyrene composites are
required to be taken into account. The mechanical property
was evaluated Dby the elastic modulus data of the composites,
as shown in Figure S6, Supporting Information. The elastic
modulus significantly increases with increasing the graphene
content within a volume fraction of 4.8 vol%. The highest
modulus is up to 2045 Mpa for the composite with 4.8 vol%
graphene, approximately two fold higher than that of the pure
PS. The modulus enhancement is associated to the unique 3D
graphene network in the PS composites. In the 3D structure,
the GSs can be uniformly distributed in the matrix. Moreover,
there exists van der Walls and n—r interactions between GS and
PS macromolecules. The combination of these two factors leads
to an effective load transfer from the matrix to GSs. In addition,
the two factors also restrict the thermal molecular motion of
the PS chains, resulting in a shift in glass transition tempera-
tures (Tgs) toward the higher values. The dramatic impact of
GS on the Tgs of the composites is given in Figure S7, Sup-
porting Information. The Tgs of the composites increase from
83.3 to 99.5 °C when the volume fraction is increased from
0 to 4.8%. Such a thermal behavior is consistent with results

Adv. Funct. Mater. 2013, 23, 506-513
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(@) T ZZZCNT, solventblending films via the similar procedure. As shown in E
3 ] B GS, solvent blending .
10" g oS, solf assombly and hot-press Figure 7a, the photograph demonstrates the -
] high degree of flexibility of the composite -
5 10 thin film with 2.2 vol% GSs. Figure 7b,c dis-
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i £ g EVA microspheres. Almost all the micro- ;
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10°1 g k5 by flexible GSs. The EVA film after hot
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press, similar to the PS films, also contains
a 3D graphene skeleton (Figure 7d-f), thus
resulting in a high electrical conductivity.
The conductivity of the EVA-graphene film
is up to 209 S/m with a graphene loading of
2.2 vol%.

3. Conclusions

We have developed a self-assembly and hot
press technique for the fabrication of the
500nm polymer composites with 3D interconnected
graphene networks. The compact contact
Figure 6. a) Electrical conductivity comparison of the graphene and carbon nanotube- poly- between GSs in the 3D architecture and high
styrene composites fabricated by the solution mixing and electrostatic self-assembly methods. ~ reduction level of GSs render the composites
b) Top view and c—e) cross-sectional SEM images of the remained graphene skeleton after  outstanding electrical conductivity, which
annealing the testing samples at high temperature under nitrogen atmosphere. is superior to that of the reported compos-
ites with chemically functional GSs at the

reported previously for the functionalized graphene-based same loading. A 3D porous graphene framework obtained
polymer composites.[*+4°] by annealing the composite film shows higher electrical con-
The future development of mutifuncitonal flexible electronics  ductivity when compared with the composite, possibly having
such as sensor and actuators presents new challenges for  potential applications including electrode materials for lithium
designing and fabricating light-weight, flexible, and highly con-  ion batteries and supercapacitors. Moreover, the self-assembly
ductive films. In this study, we replaced the PS emulsion with  and hot press technique is a general strategy for fabrication of
a commercial EVA microemulsion, which can serve as a source  graphene-based composites with different polymer matrixes,
of polymer matrixes for the production of flexible conductive  including PS and flexible EVA matrixes. It should be noted that

Table 1. Electrical conductivity of the graphene-based polymer composites.

Polymer matrix Graphene type Processing Percolation threshold Highest conductivity Ref.

PS Functionalized GSs Solvent blending 0.1 vol% 1S/mat 2.5 vol% [22]

PS Functionalized GSs Solvent blending 0.1 vol% 4.19 S/m at 4.19 vol% [10]

PET? Functionalized GSs Melt compouding 0.47 vol% 2.1 S/mat 3.0 vol% [32]

Polycarbonate Functionalized GSs Emulsion blending 0.14 vol% 51.2S/m at 2.2 vol% [33]

Cellulose Chemically converted GSs Solvent blending 0.3 wt% 71.8 S/m at 10 wt% (=4.8 [34]
vol%)

Polyurethane Functionalized GSs Solvent blending - 30 S/mat 10 wt% (=4.8 [35]
vol%)

el Chemically converted GSs Solvent blending 0.15 vol% =0.01 S/m at 3.5 vol% [30]

Chitosan Chemically converted GSs Solvent blending - 1.2S/mat 6.0 wt% (=2.2 [36]
vol%)

PS Functionalized GSs Solvent blending - =2 S/m at 2.0 vol% [37]

PS GSs Self-assembly and hot-press 0.15 vol% 259.9 S/m at 2.2 vol%; Present

1024.8 S/m at 4.8 vol% work

APET and VVC are polyethylene terephthalate and vinyl chloride/vinyl acetate copolymer, respectively.
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Figure 7. a) Digital photograph of the EVA film with 2.2 vol% GSs, showing the flexibility of the
film. b,c) Typical SEM images of the reduced coagulation consisting of EVA microspheres and
GSs. d,e) Cross-sectional SEM images of the remained graphene skeleton after removal of the
EVA matrix at high temperature under nitrogen atmosphere.

the self-assembly process are performed in aqueous phase, an
environment-friendly condition. We believe that such a simple
and effective technique will provide a new pathway for the
large-scale production of various highly conductive polymer
composites for practical applications.

4. Experimental Section

Materials: Natural graphite powder (30 um with purity > 99.85%) was
purchased from Sinapharm Chemical Reagent co., Ltd, China. Graphene
oxide was synthesized from natural graphite powder by a modified
Hummers method, the details of which have been described elsewher.l24]
Carbon nanotubes (diameter: 8-15 nm, Lengh: 50 mm) were received
from Chengdu Organic Chemicals Co, Ltd., Chinese Academy of
Sciences. EVA emulsion was purchased from Shanghai kunsheng bond
co., Ltd, China.

Synthesis of Amino-Modified Polystyrene Nanospheres: Polystyrene
nanospheres were synthesized by emulsion polymerization. In a
typical process, the poly(vinylpyrrolidone) stabilizer (0.76 g) was firstly
dissolved in 30 mL deionized water. Then, styrene monomer (3.9 g)
and ammonium persulfate (0.5 g) were added into the solution.
Subsequently, the obtained mixture was purged with nitrogen to eliminate
the inhibiting effect of oxygen, and then heated to 70 °C with vigorous

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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magnetic stirring. After reaction for 8 h, the desired
polystyrene nanospheres were obtained by washing
with methanol and centrifugal separation.

The resultant polystyrene nanospheres were
further dispersed in 50 mL deionized water via
sonication. 16 mL concentrated nitric acid and
6 mL concentrated sulfuric acid were add into
the solution. After reaction at 45 °C for 12 h, the
product was obtained with deionized water and
centrifugal separation. Subsequently, the obtained
product was dispersed in 50 mL NaOH solution
(2 mol/L), and then NaS,0, powder (2 g) was
added into the solution. After reaction at 75 °C for
4 h. the amino-modified polystyrene nanospheres
were obtained by washing with deionized water and
centrifugal separation.

Fabrication ~ of the Composites with 3D
Interconnected Graphene Networks: In a typical
process, for the composites with low loading of
graphene (<2.0 vol%), 50 mL amino-modified
polystyrene nanosphere dispersion (4 mg/mL)
and 50 mL aqueous graphene oxide suspension(a
desired concentration) were simultaneously added
dropwise into a 150 mL flask under the magnetic
stirring. After 0.5 h, the coagulation of the polymer
composites was isolated via filtration, washed with
deionized water, and then immersed into 50 mL
HI solution (50 wt%) at 90 °C for 24 h to reduce
graphene oxide. For comparison, the hydrazine
solution (20 mL hydrazine in 50 mL water) was
used to reduce graphene oxide. The reduced
coagulation was collected via filtration and washed
with deionized water 3 times. The obtained product
was hotly pressed to platelets at 110 °C for testing
their electrical conductivity. For the composites
with high loading of graphene (>2 vol%), 200 mL
amino-modified polystyrene nanosphere dispersion
(1.0 mg/mL) and 200 mL aqueous graphene
oxide suspension (a desired concentration) were
simultaneously added dropwise into a 1 L flask
under vigorous magnetic stirring. The following
process is similar to that of fabricating the
composite with low loading of graphene. Similar
to above process, ethylene vinyl actate (EVA) microspheres were used
to fabricate flexible conductive films with the composites with a 3D
interconnected graphene network. It should be noted that the hot press
process for EVA films was carried out at 90 °C.

Preparation of the Carbon Nanotube and Graphene-Based Composites
by Solvent Blending: A desired amount of carbon nanotubes or graphene
sheets was dispersed in 20 mL DMF by ultrasonic treatment. Graphene
sheets were prepared via reducing graphene oxide in HI solution
(50 wt%). At the same time, a certain amount of polystyrene (Dow
Chemical, STYRON666H) was dissolved in 20 mL DMF solution at 60 °C.
Then, the two solutions were mixed and stirred for 5 min. Subsequently,
the resulting mixture was added into a large volume of deionized water
to obtain the agglomeration of the polymer composites. The composite
powder was collected by separation, washing by deionized water, and
drying. Finally, the obtained powder was hotly pressed into film for
electrical conductivity measurement.

Characterization: The morphology and microstructure of the samples
were investigated by FE-SEM (nanoSEM 230, NOVA, USA), TEM (JEM-
2010, JEOL, Japan), AFM (IMODE NANOSCOPE, DI, USA), XRD (D/
max-2200/PC, Rigaku, Japan), Roman (LabRam HR800, Jobin Yvon,
France), and UV-vis (Lambda 20, Perkin Elmer, USA). Thermogravimetric
analysis (TGA-209F3, NETZSCH, Germany) was carried out under a 20
mL/min N, purge at a heating rate of 10 °C/min from room temperature
to 800 °C. Differential scanning calorimetry (DSC-200F3, NETZSCH,
Germany) was employed to measure glass transition temperature of the
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composites, which was conducted by heating the samples at 10 °C/min
from room temperture to 200 °C. Zeta potential measurements were
performed using a Zetasizer 3000 (Malvern Instruments). The graphene
oxide and polystyrene nanosphere samples were diluted to 0.10 and
1.0 mg/mL respectively before measurements. The pH values of
graphene oxide and nanosphere dispersions were adjusted by adding
ammonia solution or hydrochloric acid. The electric conductivity of the
samples was measured by a four-probe method. Mechanical property
tests were conducted using an INSTRON 4465 Electromechanical Tester
with a crosshead speed of 2 mm/min at room temperature.
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Supporting information is available from the Wiley Online Library or
from the author.
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