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Abstract Styrene-butadiene-styrene tri-block copolymer/
graphene (SBS/GE) nanocomposites were prepared by solu-
tion mixing and in situ reduction of graphene oxide using
hydrazine hydrate. The dispersion state of graphene was ex-
amined by XRD and optical examination, which indicates that
the graphene nanosheets are well exfoliated and dispersed in
the SBS matrix. The interfacial interaction between graphene
and SBS was investigated by sedimentation experiment in
toluene. After dissolving of the SBS/GE nanocomposite, the
graphene nanosheets do not separate from the solution, more-
over, even after prolonged ultracentrifugation, a dark-colored
supernatant with graphene suspension is still retained, sug-
gesting that the graphene nanosheets are stabilized in the
solution with the attached SBS molecules due to the existence
of strong interfacial interaction. The well dispersion of
graphene and the enhanced interfacial interaction lead to a
remarkable improvement in the electrical conductivity and
mechanical properties. A percolation threshold as low as
0.12 vol.% of graphene has been achieved because of the
formation of a three dimensional conductive network. Mean-
while, with the incorporation of as low as 0.5 wt% of
graphene, the tensile strength of the nanocomposite has al-
ready displayed a two-fold increase compared with that of
pure SBS.
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Introduction

As one of the most important thermoplastic elastomers,
styrene-butadiene-styrene triblock copolymer (SBS) has
attracted much attention in recent years due to the fact that it
possesses advantages of both conventional rubbers and plastic
polymers, which originate from its unique microphase sepa-
ration [1]. To expand the application fields of SBS, it is a
common practice to incorporate various fillers into SBS to
improve the mechanical property and impart it with some
functionalities, such as electrical conductivity, thermal con-
ductivity, and permeability resistance [2—4]. For instance, to
enhance the electrical conductivity of SBS, conductive carbon
black is added with a high loading to achieve the percolation
threshold. Nevertheless, too much carbon black impedes the
microphase separation of SBS, thus strongly deteriorates the
mechanical properties of the resulting composite [5]. The
addition of carbon nanotubes (CNTs) can reduce the content
of conductive filler required to achieve adequate conductivity,
thus minimizes the influence on the microphase separation
and the mechanical properties [3, 6—8]. Unfortunately, the
dispersion of CNTs is difficult due to their insolubility in most
solvents, moreover, the high cost of CNTs also limits their
practical application.

Graphene, a novel 2D carbon nanomaterial with excellent
electrical, thermal and mechanical properties [9—11], has pro-
voked much research interest recently. Graphene can be pro-
duced by the chemical vapor deposition (CVD), mechanical
cleavage, reduction of graphene oxide (GO) and so on. In the
scalable chemical route, graphite is oxidized into GO which
can be readily exfoliated in water and many other organic
solvents such as N, N-dimethylformamide (DMF) and N-
methyl pyrrolidone (NMP) [12, 13]. This provides a very
convenient way for the implementation of solution-phase
techniques toward the preparation of graphene-based poly-
mers [14-18]. To date, however, only a few works have
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investigated graphene-filled thermoplastic elastomers
[19-21]. Liu et al. prepared SBS stabilized graphene from
natural graphite under sonication, the electrical conductivity
of the resulting SBS/graphene (SBS/GE) nanocomposites was
up to 13 S/m [19]. However, sonication inevitably leads to
degradation of polymers and is energy consuming, moreover,
its large-scale preparation is limited. On the contrary, GO can
be obtained in large quantity, but has poor compatibility with
SBS. Thus, SBS was first hydroxylated and then mixed with
chemical reduced graphene oxide to prepare graphene-based
nanocomposites. Although the electrical conductivity of the
resulting nanocomposites was improved, the mechanical
property was deteriorated due to the destruction of phase
separation derived from the interaction between chemical
reduced graphene and polymer [21]. A similar result was
reported by Peponi et al.[20] who prepared styrene-isoprene-
styrene tri-block copolymer/graphene (SIS/GE) nanocompos-
ites using solution blending method. The confinement to the
phase separation of SIS, owing to the presence of the thermal
reduced graphene in the nanocomposites, is probably adverse
to the mechanical properties.

In this work, SBS/GE nanocomposites were prepared by a
method of solution mixing and in situ reduction. It is shown
that the graphene nanosheets are homogenuously dispersed
and have strong interfacial interaction with the SBS matrix.
Moreover, the microphase separation of SBS in the nanocom-
posites can be recovered after a thermal annealing process,
albeit the variation of GE loading. As a result, both the
electrical conductivity and the mechanical property of the
nanocomposites are significantly improved. Thus, this method
provides a simple way to obtain strong, stretchable and elec-
trically conductive thermoplastic elastomers.

Experimental part
Materials

SBS with a polydispersity index (PDI) of 1.18 was purchased
from Baling Petrochemical co., Ltd. (SBSYH792). The
weight-averaged molecular weight (Mw) of SBS is 1.15x
10° g-mol'. The weight fraction of PS blocks determined
by 'H NMR is 0.395. The flake graphite powder was pur-
chased from Qingdao Ruisheng Graphite Co. Ltd, China with
an average diameter of 1 um. All other reagents were directly
used without further purification.

Sample preparation
An appropriate amount of graphene oxide (GO), which was
prepared by the Hummers’ method, was dispersed in NMP

with ultrasonic treatment. Then 100 mL SBS/NMP solution
(5 wt%) was added dropwise and stirred for another 6 h.
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Reduction of the dispersed GO was carried out with hydrazine
hydrate (1 mL for 20 mg GO) at 80 °C for 24 h. The polymer
nanocomposite was precipitated by adding the NMP solution
dropwise into a large volume of vigorously stirred methanol
(10:1 with respect to the volume NMP used). The precipitated
nanocomposite powder was isolated via filtration and dried
under vacuum at 70 °C for 24 h to remove the residual solvent.
The various SBS/GE nanocomposites were first dissolved in
toluene to obtain a 5 wt% solution. The solvent was allowed to
evaporate at room temperature. The film was then dried at
40 °C for 24 h to remove the excess solvent and annealed for
48 h at 120 °C. The samples were designated as G-SBS-n, in
which n indicates the amount of graphene. For instance, G-
SBS-05 represents SBS containing 0.5 wt% of graphene.

Ultracentrifugation and extraction of SBS/GE solution

Certain amount of SBS/GE nanocomposites was dissolved in
toluene. Then, the suspension was centrifuged at 10,000 rpm
for 60 min, and the supernatant solution was decanted. More
successive centrifugation/redissolution cycles [22] were
employed to separate the graphene from the physically
absorbed polymer. The centrifugation and dissolution cycle
was as follows: the obtained centrifugate was dissolved in the
toluene again for 2 h and then separated by centrifugation
again. The resulting solid material was washed extensively
with methanol to remove any free SBS. The collected black
solid was dried at 70 °C under vacuum for 24 h and designated
as G -a- SBS.

Characterization
Raman spectroscopy

Raman spectra were recorded from 800 to 2,500 cm ™' on a
LABRAM HR800 confocal micro-Raman spectrometer using
a 532 nm ND: YAG laser.

X-ray photoelectron spectra

The X-ray photoelectron spectra (XPS) were performed with a
Kratos XSAMS00 instrument (Kratos Ltd, UK) using
monochromatized Al Ko (1486.6 eV) X-radiation.

XRD and Optical microscopy

X-ray diffraction experiments were performed at room tem-
perature with a X' Pert Pro MPD (Philips) diffractometer (Cu
Ka radiation, X-ray wavelength 1.5406 A). Optical microsco-
py was done with a Leica DMIP polarizing light microscope.



J Polym Res (2014) 21:456

Page 3 of 8, 456

-

Ty
=
< AN GO
)
o=
E _______,....-/AN\* G-SBS-5
L]
___—___'4/’\\\—_ G-SBS-1

| s SBS

10 20 30 40 50
20(°)
Fig. 1 XRD patterns of SBS, GO, GE and SBS/GE nanocomposites

Morphological characterization

Transmission electron microscopy (TEM) observations
were performed on a TECNAI G* F20 apparatus with an
acceleration voltage of 200 kV. Ultrathin sections of the
nanocomposites were prepared at —100 °C using a Leica
EM VC6/FC6 ultramicrotome with a diamond knife. These
sections was collected and stained by osmium tetroxide
(0sOy4) prior to the transmission electron microscopy
(TEM) imaging.

Synchrotron small-angle X-ray scattering (SAXS) experi-
ments were carried out under room temperature at BL16B1
beam-line in the Shanghai Synchrotron Radiation Facility
(SSRF). The wavelength used was 0.124 nm. The film sam-
ples were directly used for SAXS measurments. The exposure
time is 200 s for each measurement.

TGA

Thermal gravimetric analyses (TGA) were conducted at
10 °C/min from room temperature to 700 °C under a nitrogen
flow using a TG 209 F1 analyzer (NETZSCH, Germany).

Fig. 2 Optical micrographs of
the SBS/GE nanocomposites
containing 3 wt% of graphene
(left) and 5 wt% of grapheme
(right). The scale bar in the figure
is 50 pm

Properties characterization

Tensile tests were performed on dumbbell-shaped samples
using a tensile testing machine, Instron 5567 at 23 °C with
50 % relative humidity. The extension rate was 50 mm/min
and the load cell was 1000 N with a gauge length of 20 mm.
The electrical conductivities higher than 10 °S/m were mea-
sured with picoammeter (Keithley 6487) using a standard
four-probe technique; the electrical conductivities below
10"® S/m were measured using a ZC 36 high-resistance meter.

Results and discussion
Dispersion of GE in the SBS/GE nanocomposites

The irreversible agglomerates of graphene have become a
major challenge for achieving homogeneous distribution
within the polymer matrix. In this study, a simple and
efficient method is applied to produce SBS/GE nanocom-
posites with the aid of 7-7 interaction between graphene
and SBS matrix.

The dispersion state of graphene in the SBS matrix was
firstly evaluated by XRD measurements. Figure 1 shows the
X-ray diffraction patterns of pure SBS, GO, GE and SBS/GE
nanocomposites. The diffraction pattern of GO shows a peak
with a maximum at 20=11° that corresponds to a dgpacing Of
8.03 A. After reduction, the peak of GE becomes broad and
shifts to a wider angle up to 24.6° corresponding to an inter-
layer spacing of 3.61 A, which is presumably induced by the
removal of the most of oxygen functional groups. Pure SBS
shows a diffuse-like peak at 260 =19°, indicating the amor-
phous nature of SBS. When the content of GE is no more than
3 wt%, the SBS/GE nanocomposites have only one broad
peak corresponding to the diffraction of SBS matrix. Except
this peak, no characteristic peak of graphene in the nanocom-
posites is detected, thus it can be inferred that graphene
nanosheets are well exfoliated in the SBS matrix. However,
when the graphene content is up to 5 wt%, a slight shoulder
corresponding approximately to the interlayer spacing of GE
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emerges, suggesting the presence of layer-by-layer restacking
of graphene [23].

Optical microscopy was further employed to analyze the
dispersion of graphene in the SBS matrix. Figure 2 shows the
optical micrographs of the SBS/GE nanocomposites with
3 wt% and Swt % loading of GE, respectively. It is clear that
the graphene nanosheets are finely dispersed in the SBS
matrix without any obvious aggregation. This result,

ai

Fig. 4 a digital photographs of GE suspension (left), simple mixture of
GE and SBS (middle) and SBS/GE nanocomposite suspension (right); b
digital photos of toluene supernatants of the SBS/GE nanocomposites

b
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combined with XRD results, indicates that GE is well exfoli-
ated and dispersed in the SBS matrix.

Reduction of GO in the nanocomposites
Raman spectroscopy has historically played an important role

in the structural characterization of graphitic materials
[24-26]. It can provide useful information on the structure
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Fig. 5 SAXS profiles for pure SBS and composites with different
loading

defects (D band) and in-plane vibration of sp” carbon atoms
(G band). The Raman spectra of GO, GE and G-a-SBS are
plotted in Fig. 3a. As shown in Fig.3a, GO exhibits a G band
and a D band at 1,586 cm ' and 1,346 cm_l, respectively.
After reduction, the G band of GE shows a red shift to
1,576 cm ' which is attributed to the restoration of sp” hy-
bridized carbon atoms as new graphitic domains [27, 28]. In
case of G -a- SBS, a shift of the G band to a high frequency is
observed, suggesting that the number of stacked graphene
layers is decreased at the presence of SBS compared with that
of GE and GO [29, 30]. The intensity ratio of D band to G
band (Ip/I;) is further employed to evaluate the transforma-
tion from graphene oxide to graphene. The value of I/ is
increased from 0.89 for GO to 1.52 for G-a-SBS and 1.29 for
GE, which is attributed to the formation some new and small
sp’ domains [24, 27, 31].

To further confirm the reduction of GO, X-ray photoelec-
tron spectroscopy (XPS) was measured for GO, GE and G-a-

Fig. 6 TEM images of pure SBS
(left) and SBS/GE nanocomposite
with 3 wt % graphene loading
(right)

SBS (Fig. 3b~d). The Cls XPS spectrum of GO (Fig. 3b)
clearly indicates a considerable degree of oxidation with two
main oxidized carbon peaks: the C in C—O bonds (including
hydroxyl and epoxy groups, 286.6 ¢V) and the C in C = O
bonds (carbonyl group, 288.4 eV). Although the Cls XPS
spectra of GE and G-a-SBS (Fig. 3c) also exhibit the same
oxygen functionalities that have been assigned for GO, the
peak intensities of these components in the reduced samples
are significantly suppressed, indicating considerable deoxy-
genation by the reduction process. Moreover, the C/O atomic
ratio increases from 3.3 for GO to 11.8 for G-a-SBS and 12.3
for GE. These results, combined with Raman measurement,
indicate a successful reduction of GO to graphene.

Interfacial interaction between SBS and graphene

The interfacial interaction between SBS and GE was exam-
ined through a dissolution experiment in the organic solvents.
SBS matrix was soluble in some organic solvents, such as
toluene, in which GE is insoluble. Figure 4a shows the pho-
tographs of the toluene solutions of GE, SBS/GE nanocom-
posite and the simple mixture of SBS and GE (the concentra-
tion of GE is about 0.2 mg/ml in all the samples). It can be
seen that GE precipitates at the bottom of vial and the disper-
sion of GE can not be improved by simply mixing with SBS.
In contrast, the SBS/GE nanocomposite with 3 wt % of
graphene is soluble in toluene, exhibiting a unique black
without precipitates. This can give us a direct impression of
the existence of interaction between CRG and SBS, which
stabilizes the graphene nanosheets in toluene. Ultracentrifu-
gation experiment was also used to evaluate the interfacial
interaction between filler and polymer [32]. Figure 4b shows
the photographs of supernatants decanted from the solution of
SBS/GE nanocomposites (the concentration of solutions is 5
wt %) after being centrifugated at 10,000 rpm for 60 min.
Generally speaking, phase separation of graphene from the

100 nm
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Fig. 7 a Stress—strain curves of a
pure SBS and various SBS/GE Br
nanocomposites; b Tensile
strength of various SBS/GE 2o
nanocomposites. The error bars
indicate standard deviations of the
five parallel measurements
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solutions of SBS/GE nanocomposites under strong centrifugal
force could occur, due to the density difference between GE
and toluene and the poor solubility of GE in toluene. Howev-
er, the black supernatants can be observed even after an
extremely strong ultracentrifugation and remain stable even
after 1 month, indicating the occurrence of strong interfacial
interaction between GE and SBS during the solution mixing
and in situ reduction process. The strong interfacial interaction
leads to the absorption of SBS molecules onto the surfaces of
GE nanosheets. TGA measurement was used to determine the
content of wrapped SBS on the GE nanosheets. The TGA
curves are shown in Fig. 4c. GE and G-a-SBS exhibit the
oxygen functionalities after reduction which is seen from the
XPS. It is reported that graphene oxide was reduced in the
organic media such as DMF, NMP et al. using hydrazine
hydrate which is not supposed to reduce the carboxylic groups
[33]. Therefore, the weight loss of GE and G-a-SBS between
200 °C and 300 °C can be attributed to loss of carboxylic
groups. While the major weight loss of G-a-SBS occur in the
temperature range of 400-500 °C, corresponding to the de-
composition of SBS. Considering that GE and pure SBS lost

12 14 16 0 1 2 3 4 5

Filler content (%)

22.9 wt% and 96.8 wt% of its original weight, the content of
wrapped SBS in G-a-SBS sample was thus estimated to be
about 60 %.

It has been demonstrated that graphene, as a two-
dimensional sheet composed of sp® carbon atoms, can strong-
ly interact with aromatic structures via m-stacking [34], which
leads to the strong interfacial inetraction between GE and
SBS. Therefore, SBS can be adsorbed onto the exfoliated
graphene nanosheets and prevent them from restacking [19].
In other words, graphene could be well dispersed in the SBS
matrix to produce SBS/GE nanocomposites.

Effect of graphene on the phase structure of SBS

As a block copolymer, SBS undergoes microphase separation
into self-assembled ordered morphologies, which is of critical
importance for its mechanical properties [35, 36] . Therefore,
it is necessary to investigare the microphase separation of pure
SBS and SBS/GE nanocomposites with different contents of
graphene.

Fig. 8 Electrical conductivity of 0.1
SBS/GE nanocomposites with 0.01

different loading 1E-3

1E-4
1E-5
1E-6
1E-7
1E-8
1E-9
1E-10
1E-11
1E-12
1E-13
1E-14

conductivity(S/m)

32 3.0 2.8 26 24 22 2.0 1.8 1.6
Log(e-9.)

1 " 1 1 1 I 1 1
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SAXS measurements were performed to investigate the
microphase separation of pure SBS and SBS/GE nanocom-
posites which are annealed for 48 h at 120 °C. Figure 5 shows
the SAXS profiles in which the X-ray intensity is plotted as a
function of the scattering vector q. A q/q* ratio of 1:2:3 can be
observed for the higher order scattering peaks to the primary
peak of pure SBS, indicating existence of the typical lamellae
microstructure. Similar with the pure SBS, the multiple scat-
tering peaks of SBS/GE nanocomposites have almost the
same peak position ratios, which suggests that the well-
dispersed graphene does not change the morphology of
microphase-separated SBS and that the SBS matrix maintains
the lamellae structure in the nanocomposites.

Figure 6 shows the TEM images for pure SBS and its
nanocomposite with 3 wt % graphene. The pure SBS has the
lamellae structure. However, a highly ordered phase structure
with the same morphology is still formed in the nanocompos-
ite. Due to the slight difference of electron density between
graphene and the SBS matrix, graphene was not observed in
the field after staining with OsO,. The TEM results are con-
sistent with those observed from SAXS. In contrast, montmo-
rillonite, with the similar layered structure, has been found to
weaken or disturbthe microphase separation of block copoly-
mer [37, 38]. The changes in the microphase separation could
lead to a decrease of mechanical properties [38].

Mechanical properties

Figure 7a illustrates the representative stress—strain curves of
SBS/GE nanocomposites with various loadings of GE.
Figure 7b plots the tensile strength of SBS/GE nanocompos-
ites as a functon of the graphene loading. It can be clearly seen
that the tensile strength of SBS/GE nanocomposites at various
loading are higher than that of pure SBS. More specifically,
the tensile strength of SBS/GE nanocomposite with 0.5 wt%
graphene is 23.8 MPa, more than two folds higher than that of
pure SBS (10.5 MPa). The mechanical properties of SBS/GE
nanocomposites depend on three factors, including the phase
structure of SBS, the dispersion of graphene as well as the
interfacial interaction between graphene and SBS. As men-
tioned above, the morphology of SBS remains unchanged
upon addition of graphene. Therefore, the enhancement of
mechanical properties can be attributed to the homogeneous
dispersion of graphene and the strong interfacial interaction
between GE and the SBS [32].

Electrical conductivity

The volume conductivity is plotted in Fig. 8 as a function of
the graphene loading for the SBS/GE nanocomposites. As can
be seen, the electrical conductivity of SBS/GE nanocompos-
ites increases with increasing graphene loading. A sudden
increase in the conductivity (i.e. the percolation phenomenon)

was observed as the mass fraction of graphene varies from
0.1 vol% to 0.2 vol%, indicating the formation of a prelimi-
nary conductive network. When the content of grahene is as
low as 1.2 vol %, the electrical conductivity of the nanocom-
posite has attained a value of 1.64x 1072 S/m. Thereafter, the
electrical conductivity of the nanocomposites stays on the
same orders of magnitude with the further addition of
graphene.

The conductivity of the nanocomposites can be fitted with
a modified percolation theory, c=0y(@—@,)", where o is the
conductivity of the nanocomposite, ¢ is the volume fraction
of the filler, @, is the volume percolation concentration, and t
is the critical exponent which is related to the dimensionality
of conductive network. The calculated value of . is
0.12 vol%. This extremely low percolation concentration is
consistent with those reported in previous works [19, 21] and
can be attributed to the good exfoliation and dispersion of
graphene. In addition, the calculated value of't is approximate-
ly 2.10, implying the presence of a three-dimensional
network.

Conclusion

SBS/GE nanocomposites were successfully prepared by so-
lution mixing and in situ reduction. The enhanced interfacial
interaction between graphene and SBS resulting from the
7-7t intercation makes graphene difficult to re-aggregation
and improves the dispersion of graphene in the SBS matrix.
The dispersed graphene form an electrical conductive net-
work at a relative low graphene loading (percolation thresh-
old, 0.12 vol %). Moreover, the obtained SBS/GE nanocom-
posites exhibit significantly enhanced mechanical properties.
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