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A simple method is developed to produce high-concentration organic solutions of graph-
ene sheets noncovalently modified with poly(styrene-co-butadiene-co-styrene) (SBS). Once
exfoliated from natural graphite under sonication, the graphene sheets can be stabilized by
SBS through the n—r stacking with the PS chains. The PS-graphene interaction is confirmed
by DSC, since the glass transition temperature of the PS blocks increases by ~8 °C, while
that of the PB block remains unchanged. The content of SBS adsorbed on the graphene
sheets is determined by TGA as ~63 wt.%. Direct morphological observation is achieved
by HRTEM, which reveals an amorphous polymer layer on the graphene sheets with indi-
vidual polymer chains climbing on the edges. A freestanding, highly flexible film of SBS-
modified graphene is prepared. The improved solubility of graphene in the organic solvents
opens up a new opportunity for the solution-phase incorporation of graphene in the poly-
mer matrices. The graphene/SBS composite has an excellent electrical conductivity with a
percolation threshold of ~0.25 vol.%. Besides, it is proven that SBS can also be adsorbed on
chemically modified graphene and carbon nanotubes, demonstrating the versatility of the
n-r stacking between the PS chains and the graphitic planes.

© 2011 Elsevier Ltd. All rights reserved.

has to be available in large amount and low cost. In this con-
text, solution-based methods have been explored, aiming at
the mass production of graphene.

Ruoff et al. succeeded in oxidizing natural graphite into

1. Introduction

Graphene, a novel 2D carbon nanomaterial with superior
electrical, thermal and mechanical properties [1-3], has re-

cently provoked much research interest, just as fullerenes
and carbon nanotubes (CNTs) did decades ago. Single- and
few-layer graphene sheets have been successfully produced
by, say, micromechanical cleavage of natural graphite [4],
chemical vapor deposition [5], arc discharge [6], and epitaxial
growth [7]. However, the low yield - a common characteristic
of all these methods - restricts them to the laboratory-level
fundamental studies only. For such applications as in high-
performance graphene/polymer composites [8-10], graphene

* Corresponding author: Fax: +86 10 62784550.
E-mail address: xxm-dce@mail.tsinghua.edu.cn (X.-M. Xie).

graphene oxide (GO), and then reducing it into chemically
modified graphene (CMG) with hydrazine hydrate [11]. In
GO, the sp*-hybridized carbon network is largely disrupted
by bonding with such oxygen-containing groups as hydroxyl,
epoxide and carboxyl. Therefore, GO is an electrical insulator.
The reduction process eliminates most of the hydroxyl and
epoxide groups, and the electrical conductivity is thus partly
restored in CMG. The carboxyl groups, however, still occupy
the edges of the CMG sheets, and facilitate further modifica-
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tion with phenyl isocyanate [8], long-chain alkyl [12], polysty-
rene (PS) [13], etc. The integrity of the graphitic network is
irreversibly damaged in this method, and CMG is proven by
Raman spectroscopy to be highly defective [14,15].

To obtain high-quality, almost pristine graphene, several
different ways have been worked out, using natural graphite,
graphite intercalation compounds and expandable graphite
as the starting materials. Dai et al. exfoliated graphene
sheets from expandable graphite and stabilized them in
the organic solvents through the n—n stacking with two
conjugated polymers, poly(m-phenylenevinylene-co-2,5-
dioctoxy-p-phenylenevinylene) [16] and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-5000] [17]. Similarly, an aqueous solution of graphene
sheets was prepared from expandable graphite through the
n-n stacking with 7,7,8,8-tetracyanoquinodimethane [18].
Penicaud et al.,, on the other hand, stirred a graphite interca-
lation compound, K(THF),Cys (THF = tetrahydrofuran; x=
1-3), in N-methylpyrrolidone (NMP) to obtain a homoge-
neous colloidal suspension of graphene sheets [19].

It was found, interesting, that natural graphite can be di-
rectly exfoliated into graphene sheets in certain organic sol-
vents under sonication [20,21]. The method is simple, and
graphene with an electrical conductivity up to ~6500 S/m
can be obtained. However, the concentrations (0.16-8.5 mg/
L) of the solutions as well as the yields (1-12 wt.%) are very
low. Besides, many common nonpolar organic solvents, such
as alkanes, benzene and its homologs, chloroform and THF,
are extremely inefficient in dissolving the graphene sheets
because of the weak affinity between the solvent molecules
and graphene [22]. The poor solubility of graphene in the or-
ganic solvents, especially in the nonpolar ones, largely
hinders its processability, thus a bottleneck to the incorpora-
tion of graphene in most of the polymer matrices. Recently
the aqueous solutions of graphene, exfoliated from natural
graphite and stabilized with sodium dodecylbenzenesulfo-
nate [23], sodium cholate [24], 1-pyrenecarboxylic acid [25]
and nonionic surfactants [26], were successfully realized.
However, to produce organosoluble graphene sheets with
high quality and productivity is still a fascinating challenge
[27,28].

The hexagonal arrangement of the carbon atoms in an
aromatic ring is isomorphic to that in a graphitic plane. Thus,
the n-n stacking between the two is reasonably expected. It
was reported that, by ourselves [29-31] and others [32,33],
there is indeed an interaction between the PS chains and
CNTs, which can be used to noncovalently modify CNTs with
PS and PS-based copolymers. Note that CNTs modified with
the PS homopolymer show limited improvement in the
organosolubility, e.g., 66 mg/L in chloroform at best [31]. In
contrast, nearly one-order-of-magnitude higher organosolu-
bility is observed on CNTs modified with the PS-based copoly-
mers [29,30]. It is believed that a PS-based copolymer is much
more efficient in solubilizing CNTs in the organic solvents like
a surfactant: the PS chains are selectively adsorbed on the
CNT surfaces to compensate the inherent intertube van der
Waals attraction, while the chains of the other component ex-
tend in the solvents to regulate the solubility.

Since theoretically a graphene sheet can be rolled up to
form a CNT, or in other words, a CNT can be spread along

its axis to form a graphene sheet, it is natural to extend the
noncovalent modification strategy from CNTs to graphene.
Compared with conjugated polymers, the PS-based copoly-
mers can endow graphene with reasonable solubility in the
organic solvents with a much lower cost. Compared with
small molecules, surfactants and homopolymers, the abun-
dant resources of PS-based copolymers can broaden the range
of organic solvents for graphene. The solubility of graphene is
often limited by that of the specific small molecule, surfactant
or homopolymer adsorbed on it. However, in the case of a PS-
based copolymer, once PS is adsorbed on graphene, a flexible
choice of the other component can regulate the solubility of
graphene in different organic solvents as well as its compati-
bility with different polymer matrices. Graphene can even be
solubilized in the organic solvents or incorporated in the poly-
mer matrices that are not compatible with PS only by regulat-
ing the other component in a PS-based copolymer. Here, we
report a simple and inexpensive method to exfoliate graph-
ene sheets from natural graphite and noncovalently modify
them with one of the most widely used PS-based block
copolymers, poly(styrene-co-butadiene-co-styrene)  (SBS),
endowing graphene with reasonable solubility in a wide vari-
ety of organic solvents.

2. Experimental
2.1.  Materials and reagents

The natural graphite powder (particle sizes <300 mesh;
purity > 98.0%) was purchased from Sinopharm Chemical
Reagent Co., Ltd. The linear SBS triblock copolymer (M =
117,000; PDI=1.40) was purchased from LG Chemical. All
the other chemical reagents employed in the experiments
were purchased from Beijing Chemical Works, and used as
received.

2.2. Sample preparation

In a typical run, 100 mg of natural graphite powder was dis-
persed in 100 mL of NMP by sonicating for 2 h. Then 100 mL
of SBS/NMP solution (2 wt.%) was added slowly. The mixed
solution was sonicated at ambient temperature for 6 h such
that SBS was sufficiently adsorbed on the exfoliated graphene
sheets to stabilize them. Note that shorter sonication time
might lead to insufficient SBS adsorption, while longer soni-
cation time might lead to too many defects on the graphene
planes. The obtained suspension was centrifuged at
12,000 rpm for 90 min, and the top half of the supernatant
was pipetted out. A black solid product, denoted SBS-ad-
sorbed graphene (SBS-a-G for short), was collected through
vacuum filtration with a polytetrafluoroethylene membrane,
and thoroughly rinsed with chloroform and THF before vac-
uum drying. SBS-a-G was then dissolved in a wide spectrum
of organic solvents. The solid samples of SBS-a-G for further
characterization were obtained from its chloroform solution
through vacuum filtration, and dried in vacuum.

For comparison, 100 mg of natural graphite powder was
dispersed in 100 mL of NMP by sonicating for 8 h (without
adding SBS). The obtained suspension was centrifuged at
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12,000 rpm for 90 min, and the top half of the supernatant
was collected. The solid samples of neat graphene were
derived from this solution through vacuum filtration, and
dried in vacuum.

To test the versatility of the SBS adsorption on the graph-
ene sheets, we also employed CMG as the starting material.
GO was synthesized from natural graphite powder by a mod-
ified Hummers method [34], and pre-dissolved in water to ob-
tain an aqueous solution (2.5 mg/mL). Briefly, 10 mL of
aqueous solution of GO was pipetted out and dropped into a
conical flask, to which 90 mL of N,N-dimethylformamide
(DMF) was added. Then, 10 pL of hydrazine monohydrate
was added to the above solution, and the whole system was
kept at 80°C for 12 h such that GO was reduced into CMG
[15]. Thereafter, the graphene solution was sonicated for
2 h, to which 100 mL of SBS/DMF solution (2 wt.%) was added
dropwise. Note that rapidly adding the SBS/DMF solution
might cause the precipitation of SBS due to the presence of
water in the system. The mixture was sonicated for 6 h such
that SBS was sufficiently adsorbed on the CMG sheets. A black
solid product, denoted SBS-adsorbed CMG (SBS-a-CMG for
short), was collected following the same protocol as outlined
above.

2.3. Equipment and characterization techniques

Sonication was carried out in a KQ100DB ultrasonic bath of
Kunshan Ultrasonic Instruments Co., Ltd. under 40 kHz and
100 W.

Centrifugation was performed in a TGL-20 M centrifuge of
Shanghai Luxiangyi Centrifuge Instrument Co., Ltd. at
12,000 rpm.

Fourier transform infrared spectroscopy (FT-IR) was re-
corded on the solid samples in a Nicolet 560 spectrometer.

Raman spectroscopy was recorded on the solid samples in
a Renishaw RM2000 spectrometer with 514nm laser
excitation.

Thermogravimetric analysis (TGA) was recorded on the so-
lid samples in a Shimadzu DTG-60 from ambient temperature
to 1000 °C (heating rate = 20 °C/min) in air. The air flow was
50 mL/min, and the sample mass was ~10 mg.

Differential scanning calorimetry (DSC) was recorded on
the solid samples in a Shimadzu DSC-60 from —150°C to
200°C (heating rate = 10 °C/min) in nitrogen. The nitrogen
flow was 30 mL/min, and the sample mass was ~5 mg.

Transmission electron microscopy (TEM) was performed in
a JEOL JEM-1200EX operated at an accelerating voltage of
80 kV. The samples were prepared by dropping the solutions
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on carbon-coated holey copper grids and then drying them
in vacuum.

High-resolution TEM (HRTEM) was performed in a JEOL
JEM-2010 operated at an accelerating voltage of 120 kV. The
samples were prepared by dropping the solutions on holey
copper grids and then drying them in vacuum.

Atomic force microscopy (AFM) was performed in a Shima-
dzu SPM-9500 in the tapping mode. The samples were pre-
pared by spin-coating the solutions on cleaned silicon
wafers at 2000 rpm for 1min and then drying them in
vacuum.

3. Results and discussion

Although graphene is proven to be soluble in certain organic
solvents, the concentrations (0.16-8.5mg/L) are very low
[20,21]. For example, when graphene is dissolved in NMP,
one of the most “efficient” solvents ever reported, the concen-
tration is only ~4.7 + 1.9 mg/L. The value is much lower than
that reported on single-walled CNTs [35]. The reason lies in
the extremely large specific surface area of graphene, which
induces a strong interlayer van der Waals attraction, and thus
a high restacking tendency. However, after SBS is added dur-
ing the sonication process, it can be adsorbed on the exfoli-
ated graphene sheets and prevent them from restacking, as
illustrated in Fig. 1. Therefore, graphene adsorbed with SBS
has largely improved solubility in NMP. Fig. 2a shows a photo-
graph of the NMP solutions of neat graphene (left) and SBS-a-
G (right), which can give us a direct impression of the signif-
icant concentration difference between them. A TEM image of
the NMP solution of SBS-a-G is presented in Fig. 2b. Large
quantities of isolated SBS-a-G sheets can be clearly seen in
the image.

Fig. 3 shows the FT-IR spectra of natural graphite, SBS-a-G
and SBS. The FT-IR spectrum of natural graphite is feature-
less, in accord with that reported elsewhere [36]. In the FT-
IR spectrum of SBS-a-G, the newly emerged peaks at 752
and 696 cm™! are related to the mono-substituted benzene
rings in the PS chains of SBS. The strong peak at 964 cm ™ is
derived from the dominant trans-1,4-butadiene structure,
while the weak one at 908 cm ! from the minor 1,2-butadiene
structure of the polybutadiene (PB) chains. The FT-IR spectra
confirm the adsorption of SBS on the graphene sheets.

To further elucidate the interaction between the PS chains
and graphene, we measured the glass transition tempera-
tures, Tgs, of SBS and SBS-a-G. SBS, as an immiscible block
copolymer, has two distinct Tgs, of which the lower one corre-
sponds to the relaxation behavior of the PB block, while the

i

SBS-a-G

adsorption

Fig. 1 - Scheme for the noncovalent modification of the exfoliated graphene sheets with SBS.
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by 200 nm

b

Fig. 2 - (a) Photograph of the NMP solutions of neat graphene
(left) and SBS-a-G (right) and (b) TEM image of the NMP
solution of SBS-a-G. All the samples in (a) were kept in
ambient condition for more than 3 months before
photographing.

higher one to that of the PS blocks. Therefore, the T, changes
of SBS before and after being adsorbed on the graphene
sheets, if any, can reflect the different extents to which the
mobility of the PB and PS chains is confined by graphene.
Fig. 4 shows the DSC curves of SBS and SBS-a-G. Clearly, the
Tg change of the PB block is trivial. On the contrary, a remark-
able T, increase of ~8 °C is witnessed on the PS blocks from
SBS to SBS-a-G, implying a selective interaction between PS
and graphene. A recent study on the solution-blended PS/sin-
gle-walled CNT composite also found a T, increase of 6-7 °C.
Besides, it was claimed that the T, increase does not change
as the nanotube content increases from 1 to 30 wt.% [37].
Grafting PS to CMG [13] and multi-walled CNTs [38], however,
led to much higher Ty increases, i.e., 15 °C and 35 °C, respec-
tively. Hence, the change in T, depends largely on the type
of interaction between the PS chains and the graphitic sheets.

FTIR i

graphite

3000 2000 1000
Wavenumbers (cm™!)

Fig. 3 - FTIR spectra of natural graphite, SBS-a-G and SBS.

DSC

-100 -60 60 100
Temp (°C)

Fig. 4 - DSC curves of SBS and SBS-a-G. The results

presented here are obtained in the second-round heating

process to eliminate the thermal history of the samples.

100% — ———
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N
natural graphite wt. losk = 630
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< \
0% ——— SBS \
——  SBS-a-G N
0
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Fig. 5 - TGA curves of natural graphite, neat graphene, SBS
and SBS-a-G.

Fig. 5 shows the TGA curves of natural graphite, neat
graphene, SBS and SBS-a-G. Natural graphite used in our
experiment is thermally stable in air until ~650 °C, above
which a continuous weight loss occurs (~50% at 900 °C). A
similar result was reported by Kaner et al.,, who attributed
the continuous weight loss at high temperature to the oxida-
tion of the carbon atoms into CO, [39]. Different from that of
natural graphite, the TGA curve of neat graphene has a small
weight loss of 9% starting from ~200 °C, which can be as-
cribed to the presence of the sparingly volatile solvent, NMP.
A similar phenomenon was reported by Coleman et al. [20].
The thermal decomposition of neat graphene occurs at
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~580 °C, from which a constant weight loss is observed. At
~800 °C, neat graphene is almost combusted completely. Nat-
ural graphite, however, has a weight loss of only ~30% at the
same temperature. The lower thermal stability of neat graph-
ene can be explained by the increased surface area, the de-
creased van der Waals interaction, the increased defect
concentration, etc. The TGA curves of natural graphite and
neat graphene up to 900 °C are provided in Supplementary
material. In sharp contrast, SBS has a 100% weight loss at
500 °C, far below the initial decomposition temperature of
neat graphene. The obvious difference in the thermal decom-
position temperature of neat graphene and SBS helps us
determine the content of the polymer in SBS-a-G to be
~63 wt.%. Note that the TGA curve of SBS-a-G does not have
a small weight loss at relatively low temperature like that of
neat graphene. This is because the solid sample of SBS-a-G
was collected from its chloroform solution, and dried in vac-
uum before the TGA measurement. Since chloroform is a vol-
atile solvent, there is little residual chloroform on SBS-a-G.
Raman spectroscopy is a powerful tool to characterize the
carbon materials [40]. Generally, there are three common
peaks, i.e., a D peak at ~1350 cm™*, a G peak at ~1580 cm™?,
and a 2D peak at ~2700 cm™~*. The D peak is defect-related,
and originates from the in-plane breathing mode of A;g sym-
metry due to the presence of sixfold aromatic rings [41]. For
the defect-free graphitic sheets, the D peak is invisible. The
G peak corresponds to the E,; mode, and is related to the
vibration of the sp®-hybridized carbon atoms in the graphitic
sheets. The 2D peak is the second order of the D peak, and al-
ways present even when there is not a D peak because no de-
fects are required for the activation of two phonons with the
same momentum. The intensity ratio of the D and G peaks,
I(D)/I(G), is often referred to indicate the quantities of defects
in the carbon materials. Fig. 6 shows the Raman spectra of
natural graphite and SBS-a-G (in the bulk state). The I(D)/I(G)
ratio rises from 0.19 (natural graphite) to 0.32 (SBS-a-G), sug-
gesting more sonication-induced basal plane defects and/or
edge defects present in SBS-a-G. Here we stress that the
I(D)/I(G) ratio of SBS-a-G is much lower than that reported

G
2D
= D
& eraphite A, ,j
SBS-¢-G
100 1000 2000 3000

Raman Shift (cm™)

Fig. 6 - Raman spectra of natural graphite and SBS-a-G (in
the bulk state).

on CMG [11,14,15], which is heavily and irreversibly damaged
by the oxidation-reduction process.

We found that SBS-a-G was soluble in a wide variety of or-
ganic solvents that are compatible with SBS, and the solu-
tions could withstand high-speed centrifugation
(12,000 rpm, 90 min) without any visible precipitate (Supple-
mentary material). The results indicate that the graphene
sheets can be stabilized by SBS in the organic solvents, yield-
ing high-concentration organic solutions. The reasonable sol-
ubility of SBS-a-G in the organic solvents opens up a new
opportunity for the solution-phase graphene processing. It
was also found that, interestingly, graphene nanoribbons
with various widths and shapes could be produced by our
method, and five representative ones are presented in Supple-
mentary material.

HRTEM provides us with an ability to directly characterize
the morphology of SBS-a-G, as shown in Fig. 7. Fig. 7a focuses
on a single-layer SBS-a-G sheet. Seen from the figure, the sur-
face of the single-layer SBS-a-G sheet is coated with an amor-
phous layer (presumably composed of SBS), which blurs the
otherwise clearer image of highly crystalline graphene at
the same magnification. Part of the graphene sheet’s smooth
edge is visible, while the rest is coated with the amorphous
layer. A similar phenomenon was reported by Coleman
et al.,, who found the ununiform coating of graphene sheets
with a surfactant (sodium dodecylbenzenesulfonate) under
HRTEM [23]. To further discriminate the SBS chains from
graphene, we elaborately present the image of a multi-layer
SBS-a-G sheet here (Fig. 7b). The surface of the multi-layer
SBS-a-G sheet is also coated with a porous amorphous layer.
Moreover, individual SBS chains extending from the amor-
phous layer can be clearly seen at the edge of the multi-layer
SBS-a-G sheet. The HRTEM image directly proves the presence
of SBS adsorbed on the graphene sheet. Previously we ob-
served the uniform coating of double-walled CNTs with a
PS-based graft copolymer [28]. In the case of graphene, how-
ever, its extremely large specific surface area is difficult for
the uniform adsorption of polymer chains due to their high
steric hindrance and low mobility. Therefore, a porous, fish-
ing-net-like amorphous SBS layer is observed, with individual
SBS chains extending out and climbing on the edge of the
graphene sheets.

We further performed AFM on more than 70 isolated SBS-
a-G sheets. The thickness of single-layer graphene exfoliated
from natural graphite was reported to be 1-2 nm [20], being
somewhat larger than the theoretical value (0.34 nm). This
is because, among other reasons, the presence of the solvent
effect. In contrast, more than 35% of the SBS-a-G sheets were
found to have thickness of 3-3.5nm. Occasionally, sheets
with thickness of 1-2 nm were observed, which could be as-
cribed to neat graphene sheets without the SBS adsorption.
Sheets with thickness of 2-3 nm were rarely seen. Therefore,
3-3.5-nm-thick sheets were the “thinnest” SBS-a-G sheets
ever observed in AFM. Fig. 8 shows two representative SBS-
a-G sheets with thickness of 3.42 nm and 3.07 nm. The diam-
eters of the PS chains observed in Fig. 7b are >1 nm. If we as-
sume SBS is adsorbed on each side of a graphene plane in a
single-layer mode, we can deduce that the graphene sheets
shown in Fig. 8 are <3 layers even when the solvent effect
is not taken into consideration.
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a | |

Fig. 7 - HRTEM images of (a) a single-layer SBS-a-G sheet coated with SBS and (b) a multi-layer SBS-a-G sheet coated with SBS.
Note that individual SBS chains can be clearly seen at the edge of the multi-layer SBS-a-G sheet in (b).
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Fig. 8 - AFM image of two SBS-a-G sheets (left) and their corresponding height profiles (right).

Flexible and strong films of GO and CMG were frequently mely fragile [43]. It was speculated that the functional groups
reported previously [42]. However, “graphene paper” made in GO and CMG can tightly bind individual sheets together.
from a suspension of pristine graphene was porous and extre- Here we show a freestanding, highly flexible film of SBS-a-G

10 |
E
3 10}
&
Z
é w0 Lk : Graphene/SBS composite
=] 1 :
S | Percolation threshold = 0.25 vol.%
= 1
R
£ 10'f
151 [
2 1
= 1
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- 1
10 T T 1 1 L L
0 1 2 3 4 5
Graphene Volume Fraction (vol.%)

Fig. 9 — Photograph of a freestanding, highly flexible SBS-a-G Fig. 10 - Electrical conductivity of the graphene/SBS
film vacuum-filtered from the chloroform solution. composite as a function of the graphene volume fraction.
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(Fig. 9) obtained by vacuum-filtering an SBS-a-G/chloroform
solution. In this case, the graphene sheets are likely to be
bound by the entangled SBS chains in between, resulting in
enhanced flexibility and strength.

It is well known that when conducting filler is added to an
insulating matrix, a so-called percolation phenomenon mark-
ing a rapid increase of the electrical conductivity occurs when
the filler forms an infinite network of connected paths across
the insulating matrix [8]. The percolation thresholds of graph-
ene (GO, CMG) in such matrices as PS, polypropylene, epoxy
resin, polycarbonate, poly(methyl methacrylate), thermoplas-
tic polyurethane, polydimethylsiloxane, poly(vinylidene fluo-
ride), polyamide 6 and styrene-isoprene-styrene triblock
copolymer have already been studied [44]. However, to the
best of our knowledge, the percolation characteristic of the
graphene/SBS composite has not been touched. SBS, one of

a

3000 2000 1500 1000
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2D

Raman

GO

SBS-a-CMG

100 1000 2000 3000
Raman Shift (cm’l)

Fig. 11 - (a) FT-IR spectrum, (b) Raman spectrum and (c) TEM
image of SBS-a-CMG.

the most widely used thermoplastic elastomers, is electrically
insulating. When SBS-a-G is incorporated in the SBS matrix
through solution blending, the percolation takes place at a
graphene volume fraction of ~0.25vol.%, as shown in
Fig. 10. Besides, a rapid, five-order-of-magnitude increase of
electrical conductivity appears from 0.25 vol.% (~3.5x 107> S/m)
to 1.5vol.% (~1S/m). After that the increase is relatively
moderate until 4.5vol.% (~13S/m), the highest graphene
volume fraction tested in our experiment. The simple
processing method and the excellent electrical performance
of the graphene/SBS composite highlight a potential for
industrial applications.

We also employed CMG as the starting material to test the
versatility of the SBS adsorption on the graphene sheets.
Fig. 11a shows the FT-IR spectrum of SBS-a-CMG thus ob-
tained. As analyzed above, the peaks at 746 and 696 cm™*
are derived from the PS block of SBS, while those at 962 and
908 cm* from the PB block. The FT-IR spectrum confirms that
SBS can also be adsorbed on the CMG planes. Fig. 11b shows
the Raman spectra of GO and SBS-a-CMG. The increased
I(D)/I(G) ratio in the Raman spectrum of SBS-a-CMG (0.90),
as compared to that of GO (0.83), suggests successful reduc-
tion/deoxygenation of GO into graphene [11]. Note that the
I(D)/I(G) ratio of SBS-a-CMG (0.90) is three times that of SBS-
a-G (0.32) reported above, indicating much more defects in
SBS-a-CMG caused by the oxidation-reduction process.
Fig. 11c shows a TEM image of a single-layer SBS-a-CMG
sheet. Previously we showed that SBS can be successfully ad-
sorbed on CNTs [30,31] to improve their organosolubility. This
result, combined with the findings in the present paper, dem-
onstrate the versatility of the n—rn stacking between the PS
chains and the graphitic planes.

4, Conclusion

High-concentration organic solutions of graphene sheets
have been produced from natural graphite through the n-n
stacking with the PS chains of SBS. The noncovalent modifi-
cation strategy retains the 2D lattice integrity of graphene,
and imposes much fewer defects on the graphene planes as
compared with CMG. The percolation characteristic of the
graphene/SBS composite has been studied, and a relative
low percolation threshold (~0.25 vol.%) is observed. The high
solubility of SBS-a-G in the organic solvents, as well as the
excellent electrical performance may open up a new opportu-
nity for the solution-phase production of high-performance
graphene/polymer composites. Besides, the versatility of the
n—n stacking between the PS chains and the graphitic planes
has been demonstrated.
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