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 A scalable approach for the mass production of chemically modifi ed graphene 
has yet to be developed, which holds the key to the large-scale production 
of stable graphene colloids for optical electronics, energy conversion, and 
storage materials, catalysis, sensors, composites, etc. Here, a facile approach 
to fabricating covalently modifi ed graphene and its polymer nanocompos-
ites is presented. The method involves: i) employing a common furnace, 
rather than a furnace installed with a quartz tube and operated in inert gas 
as required in previous studies, to treat a commercial graphite intercalation 
compound with thermal shocking and ultrasonication and fabricate graphene 
platelets (GnPs) with a thickness of 2.51  ±  0.39 nm that contain only 7 at% 
oxygen; ii) grafting these GnPs with a commercial, long-chain surfactant, 
which is able to create molecular entanglement with polymer matrixes by 
taking advantage of the reactions between the epoxide groups of the platelets 
and the end amine groups of the surfactant, to produce chemically modi-
fi ed graphene platelets ( m - GnPs); and iii) solution-mixing  m -GnPs with a 
commonly used polymer to fabricate nanocomposites. These  m -GnPs are 
well dispersed in a polymer with highly improved mechanical properties and 
a low percolation threshold of electrical conductivity at 0.25 vol%. This novel 
approach could lead to the future scalable production of graphene and its 
nanocomposites. 
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  1. Introduction 

 Although carbon nanotubes and silicate 
layers have been extensively studied over 
past decades, graphene is now hailed as 
the next generation of material for polymer 
nanocomposites. This is because electri-
cally and thermally conducting graphene 
has the largest specifi c surface area, is 
stronger and stiffer than diamond, and, 
upon loading, can elongate a quarter of 
its length. [  1–6  ]  Recent studies have focused 
on oxidizing, exfoliating, functionalizing, 
and reducing graphene. [  7–11  ]  Reported 
methods for fabricating graphene, such as 
micromechanical exfoliation, [  12  ]  epitaxial 
growth, [  13  ,  14  ]  and chemical vapour deposi-
tion, [  15  ,  16  ]  are diffi cult to scale up for the 
fabrication of polymer nanocomposites. 
Recent methodologies include i) treating 
graphite with a harsh oxidation to produce 
graphite oxide with C:O ratios of  ≈ 2:1, as 
in the Hummers method or its modifi ed 
derivatives. [  17  ,  18  ]  Graphite oxide can be 
expanded or even exfoliated in solvent by 
ultrasonication or rapid heating in inert 
gas. Notably, this method actually pro-
duces highly oxidized graphene that contains many irrevers-
ible defects and disorder, and shows little or no conductivity 
and highly reduced strength. Subsequent chemical reduction or 
thermal treatment recovers partial conductivity, albeit orders of 
magnitude below that of pristine graphene. In a typical proce-
dure, graphite oxide is charged into a quartz tube in inert gas 
and then heated to temperatures over 1000  ° C at high rates, 
such as 2000  ° C min  − 1 . [  19  ]  The drawbacks of the reduction 
include: it is costly, owing to the presence of reducing chemicals 
or the special furnace equipped with a quartz tube and operated 
in inert gas; the reduction is never 100% complete and causes 
aggregation of graphene oxide in polymer matrixes; and the 
reduced graphene oxide exhibits a stiffness of 0.25 TPa, merely 
one fourth of its parent graphene. [  20  ]  In conclusion, this method 
is inappropriate for the scalable production of graphene. ii) A 
second recent method involves treating commercial graphite 
intercalation compounds by rapid heating to produce loosely 
stacked graphene platelets (GnPs) that can be further expanded 
in solvent by ultrasonication. [  21  ,  22  ]  Each GnP, comprising a few 
or more graphene layers, ranges from 10–100 nm in thick-
ness. [  21–23  ]  In spite of the high thickness, two advantages are 
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associated with this method: the starting-material graphite 
intercalation compounds are cost-effective as no harsh oxida-
tion is involved, and the GnPs produced are of far lower oxi-
dation degree than graphene oxide produced from method 
(i), implying no need for tedious reduction where dangerous, 
expensive chemicals are involved. Therefore, this method may 
hold potential for the mass production of graphene, although 
GnPs are generally perceived not to carry organic functional 
groups due to the thermal treatment. 

 Surface modifi cation is crucial in producing a stable 
graphene colloid. As large fractions of hydroxyl, carbonyl, epoxy, 
and carboxylic groups are present on graphene oxide through 
acidifi cation, three major types of methods have been devel-
oped to modify graphene oxide: i) transforming the carboxyl 
on graphene oxide edges into chlorides using SOCl 2 , followed 
by reaction with amine-terminated surfactants; [  24–26  ]  ii) reacting 
graphene oxide with isocyanate; [  27–29  ]  and iii) bridging graphene 
oxide with surfactants through the reaction of the graphene 
oxide carboxylic groups with the surfactant amine groups. [  30  ]  
These methods have been partially successful in modifying the 
graphene oxide surface: the fi rst two methods, involving dan-
gerous chemicals, are diffi cult for scaled-up production; and 
the bonding produced by method (iii) absorbs moisture in a 
humid environment. It is noteworthy that the reaction between 
the epoxide group of graphene oxide and the end amine 
group of surfactants has also been reported for the modifi ca-
tion. [  31–34  ]  However, all of these methods start with highly oxi-
dized graphite and short-chain surfactants, and this implies 
the necessity for reduction, which is inappropriate for the mass 
production of conducting graphene. 

 Forming nanocomposites is one of the major means of har-
vesting the striking mechanical and functional properties of 
graphene. Two major methodologies developed for fabricating 
polymer/graphene nanocomposites include solution mixing 
and in situ polymerization. Nanocomposites with up to a 10 4  
increase in electrical conductivity have been fabricated by 
solution mixing. [  35–40  ]  Although robust mechanical perform-
ance is a prerequisite for the application of new materials, 
these nanocomposites have merely focused on conductivity 
rather than mechanical performance due to the lack of a reli-
able, cost-effective method for the modifi cation of graphene for 
polymer nanocomposites. The interface between the disper-
sion layers and the matrix plays a crucial role in determining 
the structure and properties of nanocomposites, such as the 
improved mechanical properties of layered epoxy nanocom-
posites through interface modifi cation using various sur-
factants. [  28  ,  41  ]  In situ polymerization refers to polymerizing the 
mixture of monomer and suspended graphene platelets, [  42  ,  43  ]  
which promotes the dispersion and exfoliation of graphene. 
Two disadvantages are associated with this method: i) the low 
molecular weight, resulting in poor mechanical performance; 
and ii) the complexity, making them less compatible with 
industrial needs. From a fundamental viewpoint, it is indispen-
sable to develop a general methodology for fabricating polymer/
graphene nanocomposites via solution mixing, which is more 
compatible with industry practice than in situ polymerization. 

 In this study, we present a facile method for fabricating 
graphene platelets (GnPs) of  ≈ 2.5 nm thickness, which can be 
covalently modifi ed by a long-chain surfactant, in spite of the 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
thermal treatment. The modifi ed GnPs, possessing high C to O 
ratio, possess a highly improved capacity to form stable colloidal 
suspensions. Using the prepared graphene/epoxy nanocompos-
ites as a model system, furthermore, we demonstrate that the 
resulting nanocomposites are electrically conductive and their 
mechanical performance is signifi cantly improved.   

 2. Results and Discussion 

  2.1. Fabrication and Modifi cation of Graphene Platelets 

 Inspired by a report where a thermal treatment of graphite 
oxide up to 727  ° C produced a maximum quantity of epoxide 
groups, [  44  ]  we transferred a weighed commercial graphite inter-
calation compound (Asbury 3494, at 3–4 US$ lb  − 1 ) directly into 
a crucible preheated at 700  ° C, to produce a volume-expansion 
ratio of 283 times with an overall yield of 65% ( Figure    1  a,b). 
The loss was mainly caused by the compound’s intercalates, 
which, during the thermal treatment, produced enormous 
gases for expansion. The simplicity of this method includes: 
i) the starting material is a cost-effective commercial product; 
ii) no further processing, such as oxidation, reduction, and 
washing, is involved; and iii) a common furnace is employed, 
rather than a furnace installed with a quartz tube and operating 
in inert gas as has been requested in previous reports. [  19  ,  45  ,  46  ]  
The highly expanded product then experienced ultrasonication 
for further expansion to produce thinner graphene platelets 
(GnPs). Atomic force microscopy (AFM) measurements of ran-
domly selected 20 platelets (Figure S1, Supporting Information) 
indicated a thickness of 2.51  ±  0.39 nm, much thinner than 
previous efforts of 10–100 nm. [  21–23  ]  Since thermal expansion 
has been reported to produce 1 nm-thick graphene oxide with 
a corrugated structure, [  34  ]  each GnP in this study, estimated 
from the thickness, may consist of 2–3 graphene layers. When 
the number of graphene layers increases from one to three, 
the Young’s modulus remains nearly the same but the tensile 
strength reduces slightly from 130 GPa to 101 GPa, [  47  ]  indi-
cating that GnPs can replace graphene in modifying polymers.  

 Starting from these much less oxidized graphene platelets 
(GnPs) (Figure  1 b), we dispersed them at 0.5 vol% in seven 
solvents: acetone, tetrahydrofuran (THF), benzene, toluene, 
dichlorobenzene,  N,N’ - dimethylformamide, and  N -methyl- 2 -
pyrrolidone (NMP). While no clear difference was seen 30 min 
after sonication, as shown in  Figure    2  , leaving these vials for 4 h 
proved that NMP was best for suspending GnPs. Thus, NMP 
was adopted to modify GnPs using a commercial surfactant, 
polyoxyalkyleneamine, B200 ( M  w   =  2000 g mol  − 1 ). The B200-
modifi ed GnPs are denoted as  m -GnPs. The modifi cation mark-
edly improved the suspension of GnPs in solvent, since  m -GnPs 
were able to be suspended in THF at 0.1 wt% for 7 d (Figure  1 c) 
while GnPs remained suspended for 2 d (Figure  1 b). When 
 m -GnPs were dispersed in NMP, no precipitation was observed 
after at least fi ve months of storage. This stable colloidal sus-
pension of  m -GnPs will provide a platform for a wide range of 
research and development of graphene-related products.  

 Transmission electron microscopy (TEM) (Figure  1 d) and 
electron diffraction (ED) (Figure  1 e) were used to characterize 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2735–2743
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     Figure  1 .     Fabrication of chemically modifi ed graphene platelets ( m -GnPs) from a commercial graphite intercalation compound. a) Schematic of 
graphite intercalation compound: “  ” represents the intercalated molecules. b) Thermal shocking, to produce GnPs. c) Long-chain molecules grafting 
into GnPs: “  ” represents a long-chain molecule. d) TEM image of a typical GnP suspended on a lacey carbon fi lm-coated grid. The scale bar is 
50 nm. e) Electron diffraction pattern of  m -GnPs as in (d), showing high crystallization.  
 m -GnPs. In comparison with ED patterns of previous single 
graphene, [  48  ,  49  ]  the ED pattern of our  m -GnPs suggests a well-
crystallized, 2–3 layered graphene structure, in agreement with 
the previously described AFM analysis. The key point for a 
maximum volume expansion is that the graphite intercalation 
compound must be transferred directly into a preheated cru-
cible. This thermal shocking increased the C:O ratio from 88:12 
to 93:7 ( Figure    3  a1,a2); it is noteworthy that this ratio, achieved 
without a quartz tube and inert gas, is higher than that of 
reduced graphene oxide. [  46  ,  50–55  ]  Although combining thermal 
shock with ultrasonication has been reported to produce 
graphene platelets, [  56  ]  our approach has yielded the highest C:O 
ratio, implying the maximum retainment of functionality and 
mechanical performance from its parent graphene.  

 Through covalent functionalization, the ratio was reduced 
to 90:10 (Figure  3 a3) due to the high C:O ratio of 2.9 of the 
grafted modifi er. This process was further elucidated using 
Fourier transform IR (FTIR) spectroscopy. The absorption 
© 2012 WILEY-VCH Verlag G

     Figure  2 .     Dispersion of GnPs in seven organic solvents.  
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peaks of the epoxide groups at 1235 and 870 cm  − 1  increase 
obviously after the treatment (from Figure  3 b1 to Figure 3b2), 
implying that more ether groups may be produced by the treat-
ment. Once  m -GnPs are thoroughly washed, a number of new 
absorption peaks appear, suggesting a new substance was 
grafted with GnPs (Figure  3 b3). While the absorptions at 2980 
and 2902 cm  − 1  represent the stretching vibration of the CH 2  
groups, [  57  ]  the absorptions at 3677 and 1065 cm  − 1  correspond 
to the N–H and C–N groups of the B-200, respectively. [  58  ]  This 
proves that the B200 was grafted with GnPs, in agreement with 
the change of the C:O ratio (Figure  3 a3). It is worth mentioning 
that the chemical bonding is stronger than the  π - π  physisorp-
tion of polymers on graphene. [  59  ,  60  ]  

 A series of experiments were designed to optimize the 
modifi cation parameters. Of all the O atoms of the GnPs, we 
assume that 5 at% belong to epoxide groups that are capable 
of reacting with the amine-terminated surfactant. Tri-isopropa-
nolamine was added as a catalyst to provide an alkaline envi-
ronment. To promote the reaction, the numbers of moles of 
the surfactant and catalyst were doubled. Thus, we produced 
Recipe 1, where 0.1 g GnPs were mixed with 1.6 g surfactant 
and 0.15 g catalyst in 20 g NMP for reaction at 90  ° C for 4 h. 
While keeping the GnP fraction and surfactant quantity fi xed, 
we employed an orthogonal design to create fi ve more recipes 
to identify the effect of the catalyst quantity, temperature, 
and time on the modifi cation of GnPs ( Table    1  ). These modi-
fi ed GnPs were investigated by FTIR spectroscopy ( Figure    4  ). 
While no marked absorption is found for recipe 1, all others 
show obvious absorption. Since the recipe-4 product appeared 
to have the least intensity of the absorptions at y 1 , y 2 , and y 3 , it 
is used as a benchmark to measure the absorption intensity of 
other products (Table  1 ). Recipe 6 indicates the most intensive 
absorption and thus was adopted to modify GnPs in this work. 
It is seen that the temperature and the ratio of the catalyst 
2737wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     Fabrication and modifi cation of chemically modifi ed graphene platelets ( m -GnPs). a1–a3) X-ray photoelectron spectroscopy (XPS) analysis 
for the washed graphite intercalation compound (GIC), GnPs, and  m -GnPs. b1–b3) FTIR spectra of GIC, GnPs, and  m -GnPs. c1–c3) Schematics of the 
atomic structures of GIC, GnPs, and  m -GnPs.  
to GnPs are the two major factors determining the grafting 
effi ciency.   

 We propose schematic structures for the intermediate and 
fi nal products of this approach (Figure  3 c1–3c3). The raw 
material graphite intercalation compound was manufactured 
by treating highly crystalline, natural fl ake graphite with a 
mixture of sulfuric acid and certain other oxidizing agents 
which aided in “catalysis” of the sulfate intercalation, and the 
resultant product was a highly intumescent form of graphite 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
(www.asbury.com). Upon thermal shock at 700  ° C, these 
intercalates generated immense volumes of gases (CO 2 , CO 2 , 
H 2 O, etc), which exceeded the van der Waals forces holding 
the graphite intercalation compound sheets together, leading 
to a high volume expansion. The washed compound is com-
posed of hydroxyls (broad peak at 3050–3800 cm  − 1 ), carbonyls 
(1750–1850 cm  − 1 ), carboxyls (1650–1750 cm  − 1 ), C = C (1500–
1600 cm  − 1 ), and ethers and epoxides (1000–1280 cm  − 1 ) [  61–63  ]  
(Figure  3 b1). The spectrum after the thermal treatment 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2735–2743
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     Figure  4 .     FTIR spectra of the modifi ed GnPs produced by six recipes.  
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   Table  1.     Recipes for producing chemically modifi ed graphene platelets. 

Recipe Amount of 
catalyst [g]

Temperature 
[ ° C]

Time [h] Relative y 1  
intensity

Relative y 2 s 
intensity

Relative y 3  
intensity

1 0.15 90 4 N/A N/A N/A

2 0.15 150 12 1.5 1.4 1.7

3 0.46 90 12 1.3 1.4 1.3

4 0.16 150 1 1.0 1.0 1.0

5 1.38 90 1 1.5 1.5 1.6

6 1.38 150 4 2.6 2.4 2.6
(Figure  3 b2) indicates that most of the hydroxyl and car-
boxyl groups were removed. Importantly, the intensities of 
the bands assigned to the epoxides and ethers are obviously 
strengthened. Hydroxyl and carboxyl groups on the com-
pound require lower temperatures for desorption than epoxy 
and carbonyl groups, as supported by a previous study where 
63.5% of epoxide groups were found in graphite oxide when 
heat-treated at  ≈ 700  ° C. [  44  ]  During the subsequent modifi ca-
tion, the epoxide groups of GnPs reacted with the long-chain 
surfactant, B200, as evidenced by the previously described 
FTIR spectroscopy analysis. 
© 2012 WILEY-VCH Verlag Gm

     Figure  5 .     a,b) Evolution of Raman (a) and XRD patterns (b) of the washed 
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  Figure    5  a shows Raman spectra of thoroughly washed 
samples of graphite intercalation compounds, graphene 
platelets (GnPs), and chemically modifi ed graphene platelets 
( m -GnPs). All samples show absorption at 1340 cm  − 1  and 
1585 cm  − 1  corresponding to the D-band and G-band, respec-
tively. However, the broadness and intensity of these absorp-
tion patterns are different. The D-band corresponds to the 
degree of disorder of the sp 3 -hybridized carbon structure, [  64  ,  65  ]  
while the G-band is associated with in-plane vibrations of the 
sp 2 -hybridized carbon atoms. [  17  ,  66  ]  In general, the D-band 
intensity increases with the oxidation degree or the impu-
rity quantity, while a high G-band intensity implies a regular 
graphene structure corresponding to good conducting prop-
erties and high strength. The D- to G-band ratio 0.54 of the 
graphite intercalation compound is much lower than that of 
graphite oxide in previous studies, [  50–55  ,  67  ,  68  ]  implying a low oxi-
dation degree and defects. Upon thermal treatment, the ratio 
reduced from 0.54 to 0.07; this means that the intercalation 
compound can be reduced using a common furnace without 
a quartz tube running in inert gas. The decrease in the ratio 
is in agreement with the previously described X-ray photoelec-
tron spectroscopy (XPS) analysis. The ratio increased mark-
edly to 0.13 through the chemical modifi cation, indicating 
the existence of B200 molecules on the graphene surface, in 
agreement with our XPS and FTIR analysis in Figure  3 a3 and 
Figure  3 b3, respectively.  

 The XRD spectra (Figure  5 b) show a strong diffraction peak 
at 26.6 ° , fi tting diffraction of the (002) plane with a 0.34 nm 
intergraphene spacing. [  17  ,  67  ]  Although there is no obvious dif-
ference in the locations of the diffraction peaks, their intensi-
ties drastically reduce in the order: the intercalation compound 
 >   m -GnPs  >  GnPs, which is explained below. When thermally 
treated, the compound intercalants generated an immense 
volume of gases (CO 2 , CO, H 2 O, etc) that led to a pressure as 
high as 100 MPa. [  45  ]  The high pressure produced highly wrin-
kled GnPs with a volume expansion of over 200 times. This 
wrinkling may have started from aligned or adjacent func-
tional groups, such as carbonyl and epoxide groups, causing a 
signifi cant reduction in the diffraction intensity. When GnPs 
were modifi ed, B200 with a few cycles of washing and separa-
tion rearranged and stacked these wrinkled GnPs, leading to an 
increased diffraction intensity. 

 C, H, and N elemental microanalysis gave the empirical for-
mula of  m -GnPs to be C 2.0 O 0.08 H 0.07 –(B200) 0.004 . This indicates 
that surface functionalization had taken place with a ratio of 
bH & Co. KGaA, Weinh
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one B200 chain for approximately every 160 
hexagonal cells of the graphene basal plane. 
Such a low ratio may explain why  m -GnPs 
show a similar XRD diffraction angle to 
GnPs (Figure  5 b).   

 2.2. Graphene/Epoxy Nanocomposites 

 In this study, we chose epoxy as a representa-
tive polymer due to its popularity in indus-
tries to fabricate polymer nanocomposites 
by solution compounding. The modifi ed 
graphene platelets ( m -GnPs) were suspended 
2739wileyonlinelibrary.comeim
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     Figure  6 .     Structural characterization of graphene/epoxy nanocomposites. a) X-ray diffraction spectra of epoxy and its nanocomposites. b,c) TEM 
images of graphene/epoxy nanocomposites (0.244 vol%).  
in THF and mixed with epoxy resin, followed by evaporating 
THF, mixing with a hardener, and curing.  Figure    6  a shows 
X-ray diffraction spectra of neat epoxy and its nanocomposites. 
The wide diffraction from 11 to 28 °  is caused by scattering of 
the cured epoxy molecules; although all nanocomposites show 
a similar diffraction pattern, a tiny shoulder peak is found at 
26.6 °  for the 0.489 vol% nanocomposite, corresponding to 
an interlayer distance of 3.35 Å, which is associated with the 
graphitic plane. This implies that  m -GnPs were possibly well-
expanded, or even exfoliated, in epoxy. In the low-magnifi cation 
TEM image in Figure  6 b,  m -GnPs are uniformly dispersed. 
Since graphene has a fairly similar composition to the matrix, 
the contrast between the dispersion particles and the matrix 
should be lower than that between clay and polymers. [  69  ,  70  ]  Nev-
ertheless, these highly crystalline graphene planes diffracted or 
scattered more transmission electrons than the polymer matrix, 
and thus appeared a little darker under TEM. Some much 
darker particles observed would have been caused by stacked 
graphene layers. At a higher magnifi cation (Figure  6 c),  m -GnPs 
show little contrast with the matrix, which implies a low thick-
ness—in agreement with the previous AFM measurements.  

  Figure    7   illustrates the electrical resistivities of the nano-
composites as a function of  m -GnP volume fraction. The epoxy 
740 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 

     Figure  7 .     Electrical resistivity of epoxy and its graphene 
nanocomposites.  
resistivity dropped by several orders of magnitude upon com-
pounding with GnPs. At 0.244 vol%, the resistivity reduced 
by six orders of magnitude due to the formation of an electri-
cally conductive network where a minimum distance between 
the fi ller-fi ller interaction must have reached. This percolation 
threshold is the lowest of all reported values for epoxy/graphene 
nanocomposites. [  71–75  ]  Our conductivities of epoxy and its nano-
composites were fi tted by the power law model:

 σC = σf (ψ − ψc)
t
  (1)     

 In Equation 1,   σ   c  is the conductivity of nanocomposites,   σ   f  is 
the conductivity of the fi ller,   ψ   is the fi ller volume fraction,   ψ   c  
is the percolation volume fraction and  t  is the critical exponent. 
The fi tting line for the experimental results shown in the inset 
in Figure  7  corroborates well with the power law, resulting in 
 t   =  2.15  ±  0.59, which is slightly lower than the experimental 
result reported by Stankovich et. al., 2.74  ±  0.2. [  8  ]  

 While graphene is well known for its exceptionally high 
in-plane electrical conductivity, its through-plane conductivity 
is poor, which explains why its parent graphite is merely used 
as a semiconductor. As the number of graphene layers starts 
to pile up, their properties begin to approximate those of 
graphite. The formation of an electrically conductive network 
at such a low threshold leads to the following conclusions: 
i) these GnPs must uniformly disperse in the matrix and phys-
ically contact each other; ii) GnPs must be suffi ciently thin to 
counter the side effects of their poor through-plane conduc-
tivity; and iii) GnPs can replace graphene in fabricating func-
tional polymer nanocomposites due to their high performance 
and low cost. 

 The improvement in the mechanical and thermal proper-
ties ( Table    2  ) also surpasses previous efforts in improving 
the Young’s modulus, [  22  ,  76  ,  77  ]  fracture toughness and energy 
release rate, [  78–80  ]  and glass transition temperature of epoxy 
resins. [  69–71  ]  The reduction of the tensile strength and elon-
gation at break is reasonable for stiff layered polymer nano-
composites, in agreement with previous research. [  28  ,  41  ]  The 
grafting density of  m -GnPs must be low, owing to the high 
C:O ratio of GnPs (Figure  3 a2), and this ensures a high 
graphene structural integrity for retaining suffi cient conduc-
tivity, stiffness, and strength. The high molecular weight of 
surfactant B200 provides a stable graphene colloid, leading to 
the fi ne dispersion of  m -GnPs in the epoxy matrix. Therefore, 
these covalently modifi ed, high C:O ratio GnPs have achieved 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2735–2743
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   Table  2.     Properties of neat epoxy and its nanocomposites cured by J230. 

Materials Young’s Modulus 
[GPa]

Tensile strength 
[MPa]

Elongation at break 
[%]

Plane-strain fracture 
toughness,  K  1c  [MPa m 1/2 ]

Critical strain energy
 release rate,  G  1c  [kJ m  − 1 ]

Glass transition 
temperature,  T  g  [ ° C]

Neat epoxy 2.692  ±  0.129 63.98  ±  2.14 5.31 0.29 0.657  ±  0.034 140.7  ±  7.9 83.4

0.122 vol% epoxy/

graphene
2.992  ±  0.234 61.51  ±  1.49 4.01  ±  0.19 1.004  ±  0.033 295.6  ±  4.1 92.3

0.244 vol% epoxy/

graphene
3.158  ±  0.089 51.44  ±  0.12 3.50  ±  0.11 1.258  ±  0.030 439.7  ±  8.8 90.0

0.489 vol% epoxy/

graphene
3.412  ±  0.173 49.21  ±  2.94 2.68  ±  0.44 1.472  ±  0.023 557.3  ±  2.7 95.6
the previously described improvements in functionality and 
mechanical performance.     

 3. Conclusions 

 We have developed a facile, cost-effective approach for fabri-
cating and modifying graphene. Our investigation showed that 
this method is indeed a general approach to make highly dis-
persed graphene/polymer nanohybrids with good control over 
the structure and properties. This is the fi rst time that high-
performace graphene/epoxy composites have been fabricated 
by solution-compounding a modifi ed graphene with epoxy, 
which produced the lowest electrical conductivity percolation 
threshold for epoxy. Note that, with the same method, we also 
succeeded in making graphene/rubber nanocomposites. There-
fore, our scalable synthesis of  m -GnPs provides a platform to 
explore graphene for a wide range of applications.   

 4. Experimental Section 
  Materials : The graphite intercalation compound, Asbury 3494, was 

provided by Asbury Carbons, Asbury, NJ. The epoxy resin, diglycidyl ether 
of bisphenol A (DGEBA, Araldite-F), with an epoxide equivalent weight 
of 182–196 g per equiv., was purchased from Ciba–Geigy, Australia. 
THF and NMP were purchased from Sigma–Aldrich. The hardener, 
polyoxyalkyleneamine (J230), with  M  w   =  230 g mol  − 1 , was kindly provided 
by Huntsman (Singapore). 

  Graphene-Platelets Preparation : Our preparation started with 
transferring the graphite intercalation compound (Asbury 3494) into a 
preheated crucible at 700  ° C in a common furnace, which was placed in 
the front of a fume cupboard to prevent nanoparticle inhaling hazard, 
and treating it for 60 s; a respirator, heat-resistant gloves, and safety 
glasses had to be worn in this process. As shown below, these expanded 
layers upon ultrasonication were able to disperse in solvent in the form 
of graphene platelets (GnPs). 

  Characterization of Graphene : AFM images were taken of GnPs 
using an NT-MDT scanning probe microscopy (SPM) instrument with 
NSG03 noncontact “golden” cantilevers. The samples were prepared by 
suspending GnPs in NMP at 0.0004 wt% for 30 min ultrasonication and 
then dropping the solution on a silicon wafer, followed by drying. 

  Graphene Modifi cation : 0.1 g GnPs were dispersed in 20 g NMP in 
a metal container at 0.5 wt% by mechanical mixing for 10 min and 
ultrasonicating for 60 min. Since low-temperature sonication expands 
GnPs more effectively, [  28  ]  the temperature was set below 20  ° C in this 
study. Based on Recipe 6 in Table  1 , 1.6 g B200 surfactant and 1.38 g 
catalyst, tri-isopropanolamine, were added to the suspension, followed 
by mixing for 5 min using a mechanical mixer and ultrasonicating 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 2735–2743
for 2 h. Then, the mixture was transferred into a round-bottom fl ask 
equipped with a condenser, and magnetically stirred for 4 h at 150  ° C. 
The mixture was fi nally washed and fi ltered three times using acetone to 
remove NMP and excessive surfactant and catalyst. The B200-modifi ed 
graphene platelets are abbreviated as  m -GnPs. 

  Characterization of the Modifi ed Graphene : We characterized our 
GnPs using a Philips CM200 transmission electron microscope (TEM) 
operating at an accelerating voltage of 200 kV. TEM samples were 
prepared by drying a droplet of the graphene suspension on a lacey 
carbon fi lm. High-resolution XPS measurements were carried out using 
a SPECS SAGE XPS system with a Phoibos 150 analyser and an MCD-9 
detector, which used non-monochromated Mg K α  radiation at 10 kV and 
20 mA (200 W). The analysis spot size was circular with a diameter of 
3 mm. IR spectra (700–4000 cm  − 1 ) were measured using a Perkin–Elmer 
65 FTIR spectrometer with a MIRacle single-refl ection attenuated-total-
refl ectance (ATR) sample accessory. Raman spectra were recorded 
on a Renishaw inVia Raman microspectrometer with a 633 nm laser 
excitation. X-ray diffraction (XRD) was performed on the graphite 
intercalation compound, GnPs, and  m -GnPs and their nanocomposites 
using a Diffraction Technology Mini-Materials Analyser (MMA). The 
diffractometer was equipped with curved graphite monochromators, 
tuned to Cu K     radiation (  λ    =  1.5419 Å) with the tube voltage applied 
at 35 kV and 28.2 mA (1 kW). The diffraction patterns were collected in 
refl ection-mode geometry for 2  θ    =  2–50 °  at a scanning rate of 1 °  min  − 1 . 

  Nanocomposite Preparation : A desired amount of  m -GnPs was 
dispersed in THF at 1 wt% in a metal container by mechanically mixing 
for 10 min and ultrasonicating for 30 min at below 20  ° C. A calculated 
quantity of epoxy (DGEBA, Araldite-F) was dissolved in acetone at 
50 wt% by a similar protocol. Then, these two batches were mechanically 
mixed, followed by ultrasonication for 90 min at below 20  ° C. Acetone 
and THF were evaporated by mixing and heating. When the mixture was 
cooled to 30 –35  ° C, a hardener Jeffamine D 230 (J230) was added and 
mixed for 1 min. The fi nal mixture was degassed, poured into a rubber 
mould, and heated at 120  ° C for 12 h. 

  Nanocomposite Characterization : Tensile testing was performed on 
dumb-bell samples at 0.5 mm min  − 1  according to the American Society 
for Testing and Materials (ASTM) document D638 to obtain the elastic 
modulus, the ultimate stress, and the ultimate strain of neat epoxy and 
its nanocomposites. The average of each measurement was recorded 
from fi ve repetitions. Young’s moduli were calculated for a strain range 
of 0.05–0.15%. The compact-tension (CT) fracture toughness was 
tested in accordance with ASTM D5045 at 0.5 mm min  − 1 . By tapping 
a sharp razor blade, an instantly propagated crack was produced on 
each CT sample. [  81  ]  Glass transition temperatures were obtained using a 
Dynamic Mechanical Analyser 2980 (TA Instrument, Inc., USA) at 1 Hz. 
Rectangular samples were clamped using a single cantilever clamp with 
a supporting span of 20 mm and a torque of 1 N m, scanned from 50  ° C 
to 180  ° C, and recorded at 2 s per point. The volume resistivities of 
samples 6.8  ±  2.1 mm in thickness and 24  ±  0.2 mm in diameter were 
measured at room temperature using an Agilent 4339B high-resistivity 
meter equipped with a 16008B resistivity cell. The samples were tightly 
screw-pressed between two cylindrical electrodes that had a diameter of 
2741wileyonlinelibrary.combH & Co. KGaA, Weinheim
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26 mm. In order to provide stable values of the resistivity, the sample 
surface was fi nely polished to ensure a good electrical contact. The 
density of the graphene was taken as that of graphite, 2.26 g cm  − 3 ; the 
matrix density was assumed to be 1.1 g cm  − 3 ; thus, we were able to 
convert wt% to vol%.   
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