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Uniform dispersion and strong interfacial adhesion are two critical prerequisites for
application of graphene in the polymer composites. To equip the composites with multi-
functional character, as little damage as possible to intrinsic structure of pristine graphene
(pG) is also normally required. With these ends in view, an epoxide-functionalized
graphene (G-EP) was designed, synthesized, and applied for developing the high-
performance and multifunctional epoxy composites. Since the structure and properties
of pG are largely inherited and the introduced epoxide moieties ensure the good dispersion
and covalent connection to epoxy network, G-EP exhibits an outstanding filler efficiency
compared with pG and other graphenic fillers previously explored in epoxy matrix. The
resultant composite with only 1.0 wt% G-EP acquires 116% and 96% increments in tensile
strength and Young’s modulus, respectively, relative to neat epoxy. Furthermore, the elec-
trical percolation threshold is down to 0.16 vol% (0.33 wt%) G-EP, and the thermal conduc-
tivity (TC) reaches up to 3.138 W/(m K) at 10 wt.% G-EP that corresponds to a TC increment
of 189% per 1.0 wt% G-EP loading or 370% per 1.0 vol% loading. A new type of high-
performance, multifunctional but much lightweight epoxy composites is thus in prospect.

� 2016 Published by Elsevier Ltd.
1. Introduction

Epoxy is a well established thermoset polymer with a wide variety of applications ranging from electronics to aerospace.
Despite the favorable mechanical, adhesive, and chemical and corrosion resistance properties, technical progress has put
forward requirements of higher performance and multifunction on the epoxy materials. For example, in the electronics
industry, the progress in miniaturizing and integrating the device components has created a need for epoxy materials with
high heat dissipation ability when they are applied as the thermal interface materials [1]. In the aviation industry, there are
practical demands on the electrostatic dissipation capacity and enhanced mechanical properties when the epoxy materials
are used as the structural elements of large high-speed aerocrafts [2]. Filling epoxy with graphene seems to be a promising
solution in meeting these objectives. The distinctive one-atom-thick planar structure along with low density and excellent
mechanical, thermal, and electrical properties renders graphene an ideal nanofiller for developing the high-performance and
multifunctional polymer composites [3,4]. What is more attractive is that graphene can be produced by exfoliation of
graphite [5,6], affording cost advantage over carbon nanotube (CNT) that is another sort of important carbon nanofiller
but produced by chemical synthesis.
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It is well known that the practical performance of polymer composites depends not only on the inherent properties of
fillers but, even more importantly, on their uniform dispersion in and strong interfacial interaction with polymer matrix.
For the nanofiller of pristine graphene (pG), however, its highly cohesive van der Waals energy (5.9 kJ/mol) makes it hardly
possible to be well dispersed in most of polymer matrices including epoxy matrix [7]. On the other hand, the weak interfacial
adhesion between pG and polymer matrix, resulting mainly from the atomically smooth surface and chemical inertness of
graphene, makes the load transfer from matrix to graphene inefficient. Fortunately, surface functionalization of graphene in
either a covalent or noncovalent manner is found effective in improving both dispersion and integration of graphene in the
matrix [8–10].

In comparison, the covalently functionalized graphene is usually more powerful than the noncovalently functionalziled
one in terms of enhancing the mechanical properties of the resultant composites [3,4,8]. The most common strategy for
covalent functionalization begins with graphene oxide (GO) as the starting material, which has abundant oxygen-rich
functional groups with the C:O ratio up to 2:1 and proves to be an eminent platform for numerous chemical transformations
[10–13]. However, owing to the excessive disruption of p-orbital structure of graphene, GO suffers from significant loss in
electrical/thermal conductivity and thermal stability. Even after the tedious reduction processes, large defect population still
remains (C:O ratio of 2.8–23.9:1) and intrinsic properties of pG are only partially restored [11]. Toxicity and expense of
chemicals used in the preparation and reduction of GO are also issues of severe concern. For all that, the polymer/graphenic
filler composites reported hitherto are prepared mostly from GO, reduced GO (rGO), or their derivatives. As a result, the
physical properties of the obtained composites are far below the anticipated potentials. There still exists a large space to fur-
ther improve the composite properties by taking some measures. For instance, a functionalized graphene that largely
reserves the structure and properties of pG but can be tightly integrated into the matrix is taken as the graphenic filler.
Fig. 1. Synthesis of G-EP and its application in epoxy composite.
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In this respect, the covalent functionalization of pG by reactive moieties, such as free radical [14,15], nitrene [16], carbine
[17], aryne [18], and azomethine ylide [19–24], provides a desirable option. The attached adducts with chemical reactivities
allow further attachment of additional organic or inorganic components to graphene. That is, analogous to GO, these reactive
moiety-functionalized graphene (RM-f-G) can also serve as the platform to prepare varieties of graphene-derived materials
through post reactions. Meanwhile, the controllable feature of reactive moiety-based functionalization makes it highly fea-
sible for RM-f-G and derivatives thereof to succeed the inherent characteristics of pG to a great extent, consequently supply-
ing the desirable substitutes to GO-related fillers. With the rapid progress of top-down methods for producing graphene,
such as liquid-phase exfoliation of graphite [25–27], the previous limitation for reactive moiety-based functionalization,
i.e. availability of mass and high-quality graphene, does not exist. A recent work even showed that the graphene production
rate could reach as high as 5.3 g/hr by shear exfoliation of graphite in suitable stabilizing liquid, compared with <0.6 g/hr for
the GO production rate [28].

As a typical reactive moiety, azomethine ylide has been widely used for synthesis of pharmaceuticals and covalent func-
tionalization of fullerene and carbon nanotubes through the 1,3-dipolar cycloaddition [29–31]. Recently, it was reported also
applicable for functionalization of graphene [20–24]. Our work further showed that the azomethine ylide-functionalized gra-
phene (G-OH) could serve as a versatile platform for post syntheses of various graphene-derived materials including
epoxide-functionalized graphene (G-EP) (Fig. 1) [19]. In the present contribution, G-EP was systematically characterized
and then employed as the functional graphenic filler for the preparation of epoxy composites through a solution-based
process. Mechanical, electrical, and thermal properties of the composites were tested as a function of G-EP content. For
comparison, the epoxy/pG composites were also prepared and investigated in parallel.
2. Experimental

2.1. Materials

Epofix from Struers was used as the epoxy matrix. It was supplied in two parts: Epofix hardener (triethylenetetramine)
and Epofix resin containing 60–90% of bisphenol-A-diglycidylether ðMn � 700Þ and 10–40% of alkyl (C12–C14) glycidyl ether.
G-EP was synthesized starting from pG, which was produced by liquid-phase exfoliation of natural graphite in dimethylfor-
mamide (DMF), by a two-step reaction process, i.e. G-OH formation and etherification of G-OH with epibromohydrin (Fig. 1).
Full details of the pG preparation and G-EP synthesis can be found in the Supporting Information (Parts S1–S2, Fig. S1–S5).

2.2. Preparation of epoxy composites

For preparation of the epoxy/G-EP composites, Epofix resin was mixed with the G-EP dispersion (0.62 mg/ml in DMF) in a
ratio to yield the expected content of G-EP. The mixture was stirred at 500 rpm for 30 min followed by sonication (Yuhua
KQ250B, 40 kHz) in a water bath for 1 hr. After complete removal of DMF, the hardener was added at a recommended weight
ratio of resin/hardener = 25/3. The mixture was stirred for 3 min, cast into polytetrafluoroethylene (PTFE) mold
(60 � 60 � 1 mm3), and degassed in a vacuum oven at room temperature. Subsequently, the mixture was cured at 60 �C
for 12 hr and 120 �C for 4 hr to get the final composite. By using the identical process, the epoxy/pG composites were also
prepared.

2.3. Characterization

G-EP was characterized by using Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), Raman spectroscopy, atomic force microscopy (AFM), and transmission electron micro-
scopy (TEM). FTIR spectra were recorded on a Bruker VERTEX 70 spectrometer in the transmission mode. XPS was conducted
on an ESCALAB 250Xi spectrometer with a monochromatic Al Ka X-ray source (hm = 1486 eV). All binding energies were
referred to the C1s neutral carbon peak at 284.8 eV. TGA was performed with a TA-Instruments TGA Q500 apparatus at
10 �C/min heating rate in N2 atmosphere. Raman spectra were collected on a Renishaw inVia micro-Raman spectrometer
with a 532 nm Ar laser excitation. For AFM analysis, the sample was prepared by placing a drop of diluted G-EP dispersion
(�5 lg/ml in chloroform) on a freshly cleaved mica substrate, residing for 30 s and sweeping off the liquid by compressed air,
followed by immediate observation using a Multimode 8 AFM microscope in tapping mode. TEM was conducted on a JEOL
JEM-2100 microscope with 200 kV accelerating voltage.

The dispersion state of G-EP or pG in epoxy matrix was studied by optical microscopy (OM), scanning electron microscopy
(SEM), and TEM. OM was conducted on an Olympus BX2 microscope equipped with an Olympus DP71 camera. SEM was
performed on a JEOL JSM-7500F microscope with 5 kV accelerating voltage. For TEM observations, the ultrathin sections
of cast composites with �50 nm thickness were prepared by using an ultramicrotome Leica EM UC7 equipped with a
diamond knife.

For tensile tests, epoxy and its composites were cut into rectangular specimens with dimensions of 60 � 10 � 1 mm3. The
tensile properties were measured using a Zwick/Roell Z030 universal testing machine at a crosshead speed of 5 mm/min.
All electrical conductivity measurements were done at room temperature and 50 ± 10% relative humidity. The volume
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conductivities lower than 10�5 S/cm were measured using a PC68 high resistance meter, whereas higher than 10�5 S/cm
were measured by a standard four-probe method using a MODEL SZT-2000 instrument. The thermal performance was eval-
uated by thermal conductivity analysis and TGA. Thermal conductivities of disk-shaped epoxy and its composite samples
with 50 mm diameter and 1 mm thickness were measured using a TA Instruments DTC-300 analyzer according to the ASTM
E1530 guarded heat flow meter method. TGA was conducted as described for G-EP.
3. Results and discussion

The FTIR study confirmed that the epoxide moieties have been included in G-EP (Fig. 2a). Compared with G-OH, two new
peaks at 813 and 1258 cm�1, corresponding to the stretching of CAOAC in the epoxide ring, appear in the spectrum of G-EP.
Another new peak at 1102 cm�1, assigned to the stretching of CAOAC in the open-chain ether, and the noticeably increased
intensity ratio of CAH stretching (2920 and 2856 cm�1) to OAH stretching (3420 cm�1) suggest that the introduction of
epoxide moieties is realized by consuming the AOH groups through the etherification reaction (Fig. 1). Successful synthesis
of G-EP was also verified by XPS. As shown in Fig. 2b, G-EP presents the enhanced O1s signal (11.20 atom%) relative to G-OH
(10.25 atom%). The O1s region can be resolved into two peaks rather than a single one in G-OH (Fig. 2c). These two peaks
correspond respectively to phenol oxygen (532.8 eV) and epoxide oxygen (534.2 eV) with a peak area ratio of 25:13, indicat-
ing that �34% of AOH groups have been consumed for introducing the epoxide moieties. According to a TGA method
proposed by Georgakilas et al. [20], the amount of glycidyl moieties in G-EP is determined to be �2.4 wt% (Fig. S6).

As a result of the introduction of epoxide moieties, the Raman intensity ratio of D-band (�1330 cm�1) to G-band
(�1580 cm�1), denoted as ID/IG that has been widely used as an indication of the defect content of graphene, increases from
Fig. 2. (a) FTIR spectra of G-OH and G-EP, (b and c) XPS spectra of G-OH and G-EP, and (d) Raman spectra of pG, G-OH, and G-EP.
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0.05 for pG and 0.21 for G-OH to 0.36 for G-EP (Fig. 2d). Even so, it is still much lower than that of rGO produced from
reduction of GO by hydrazine (ID/IG = 1.44) [32] or sodium borohydride (ID/IG = 1.08) [33]. As a corresponding response,
G-EP shows an electrical conductivity of 102 S/cm, compared with 500 S/cm for pG, 167 S/cm for G-OH, 0.05–500 S/cm (most
common values of 10–100 S/cm) for rGO [34], and �10�4 S/cm for GO [11]. Moreover, G-EP exhibits a good dispersing ability
in DMF, tetrahydrofuran (THF), and chloroform with the maximal dispersibility of 0.62 mg/ml in DMF (Table S1), paving the
way for preparation of the epoxy/G-EP composites by a solution-based process.

The dimensions of G-EP sheets were examined by AFM. Shown in Fig. 3a is a typical AFM height image with the
cross-section measurements. Statistics on 102 different flakes shows that the thickness is predominantly in the range of
1.3–3.1 nm with the mean value of 2.2 nm (Fig. 3b-i). Considering that the AFM thickness of pristine monolayer graphene
generally falls in 0.6–0.9 nm [35,36], the increased thickness of 1.3–3.1 nm suggests that 93% of the detected flakes are
single- (10%), double- (19%), and few-layer (3- to 5-layer, 64%) graphene sheets attached with epoxide-containing adducts.
The length and width of G-EP sheets were measured to be 0.2–2.9 lm (Fig. 3b-ii) and 0.16–1.9 lm (Fig. 3b-iii), respectively,
with the mean values of 0.75 lm and 0.52 lm.Within the instrument resolution, no holes or other damage were detected on
the basal plane, suggesting that the G-EP sheets are of good quality. This got further support from the TEM study.
Fig. 3c and d presents two typical TEM images with different magnifications. All the observed G-EP sheets have smooth sur-
face and well-resolved edges. The selected area electron diffraction (SAED) patterns exhibit the distinctive sixfold symmetry
expected for graphene [37], implying that the azomethine ylide functionalization and subsequent epoxide introduction do
not induce the evident lattice defects within the graphene framework. A representative SAED pattern is given in the inset of
Fig. 3d.
Fig. 3. (a) A typical AFM image of G-EP sheets with the cross-section measurements, (b) distributions of thickness (i), length (ii), and width (iii) of G-EP
sheets, (c and d) two typical TEM images of G-EP sheets (Inset: SAED pattern of the framed area).



Table 1
Tensile properties of epoxy and its composites. Datum within parentheses is % increase relative to neat epoxy.

G-EP or pG content (wt%) Tensile strength (MPa) Young modulus (GPa) Elongation at break (%)

Epoxy/pG Epoxy/G-EP Epoxy/pG Epoxy/G-EP Epoxy/pG Epoxy/G-EP

0 34.0 ± 3.3 2.5 ± 0.2 1.4 ± 0.1
0.1 35.0 ± 3.2 (3) 36.8 ± 3.6 (8) 3.0 ± 0.2 (20) 3.4 ± 0.3 (36) 1.4 ± 0.3 (0) 1.4 ± 0.2 (0)
0.3 38.4 ± 3.3 (13) 48.9 ± 3.8 (44) 3.2 ± 0.4 (28) 3.9 ± 0.5 (56) 1.2 ± 0.2 (�14) 1.4 ± 0.5 (0)
0.5 42.5 ± 4.6 (25) 61.1 ± 3.7 (80) 3.7 ± 0.5 (48) 4.3 ± 0.2 (72) 1.2 ± 0.4 (�14) 1.3 ± 0.4 (�7)
1.0 46.9 ± 4.9 (38) 73.3 ± 4.1 (116) 4.4 ± 0.6 (76) 4.9 ± 0.4 (96) 1.0 ± 0.3 (�29) 1.2 ± 0.2 (�14)
2.0 46.2 ± 4.8 (36) 53.7 ± 4.4 (58) 4.4 ± 0.6 (76) 5.2 ± 0.7 (108) 0.9 ± 0.2 (�36) 1.1 ± 0.3 (�21)
5.0 41.6 ± 4.7 (22) 50.3 ± 4.5 (48) 4.6 ± 1.1 (84) 5.6 ± 1.0 (124) 0.7 ± 0.3 (�50) 1.0 ± 0.2 (�29)
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G-EP was then used for preparation of the epoxy composites. For comparison, pG was also employed. Table 1 summarizes
the tensile properties of neat epoxy and its composites. Each datum reported here is an average of at least five measure-
ments. In general, addition of G-EP or pG improves both tensile strength and Young’s modulus of epoxy. At a fixed filler
content, the epoxy/G-EP composite always shows superior tensile performance to the epoxy/pG one. The enhancement effect
of graphenic filler on epoxy has also been previously reported. Depending on the functionalization of graphene and sort of
epoxy (rubbery or glassy one), the resultant composites usually showed the increments in strength ranging from 0.9–269%
and in modulus from 6% to 536% over neat epoxy (Table S2). In this work, the epoxy/G-EP composite was prepared from the
epoxide-functionalized graphene and glassy epoxy. Its strength increases with the increase of G-EP and reaches 73.3 MPa at
1.0 wt% G-EP, representing a 116% increment relative to neat epoxy (34.0 MPa). Thereafter, further increasing the G-EP
content leads to the weakening of strength. In contrast, the modulus increases continuously with increase of G-EP. The
96% and 124% gains over neat epoxy (2.5 GPa) are achieved at 1.0 wt% and 5.0 wt% G-EP, respectively. To our knowledge,
these increment values are among the highest ones ever reported thus far for composites prepared from the glassy epoxy
(Table S2: 697% in strength and 6114% in modulus), although the increment in strength (116%) is still inferior to that of
composite prepared from the glassy epoxy but with aligned rGO (500% increment) [38] or three-dimensional rGO skeleton
(141% increment) [39]. Furthermore, addition of G-EP only slightly reduces the elongation at break (Table 1), indicating that
the toughness of epoxy is not evidently weakened.

The Halpin-Tsai model, which was well established for fiber-reinforced composites and had been recently extended to
CNT- and graphenic filler-filled composites [40–44], was employed here to theoretically predict the Young’s modulus of
epoxy/G-EP composite. For this, it was assumed that the G-EP sheets work as rectangular solid fibers and are dispersed
separately and uniformly in the epoxy matrix. The Young’s moduli of composites with randomly dispersed (Er) and aligned
(Ea) G-EP (parallel to the composite film surface) are defined as the following modified Halpin-Tsai equations [40–43]:
Er ¼ EEP
3
8
1þ gLnVf

1� gLVf
þ 5
8
1þ 2gWVf

1� gWVf

� �
ð1Þ

Ea ¼ EEP
1þ gLnVf

1� gLVf

� �
ð2Þ
where
gL ¼
Ef =EEP � 1
Ef =EEP þ n

ð3Þ

gW ¼ Ef =EEP � 1
Ef =EEP þ 2

ð4Þ

n ¼ W þ L
t

ð5Þ
Ef and EEP are the Young’s moduli of G-EP (assumed as the graphene modulus of 1.0 TPa [34]) and epoxy matrix. Vf is the
volume fraction of G-EP in the composite and estimated based on the assumed G-EP density of 2.28 g/cm3 and epoxy density
of 1.10 g/cm3. L, W , and t refer to the mean length, width, and thickness of the G-EP sheets, respectively.

Fig. 4 shows the predicted Young’s modulus according to Eqs. (1)–(5), along with the experimental one, as a function of
volume fraction of G-EP. It is interesting to find that when the G-EP content is no higher than 0.48 vol% (1.0 wt%) the
experimental result agrees well with the theoretical prediction for composite with G-EP presumably aligned parallel to
the film surface. Beyond this critical G-EP content, the experimental modulus becomes more approximate to the predicted
one under the assumption that G-EP is randomly dispersed in epoxy matrix. Such phenomenon is believed to occur due to
the large planar structure of G-EP sheets and low viscosity of solution-based processing system [38]. Triggered by a
thermodynamic drive to minimize the system free energy, G-EP sheets are randomly dispersed in the primary solution.



Fig. 4. Young’s modulus as a function of volume fraction of G-EP.
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Upon gradual removal of DMF, the excluded volume effect [45,46], which prevails at a low G-EP content, actuates G-EP
sheets to align in parallel. At a high content, however, the steric hindrance imposed by the dense G-EP sheets causes a
significant energy barrier that restrains the free movement of G-EP sheets to find their most favorable configuration, i.e.
alignment to each other [46].

For exploring the reinforcement mechanism, the OM study was conducted on the uncured epoxy/G-EP (1.0 wt%) mixture,
and the SEM study was performed on the corresponding cured composite. As shown in Fig. 5a, the uncured mixture (thick-
ness �15 lm) coated on a glass slide looks nearly clear and uniform under the optical microscope. Correspondingly, the SEM
image of the fracture surface of cured composite exhibits that the G-EP sheets are uniformly dispersed in the epoxy matrix
(Fig. 5b). Closer inspection (inset of Fig. 5b) shows that the dispersed sheets contact tightly with the surrounding epoxy, sug-
gesting formation of the excellent epoxy/G-EP interfacial adhesion. On the contrary, many dark spots with several microm-
eter diameters are observed on the optical image of the uncured epoxy/pG mixture (Fig. 5c). The SEM study reveals that the
spots are actually the pG agglomerates, presenting a very poor dispersing state (Fig. 5d). Owing to the weak interfacial inter-
action, it is easy to observe many slender cavities left by the pull-out of pG sheets and big gaps between pG sheets and matrix
(inset of Fig. 5d). What is generally accepted is that the good dispersion of particles, especially nanoparticles, in the matrix is
beneficial for reducing stress concentration centers, affording more uniform stress distribution, and enlarging interfacial area
for efficient load transfer [47]. Formation of strong interfacial interaction between matrix and particles strengthens these
effects. From the OM and SEM studies, it is clear that the epoxide functionalization realizes both uniform dispersion of
G-EP sheets and their strong interaction with the epoxy matrix, thus giving rise to the superior tensile performance of resul-
tant composites. The necessity of previous epoxide functionalization of graphene sheets was argued by a control experiment
in which the azomethine ylide, in-situ formed by condensation of sarcosine and 3,4-dihydroxybenzaldehyde [19], and
epibromohydrin were directly added into the mixture of epoxy and pG (1.0 wt%) for preparation of the composite. Both
OM and SEM observations indicate that the dispersion quality of graphene sheets in epoxy matrix is much poorer than
G-EP but very resembles pG (Fig. S7). Despite having good dispersion ability, it is a pity that there still exists an upper limit
for G-EP to be well dispersed in the epoxy matrix. As displayed in Fig. 5e and f, the G-EP sheets tend to aggregate in some
sense when the content increases to 2.0 wt%. Such observation makes a good correlation with the tensile testing results.

The local charging of epoxy around the G-EP or pG sheets makes it difficult for SEM to resolve the dimensions, especially
thickness, of the dispersed sheets. In view of the penetrability of electron beam and the ability to identify monolayer gra-
phene with angstrom resolution, TEM was applied to fulfill this task by taking the composite loaded with 1.0 wt% G-EP or
pG as the typical sample. Under a low magnification, many dark spots are observed on the pG-containing sample
(Fig. S8a). The magnified image reveals that the spots are actually agglomerates of pG sheets with a lateral size of
1–3 lm (Fig. 6a). In contrast, the epoxy/G-EP composite sample appears clear, transparent, and consistent under the same
low magnification, hinting no aggregation and/or restacking of G-EP sheets (Fig. S8b). Closer observation corroborates that
the G-EP sheets are separately dispersed in the epoxy matrix (Fig. 6b). Despite being clothed by the matrix, the edges of G-EP
sheets can be reasonably resolved, thus allowing one to roughly determine their lateral sizes. On the statistics of 38 objec-
tives, the mean value is estimated to be 0.7 ± 0.5 lm, which is basically in accordance with that of G-EP before being filled,
suggesting that the composite processing conditions adopted here have little effect on the lateral size of G-EP. By comparing
the intensity ratios of {1100} spots to {2110} ones of the SAED patterns, most of the dispersed G-EP sheets were identified
to be of monolayer and few-layer characters [48]. The inset of Fig. 6b shows a SAED pattern of a typical monolayer G-EP
sheet, where the {1100} spots are significantly more intensive than the {2110} ones.



Fig. 5. Optical images of (a) 1.0 wt% G-EP, (c) 1.0 wt% pG, and (e) 2.0 wt% G-EP dispersed in epoxy matrix before curing (scale bar – 500 lm); SEM images of
epoxy composites with (b) 1.0 wt% G-EP, (d) 1.0 wt% pG, and (f) 2.0 wt% G-EP (scale bar – 1 lm).
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The enhanced interfacial interaction is attributed to the covalent bonding of G-EP sheets with epoxy matrix (Fig. 1). To
verify the formation of new bonds, a model study was carried out. For this, G-EP was mixed with 10 wt% Epofix hardener
and then thermally treated at the curing condition of composites. After that, the excess hardener was thoroughly removed
by dialyzing with 3500 Da MWCO dialysis membrane of regenerated cellulose (Fisher) for 24 hr. The FTIR spectra show that
the peaks for epoxide moieties (813 and 1258 cm�1) from G-EP (Fig. 7a) disappear in the thermally treated sample (Fig. 7c).
Instead, a new peak corresponding to O-H bending appears at 1312 cm�1. The strong and broad peak in the range
of 3000–3700 cm�1 is assigned to the overlap of OAH stretching and NAH stretching of the ANH2 (3353 cm�1) and
ANHA (3278 cm�1) moieties from Epofix hardener (Fig. 7b). These spectral changes clearly manifest the reaction of G-EP
with Epofix hardener.

Next, the electrical conductivities of epoxy/G-EP composites were evaluated. As shown in Fig. 8a, increasing G-EP content
(/) remarkably improves the conductivity (r), particularly at the low G-EP content, showing a typical percolation behavior.
At 0.48 vol% (1.0 wt%) G-EP, the r value reaches 7.8 � 10�8 S/cm, already meeting the criterion for antistatic material
(10�8 S/cm) [49]. An impressive contrast is that at least 0.98 vol% (2.0 wt%) pG (the corresponding composite shows
r = 9.2 � 10�9 S/cm, Fig. S9) or 8–20 wt% carbon black should be added for achievement of such an antistatic material



Fig. 7. FTIR spectra of (a) G-EP, (b) Epofix hardener, and (c) thermally treated G-EP/Epofix hardener sample with 10 wt% Epofix hardener.

Fig. 6. TEM images of epoxy composites with (a) 1.0 wt% pG and (b) 1.0 wt% G-EP (Scale bar: 500 nm; Inset: SAED pattern of the framed area).
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[50]. Therefore, it is very promising for G-EP to be applied as an effective conductive filler for developing the antistatic but
much lightweight epoxy materials. The dependency of r on / can be described using the power law [2]:
r ¼ rf ½ð/� /cÞ=ð1� /cÞ�t ; for / > /c ð6Þ

where rf is the conductivity of filler, /c is the percolation volume fraction, and t is the critical exponent.

By evaluating the linearity of the logr vs log[(/ � /c)/(1 � /c)] graph (Fig. 8b), /c is determined to be 0.16 vol% (0.33 wt
%), suggesting that only 0.16 vol% G-EP is sufficient to construct an effective conductive path in epoxy matrix. This threshold
value is among the lowest ones reported for epoxy composites with graphenic fillers (Table S3: 0.05–1.0 vol%) and very close
to the theoretically computed one with the overlapping oblate ellipsoids/disks (�0.1 vol%) [51]. It results mainly from the
low defect content of G-EP (Fig. 2d) and its good dispersion in epoxy matrix (Fig. 5 and 6). Also, the linear fit gives
rf = 105.89 S/cm that approaches the theoretical limit of monolayer graphene (106 S/cm) [52], compared with 106.39–6.55

and 104.92 S/cm for rGO in polycarbonate [2] and polystyrene composites [49], respectively. The critical exponent, t, is deter-
mined to be 4.33, which is higher than the values of �2.0 usually reported for CNT filled polymer composites [53–56] but
falls in the range of 2.40–6.92 often found in graphenic filler-containing polymer composites including epoxy ones
(Table S3). The high t value may be due to the extreme geometries of graphenic fillers, indicating a different electron trans-
port behavior [2,57].

The thermal performance of epoxy/G-EP composite was characterized in terms of thermal conductivity (TC) and thermal
stability. Fig. 9a depicts the dependence of TC on the G-EP content. It is noted that TC increases monotonously from
0.158W/(m K) for neat epoxy to 3.138W/(m K) for composite with 10 wt% G-EP, representing an increment of 1886%.
Similar ever-increasing behavior takes also place on the epoxy/pG composite (Fig. 9b). In stark contrast, however, the latter
only acquires TC of 0.652 W/(m K) at 10 wt% pG (311% increment over neat epoxy). In reference to a polymer system loaded
with thermal conductive filler, the heat transport/dissipation proceeds principally in the form of phonons or lattice vibration,



Fig. 8. (a) Electrical conductivity (r)of epoxy/G-EP composite as a function of G-EP content (/), (b) linear behavior of logr against log[(/ � /c)/(1 � /c)].

Fig. 9. TC of epoxy composites as a function of (a) G-EP and (b) pG contents.
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and the poor phonon coupling in the vibration modes at the filler-polymer and filler-filler interfaces usually causes serious
thermal resistance [3]. Therefore, in addition to the factor of filler intrinsic TC, the thermal conductive performance of poly-
mer composites is also governed by filler dispersion quality and nature of filler-polymer interface. Thanks to the inclusion of
glycidyl moieties, G-EP realizes the high-quality dispersion and enhanced interfacial bonding with epoxy matrix (Figs. 5–7),
facilitating the phonon transfer from G-EP to epoxy matrix and minimizing the phonon scattering and interfacial thermal



Fig. 10. Typical TGA curves of epoxy and its composites.

Table 2
To and Tp of epoxy and its composites.

G-EP/pG content (wt%) 0 0.5 1.0 2.0

To (�C) Epoxy/pG 319 318 321 320
Epoxy/G-EP 324 333 334

Tp (�C) Epoxy/pG 382 384 389 390
Epoxy/G-EP 382 398 392
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resistance. Moreover, the low defect content (Fig. 2d) and thus high TC close to that of pG ensures G-EP to be capable of func-
tioning as the highly conductive channel for heat transport. It is hence not surprising for G-EP rather than pG to be more
competent for developing the thermal conductive epoxy composites. Actually, even compared with other graphenic fillers
that have been previously explored in epoxy matrix, G-EP also behaves very outstanding. Its filler efficiency, defined as
the TC increment % per 1.0 wt% loading (TCIw) or per 1.0 vol% loading (TCIv), reaches TCIw = 189 or TCIv = 370. This is much
superior or comparable to that of most other graphenic fillers (Table S3, TCIw = 5–175) and only inferior to that of assembled
aligned graphene platelets (TCIw = 1412) [58], noncovalently functionalized rGO (TCIW = 213 and 600) [59,60], and core-shell
structured polymethyl methacrylate-rGO additive (TCIw = 700) [61]. These results firmly endorse that G-EP is an extremely
efficient filler in enhancing TC, especially considering that the traditional fillers usually present a TCIv of �20 [57].

The thermal stability was examined by TGA. As typically presented in Fig. 10, all samples show a similar thermolysis
behavior with the thermograms characterizing one thermolytic zone. Both onset decomposition temperature (To) and peak
decomposition temperature (Tp) extracted from the thermograms indicate that addition of G-EP or pG improves the thermal
stability of epoxy (Table 2). The improved thermostability could be due to the enhanced barrier property endowed by G-EP
or pG that prevents the outside oxygen from penetrating into the composite to induce the oxidation of epoxy and the excel-
lent thermal conductor role played by G-EP or pG that dissipates heat from the surroundings and avoids formation of the hot
spots [3]. Moreover, G-EP or pG may also act as an efficient radical catcher to prevent epoxy from decomposition [8]. For
these effects, it is assuredly critical for G-EP or pG to be well dispersed and form an effective thermal conductive path in
the matrix. This explains why the composite loaded with 1.0 wt% G-EP has the optimal thermal stability with the respective
To and Tp lags of 14 and 16 �C. At this loading, G-EP is still dispersed well in matrix and the thermal conductive path may have
been formed. Beyond this loading, e.g. at 2.0 wt%, G-EP tends to aggregate (Figs. 5 and 6 and S2).
4. Conclusions

By applying G-EP as a functional filler, the high-performance, multifunctional but lightweight epoxy composites were
developed. In particular, G-EP was shown to perform significantly better than pG and overwhelming majority of previously
explored graphenic fillers in enhancing a variety of physical properties of epoxy including tensile strength, Young’s modulus,
electrical conductivity, TC, and thermal stability. Three main factors contribute to these great enhancements. First, the con-
trollable functionalization ensures the excellent properties of pG largely inherited by G-EP. Second, the introduced epoxide
moieties facilitate G-EP to be well dispersed in epoxy matrix. Third, the covalent reaction between G-EP and Epofix hardener
strengthens the mechanical adhesion at the filler-matrix interface. The demonstrated philosophy of interface molecular
engineering of graphene/epoxy composite system that proceeds through the appropriate functionalization of graphene
may be extended to other graphene/polymer systems, providing a general strategy for developing the desirable graphene/
polymer composites.
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