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and Qunfeng Cheng*a

Inspired by the nano/micro-scale hierarchical structure of nacre, we developed a new method for

fabricating highly electrically conductive graphene–epoxy layered composites. In this new method, the

graphene loading can be easily controlled, and the intrinsic three-dimensional network of graphene in

the composites results in high electrical conductivity. Through effective surface modification, the

interface strength between graphene and epoxy matrix was dramatically improved, leading to the 23-

fold improvement in tensile strength, 136-fold in Young's modulus, and 8-fold in electrical conductivity

compared with the pure graphene foam. These high performance bioinspired graphene–epoxy layered

composites have a great potential for applications in electromagnetic interference (EMI) shielding,

aerospace, and other electrical devices.
Introduction

Highly electrically conductive graphene–polymer composites
are desired in many practical applications,1 including, electro-
magnetic interference (EMI) shielding,2–4 electrodematerials for
a range of electrochromic devices, exible electrode in LEDs
and many others. Recently, bioinspired graphene-based ther-
moplastic polymer layered composites have been fabricated
with high strength and electrical conductivity, such as graphene
oxide (GO)–poly(vinylalcohol) (PVA),5 GO–thermoplastic poly-
urethane (TPU),6 etc. However, few work has reported the
preparation of graphene-based thermosetting polymer layered
composites. Epoxy is a typical thermosetting polymer, which is
widely used as the matrix in the composites due to its
outstanding mechanical and heat resistance properties. Several
traditional approaches for fabricating the graphene–epoxy
composites have been attempted, such as in situ polymeriza-
tion,7–9 and solution intercalation.10–14 However, these methods
usually require large amounts of organic solvents and are not
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environment-friendly.9 On the other hand, it is very difficult
to achieve high graphene loading and electrical conductivity in
the graphene–epoxy composites. Recently, the graphene foam
or three-dimensional (3D) graphene scaffolds were developed
and were inltrated with epoxy resin in attempt to solve this
problem.4,15,16 For example, Tang et al. demonstrated the gra-
phene aerogel–epoxy composites with compressive properties
but low electrical conductivity (below 1 S m�1).17 Jia et al.
demonstrated the graphene foam–epoxy composites with high
electrical conductivity (6.4 S cm�1) with only 0.16 wt% gra-
phene.15 However, the graphene loading is still low due to the
large voids in the 3D graphene scaffold, resulting in low elec-
trical conductivity. Thus, a great challenge still remains to
develop new approaches to fabricate highly electrically
conductive graphene–epoxy composites.

Aer millions of years of evolution, natural nacre shows
outstanding mechanical properties through assembling the
organic–inorganic components into layered nano/micro-scale
hierarchical structure.18–22 The inorganic phase of aragonite
platelets reaches 95 vol% and the organic phase is only 5 vol%
in the nacre.23 Inspired by the structure of nacre, we developed a
new method to fabricate the graphene–epoxy layered composite
with high graphene loading and electrical conductivity, simul-
taneously. In our approach, the graphene oxide nanosheets
were assembled into the 3D foam structures. Then the epoxy
resin was impregnated into the 3D graphene foam (GF) to
obtain the GF–epoxy preform. Finally, the GF–epoxy preform
was cured by hot-press into the layered structure. In this
method, the graphene loading can be easily controlled, and the
intrinsic 3D network of GF in the composites results in highly
electrical conductivity. Through effective surface modication,
the interface strength between graphene and epoxy matrix was
RSC Adv., 2015, 5, 22283–22288 | 22283
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Fig. 1 Illustration of the preparation process of bioinspired graphene–
epoxy layered composite. The GO nanosheets were first dispersed into
deionized (DI) water. Then the GO solution was subjected to vacuum-
assisted filtration into the GO film. After N2H4$H2O (85%) leavening
strategy treatment, the graphene foam (GF) was obtained. The GF was
impregnated with epoxy/acetone solution (5 wt%) into the preform.
Finally the GF–epoxy preform was cured by hot-press, and the bio-
inspired graphene–epoxy layered composites were obtained.
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dramatically improved, leading to the 23-fold improvement in
tensile strength, 136-fold in Young's modulus, and 8-fold in
electrical conductivity compared with the pure graphene foam.
These high performance bioinspired graphene–epoxy layered
composites have a great potential for applications in electro-
magnetic interference (EMI) shielding, aerospace, and other
electrical devices.

Experimental section
Materials

Graphene oxide (GO) was prepared by the modied Hummers'
method. The epoxy resin system was supplied by the Beijing
Institute of Aeronautical Materials (BIAM). Silane coupling
agent (3-glycidyloxypropyl)trimethoxysilane $98% (KH-560)
was obtained from Sigma-Aldrich. Concentrated sulfuric acid
(98%), sodium nitrate, hydrochloric acid, potassium perman-
ganate, 30% H2O2 solution, hydrazine hydrate (N2H4$H2O)
(85%), acetone, ethanol, acetic acid were of reagent grade and
purchased from Beijing Chemical Works Co., Ltd.,. All the
reagents were used without further purication.

Fabrication of KH-560 treated GO

100 mg GO was dissolved in 100 ml ethanol and then ultra-
sound for 1 hour to obtain the suspension. 10 ml deionized
water, 5 ml acetic acid (36%) and different amount of (1 mg, 5
mg, 10 mg) silane coupling agent (3-glycidyloxypropyl)trime-
thoxysilane $98% (KH-560) were mixed uniformly and then
added into GO suspension and ultrasound for 0.5 h. Aerwards,
the solution was condensed at 80 �C for 4 hours, and the KH-560
treated GO was obtained by washing with 100 ml ethanol and
100 ml water for two times under vacuum ltration respectively.

Fabrication of bioinspired graphene–epoxy layered
composites

The graphene foam (GF) was obtained according to the report,24

as following: 60 mg GO was dispersed in 60 ml deionized water
and then sonicated for 1 hour to obtain the GO colloidal
suspension. Then the GO lm, obtained through vacuum
ltration, was coated with 40 ml N2H4$H2O. Finally, the GO lm
was covered by Tin foil and placed into the autoclave at 90 �C for
10 h. The epoxy resin was diluted with acetone into 5 wt%
solution. Then the GF–epoxy preform was obtained by
immersing the GF into epoxy resin solution with assistance of
vacuum for 30 minutes. The residual acetone was removed at
80 �C in the vacuum oven for 2 h. The GF–epoxy preform was
cured by the hot-press process at a pressure of 2 MPa following
the curing cycle at 94 �C for 10 minutes plus 177 �C for 4 h. The
exact weight percentage of graphene was determined by the
thermogravimetric analysis (TGA), as shown in Fig. S1.†

Characterization

Mechanical properties were tested using the Shimadzu AGS-X at
a loading speed of 1 mmmin�1 with a gauge length of 5 mm. All
the samples tested were cut into 20 mm in length and 3 mm in
width. The thickness and the fracture surface morphology of
22284 | RSC Adv., 2015, 5, 22283–22288
each specimen were obtained by the environmental scanning
electron microscope (Quanta 250 FEG ESEM). The results for
each kind of sample are based on the average value of 3–5
specimens. Fourier transform infrared (FTIR) spectra were
obtained using the iN10MX FTIR instrument. The electrical
conductivity was measured by a standard two-probe method
using a source meter (Agilent E4980A). The thermogravimetric
analysis (TGA) was performed on NETZSCH TG 209F1 Libra
TGA209F1D-0173-L under argon with a temperature rising rate
of 20 �C min�1. X-ray photoelectron spectroscopy (XPS) was
performed using ESCALab220i-XL (Thermo Scientic) with the
X-ray source of a monochromatic Al Ka. Raman spectroscopy
was conducted using a LabRAM HR800 with 633 nm laser
excitation.
Results and discussion

The fabrication process of bioinspired graphene–epoxy layered
composite is shown in Fig. 1. The GO sheets were rst dispersed
into deionized (DI) water. Then GO lm was obtained by
vacuum assisted ltration. Herein the GF was fabricated
according to the previous report.24 The porous structure of the
GF is similar to the previous report,24 and the pore size shows a
little of big, as shown in Fig. 2a. Several characterizations were
performed to conrm the formation of reduced GF, as shown in
Fig. 2. The characteristic peaks of carboxyl groups at 1720 cm�1

and carboxy C–O at 1396 cm�1 on GO nanosheets almost
disappears in GF aer reduction, indicating that oxygen func-
tional groups on GO nanosheets were dramatically removed
This journal is © The Royal Society of Chemistry 2015



Fig. 2 (a) Porous structure of GF, (b) FITR spectra of GO film and the
reduced GF: the characteristic peaks of carboxyl groups at 1720 cm�1

and carboxy C–O at 1396 cm�1 on GO nanosheets almost disappears
in GF after reduction, indicating that oxygen functional groups on GO
nanosheets were dramatically removed during the reduction. (c)
Raman spectra of GO film and GF shows that the ID/IG ratio increased
from 1.8 for GO film to 3.4 for GF, indicating that the GO films were
chemically converted to GF after reduction, (d) and (e) XPS spectrum
shows that peak intensity of C–O, C]O, C(O)O groups dramatically
decreased after hydrazine reduction, and the ratio of O1s to C1s is
decreased from 0.32 for the GO film to 0.13 for GF after hydrazine
reduction. (f) TGA curves show that there was the 38%mass loss during
the “leavening” stage of hydrazine reduction, further confirming that
most of the GO sheets are reduced.

Paper RSC Advances
during the reduction. Raman spectra was also utilized to
conrm the reduction of GO. Aer the hydrazine reduction, the
ID/IG ratio increased from 1.8 for GO lm to 3.4 for GF, indi-
cating that the GO lms were chemically converted to GF aer
hydrazine treatment and well consistent with previous report.25

Furthermore, XPS spectrum shows that peak intensity of C–O,
Table 1 Graphene loading and the electrical conductivity of pure GF an

Sample Input graphene loading [wt%]

GF —
Control GF —
Composite-I 10
Composite-II 20
Composite-III 40
Composite-IV 45
Composite-V 60
Composite-VI 80
Treated I 60
Treated II 60
Treated III 60

This journal is © The Royal Society of Chemistry 2015
C]O, C(O)O groups dramatically decreased aer hydrazine
reduction. The ratio of O1s to C1s is decreased from 0.32 for the
GO to 0.13 for GF aer hydrazine reduction. Moreover, a new
peak at 285.8 eV corresponding to C–N, further conrmed the
reduction reaction happened according to the previous report.26

Finally, TGA curves of GO and GF indicated that there was the
38% mass loss during the “leavening” stage of hydrazine
reduction,27 which further conrmed that the GO nanosheets in
the lm were reduced. Then the GF was impregnated with the
epoxy resin solution to make GF–epoxy preform, and the GF–
epoxy preform was cured by hot-press. The amount of graphene
content in the resultant bioinspired layered composites was
10%, 20%, 40 wt%, 45 wt%, 60 wt%, 80 wt%, and the specimens
were designated as Composite-I, II, III, IV, V, and VI, respec-
tively. The exact graphene loading was determined by ther-
mogravimetric analysis (TGA), as shown in Fig. S1,† and the
detail values are listed in Table 1.
Mechanical properties

The typical stress–strain curves of bioinspired graphene–epoxy
layered composites are shown in Fig. 3a and the details values
are listed in Table S1.† The home-made GF shows the tensile
strength of 2.9 � 0.5 MPa, and Young's modulus of 0.04 � 0.01
GPa (curve 1), respectively, which are comparable to previous
reported value of 3.2 MPa.24 To make a comparison with
composites, the GF is treated with the same hot-pressing pro-
cessing and designated as control GF. The mechanical proper-
ties show the tensile strength of 19.2 � 1.2 MPa, and Young's
modulus of 0.57 � 0.14 GPa (curve 2). The mechanical proper-
ties of bioinspired graphene–epoxy layered composites show
dramatical improvement in tensile strength, and Young's
modulus (curve 4) as compared to control GF. With increased
graphene loading, the tensile strength and the Young's
modulus of Composite-V reached 55.1 MPa, and 5.1 GPa, cor-
responding to 18-fold and 126-fold improvement over the pure
GF. However, with further increase of GF loading, the
mechanical properties of resultant composites decrease, which
may be the lack of resin in the composite and leads to the dry
spot similar to carbon ber–reinforced epoxy composites.28

Thus the mechanical properties show an optimized maximum
value with graphene loading (Fig. 3b).
d bioinspired graphene–epoxy layered composites

Graphene loading by TGA Electrical conductivity (S cm�1)

— 2.9 � 0.2
— 53.2 � 0.7
12 2.3 � 0.4
24 5.6 � 0.7
42 21.2 � 1.0
46 23.2 � 1.5
59 33.9 � 1.5
83 51.1 � 1.3
63 33.0 � 7.4
56 26.8 � 2.0
57 25.3 � 2.3

RSC Adv., 2015, 5, 22283–22288 | 22285



Fig. 3 (a) Tensile stress–strain curves of GF (curve 1), controlled GF
(curve 2), epoxy (curve 3), Composite-V (curve 4), and Treated-II
(curve 5). (b) The ultimate strength of the composite with different
graphene loading (wt%), indicating that the tensile strength increases
with graphene loading until 60%, and then decrease with higher gra-
phene loading. (c) Tensile strength of bioinspired graphene–epoxy
layered composite with different treated methods. (d) Fracture surface
morphology of Treated-II.
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The mechanical properties of Composite-V are lower than
the pure epoxy resin (curve 4). The main reason may be the
weak interface between graphene and epoxy resin, as the
active functional groups on the graphene oxide were removed
in the reduction process, which was conrmed by FTIR,
Raman, XPS and TGA, as shown in Fig. 2. Thus it is difficult to
form strong chemical bonds between GF with epoxy resin,
and improve the stress transfer efficiency. To further improve
the mechanical properties of the bioinspired graphene–epoxy
layered composites, the GF was graed with silane coupling
agent,29 dramatically improving the interfacial interaction
with epoxy matrix through chemically covalent bonding and
stress transfer efficiency from epoxy to graphene nanosheets.
The proposed mechanism is shown in Fig. S2.† Step 1: the (3-
glycidyloxypropyl)trimethoxysilane is hydrolyzed into the (3-
glycidyloxypropyl)trimethoxysilanol. Step 2: the graphene
oxide reacted with (3-glycidyloxypropyl)trimethoxysilanol
through condensation of water into KH-560 graed GO (KH-
560-GO). Then the KH-560-GO was reduced with N2H4$H2O to
remove the other active functional groups on GO surface.
Step 3: the epoxide groups on the KH-560-GF are attacked by
one component of epoxy resin-benzyldimethylamine
(BDMA), yielding zwitterions that contain a quaternary
nitrogen cation and an active anion. This type of ester is
functionalized as the initiator of the chainwise polymeriza-
tion, and then reacts with epoxy resin of glycidyl ester,
leading to the formation of an alkoxide species. Subse-
quently, the formed alkoxide species attacks the BDMA
again. It should be noted that the reaction in step 3 can
happen at both ends of glycidyl ester with the KH-560-GF,
eventually resulting in formation of graphene–epoxy
composite having chemical cross-linking bonds.
22286 | RSC Adv., 2015, 5, 22283–22288
Herein, to obtain the maximum treatment effect, three
different ratios between KH-560 and GF were applied: 1 : 100,
5 : 100 and 10 : 100, the corresponding GF are designated GF-I,
GF-II, and GF-III, and the corresponding composites are desig-
nated as Treated-I, Treated-II, and Treated-III, respectively. FTIR
was conducted to verify the graing reaction between GF and KH-
560 (Fig. S3a†). The absorption peaks vibration around 2800–2900
cm�1 of GF-I, GF-II, and GF-III corresponds to stretching vibration
of –CH2– and –CH–, which demonstrates that the silane coupling
agent was successfully graed on the surface of GF. Furthermore,
Raman spectrum was also conducted to conrm the graing
reaction between GF and KH-560 (Fig. S3b†). The ID/IG ratio was
decreased from 3.4 for the GF to 2.7 for GF-I, 2.4 for GF-II and 2.3
for GF-III, respectively. Moreover, Fig. S3c† shows the XPS spectra
of GF andGF-II samples, and the corresponding elements contents
are listed in Table S2.† Aer graing KH-560, the C1s andN1s peaks
decrease 4.4% and 12.5%, respectively. The O1s peak increases
12.8%, because of the contribution of oxygen element in KH-560.
Meanwhile, the appearance of silicon element peak on GF-II
further conrms that KH-560 was successfully graed to the
surface of GF.30 Finally, TGA results show that the weight loss of
GF-I, GF-II, GF-III are 20.2%, 24.5%, 28.1% respectively, which is
higher than the GFwith 19.46%weight loss. This is direct evidence
of the successful graing KH-560 on the surface of GF.

Due to the interaction between KH-560 and epoxy resin,
which is conrmed by the FTIR and XPS, as shown in Fig. S4,†
the interface strength is enhanced when graing with the KH-
560, resulting in improved mechanical properties. The tensile
strength and Young's modulus of resultant composites increase
with increased amount of KH-560. For example, the tensile
strength and Young's modulus increase to 69.6 MPa, and 5.5
GPa for Treated-II from 55.4 MPa, and 3.8 GPa for Treated-I,
respectively, and corresponding to 23-fold and 136-fold
improvement compared with the pure GF. With further graing
by KH-560, the mechanical properties of Treated-III decrease.
We believe that too much KH-560 is affecting the curing reac-
tion of epoxy matrix.

The cross-section morphologies of GF and bioinspired gra-
phene–epoxy layered composites are shown in Fig. S5.† With
increased graphene loading, the layered structure becomes
clear. When the graphene loading reaches about 60 wt%, the
mechanical properties of resultant composites show maximum
value, almost similar to the carbon ber reinforced epoxy
composites.28 If the epoxy loading is too low, there would be a
dry spot in the resultant composites, decreasing the interface
strength and mechanical properties. If the epoxy loading is too
high, areas rich in resin occur, which decreases the load
transfer efficiency from epoxy resin to graphene nanosheets and
thus mechanical properties.

Aer surface modication, the interface strength of resultant
composites was enhanced, resulting in the improvement of
mechanical properties, especially Young's modulus. The frac-
ture morphology of Treated-II shows typical brittle fracture
mode, as shown in Fig. 3d. However, when graing too much
KH-560 on the surface of GF, the mechanical properties of
resultant composites decrease. Thus there is a maximum value
for treated composites. In this study, the maximum value of
This journal is © The Royal Society of Chemistry 2015
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tensile strength was obtained for Treated-II composite. The
other cross-sectional surface morphologies of treated compos-
ites are shown in Fig. S5.† Treated-II is denser than the other
Treated-I and Treated-III specimens.
Electrical conductivity

One of the advantages of bioinspired graphene–epoxy layered
composites is high electrical conductivity, as shown in Fig. 4.
For pure GF, the electrical conductivity is 2.9 S cm�1, lower than
previously reported for the graphene foam at 10 S cm�1.31 This
is because the chemically reduced GO foam still has a lot of
defects, aer treated by the hot-press, the control GF shows an
electrical conductivity of 53.23 S cm�1, the bioinspired gra-
phene–epoxy layered composites also shows high electrical
conductivity. Themain reason is the intrinsic 3D network in GF.
The other reason is the close contact between graphene nano-
sheets obtained by the hot-press curing process. For example,
the Composite-I shows electrical conductivity of 21.2 S cm�1,
which is almost one order of magnitude higher than the pure
GF, and two times higher than the CVD-synthesized graphene
foam.31 With graphene loading increasing, the electrical
conductivity of bioinspired graphene–epoxy layered composites
further increases to 51.1 S cm�1 for Composite-IV.

Aer treatment, the electrical conductivity of bioinspired
graphene–epoxy layered composites decrease due to the insu-
lative KH-560. However, for the composite of Treated-II, the
electrical conductivity is still as high as 26.8 S cm�1. This kind
of highly conductive bioinspired graphene–epoxy layered
composites can be used as the conducting wire, which is
demonstrated in a circuit as shown in Fig. 4c and d. A LED blue
bulb was connected with the power supply, showing that the
bioinspired graphene–epoxy layered composites cable func-
tioned well for the entire testing period. Although the electrical
Fig. 4 (a) Electrical conductivity of bioinspired graphene–epoxy
layered composites with different graphene loading. (b) Electrical
conductivity of bioinspired graphene–epoxy layered composites
treated with different KH-560 loadings. (c) Schematic of the circuit of
bioinspired graphene–epoxy layered composites. (d) The bioinspired
graphene–epoxy layered composites as a part of conductive media
connected with power supply and loaded with a blue LED light bulb.
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conductivity of the composite of Treated-II decrease when
graing with the KH-560, the improvement in tensile strength
and Young's modulus is remarkable. It is thus benecial to
lower the electrical conductivity while at the same time
dramatically improving mechanical properties of bioinspired
graphene–epoxy layered composites.

Our bioinspired strategy for fabricating graphene–reinforced
epoxy composites compared with other graphene foam rein-
forced thermoplastic polymer composites and graphene rein-
forced epoxy composites shows great advantages as shown in
Fig. 5. For example, the electrical conductivity of bioinspired
graphene–epoxy layered composite is far higher than that of
graphene–epoxy composite fabricated from in situ polymeriza-
tion,7–9 and solution intercalation,10–14 which is because of the
high loading of graphene and 3D networks of graphene nano-
sheets. The other approaches for constructing the graphene–
polymer composites only show improvement in one type of
property, such as electrical conductivity or tensile strength. For
example, Cheng et al. fabricated the high electrically conductive
graphene foam–PDMS composites through impregnating the
PDMS into graphene foam without any surface modication.31

The electrical conductivity of graphene foam–PDMS composites
is as high as 10 S cm�1, which is attributed to CVD-synthesized
graphene foam with perfect structure. However, this value is
only half of Treated-II. On the other hand, the tensile strength
and Young's modulus of bioinspired graphene–epoxy layered
composites of Treated-II shows 40-fold higher than the gra-
phene foam–PDMS, respectively. Zhu et al. realized high tensile
strength of graphene–epoxy composites.32 The tensile strength
reached 84 MPa, higher than the Treated-II. However, the
reported electrical conductivity was only 3.28 � 10�5 S cm�1,
which is six orders of magnitude lower than Treated-II.
Recently, Jia et al. demonstrated the highly exible and strong
graphene foam/epoxy composite with strength of 130 MPa at
Fig. 5 Comparison of electrical conductivity and tensile strength of
the GF–epoxy layered composites with other graphene–polymer
composites. The GF–epoxy layered composites show integrated high
electrical conductivity and strength compared with other graphene–
polymer composites, such as graphene foam–PDMS, and graphene–
epoxy.

RSC Adv., 2015, 5, 22283–22288 | 22287
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low graphene content (0.16%),15 claiming that the porous gra-
phene foam network function as crack arresters and inhibit the
crack propagation. However, the electrical conductivity is only
6.4 S cm�1, which is only one fourth of Treated-II. This strategy
for fabricating the graphene–reinforced epoxy composites is
also superior to other approaches for constructing the gra-
phene–polymer composites, such as graphene sponge–PDMS
with strength of 8.2 MPa and electrical conductivity of only
0.027 S cm�1.33

Conclusions

In summary, the bioinspired graphene–epoxy layered compos-
ites were successfully fabricated. Compared with previous
methods, this bioinspired strategy shows crucial advantages: (i)
it dramatically enhances the graphene loading in the resultant
composites, and (ii) it creates the hierarchically layered gra-
phene–epoxy composites with high mechanical properties and
electrical conductivity, simultaneously. Our study provides a
novel approach for fabricating highly conductive graphene
reinforced epoxy composites, and can be suitable for other
thermosetting resins, such as bismaleimide, polyimide, cyanate
ester and many others. These highly electrically conductive
bioinspired graphene–epoxy layered composites have a great
potential for applications in electromagnetic interference (EMI)
shielding, aerospace, and other electrical devices.
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