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G
raphene has attracted tremendous
attention due to its large surface
area, high strength and Young's

modulus, as well as extraordinary electronic
properties and thermal conductivity.1�3 As
a precursor for graphene, graphene oxide
(GO) enjoys an abundance of oxygenated
functional groups on its surface which offer
high processability and dispersibility in aque-
ous media. These properties make GO an
ideal multifunctional nanofiller to prepare
well-dispersed polymer nanocomposites
with a tailored nanostructure and inter-
phase. Pristine graphene, GO, and reduced
graphene oxide (rGO) have been incorpo-
rated into awide range of polymermatrices,
including epoxy, polyurethane, polycarbo-
nate, polystyrene, polyaniline, and poly-
(methyl methacrylate) (PMMA) to form
composites possessing unique properties
and capabilities.4�9 However, there are a
number of challenges that need to be ad-
dressed to maximize the reinforcement ef-
ficiency of graphene. Most importantly, the

graphene nanosheets should be fully exfo-
liated and uniformly dispersed in the poly-
mer to avoid reagglomeration, especially
at high graphene contents, caused by the
intermolecular π�π stacking attraction
forces.10 Lack of exfoliation and dispersion
of graphene sheets is always detrimental
to achieving desired effects on mechanical,
electrical, thermal, and other important pro-
perties. Another critical issue arising from
the highly oxygenated GO sheets is that
GO sheets ought to be reduced to recover
the sp2 carbon structure to restore the
inherently high electrical conductivities
of graphene and the composites made
therefrom.5,11

GO sheets can be reassembled into free-
standing thin films or paper-like materials
via flow-directed assembly of aqueous
dispersion,12,13 which can offer a potentially
useful route to fabricate exciting multi-
functional nanocomposites. Nevertheless,
processing bulk polymer composites using
graphene papers as the reinforcement has
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ABSTRACT Cellular-structured graphene foam (GF)/epoxy composites are prepared based

on a three-step fabrication process involving infiltration of epoxy into the porous GF. The three-

dimensional (3D) GF is grown on a Ni foam template via chemical vapor deposition. The 3D

interconnected graphene network serves as fast channels for charge carriers, giving rise to a

remarkable electrical conductivity of the composite, 3 S/cm, with only 0.2 wt % GF. The

corresponding flexural modulus and strength increase by 53 and 38%, respectively, whereas

the glass transition temperature increases by a notable 31 �C, compared to the solid neat
epoxy. The GF/epoxy composites with 0.1 wt % GF also deliver an excellent fracture toughness

of 1.78 MPa 3m
1/2, 34 and 70% enhancements against their “porous” epoxy and solid epoxy

counterparts, respectively. These observations signify the unrivalled effectiveness of 3D GF relative to 1D carbon nanotubes or 2D functionalized graphene

sheets as reinforcement for polymer composites without issues of nanofiller dispersion and functionalization prior to incorporation into the polymer.

KEYWORDS: graphene foams . epoxy matrix composites . structure�property relationships . electrical conductivity . toughness .
mechanical properties
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not been very successful to date due to the difficulties
in intercalating polymer molecules into the stacked
graphene sheets. As an alternative, efforts have
been directed toward developing aligned graphene/
polymer nanocomposites based on in situ solvent
casting.5,14 The layered structure consisting of alter-
nating graphene sheets and polymer layers offered
highly anisotropic characteristics to composites be-
tween two different directions of alignment and per-
pendicular to it in terms of mechanical properties,
electrical conductivity, and gas/moisture barrier char-
acteristics. Proper reduction of GO into rGO enhanced
the stability of dispersion in the polymer matrix, giving
rise to improved percolation threshold, mechanical,
electrical, and thermal properties of the composites in
the alignment direction.4,14

More recently, a three-dimensional (3D) intercon-
nected graphene foam (GF) has gained much interest
for application in various areas, especially as electrodes
for high-performance batteries due to its excellent
electrochemical capacities and an extremely large
surface area with a low density.15,16 Atomic carbon is
chemical vapor deposited (CVD) on a porous Ni tem-
plate to synthesize 3D GF, and the porous structure
is preserved in GF after etching the Ni template. The
3D structural integrity and high electrical conductivity
that a GF possesses make it an ideal filler material for
polymer composites. A typical method to prepare GF/
polymer composites is by infiltrating freestanding GF
with different kinds of polymers, ultimately eliminating
the problems associated with graphene agglomera-
tion in polymers. However, the practical application of
GF/polymer composites is still at its infant stage, and
very few studies have appeared in the open literature
reporting their properties. The electrical conductivity
of GF/polydimethylsiloxane (PDMS) foam composite
reached 2 S/cm, while the compressive strength of GF/
epoxy composites showed a notable 55% improve-
ment compared to neat epoxy.17,18 Composites can
also be prepared by infiltrating a prepolymer, typically
epoxy resin, into the graphene grown on a Ni foam
(G-Ni foam), followed by epoxy curing and dissolving
the Ni foam template. The resultant GF/epoxy compo-
site prepared in this way contained interconnected
microscale voids created in place of the Ni template,
forming an interconnected cellular structure.19 Com-
pared to the above solid GF composites, the cellular-
structured composites are lighter and possess good
liquid permeability, and the porous structure can
potentially enhance the fracture toughness of the
composites as in the porous polymer thin films.20

This paper reports the synthesis of interconnected
porous GF/epoxy composites by impregnation of
epoxy resin into the 3D G-Ni foam via CVD, followed
by curing of the polymer and etching of the Ni
template. The mechanical properties, fracture tough-
ness, and transport properties of the composites were

specifically evaluated. Special emphasis was placed on
studying the toughening mechanisms of the compo-
sites arising from the interconnected graphene net-
work structure with the voids created by removing the
Ni template.

RESULTS AND DISCUSSION

GF Preparation and Characterization. A freestanding GF
with a continuous and interconnected 3D network
which was inherited from the structure of the original
Ni template is shown in Figure 1a,b. Figure 1c presents
a hollow wall structure of a broken foam end exposed
after Ni etching. Due to its high porosity, the density of
GF was 1.3 mg/cm3 at a CH4 concentration of 0.7 vol %.
Figure 1d shows ripples with sizes in the range of sub-
micrometer to several micrometers on the surface of
GF. It was postulated that they were formed due to the
different thermal expansion coefficients between the
Ni template and graphene.15 However, similar ripples
or grain boundaries were also observed in graphene
platelets exfoliated from the natural graphite flakes,
suggesting the ripples were inherent to graphene.21

These ripples may offer an additional mechanical
interlocking mechanism with polymer chains, enhan-
cing the interfacial adhesion.

Both monolayer and few-layer graphene were co-
existent in theGF prepared in this study, indicating that
the single Ni grain may have independently affected
the precipitation of the graphene films during CVD.
The transmission electron microscope (TEM) images
and Raman spectra shown in Figures 1e and S1 (see
Supporting Information) indicate that the GF grown at
a CH4 concentration of 1.4 vol % consisted of mono-
layer, bilayer, and few-layer graphene sheets with an
average number of four. There are several important
factors that affect the number of graphene layers in
CVD-grown GF, including carbon source gas concen-
tration, reaction temperature and time, cooling rate,
and template materials.15,22�24 Figure 1f shows an
approximately linear relationship between CH4 con-
centration, average number of graphene layers, andGF
density.When the CH4 concentration varied from0.7 to
4.0 vol %, the number of graphene layers increased
from 3 to 27 layers along with an increase of GF density
from 1.3 to 6.8 mg/cm3. Furthermore, the freestanding
GF was free of nickel, as indicated by the X-ray photo-
electron spectroscopy (XPS) spectrum and the TEM
energy-dispersive X-ray (TEM-EDX) profile in Figure
S2a,b (see Supporting Information), confirming that
the process using hot hydrochloric acid (HCl) was
sufficient to thoroughly remove the Ni template. The
XPS survey spectrum of freestanding GF (Figure S2a)
consisted of carbon and a trace amount of oxygen, the
latter of which may originate from the adsorbed air
onto the graphene surface or tiny PMMA residue.25 No
evidence of Ni 2p was noted at binding energies
between 850 and 870 eV.26
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Porous Structure of GF/Epoxy Composites. The fabrication
process for GF/epoxy composites consisted of three
steps, as schematically illustrated in Figure 2: namely, (i)
impregnation of diluted epoxy resin into the porous
G-Ni foam to produce prepreg; (ii) evaporation of
solvent and curing of epoxy; and (iii) etching of Ni
template to create cellular-structured composites. Fig-
ure 3a shows a typical optical image of a polished cross
section of the GF/epoxy composite containing 0.2wt%
GF. The microcellular pores were present between the
nearly spherical blocks of epoxy in the form of curved
triangular, dog-bone shapes, resembling the profile
of the porous Ni template. These pores with average
sizes in the range of tens to hundreds of micrometers
were interconnected throughout the composite (see
Figure 3b,c). The pore volume fraction estimated from
the measured densities of the solid epoxy (1.19 g/cm3)
and GF/epoxy composites (0.96 g/cm3) was 19.3 vol %.
This value is consistent with the average value of

18.7 vol % obtained from the analysis of more than
30 micrographs of polished composite cross sections.
Considering that the average thickness of the GF strut
is only∼30 nm and assuming that the pressure applied
during curing did not distort the Ni template structure,
the pore volume in the “porous epoxy” without GF
should be much similar to that in the composite.27

Figure 3d indicates that the GF adhered well to the
epoxy matrix, showing excellent resin permeability of
the G-Ni foam due to the large surface area and the
presence of interconnected pores. The area scanning
from the SEM-EDX profile of the freeze-fractured cross
section of GF/epoxy composites confirmed that there
was no evidence of Ni residue left in the composite
after etching (Figure S2d). The excess Cl came from the
residual HCl, which can be removed by rinsing with
deionized (DI) water.

Glass Transition Temperature and Electrical Properties.
Glass transition temperature, Tg, is a measure of chain

Figure 1. (a) Digital image and (b) SEM image of GF; (c) broken foam end and (d) magnified view of foam surface; (e) typical
TEM image of GF prepared at a CH4 concentration of 1.4 vol%; and (f) density and average number of graphene layers of GF as
a function of CH4 concentration used in CVD growth.
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segment mobility and thermal stability of a polymer.
Figures 4a and S3a (see Supporting Information)
show that the Tg of the composites measured by DSC
increased drastically from 94.9 to 126.2 �C with only
0.2 wt % GF, and the surge was followed by saturated
values for GF contents beyond 0.2 wt %. The comple-
mentary dynamicmechanical analysis (DMA)measure-
ments on selected GF/epoxy composites (Figure S3b)
confirmed the remarkable Tg enhancements. While the
general trends were very similar, the absolute values of
Tgmeasured by DMAwere slightly higher than the DSC
results. The nearly identical Tg values for the solid and

porous epoxy resins (black arrow in Figure S3a) indi-
cate that the increase in Tg arose chiefly from the GF
reinforcement into the epoxy. The extraordinary surge
in Tg by 31 �C with 0.2 wt % GF has significant analogy
with a recent report on 0.05 wt % functionalized
graphene sheet (FGS) in PMMA composites as a result
of the hindrance of molecular mobility in the vicinity
of GF.9 In addition, judging from our recent work on
aligned rGO/epoxy composites where less than 20 �C
increase in Tg was observed with 2.0 wt % rGO,4 the
3D cellular GF appears to be much more efficient
for improving the thermal stability of epoxy than the

Figure 2. Flowchart for the preparation of GF/epoxy composites.

Figure 3. (a) Polished surface of a GF/epoxy composite showing pore distribution; (b�d) typical scanning electron
microscope (SEM) images of GF/epoxy composites containing 0.2 wt % GF prepared at a CH4 concentration of 1.4 vol %.
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individual, well-aligned rGO sheets. Improvement in Tg
requires the interphase surrounding the nanofillers to
interact with polymer so that the mobility of molecular
chain segments is restricted.28 Well-dispersed nanofil-
lers and adequate interactions with thematrix polymer
are the two prerequisites to a substantial increase in Tg.
Based on the above discussion, the following factors are
likely responsible for the efficient restriction of polymer
mobility and augmented thermal stability, resulting in
remarkable Tg enhancement. (i) The regularly spaced
cellular structure of GF significantly boosted the inter-
actions with epoxy while totally eliminating detrimental
reagglomeration of graphene in the matrix.29 (ii) The
network structure of GF had a large surface area allow-
ing interface contacts with the polymer matrix. This
naturally created a substantial interphase region around
the percolated GF where the mobility of the polymer
chains was constrained.28 (iii) The nanoscale surface
roughness of GF withmany ripples (see Figure 1d) likely
resulted in enhanced mechanical interlocking with
the polymer chains and consequently better interfacial
adhesion,30 which had a positive influence on thermal
stability of the matrix. A similar effect has been sug-
gested by previous molecular dynamics simulation,
showing altered polymer chain dynamics because of
the geometric constraints at the nanofiller surfaces.31

Meanwhile, rheological percolation phenomenon or

percolated interphase may be responsible for the
saturation of Tg at higher graphene contents (red arrow
in Figure S3a).9,32 It appears that the polymer mobility
in the composites was little affected by the increased
number of graphene layers due to higher GF contents.
Likewise, it is easy to understand why the percolation at
0.2 wt % GF in this study was higher than the reported
0.05 wt % for FGS/PMMA composites.

The high aspect ratio of graphene and exceptional
electron mobility make it an attractive option to rival
other conductive nanofillers, such as CNTs and metal
nanowires, for the preparation of conductive polymer
composites. Constructing a 3D interconnected net-
work as the fast transport channel of charge carriers
in the insulating polymer matrix is an efficient way of
realizing rapid insulator-to-conductor transition and
achieving excellent electrical conductivity.33 Figure 4b
shows an electrical conductivity of 10�12 S/cm for the
neat epoxy resin, which is similar to reported values.34

With the addition of 0.1 wt % GF, the electrical con-
ductivity surged to 0.97 S/cm by 12 orders of magni-
tude, with a percolation occurring approximately at
0.05 wt % for the GF/epoxy composites. In view of the
absence of residual Ni template in the freestanding GF
and GF/epoxy composites (see Figure S2), the above
significant gains in electrical conductivity can be as-
cribed to the incorporation of GF in the epoxy matrix.
This conductivity value is at least 5 orders of magnitude
higher than those of chemically derived graphene
composites at graphene contents above percola-
tion.7,15 Possible reasons behind the much lower elec-
trical conductivities of the latter composites include
incomplete reduction of chemically derived GO and
their inability to systematically form interconnected
network limited by the small sizes and randomly dis-
tributed GO sheets in the polymer matrix. By contrast,
the high electron mobility offered by the seamlessly
interconnected 3D network of high-quality GF was
responsible for the exceptional electrical conducting
performance. In addition, the CVD-grown GF does
not require usual reduction processes to restore the
inherent conductivity of graphene.

The inset in Figure 4b indicates that the electrical
conductivity of freestanding GF did not show a mono-
tonic increase with the number of graphene layers
and had amaximum conductivity of 6.4 S/cmwith four
layers of graphene, or 0.16 wt % GF in the composite.
This observation is very similar to previous findings
on CVD-grown GF and GF/PDMS composites where an
optimal average number of graphene layer corre-
sponding to the maximum conductivity was identified
to be about five.15 A further increase in GF content
beyond 0.38 wt %, or about seven graphene layers,
resulted in a rather saturated conductivity of the
GF/epoxy composites. It is also interesting to note that
the conductivity of freestanding GF was consistently
higher than the GF/epoxy composites until they

Figure 4. (a) Glass transition temperature and (b) electrical
conductivity of GF/epoxy composites as a function of GF
content. The conductivity of freestanding GF is superim-
posed in inset of (b).
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gradually converged at higher GF contents, suspecting
minor damage to the conducting structure of the GF at
low contents during the epoxy infiltration and curing at
a high temperature.

Flexural Properties and Fracture Toughness. Incorpora-
tion of GF into the epoxy system also significantly
increased both the flexuralmodulus and strength com-
pared to the solid neat epoxy, as shown in Figure 5a.
These properties showed maxima at ∼0.2 wt % GF
with 53 and 38% improvements, respectively, followed
by moderate reductions with further increase in GF
content;a functionally similar characteristic to Tg (see
Figure 4a). This finding signifies that the rheological
percolation threshold of GF positively affects not only
the Tg but also the flexural properties of the GF/epoxy
composites. It is well-known that the composite mod-
ulus is dependent on the modulus and volume frac-
tion of the composite constituents, whereas the
strength is also influenced by the filler�matrix inter-
facial adhesion.35 This may explain the relatively mod-
erate improvement of the flexural strength because
the GF surface was not specifically functionalized.
Figure 5b shows the fracture toughness, KIC, of the
solid epoxy is ∼1.05 MPa 3m

1/2, which is consistent
with the published values for a similar epoxy system.36

The KIC value increased sharply to 1.78 MPa 3m
1/2 at

0.1 wt % GF, corresponding to a remarkable enhance-
ment of 70% compared to the solid epoxy. There
was an apparent plateau or marginal reductions with

further increase in GF content, probably because the
increased graphene layers only led to slippage be-
tween adjacent layers to disrupt the weak van der
Waals forces when the composites were subjected
to an external load.10 Surprisingly, the “porous epoxy”
prepared from the Ni foam/epoxy composites by
etching out Ni showed a moderate value KIC =
1.41 MPa 3m

1/2, about 34% higher than that of the
solid epoxy, indicating substantial toughening mech-
anisms offered by the pores created after removing
the Ni template.

To identify the benefits of GF reinforcement, frac-
ture toughness KIC values of epoxy-based nanocompo-
sites containing graphene sheets and CNTs taken from
the literature are compared with the present study in
Figure 5c and Table S1 (see Supporting Information).
Due to the large variations in KIC of solid epoxy
resins from 0.5 to 1.63 MPa 3m

1/2,10,37 the increment
of fracture toughness of composites compared to their
respective control solid epoxy is reported here. Among
many CNT/epoxy composites, the best reported en-
hancement in KIC was 51% at 0.3 wt % of aligned
MWCNTs.34 However, the KIC of SWCNT/epoxy compo-
sites was rather disappointing, delivering 14% im-
provement with 0.1 wt % SWCNT.39 The perfor-
mance of the composites containing graphene was
impressive especially when the graphene sheets
were preferentially aligned. Themaximum reported in-
crease in KIC for rGO/epoxy was 65% at 0.125 wt %.36

Figure 5. (a) Flexural strength andmodulus of the solid epoxy and composites as a function of GF content; (b) mode I fracture
toughness, KIC, plotted as a function of GF content. The inset shows the fracture test of a SENB sample; and (c) comparison of
fracture toughness between epoxy-based nanocomposites containing graphene and CNTs taken from literature.
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However, improvements were largely impaired at rGO
contents higher than 0.125 wt % due to the deterio-
rated filler dispersion. The corresponding performance
of GF/epoxy composites was among the best for all
graphene contents and was much better than the GO
and rGO counterparts.

The above comparison clearly indicates that the
reinforcement with 3D interconnected GF is much
more effective in improving the fracture toughness of
composites than 1D CNTs, 2D GO, or rGO sheets. There
are several reasons behind this conclusion: namely, (i)
the integrated 3D structure of GF can totally eliminate
the issues of uniform dispersion of CNTs or GO sheets
prior to incorporation into the polymer, and reagglo-
meration or restacking after addition into the polymer;
(ii) the resulting properties of 3D GF/polymer compo-
sites are less sensitive to surface functionalization than

for the composites based onCNTs or 2DGO sheets; and
(iii) the 3DGF can playmuch the same role as 3D fabrics
play in eliminating the interlaminar planes and the
associated premature failures in textile composites
reinforced with braided or 3D woven fabrics. In parti-
cular, the total elimination of nanofiller dispersion
problems without additional functionalization can open
up newmanufacturing processes to produce advanced
nanocomposites containing higher nanofiller contents
than the current technology can offer. The 3D textile
composites have been extensively applied to produce
composite components where delamination failures
have to be totally avoided.

Toughening Mechanisms. Examination of the fracture
surfaces of the solid epoxy, the “porous” epoxy, and the
GF/epoxy composite specimens revealed well-defined
distinctions between them, as shown in Figure 6.

Figure 6. SEM images of quasi-static fracture surfaces of (a) solid epoxy, (b,c) porous epoxy, and (d,e) GF/epoxy composites
with 0.1 wt % GF; (f) fracture surface roughness of samples as a function of GF content. White arrows in (c) and (e) indicate
crack propagation direction.
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The solid epoxy showed featureless and smooth,
typically brittle surface (Figure 6a), indicating very
weak resistance to crack propagation. Compared to
the mirror-like fracture surface of solid epoxy, the
porous epoxy presented a rough surface due to the
crack propagation at different planes with several
steps. The fracture surface featured irregular-shaped
epoxy blocks partly separated by characteristic trian-
gular pore structures (Figure 6b,c). These pores are the
traces of the original Ni templates, which functioned as
hollow particles (i) to induce local crack tip blunting by
changing the stress state from the plane strain to the
plane stress condition and (ii) to form microcracking/
bifurcation dilatation fracture process zone.42,43 The
fine river markings (Figure 6c) occurred mainly at the
slopes and boundaries between two different planes,
suggesting crack growth bymatrix shearing which was
promoted by the triangular pores as the crack front
passed through them.

The typical fracture surface of GF/epoxy composites
presents coarse, multiplane features with numerous
protuberances of their sizes equivalent to the spherical
cells between the GF network (Figure 6d,e). The
examination of many fracture surfaces in addition
to those shown here failed to identify clear evidence
of crack pinning;a largely expected toughening me-
chanism to occur in the composite. Crack pinning
is one of the most important failure mechanisms in
rigid particulate-reinforced composites and is normally
manifested by crack front bowing and the formation
of tails,36,38 which were totally absent in the present
GF/epoxy composite. Thus, it is concluded that crack
pinning did not prevail in composites with hollow GF
network because GF tended to collapse upon being
impinged by the advancing cracks, instead of allowing
crack front bowing. Therefore, themajor roles of the GF
reinforcement in improving the fracture toughness of
epoxy matrix can be ascribed to the following. (i) The
crack tips are blunted by the seamlessly intercon-
nected walls of GF before collapse to induce winding
crack tip deflections. As a result, they tend to tilt, twist,
or bifurcate along the boundary of GF under mixed
modes of tension and shear to form mound-shaped
crack paths through the epoxy matrix in their wakes.
Thus, the crack propagation under the mixed-mode
condition resulted in the formation of protuberances
with a much increased fracture surface area after the
collapse of GF reinforcements (Figure 6d), requiring a
higher energy absorption than in puremode I tension.36

(ii) During the above crack tip blunting process, the
GF/epoxy interphase can be debonded due to the
moderate interfacial adhesion along the boundary
of GF without any functionalization, as indicated by
the circle (Figure 6e). The interfacial debonding can
contribute to enhanced energy absorption in the
composite.44 (iii) When the crack tip meets the edges
of the GF, slippage and separation occur between the

adjacent graphene layers due to the disruption of the
weak van der Waals forces between them, thus con-
tributing to more energy absorption.10

To fully understand the fracture mechanisms and
thus to quantitatively correlate the change in fracture
surface morphology from the mirror-like planar to
rugged surface with the increase in fracture toughness,
the fracture surface roughnesswasmeasured, as shown
in Figure 6f. It is well-known that the toughening
of composites due to crack tip blunting and deflec-
tion often result in significantly enhanced surface
roughness.45 The results indicate that there was an
almost 20-fold upsurge in average surface roughness
when the epoxy resinwas reinforcedwith only 0.1 wt%
GF. The surface roughening began to saturate with
further increase in the GF content above 0.1 wt %. It is
worth noting that there was significant functional
analogy between the fracture toughness (Figure 5b)
and the fracture surface roughness (Figure 6f) with
respect to GF content. This finding further confirms
the important role that the fracture surface roughness
played in determining the fracture toughness of the
composite. Very similar observations with comparable
conclusions were also reported for FGS/epoxy compo-
sites and silane-treated MWCNTs/epoxy composi-
tes.36,46 In summary, the porous GF reinforcement
effectively blunted the advancing cracks, facilitating
crack tip deflection with a rougher fracture surface
and a larger surface area, which in turn improved the
fracture toughness of the composite.

CONCLUSION

The present study reports the growth of a 3D inter-
connected GF on a porous Ni template via the
CVDmethod. Cellular-structured GF/epoxy composites
were fabricated using the 3D GF based on a three-
step fabrication process. It involved (i) impregnation of
epoxy resin into the porous G-Ni foam to produce
prepreg; (ii) evaporation of solvent and curing; and (iii)
etching of Ni template to form composites with an
interconnected porous GF network and high structural
integrity. The following can be highlighted from the
experimental study. The freestanding, ultralight, and
defect-free 3D porous GF presented hollow wall struc-
tures and ripples on the surface. There existed a linear
relationship between the CH4 concentration, average
number of graphene layers, and GF density. The GF/
epoxy composites had a density of 0.96 g/cm3 and an
average pore volume fraction of ∼19 vol %. A remark-
able electrical conductivity of 3 S/cm was delivered
at 0.2 wt % GF, and a low percolation threshold
of 0.05 wt % was achieved owing to the 3D integrated
GF structure. There was a notable increase of Tg
by 31 �C, along with 53 and 38% enhancements
in flexural modulus and strength at ∼0.2 wt % GF,
respectively. These properties were shown saturated at
higher GF contents where the rheological percolation
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phenomenon or percolated interphase occurred. A
remarkable 70% enhancement in fracture toughness
of the composites compared to the solid epoxy was
achieved at 0.1 wt%GF content. Crack tip blunting and
deflection due to the porous GF network functioning
as crack arresters and crack propagation under mixed-
mode condition, resulting in a rougher fracture surface
and a larger surface area, were responsible for the
enhanced fracture toughness. In summary, it is challen-
ging to design materials with concurrent improve-
ments in both strength and fracture toughness
because they are oftenmutually exclusive and, in most

cases, one property is sacrificed for the sake of the
other.35 However, we demonstrated in this work that
significant improvements in both modulus/strength
and fracture toughness were achieved by introducing
a small amount of GF into an epoxy matrix. There is
a significant analogy between the composites rein-
forced by 3D GF and 3D textile composites in terms
of their capability to suppress crack propagation
through the thickness of the composites, especially
under delamination and impact modes of loading,
due to the 3D nature of interconnected reinforcement
structure.

EXPERIMENTAL SECTION
Preparation of GF/Epoxy Composites. G-Ni foam was prepared by

CVD. The details can be found in the Supporting Information.
The epoxy resin (LY1556, supplied by Huntsman Advanced
Materials) was diluted with acetone at a weight ratio of 20:100
of epoxy, and the curing agent, triethylenetetramine, was
added at a weight ratio of 12:100 of epoxy. The G-Ni foam
was immersed into the diluted epoxy resin system for 0.5 h to
form a prepreg which was subsequently degassed in a vacuum
oven at room temperature (RT) for 5 h to evaporate acetone and
eliminate the entrapped air. A desired number of prepreg layers
were stacked in an aluminummold and hot-pressed at 80 �C for
0.5 h at a pressure of 0.5 MPa to remove excess resin, followed
by further curing at 110 �C for 1.5 h. The Ni template was
removed by immersing the cured composites into concentrated
HCl (3 M) at 80 �C for 48 h. After being rinsed with DI, the
composites were further treated at 120 �C for 2 h to eliminate
any stresses arising from the chemical etching and were slowly
cooled to RT in the furnace. The composites produced thereby
contained GF in the range from 0.1 to 0.53 wt %.

For comparison of the properties with those of the GF/
epoxy composites, the Ni template without graphene layers
was impregnated with the same epoxy resin system and cured
employing the same procedure as above. The Ni template was
etched similarly to produce rectangular plates of neat epoxy
containing voids created in place of Ni template, which was
designated as “porous epoxy” with an average pore volume of
∼19 vol %.

Characterization. Various microscopes, including an optical
microscope (Olympus BX51M), a SEM (JEOL JSM-6700F) with a
5 kV accelerating voltage, a SEM-EDX (JEOL JSM-6390) with a 15 kV
accelerating voltage, and a field emissionTEM (FETEM, JEOL2010F)
at an acceleration voltage of 200 kV, were used to characterize
the morphologies and the elemental maps of GF and GF/epoxy
composites. The surface roughness, Ra, of the fracture surface was
determined using the optical surface profiler (Profilometer Tencor
Alpha Step 200). At least 10 scans of 2� 2mm2 squarewere taken
of each sample. XPS (Axis Ultra DLD) was used to characterize the
elemental compositions of freestanding GF. The structure of GF
was evaluated on a micro-Raman spectrometer (Renishaw micro-
Raman/photoluminescence system) with Ar laser excitation at
514.5 nm wavelength. The electrical conductivity was measured
based on the four-point probe method using a resistivity/Hall
measurement system (Scientific Equipment & Services). To reduce
the contact resistance between the probes and the composite
surface, the contact points were coated with silver paste. The glass
transition temperatures, Tg, of the solid epoxy and the GF/epoxy
composites were characterized by a modulated differential scan-
ning calorimeter (DSC, QA1000, TA Instruments). Measurements
were conducted at a ramp rate of 10 �C/min in a nitrogen atmo-
sphere. Complementary DMA (DMA 7-PerkinElmer) was also
performed at a constant heating rate of 3 �C/min from 25 to
180 �C and at 1 Hz. The details for flexural properties and fracture
toughness tests can be found in the Supporting Information.
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