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ABSTRACT: Unidirectional graphene aerogels (UGAs) with
tunable densities, degrees of alignment, and electrical
conductivities are prepared by varying the average size of
precursor graphene oxide (GO) sheets between 1.1 and 1596
μm2. UGAs prepared using ultralarge GO (UL-UGA)
outperform those made from small GO in these properties.
The UL-UGA/epoxy composites prepared by infiltrating liquid
epoxy resin into the porous UGA structure exhibit an excellent
electrical conductivity of 0.135 S/cm, along with an ultralow
percolation threshold of 0.0066 vol %, which is one of the
lowest values ever reported for all graphene-based composites.
Owing to their three-dimensional interconnected network, a
high degree of alignment, and effective reduction, UL-UGAs effectively enhance the fracture toughness of epoxy by 69% at 0.11
vol % graphene content through unique toughening mechanisms, such as crack pinning, crack deflection, interfacial debonding,
and graphene rupture. These aerogels and composites can be mass-produced thanks to the facile, scalable, and cost-efficient
fabrication process, which will find various multifunctional applications.
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1. INTRODUCTION

Electrically conductive polymer composites offer a wide range
of applications, such as strain sensors,1−3 actuators,4−6 energy
storage,7,8 electromagnetic interference (EMI) shielding
devices,9−11 and electronic devices.7,12 Conductive polymer
composites are commonly prepared by incorporating con-
ductive fillers, such as metal wires,13 carbon black (CB),14−16

carbon nanotubes (CNTs),17−19 and graphene,20,21 into
insulating polymer matrices. With increasing amount of
conductive fillers in the polymer matrix, the composites
undergo an insulator-to-conductor transition, as characterized
by a sharp increase in electrical conductivity on the formation
of a percolated network. Composites with low percolation
thresholds are highly desired as they are cost-effective and
retain the useful properties of the polymers. Such composites
may be obtained by utilizing fillers with high aspect ratios and
good electron mobility, such as two-dimensional (2D)
graphene. However, the performance of graphene/polymer
composites is often hindered by the inherent difficulty to
uniformly disperse individual graphene sheets within the
viscous polymer matrix. To ameliorate these issues, graphene
sheets may be grown or assembled into three-dimensional (3D)
interconnected structures, such as graphene foams (GFs), by

chemical vapor deposition (CVD),22,23 or graphene aerogels
(GAs), by freeze-drying, prior to mixing with the polymer
matrix. GAs are commonly prepared by self-assembly of
graphene oxide (GO) sheets at a high temperature and
pressure to form graphene hydrogels, which are subsequently
freeze-dried to replace the aqueous medium with atmospheric
air.24−26 GAs prepared using this method possess excellent
mechanical flexibility, but failed to show ultralow densities due
to the inevitable stacking of GO sheets during self-assembly.
More recently, GAs with ultralow densities and highly aligned
microstructures have been synthesized via direct freeze-drying
of GO dispersions, in which ice crystals were used as the
template for GO sheet assembly.27,28

As GAs are able to maintain interconnected networks of
conductive reduced GO sheets during the preparation of
composites, their densities directly affect the percolation
threshold of the resulting composites. Thus, to achieve a low
percolation threshold, it is imperative to design a GA assembly
with a minimum density that could maintain a stable structure
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and exhibit the desired properties, i.e., high electrical
conductivity. Precise control of the GA microstructure requires
optimization of self-assembly conditions of GO sheets under
freeze casting. In particular, the freezing temperature plays an
important role in determining the porous structure: for
example, casting at −196 °C produced GAs with small cellular
pores (10 μm) and thin pore walls (20 nm), whereas freezing at
−10 °C resulted in GAs with large lamellar pores (800 μm) and
thick pore walls (80 μm).29 The GO concentration has also
shown to directly influence GA pore size, which varied from 40
to 10 μm with increasing GO concentration from 1.83 to 14.0
mg/mL.30 Another important parameter to consider when
designing 3D graphene structures, the size of the precursor
material, is often overlooked. The size of graphene sheets has
shown to influence important mechanical, physical, optical, and
transport properties of various graphene assemblies and their
composites. In particular, large graphene sheets produced
stronger graphene assemblies and composites with better
electrical, optoelectronic, and moisture barrier characteristics
than those prepared using smaller graphene sheets.31−34 A
recent theoretical study also predicts that the minimum density
of 3D graphene assemblies was inversely proportional to the
size of their building blocks.35 The gelation of GO sheets, a
critical phenomenon in the formation of aerogel, also depends
largely on their size.36 However, the effect of graphene sheet
size on the assembly of GO sheets and properties of GAs has
yet to be established.
In this work, we demonstrate the positive effect of large GO

size on the morphological, physical, and mechanical properties
of the resulting unidirectional graphene aerogels (UGAs) and
the epoxy composites reinforced with UGAs. It is found that
the UGAs prepared using ultralarge GO (UL-UGA) sheets
exhibited much lower densities, higher degrees of alignment,
and higher electrical conductivities than those prepared using

small GO (S-UGA) sheets of the same amount. The
composites fabricated by infiltrating liquid epoxy into the
porous UL-UGAs retained higher electrical conductivities with
a significantly lower percolation threshold than the S-UGA
counterparts did. The experimental percolation thresholds were
validated by an interparticle distance model taking into account
the GO size and alignment. Interestingly, the UL-UGAs were
shown to effectively enhance the fracture toughness of epoxy
composites by introducing toughening mechanisms that are
absent in the composites with S-UGAs.

2. EXPERIMENTAL SECTION
2.1. Fabrication of UGAs and UGA/Epoxy Composites. GO

was produced from natural graphite flakes (supplied by Asbury
Graphite Mills) using the modified Hummers method37 and sorted
into three different size groups through a two-step centrifugation. To
prepare UGAs, the GO dispersion was first frozen in a polypropylene
tube using liquid nitrogen (see Figure S2) and freeze-dried for 48 h
(Labconco FreeZone, −105 °C, 10 Pa) to form GA. The GA was
thermally annealed in air at 200 °C for 2 h and reduced at 900 °C in a
N2 atmosphere for 2 h to produce conductive UGA. Epoxy resin (LY
1556, supplied by Huntsman Advanced Materials) and curing agent
(XB 3471, supplied by Huntsman Advanced Materials) were mixed at
a weight ratio of 100:12 and infiltrated into the UGA under vacuum
for 2 h. The composite mixture was cured at 80 °C for 30 min and
post-cured at 110 °C for 2 h to produce solid UGA/epoxy composites.
It should be noted that for electrical conductivity measurement the
difference in graphene content used for different GO sizes was
inherent to the variation in UGA density with GO size and
concentration, as explained in Section S2.

2.2. Characterization and Mechanical Tests. Scanning electron
microscopy (SEM, JEOL 6390F) was used with an accelerating voltage
of 20 kV to characterize GO size, as detailed in Section S1 in
Supporting Information, UGA alignment, and UGA/epoxy fracture
surface. A nitrogen adsorption device (Coulter SA3100) was used to
obtain the adsorption/desorption isotherms of UGAs at 77 K. X-ray
photoelectron spectroscopy (XPS, Axis Ultra DLD) was used to study

Figure 1. GO size distribution of sorted S-GO, L-GO, and UL-GO. The insets show typical SEM images for each size group, with scale bars of 5 μm
for (a) and 50 μm for (b, c).
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the elemental compositions of UGAs. Raman spectroscopy (Reinshaw
MicroRaman) was used to characterize the optical resonance of GO,
UGAs, and UGA/epoxy using a He−Ne laser (632.8 nm) at 10% (2.5
mW) power. A four-point probe (Scientific Equipment & Services)
was used to measure the electrical conductivities of UGA and UGA/
epoxy composites. The universal testing machine (MTS Alliance RT/
05) was used to measure the flexural strength and modulus of UGA/
epoxy composites using 28 mm long × 3 mm wide × 1.6 mm thick
flexural samples in three-point bending with a support span of 24 mm
and a crosshead speed of 2.0 mm/min, according to the specification,
ASTM D790. The mode I fracture toughness of UGA/epoxy
composites was measured using 28 mm long × 6 mm wide × 3 mm
thick edge-notched bending samples with a support span of 24 mm
and a crosshead speed of 10.0 mm/min, according to the specification,
ASTM D5045.

3. RESULTS AND DISCUSSION

3.1. Size Distribution of Sorted GO Sheets. Among
different GO preparation methods, chemical oxidation of
expanded graphite obtained by thermal shock expansion of
graphite intercalation compounds has been reported to produce
high yield of large-size GO dispersions.37 To prepare GO
dispersions with different sheet sizes, a two-step centrifugation
method was used to obtain three GO size groups. The average
areas of GO sheets for each size group, small GO (S-GO), large
GO (L-GO), and ultralarge GO (UL-GO), were 1.1, 838.0, and
1595.8 μm2, respectively, as shown in Figure 1. The huge size
differences between them were sufficient to observe the size
effect on the properties of graphene assemblies.
3.2. Morphologies of UGAs. The unidirectional freeze

casting technique was used to fabricate aligned porous
polymers, ceramics, and metals by utilizing a single temperature
gradient to control the ice crystal growth and particle ejection
direction.38 Unlike spherical zero-dimensional (0D) materials,

one-dimensional (1D) multiwalled CNTs (MWCNTs) and
two-dimensional (2D) graphene can produce 3D assemblies
with porosities higher than 99% due to their high aspect ratios
and significant particle interactions.39 UGAs were prepared by
unidirectional freeze-casting of GO dispersion, followed by
thermal reduction,28 as shown in Figure S2 along with digital
images of the as-prepared aerogels.
To study the degree of alignment and porosity of UGAs, the

concentration and size of GO sheets were varied, and the inner
morphologies of the resulting UGAs are shown in Figure 2.
The UGAs prepared using L- and UL-GO exhibited vertically
aligned graphene pore walls with a consistent pore width of
around 20−30 μm. These pore walls were connected by bridges
oriented perpendicular to them.28 The UGAs prepared using
UL-GO at low concentrations (Figure 2a,b) had relatively thin
and loosely connected pore walls composed of few layers of
graphene. This is an example of the desired morphology when
designing a polymer composite with a low percolation
threshold, as the intrinsic 3D interconnected structure of
UGA guarantees a path for electrical conduction, whereas the
few layers of graphene in the pore walls minimize the filler
content of the composite. As the precursor GO concentration
was increased, the resulting UGAs showed an increasing degree
of alignment and better-defined pore wall thickness (Figure
2c,d). In contrast to UL-UGAs, S-UGAs presented almost
random orientations with much lower degrees of alignment
regardless of the precursor graphene concentration (Figure 2i−
l).
The degree of alignment of UGA pore walls was

quantitatively evaluated using the software Image Pro Plus
(Media Cybernetics, Inc.) and their SEM images.32 The acute
angle formed between the freezing direction and each
observable graphene pore wall was measured and compiled to

Figure 2. Typical SEM images showing vertical cross sections of UGAs prepared using (a−d) UL-GO, (e−h) L-GO, and (i−l) S-GO, with varying
concentrations of 0.25−2.0 mg/mL. All scale bars represent 50 μm, and the arrow pointing to 0° indicates the ice growth direction.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b19069
ACS Appl. Mater. Interfaces 2018, 10, 6580−6592

6582

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b19069/suppl_file/am7b19069_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b19069


form a distribution histogram, in which the fraction of graphene
sheets within each 10° interval, labeled N(θ), was plotted
against the filler orientation, θ. Such histograms for UL-UGA
and S-UGA are shown in Figure 3c,f, respectively. The bimodal
distribution displayed by the histograms, with peaks centered at
0 and 90°, portrayed the prevalence of vertically aligned
graphene walls and horizontal graphene bridges, respectively.
The degree of graphene alignment in the UGA structure was
quantified by calculating the mean orientation factor, ⟨cos2 θ⟩,
on the basis of the orientation distribution (see Section S3,
Supporting Information ), and the results are given in Figure
3c,f. It is worth noting that UL-UGAs had a high ⟨cos2 θ1⟩
value of 0.89, which approaches unity and signifies highly
aligned graphene sheets in the vertical direction. In contrast, S-
UGA had a much lower ⟨cos2 θ1⟩ value of 0.68, close to
⟨cos2 θ1⟩ = 0.5, representing randomness of the structure with
poor orientation in 2D space. These values were in good
agreement with the visual observations from the SEM images
and served as important parameters in determining theoretical
percolation thresholds.
Apart from the variation in degree of alignment, a variation in

pore size was also observed, contrary to the UGAs fabricated
with the same freezing parameters in a previous report.29 UGAs
prepared using S-GO at a low concentration (Figure 2i) had in
general smaller pores than those fabricated with larger GO
sheets or the same-size GO sheets at higher concentrations.
There was a significant shrinkage of the whole S-UGA structure
during the freeze drying process, which was mainly responsible
for the shrunken pore size. The following mechanism,
represented schematically in Figure 4a, is proposed on the
basis of the GO aspect ratio and intersheet interactions. During
the unidirectional freeze casting process, the vertical ice crystals
squeezed the GO sheets between them to form the pore walls.
In the case of UL-UGA, there were sizeable interactions,
namely, hydrogen bond, steric hindrance, π−π interaction, and
van der Waals forces,32,33,40 between adjacent UL-GO sheets to
align them within the pore walls. Upon drying, a few UL-GO

sheets having comparable sizes to the pores may align
perpendicular to the pore walls to support the overall 3D
structure, resulting in graphene bridges. Meanwhile, for S-UGA,
there were limited interactions between the neighboring S-GO
sheets due to their small sizes, as shown in Figure 4b. The XPS
image of S-GO shown in Figure 4c presents a slightly higher
fraction of carboxyl group (−COOH at 289.0 eV) but lower
fractions of hydroxyl (−C−OH at 286.9 eV) and carbonyl/
epoxy (−CO/C−O−C at 287.7 eV) groups than UL-GO.
According to the Lerf−Klinowski model, the −COOH group
exists at the edges, whereas the −C−OH and C−O−C groups
are found on the basal planes of GO sheets.41 Because of their
smaller sizes, S-GO sheets have higher perimeter/area ratios
than UL-GO sheets, resulting in a higher fraction of −COOH
group but lower fractions of −C−OH and C−O−C groups.
Experimental and simulation results have shown that the −C−
OH group contributed to significant face-to-face interaction
between GO sheets and enhanced alignment of UL-GO sheets
(Figure 4b).32,33 As a result, the pore walls in S-UGA were not
rigid enough to maintain the original aligned structure during
the drying process, causing significant shrinkage and random
orientation of UGA after collapse, as seen in Figure S3.
Although the same was observed for all UGAs prepared using
S-GOs, the degree of shrinkage decreased with increasing GO
concentration, evident from the larger pores (see Figure 2l vs
Figure 2i). The sheer amount of GO sheets available to form
the pore walls may have compensated for the limited
interactions between the sheets.24,36 This might reduce the
shrinkage effect, but was insufficient to enhance their
alignment.

3.3. Physical Properties and Chemical Attributes of
UGAs. The properties of pore walls of UGAs were further
examined by their nitrogen adsorption/desorption isotherms,
as shown in Figure 5a. The existence of hysteresis loops (type
IV isotherm) for both UL-UGA and S-UGA evidenced the
occurrence of capillary condensation, suggesting the presence
of mesoporous pore walls. The shapes of these hysteresis loops

Figure 3. Typical SEM images showing (a) horizontal and (b) vertical cross sections of UGAs fabricated with 2.0 mg/mL UL-GO and (d) horizontal
and (e) vertical cross sections of UGAs fabricated with 2.0 mg/mL S-GO. Filler orientation distributions and ⟨cos2 θ1⟩ values of (c) UL-UGA and
(f) S-UGA. All scale bars represent 50 μm, and the arrow pointing to 0° indicates the ice growth direction.
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presented information on pore shape: the two branches of the
hysteresis loop for UL-UGA were relatively horizontal and
parallel at high Ps/P0 values, which best matched the type H4
loop, indicating the presence of narrow, slit-shaped pores.42 On
the other hand, the S-UGA had a wider loop and relatively
vertical branches, which matched the type H3 loop usually
observed for aggregates of platelike particles.42 Furthermore,
the Brunauer−Emmett−Teller surface area and the total pore
volume of UL-UGA were remarkable, 560 m2/g and 1.76 cm3/
g, respectively, which are considerably higher than 207 m2/g
and 1.08 cm3/g of S-UGA (Figure 5a,b). These findings suggest
that during the freeze drying process, S-GO sheets tended to
aggregate to greater extents than UL-GO sheets did, validating
the aforementioned observations and mechanisms (Figures 2
and 4a).
XPS was used to characterize the degree of reduction in GO

after thermal treatment. The deconvoluted C 1s spectra of UL-

GO were characterized by the abundant hydroxyl (−C−OH at
286.9 eV) functional groups and sp2 graphitic (C−C at 284.8)
domain, as shown in Figure 5c. Additionally, there were trace
peaks of carboxyl (−COOH at 289.0 eV), carbonyl/epoxy
(−CO/C−O−C at 287.7 eV), and carbon−hydrogen (C−H
at 285.3 eV) functional groups. These functional groups
contributed to the interactions among UL-GO sheets to form
rigid, aligned pore walls.32,33 After thermal reduction, the
spectra for UL-UGA exhibited drastic changes with elimination
of oxygen-containing peaks, suggesting that the reduction
process effectively removed the oxygenated functional groups
from the aerogel.43 The O 1s peak almost entirely disappeared,
leading to a surge of the corresponding C/O ratio from 2.64 to
53.9. In addition, the Raman spectra given in Figure 5d
presented a reduction in intensity ratio of the D- to G-bands,
ID/IG, from 2.36 to 1.51 and downshifts of both the D- and G-
band peaks after reduction. These modifications signify the

Figure 4. (a) Schematic of freeze drying progression of aerogels prepared using UL-GO and S-GO and (b) comparison of intersheet interactions in
the form of hydrogen bonds between GO sheets. (c) XPS deconvoluted C 1s spectra of UL-GO and S-GO, showing relative concentrations of each
carbon-containing group.
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recovery of sp2 graphitic structure due to the removal of
functional groups.44 The above findings prove that the thermal
reduction process was effective in reducing GO, which may give
rise to enhanced electrical conductivities and mechanical
properties of the aerogels and the resulting composites to be
discussed below.
For comparison, the matching XPS and Raman spectra of S-

GO and S-UGA are shown in Figure S4. As previously stated,
the XPS image of S-GO presented a slightly higher fraction of
−COOH but lower fractions of −C−OH and C−O−C groups
than UL-GO, due to its smaller size and the relative position of
each group on the graphene sheet according to the Lerf−
Klinowski model.41 Meanwhile, the Raman spectra of UL-GO
and UL-UGA presented a lower ID/IG ratio than those of S-GO

and S-UGA, attributed to the fewer edge defects present in
larger GO sheets. Furthermore, UL-UGA displayed a lower G-
band peak position at 1584 cm−1 than S-UGA at 1586 cm−1,
also signifying fewer defects in the larger graphene sheets.44

3.4. Electrical Properties of UGAs and UGA/Epoxy
Composites. Composites prepared using 3D graphene
structures offer at least two primary benefits compared to
those using 2D graphene sheets,45 namely, (i) the elimination
of filler dispersing steps and (ii) the assurance of conductive
networks within the polymer matrices. UGAs, having such a 3D
structure, enjoy these benefits along with exceptionally low
percolation thresholds in composites due to the inherently
interconnected network, where the percolation threshold is
simply limited by the density of the precursor material. By

Figure 5. (a) Nitrogen adsorption/desorption isotherms and (b) adsorption pore size distribution of UL-UGA and S-UGA. (c) XPS deconvoluted C
1s spectra and (d) Raman spectra of UL-GO and UL-UGA. All UGAs were prepared using GO dispersions of 1.0 mg/mL concentration.

Figure 6. Electrical conductivities of (a) UGAs prepared using different GO concentrations and (b) UGA/epoxy composites with different graphene
contents, measured parallel (P) and transverse (T) to the graphene sheet alignment. (c) Comparison of percolation thresholds between theory (blue
line) and experiments (red symbols).
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freeze-drying GO dispersions with progressively lower concen-
trations, UGAs with thinner pore walls and lower densities may
be prepared, down to a point where there would be insufficient
GO sheets to assemble and support a continuous 3D
network.35

The electrical conductivities of UGAs and UGA/epoxy
composites are shown in Figure 6a,b. Across all GO sizes, the
conductivity increased consistently with increasing GO
concentration or graphene content by having denser pore
walls with thicker graphene layers.24−26 UGAs fabricated using
2.0 mg/mL of UL-GO sheets exhibited an electrical
conductivity of 0.178 S/cm along the alignment direction,
whereas the corresponding UGA/epoxy composites had an
electrical conductivity of 0.135 S/cm at 0.11 vol % of UL-UGA.
If each corresponding pair of data points are compared, the
conductivities of UGA/epoxy composites were only slightly
lower than those of the respective UGA reinforcements. This
means that the vacuum-assisted epoxy infiltration was a suitable
method to prepare the composites, as it damaged little of the
interconnected graphene networks and was able to preserve the
electrical conductivity of the composites along the alignment
direction. The conductivities of UGAs prepared using larger
GO sheets were significantly higher than those prepared using
smaller sheets, due to a lower total intersheet resistance within
the interconnected graphene network.18 The electrical
conductivities of L-UGA, UL-UGA, and their composites,
measured transverse to the graphene alignment direction were
lower than those along the alignment direction. These
disparities arose from the anisotropic nature of the UGA
graphene networks prepared by unidirectional freeze casting
(see Figure 2). In addition, the infiltration of epoxy resin caused
a large reduction in conductivity along the transverse direction.
This observation may be caused by the displacement or
breakage of the thin graphene bridges linking the graphene
walls by the liquid epoxy resin during the infiltration process,28

giving rise to highly anisotropic electrical conductivities: 0.135
S/cm along the parallel direction versus 0.023 S/cm along the
transverse direction in the UL-UGA/epoxy composite. In
comparison, S-UGAs and their composites had similar
conductivities in the two orthogonal directions because their

graphene sheets were not well aligned and inherently random
with no apparent anisotropy.
A similar trend in anisotropic behavior was also observed in

the Raman spectra of UGA/epoxy composites (Figure S7). The
intensities of the Raman spectra obtained in the two orthogonal
directions were similar in the case of S-UGA/epoxy composites,
whereas those for the UL-UGA/epoxy composites were
significantly higher in the alignment direction than in the
transverse direction. The direction-dependent Raman peak
intensity meant that there was signal resonance by graphene
sheets parallel to the laser and suppression by those
perpendicular to it.45 Such observations validate the potential
use of UGA and UGA/epoxy composites in multifunctional
applications that benefit from anisotropic properties, such as
anisotropic conductors and EMI shielding devices.46−48

The percolation thresholds of the UGA/epoxy composites
fabricated with S-UGA, L-UGA, and UL-UGA were 0.154,
0.033, and 0.0066 vol %, respectively, as determined using the
power law equation described in Section S4. Large differences
in percolation threshold were expected because larger GO
sheets have the intrinsic ability to form an interconnected 3D
network at a lower filler content due to their higher aspect
ratios than the smaller GO sheets. To validate the relationship
between GO size and the percolation threshold of correspond-
ing composites, the percolation thresholds of UGA/epoxy
composites were predicted using the model formulated
previously.28 The theoretical percolation threshold, Vc, was
calculated using the filler aspect ratio (D/t) and content ratio
(V1/V2), as well as mean orientation factor, ⟨cos2 θ⟩, which is
measured as shown in Figure 3c,f. The percolation factor, R,
was obtained using the following equation

θ θ
=

+ ⟨ ⟩ + ⟨ ⟩

+
R

D D
D t

( ) cos cos

1

V
V

V
V

IP
3

2

2
1

3 2
2

3

1

1

2

2 (1)

where D and t refer to the size and thickness of GO sheets,
respectively, whereas the interparticle distance, DIP, is assumed
to be 10 nm. Vc was determined according to eq 2

Table 1. Comparison of Percolation Thresholds of Carbon Nanofiller/Epoxy Composites

filler processing method
aspect ratio of

filler
percolation threshold

(vol %)
conductivity near percolation

(S/cm) ref

0D Carbon Black
CB shear mixing; adding CuCl2 ∼1 0.3; 0.06 10−5 50
CB shear mixing ∼1 ∼2.7 10−5 51

1D Carbon Nanotubes
MWCNT sonication, stirring 100 0.02 10−3 53
MWCNT ultraviolet−ozone treatment, sonication 80−160 0.0031 2 × 10−8 56
MWCNT shear mixing 200; 860 0.0014; 0.0025 10−6; 10−7 54
SWCNT sonication 400 0.0052 10−9 55

2D Graphene and rGO
rGO sonication, stirring ∼250 0.52 10−9 57
rGO in situ polymerization ∼15 000 0.12 10−7 45
pristine graphene freeze drying, mixing 1000−1667 0.088 10−8 20

3D Graphene Network
GF CVD, vacuum infiltration 0.027 ∼1 23
GA hydrogen iodide reduction, freeze drying ∼16 000 0.14 10−7 25
UGA unidirectional freezing, vacuum

infiltration
∼16 000 0.007 10−4 28

UL-UGA unidirectional freezing, vacuum
infiltration

∼31 600 0.0066 10−5 current study
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π= ⎜ ⎟
⎛
⎝

⎞
⎠V

R4
1

c (2)

A summary of these values for UGA/epoxy composites is
presented in Table S2. As UL-GO had a very high aspect ratio
of 31 600 and was capable of producing a highly aligned UGA
structure, it possessed high D/t, ⟨cos2 θ1⟩, and V1/V2 values,
giving rise to a high percolation factor and a low theoretical
percolation. The predicted percolation thresholds were 0.198,
0.02, and 0.0044 vol % for S-UGA, L-UGA, and UL-UGA,
respectively, which are in good agreement with the
experimental results, as shown in Figure 6c. Here, the ordinate
of each data point represents its experimental percolation
threshold, whereas the abscissa shows the calculated
percolation factor from eq 1. The straight line is a plot of eq
2, which describes the inverse relationship between theoretical
percolation threshold and percolation factor. Slight differences
between the experimental and theoretical results were expected,
as there were irregularities in pore morphology of UGAs,
overlapping of graphene, and wrinkling in large graphene
sheets.
The comparison of percolation thresholds of representative

carbon nanofiller/epoxy composites reported in the literature is
shown in Table 1. For 0D CB, geometrical models predicted 16
vol % as the minimum filler volume fraction to form a
percolated network.49 However, CB/epoxy composites with
lower percolation thresholds have been reported as a result of
the tunneling effect and the formation of long interconnected
networks of particles, called the “high structures”.50,51 Shear
mixing or increasing the ionic concentration of CB/epoxy
dispersion may induce the formation of such high structures,
resulting in low percolation thresholds of 0.3 and 0.06 vol %,
respectively.50 Because of their high aspect ratios and electrical
conductivities, 1D CNTs generally exhibited very low
percolation thresholds, depending on CNT type, synthesis
method, aspect ratio, and dispersion method.52 A pioneering
study reported a percolation threshold of 0.02 vol % by

dispersing chemical vapor deposition (CVD)-grown MWCNTs
in epoxy resin.53 Shear-mixing aligned CVD-grown MWCNTs
have shown the lowest percolation threshold of 0.0014 vol %,
signifying the effect of filler alignment and dispersion method.54

Despite the smaller diameters of single-walled CNTs
(SWCNTs), the lowest percolation threshold reported,
0.0052 vol %, was higher than that of aligned MWCNTs
because of their tendency to entangle.55 Reduced graphene
oxide (rGO) sheets are commonly used as 2D fillers owing to
their high dispersability in liquid polymers, which enables in
situ polymerization of epoxy to form composites with a low
percolation threshold of 0.12 vol %.45 Pristine graphene having
a higher electrical conductivity than rGO was uniformly
dispersed in epoxy by freeze-drying and mixing to achieve an
even lower threshold of 0.088 vol %.20 However, these 2D
graphene sheets with high aspect ratios tended to agglomerate
due to van der Waals forces,20 resulting in higher percolation
thresholds of the composites than the MWCNT counterparts.
To address this issue, 2D graphene sheets have been rationally
assembled to form 3D interconnected graphene networks that
could maintain their 3D structure even after the infiltration of
polymer resin. CVD-grown graphene foam (GF)/epoxy
composites boasted an impressive percolation of 0.027 vol %
with a high conductivity of 0.97 S/cm.23 The two-step
reduction and freeze-drying of GO sheets present a facile
method of preparing 3D interconnected GAs with good
mechanical flexibility, but resulted in a higher percolation
threshold of 0.14 vol % due to inevitable agglomeration of GO
sheets during the gelation process.25 Direct freeze-drying of GO
minimized the agglomeration problem through ice-template-
directed assembly of graphene sheets. After subsequent thermal
reduction, such aerogels exhibited ultralow densities lower than
0.3 mg/cm3 with an ultralow percolation threshold of 0.007 vol
% of the composites.28 The UGAs presented in this study were
prepared using the same method, and the use of ultralarge
graphene sheets further reduced the percolation threshold to a
remarkable value 0.0066 vol %, which is among the lowest

Figure 7. (a) Flexural strength and (b) mode I fracture toughness of UL-UGA and S-UGA/epoxy composites with graphene sheets aligned
transverse to the loading direction. (c) Comparison of enhancements of fracture toughness, KIC, between the UL-UGA/epoxy composites prepared
in this study and selective carbon/epoxy nanocomposites reported in the literature.
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values for carbon nanofiller/epoxy composites reported in the
literature.
3.5. Mechanical Properties of UGA/Epoxy Compo-

sites. The modulus and strength of UGA/epoxy composites
measured in three-point flexure are shown in Figures S8 and 7a,
respectively. The flexural modulus of epoxy increased from 2.56
to 2.85 GPa at 0.2 vol % of S-UGA and to 2.87 GPa at 0.2 vol %
of UL-UGA. Meanwhile, the flexural strength of UL-UGA
composites increased to 112 MPa, which is equivalent to an
11% enhancement compared to the neat epoxy, at 0.15 vol %,
and became saturated upon further increase in graphene
content. In contrast, the addition of S-UGA fillers resulted in
fluctuating flexural strengths despite the increase in flexural
modulus because the low aspect ratio of S-GO resulted in less-
effective load transfer than those containing UL-UGAs. Overall,
the improvements in flexural properties were not impressive
because good interfacial bonds between the UGA and epoxy are
required to enhance these properties. The lack of functional
groups on the graphene surface, as shown in the XPS images
(Figure 5c), means that the UGAs could not form chemical
bonds with the epoxy resin.25,58 The weak interaction at the
interface is evident from the extensive debonding of graphene

sheets observed in the next section, which would limit the load
transfer from the epoxy matrix to the graphene sheets.59

Mode I fracture toughnesses, KIC, of neat epoxy and the
composites were measured in single-edge notched bending, and
the results are given in Figure 7b. The fracture toughness of
neat epoxy was 0.99 MPa m1/2, which is consistent with
previous reports for the same epoxy system.23,25 The fracture
toughness of the composites, in which graphene sheets were
perpendicular to the crack plane, increased with increasing filler
content up to 1.68 MPa m1/2 at 0.11 vol % of UL-UGA, 69%
higher than the toughness of neat epoxy, followed by saturation
at higher filler contents. Compared to UL-UGAs, S-UGAs were
less effective in enhancing the fracture toughness of the
composites for all graphene contents, showing a maximum
toughness of 1.32 MPa m1/2 at 0.16 vol %, 33% higher than that
of neat epoxy. These results signify much more pronounced
enhancements in fracture toughness than the enhancements in
flexural properties. The fracture toughness of composites with
the graphene sheets aligned along the crack propagation
direction is shown in Figure S9. With UL-UGA fillers, the
fracture toughness increased to 1.47 MPa m1/2 at 0.11 vol %.
However, a further increase in graphene content resulted in a

Figure 8. Typical SEM images of fracture surface for (a) neat epoxy and epoxy composites with (b) 0.04 vol %, (c) 0.11 vol %, and (d) 0.22 vol %
UL-UGA aligned against the crack plane. (e) Mode I fracture toughness of UL-UGA and S-UGA/epoxy composites, indicating fracture toughness
corresponding to each fracture surface. (f) SEM image of fracture surface of composite with 0.16 vol % S-UGA. Toughening mechanisms observed
on the fracture surface of epoxy composites: (g) crack pinning and bifurcation at 0.04 vol %, (h) crack deflection with propagation on different plane
at 0.07 vol %, and (i) void nucleation at debonded interface at 0.11 vol % of UL-UGA. The scale bars represent 100 μm in (a−f) and 10 μm in (g−i),
the red arrows and circles indicate special features mentioned in text, whereas the large vertical arrows indicate the crack propagation direction.
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sharp reduction owing to the easy cleavage of aligned graphene
sheets along the crack plane, much lower than those with cracks
running transverse to alignment. For S-UGA fillers, the fracture
toughness and fracture surface were similar for both crack
orientations because the graphene sheets were rather randomly
dispersed in the matrix.
The enhancement of fracture toughness KIC due to UL-UGA

was compared to that of representative carbon nanofillers
reported in the literature, as shown in Figure 7c and Table S3.
Among various 1D MWCNT processing techniques, dispersing
CNTs into epoxy matrix by stirring and sonication presented a
modest 19% enhancement in KIC at 0.24 vol %, whereas a
further increase in filler content resulted in a slight reduction in
KIC due to the local agglomeration of CNTs.58 Epoxy
composites with MWCNTs aligned by electric fields exhibited
a higher KIC enhancement of up to 51% at 0.2 vol % filler
loading, which also suffered from the detrimental effects of
CNT agglomeration at higher filler contents.56 As for 2D
graphene, ball-milling of rGO with epoxy resin resulted in an
impressive 53% enhancement at 0.1 vol % loading.60 Amine
functionalization enabled uniform dispersion of rGO sheets at a
high filler loading of 0.22 vol %, resulting in an exceptional 73%
enhancement.61 The complex functionalization and dispersion
techniques involved in achieving a uniform graphene dispersion
may be avoided by preparing 3D graphene networks prior to
epoxy infiltration. GA-reinforced epoxy composites with 0.44
vol % graphene loading showed a 60% higher KIC than neat
epoxy.25 GFs prepared by CVD have shown to increase the KIC
of epoxy by 70% at a very low filler content of 0.06 vol %.23 UL-
UGAs, prepared using a facile and cost-effective freeze-drying
method, were capable of producing a similar KIC enhancement
of 69% at 0.11 vol % filler content, owing to the various
toughening mechanisms introduced by highly aligned ultralarge
graphene sheets. In summary, 2D rGO sheets were more
effective than 1D MWCNTs in toughening the epoxy matrix,
but required rigorous functionalization and dispersion
processes to achieve significant enhancements at high filler
contents. Meanwhile, the 3D graphene network presents a
unique approach to distribute aligned graphene sheets
uniformly within the matrix, giving rise to exceptional
toughness enhancement at low filler contents.
The SEM image shown in Figure 8a displays a smooth and

featureless fracture surface for neat epoxy, typical of brittle
materials with very weak resistance to crack propagation. The
addition of graphene fillers enhanced the fracture toughness of
epoxy by several toughening mechanisms, namely, crack
pinning, crack deflection, crack bridging, filler rupture, and
interfacial debonding.60,62,63 Such features produced character-
istic rough fracture surface of toughened composites.23,25,62,63

For the composites with graphene sheets aligned transverse to
the crack plane, SEM images taken of fracture surfaces of the
composites at various filler contents of S-UGA and UL-UGA
are shown in Figure S10. At a low UL-UGA content of 0.04 vol
%, the fracture surface was relatively smooth (Figure 8b),
featuring small regions of interconnected graphene networks, as
indicated by the red circles, as well as individual graphene
sheets, as indicated by the red arrows. The UGAs prepared
using low-concentration GO sheets consisted of graphene
sheets that were loosely interconnected at their edges. When
these UGAs were used as fillers, the interconnections may not
be present exactly at the crack plane. Thus, segregated graphene
sheets, instead of a single interconnected graphene network,
were observed on the fracture surface. Such isolated sheets were

able to toughen the epoxy matrix by crack pinning and
bifurcation, as evidenced by crack front bowing and the
formation of tails (Figure 8g).62 As a result, these composites
displayed a 19% enhancement in fracture toughness compared
to neat epoxy. In comparison, the composite with a higher UL-
UGA content of 0.11 vol % featured a rough fracture surface
with multiplane regions around 20−30 μm in size (Figure 8c),
which is consistent with the UGA pore sizes observed in Figure
3a. These regions were separated by interconnected graphene
sheets distributed across the epoxy matrix. As the propagating
crack encounters a graphene sheet, the crack tip would be
blunted and deflected along the boundaries of the graphene
sheet, before resuming propagation on a different plane (Figure
8h). These crack deflections resulted in a tension-shear mixed
mode fracture phenomenon with largely boosted fracture
surface area, effectively enhancing the energy absorption of the
composite.64 In addition, the crack tip blunting process may
induce the nucleation of voids at the graphene−epoxy interface,
as shown between the red arrows in Figure 8i, contributing to a
large fracture surface area and enhanced energy absorption of
the composite.63 These modifications to the crack propagation
behavior resulted in a remarkable 69% enhancement in fracture
toughness of epoxy. A further increase in filler content resulted
in a slight reduction in fracture toughness, similar to a previous
report for GF/epoxy composites.23 The corresponding fracture
surface (Figure 8d) presented extensive, flat areas between
thick bundles of graphene sheets. The UGAs prepared with a
very high UL-GO concentration of 4.0 mg/mL tended to have
thick agglomerated pore walls, which failed to enhance the
toughness with less-effective crack deflection and interfacial
debonding. For S-UGA/epoxy composites, however, crack
pinning by aggregated S-GO sheets was observed as the
primary toughening mechanism across all filler contents, as
indicated by the red circles in Figure 8f, but there were no signs
of crack deflection.

4. CONCLUSIONS
The effects of GO sheet size on the electrical and mechanical
properties of UGAs and UGA/epoxy composites were studied.
A two-step centrifugation method was used to isolate GO
dispersions according to their sheet sizes. Unidirectional freeze-
casting of these sorted dispersions followed by thermal
reduction produced UGAs, which were subsequently infiltrated
with liquid epoxy resin under vacuum to produce UGA/epoxy
composites. These composites exhibited unique anisotropic
conductivities and size-dependent percolation thresholds, along
with robust mechanical properties. In the wider scope, the
results presented in this study may provide a guideline for the
preparation of 3D porous networks from 2D graphene building
blocks, supplementing previous reports.
It is found that the UGAs prepared using UL-GO had highly

aligned pore walls with a high orientation factor, consisting of
high-quality and low-defect graphene sheets, whereas the UGAs
prepared using S-GO exhibited randomly oriented pore walls
having apparently more defects. The UL-UGA/epoxy compo-
sites exhibited excellent electrical conductivity of 0.135 S/cm
and an ultralow percolation threshold of 0.0066 vol % owing to
their very high aspect ratio and alignment of UL-UGA. This is
among the lowest threshold of carbon nanofiller/polymer
composites reported in the literature. The experimental results
were in close agreement with the theoretical values predicted by
an interparticle distance model. The flexural strength and
moduli of UGA/epoxy composites were limited by the weak
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interfacial bonding. Nevertheless, UL-UGAs effectively en-
hanced the fracture toughness of epoxy by 69% at 0.11 vol %
graphene content, arising from multiple toughening mecha-
nisms, such as crack pinning, crack deflection, and interfacial
debonding. Incidentally, a new approach has been recently
proposed to enhance the fracture toughness of epoxy
composites by compacting the CVD-grown GFs so as to
achieve extremely high graphene content.65
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