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In order to overcome thermal resistance issues in polymeric matrix composites, self-standing graphene aerogels were synthetized
and infiltratedwith an epoxy resin, in order to create conductive preferential pathways throughwhich heat can be easily transported.
These continuous highly thermally conductive 3D-structures show, due to the high interconnection degree of graphene flakes,
enhanced transport properties. Two kinds of aerogels were investigated, obtained by hydrothermal synthesis (HS) and ice-templated
direct freeze synthesis (DFS). Following HS method an isotropic structure is obtained, and following DFS method instead an
anisotropic arrangement of graphene flakes results. The density of the structure can be tuned leading to a different amount of
graphene inside the final composite. The residual oxygen, known to be detrimental to thermal properties, was removed by thermal
treatment before the infiltration process. With 1,25 wt.% of graphene, using HS method, the thermal conductivity of the polymeric
resin was increased by 80%, suggesting that this technique is a valid route to improve the thermal performance of graphene-based
composites. When preferential orientation of the filler was present (DFS case), thermal conductivity was increased more than
25% with a graphene content of only 0,27wt.%, demonstrating that oriented structures can further improve the thermal transport
efficiency.

1. Introduction

Improving thermal conductivity of materials is a goal of great
concern nowadays. There are in fact many applications in
which there is the need to remove heat and to dissipate it
in the surrounding environment or to recover it in order to
improve the efficiency of some process [1].

Generally the materials commonly used nowadays in
these fields are metals because of their high values of thermal
conductivity that allow the dissipation of a great amount of
heat. However sometimes it can be useful to replace these
materials with a polymeric based one.The replacement could
in fact provide a strong weight reduction of the structure as
much as avoiding issues related to corrosion resistance, when
there is contact with a highly corrosive medium or when
problems related to galvanic coupling creation arise.

Since the polymers are thermal insulators [1, 2] there is
a strong need to improve their thermal conductivity. To do

this, the standard approach consists in dispersing a highly
thermally conductive filler inside the polymeric insulating
matrix in order to create continuous pathways throughwhich
the heat can be transported across the material and then
recovered or dissipated [3, 4].

Recently much attention has focused on nanofillers such
as graphene and nanotubes [5–7] whose outstanding thermal
conductivity could provide a high enhancement on the
thermal conductivity of the composite. Regarding graphene,
however, in order to obtain a performing material, some
issues, such as the dimension of the flakes, the continuity of
the structure, the contact between the graphene flakes, and
the purity of graphene, have to be taken into account. In
the literature there are many works related to this topic [8]
and it is possible to see that many parameters influence the
thermal conductivity outcome. In particular, there are some
problems related to the good dispersion and distribution
of the filler inside the matrix, in fact generally the better
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the dispersion and distribution the better the final thermal
behavior. Ahmadi-Moghadam and Taheri [9] studied the
dispersion and distribution of graphene flakes after a roll
mill process by SEM morphology observation and thermal
conductivity measurements. The results show how the best
thermal conductivity was obtained when the bridging dis-
tance of the flakes was as big as possible, reaching the highest
value of 0,415Wm−1 K−1 with 2% of filler (whose initial
lateral size was 25 𝜇m). Another key factor is in fact the
dimension of the graphene flakes. The work of Fugallo et al.
[10] in fact shows that the thermal conductivity of graphene
is dependent on the dimension of the flake itself; when its
dimension is increased more phonons modes with longer
mean free path became available. In addition, the smaller the
flake the smaller the thermal conductivity since the thermal
resistance grows due to the high number of contacts between
the graphene flakes. Many works were made using graphene
with small lateral dimensions and the thermal conductivity
achievable at low filler loading is really small as proved by
the literature [9, 11–15]. The reason is the quantity and the
quality of the contacts between the graphene flakes, since
the contacts act as active centers of thermal resistance of the
composite if they are not well studied and developed.

In this study we propose a way to increase the efficiency
of thermal transport and thus to minimize the thermal resis-
tance inside the polymer thermally insulating matrix. The
strategy consists of creating beforehand a highly thermally
conductive continuous 3D structure that will be embedded
into a polymeric resin to achieve a highly thermally conduc-
tive polymeric based nanocomposite. In the literature various
techniques can be used to obtain continuous 3Dnetworks [16,
17]. In particular, regarding the structure of graphene aerogels
much work has been done [18, 19] and many papers can be
found regarding the formation and engineering of aerogels
[20–31]. Among all the different syntheses described in the
literature that allow the creation of these 3D structures, the
hydrothermal synthesis (HS) and the direct freeze synthesis
(DFS) were used in this paper. With these methods it was
possible to obtain either isotropic (HS) or anisotropic (DFS)
self-standing graphene aerogels.

These highly thermally conducting 3D structures were
then infiltrated with an epoxy resin, in order to create poly-
meric nanocomposites which have, due to the strong inter-
connection of graphene planes, enhanced transport proper-
ties. The porosity of the aerogels can be tuned leading to
a different density of the structure and thus to a different
amount of filler inside the final composite material.

In the literature 3D structures are created and used for
several applications [22, 24, 26–28, 30–36]. In particular,
papers are often focused on the creation of a continuous
structure to improve the electrical conductivity [30, 31, 33–
35] but also to obtain a high efficient thermal transport [32].
In the field of electrical conductivity the creation of the
structure could provide outstanding improvement at very
small filler content, since the difference between the electrical
conductivity of the filler and the matrix is exceedingly high.
In addition, as soon as the continuity is guaranteed, the
conductivity of the composite rises sharply. In the case of
thermal conductivity instead the improvement provided

by the filler is less evident. In fact, thermal transport in
graphene-based composites is highly hampered by the
presence of defects [10, 37]. In particular the amount of sp3
carbon in graphenewas demonstrated to bemost detrimental
for thermal conductivity, since thermal transport in graphene
is mostly due to phonons. Instead, in the case of electrical
conductivity, the effect is less pronounced since the electrons
are less affected by the presence of sp3 regions. With the aim
of removing the sp3 defects, Shen et al. and Xin et al. [38, 39]
proposed thermal annealing, demonstrating that it is a valid
route to improve thermal conductivity of graphene. For this
reason both HS and DFS structures synthetized in this work
underwent a thermal treatment at very high temperature to
improve the thermal transport efficiency.

2. Materials and Methods

2.1. Materials. Bisphenol-a-diglycidyl ether (BADGE) and
hexamethylenediamine (H

2
N(CH

2
)
6
NH
2
, hexane-1,6-diam-

ine, HMDA) were chosen as oligomer and curing agent to
create the polymeric matrix and were purchased from Sigma
Aldrich.

Ultra-highly concentrated graphene oxide (GO) solution
(6.2mg/ml, flake dimension ranging from 0.5 to 5𝜇m)
was chosen to create the graphene oxide aerogels and was
purchased from Graphene Supermarket.

2.2. Method. Composites were created by polymeric infiltra-
tion of 3D self-standing graphene aerogels prepared following
two kinds of synthesis: hydrothermal synthesis (HS) and
direct freeze synthesis (DFS), followed by freeze drying.
The HS method consists of heat treating at 180–230∘C the
GO solution inside an hydrothermal reactor, in order to
obtain a carbon spongy isotropic material [20]. During the
HS process, the graphene oxide in the solution is partially
reduced and its solubility inwater decreases; as a consequence
agglomeration of the flakes occurs in the solution. The
migration of the flakes leads to the formation of a porous
aggregate whose volume is considerably lower than the one
of the starting solution [18]; even if its solid content is still
very low, the relative density is in the few percent range. In the
case ofHS, as demonstrated in the literature, the densification
of the GO structure is completed after a critical time [20].
Therefore, in order to tune the density of the structure, the
main parameters to set are the time of HS process and the
concentration of the starting GO solution (which determines
the quantity of graphene present in the final structures).

The DFS method consists of sharp cooling of the GO
solution by liquid nitrogen immersion. In this case the
creation of ice dendrites drives the building of graphene
walls at the boundaries between the forming crystals, giving
rise to a highly oriented structure in the direction of the
primary dendrites [29]. In this case the scaffold is self-
standing because of the huge amount of polar bonds created
between the graphene oxide flakes.

With DFS the volume of the final structure is the same as
the volume of the solution, since there is no densification. For
this reason in the case of DFS only the maximum available
concentration of the starting graphene oxide solution was



Journal of Nanomaterials 3

investigated in order to have a final structure as dense as
possible.

After HS and DFS, freeze drying was performed for 24–
30 h in order to sublimate the ice without the collapsing of the
structure. In the case of HS, the used samples were cylinders
with diameter from 13 to 20mmand height from 12 to 20mm;
the density obtained after the freeze drying process ranged
between 7⋅10−3 g/cm3 and 17⋅10−3 g/cm3. In the case of DFS
the used samples were cylinders with diameter of 20mm and
height of 10mm; the density after freeze drying was lower,
5⋅10−3 g/cm3.

Thermal annealing of the structures prior to infiltration
was performed in mild vacuum at 1700∘C to completely
reduce graphene oxide to graphene.

2.3. Characterization. Freeze drying was carried out using a
three-shelf Christ alpha 2–4 LD equipment with a condenser
temperature of −85∘C connected to a Vacuubrand RZ 6
vacuum pump (4⋅10−4mbar). Each sample was freeze dried
for 24–30 h to complete the freeze drying process.

The morphology of the materials was observed by using
a field emission electron scanning microscopy FE-SEM Zeiss
MERLIN.

The heat treatment on the aerogels was performed at
1700∘C for 1 h using a Pro. Ba. vacuum oven under mild
vacuum (0.5mbar).

X-ray photoelectron spectroscopy (XPS) was performed
using a PHI 5000 Versaprobe scanning X-ray photoelectron
spectrometer (monochromatic Al K𝛼 X-ray source with
1486.6 eV energy).The semiquantitative atomic compositions
and deconvolution procedures were obtained usingMultipak
9.6 dedicated software. All core-level peak energies were
referenced to C1s peak at 284.5 eV (C−C/C−Hsp2 bonds) and
the background contribution in HR scans was subtracted by
means of a Shirley function.

Thermogravimetric analysis (TGA) was carried out in
argon using a Mettler-Toledo TGA/SDTA 851e instrument
in the temperature range 25–1500∘C with a heating rate of
10∘C/min. All curves were normalized to the unit weight of
the sample.

Thermal conductivity of materials was evaluated using a
hot disk thermal constants analyzer (Hot Disk TPS 2500s);
each specimen was tested five times and the average thermal
conductivity was reported. Before the measurement, the
composites were polished down to a 2000 grit polishing paper
and the thermal conductivity was measured by applying the
hot disk sensor on the polished surface. The measurements
were performed using the instrument single side isotropic
mode at room temperature (23∘C).

Electrical conductivity was calculated by using an Agilent
34420ANanoVolt/Micro-OhmMeter equipment. Resistance
was measured at room temperature (23∘C) using a four-point
setup, by placing the clips on the polished surfaces without
any conductive paste.

3. Results and Discussions

In order to create a continuous graphene network, graphene
oxide aerogels were prepared by two kinds of synthesis:

Table 1: Atomic composition of the structures made following
different syntheses (DFS and HS) and heat treatment (TT).

Atomic% Scaffolds
DFS HS TT

Carbon 67.3 87.0 99.3
Oxygen 32.7 13.0 0.7

hydrothermal synthesis (HS) and direct freeze synthesis
(DFS); both methods start from the graphene oxide solution.

After the preparation of the hydrogels, freeze drying was
performed in order to remove the water contained into the
carbon scaffolds without collapsing the structure, leading to
a creation of a carbon-based aerogel. These structures have
been studied in the literature [18–29] and they are relatively
strong self-standing structures.

The morphology of the obtained structures was observed
by FESEMand is reported in Figure 1. As shown, all the struc-
tures obtained are highly continuous and interconnected,
with sharp edges and thin wall thickness. It is also clear that
there is the possibility of tuning the density of the structures
by acting on the concentration of the starting graphene oxide
solution. The aerogel shown in Figure 1(a), corresponding
to a graphene concentration in the solution of 2 g/ml, is
denser than the aerogels shown in Figure 1(b) (1 g/ml) and
Figure 1(c) (0.5 g/ml). It is also clear how by following the HS
method the final structure is isotropic, whether in the case
of DFS the structure is highly oriented in the direction of
dendrites growth, thus anisotropic properties are expected.

The oxygen content of the prepared structures was
investigated using XPS analysis, whose results are reported
in Figure 2 and Table 1. In both HS and DFS the presence
of oxygen inside the scaffold is evident, since the synthesis
starts from graphene oxide flakes. In the case of DFS, the
oxygen content is the highest (32.7%) since the graphene
oxide did not undergo any heat treatment but the liquid
nitrogen immersion that forces together the graphene oxide
flakes between the ice dendrites.

In the case of HS instead, XPS analysis shows only 13.0%
of oxygen; the reason is related to the high temperature
and pressure of the process. The high energetic oxygen-
containing groups on the surface of graphene flakes start
to diffuse on the surface [40] and to react together, leading
to a partially reduced graphene oxide. Due to this partial
reduction, the flakes tend to adhere to each other during
their Brownian movement in the solution, forming a three-
dimensional structure that is much denser than in the case of
DFS.

High resolution carbon and oxygen spectra are shown
in Figures 2(b) and 2(c). In the case of DFS structures, the
presence of both sp2 and sp3 carbon is observed (peak at 284.5
and 285-286 eV, resp.), while in the case ofHS the peak related
to sp3 carbon is strongly reduced with respect to the case of
DFS, even if a small shoulder is still observed on the left of the
main sp2 peak, due to the remaining oxygen in the structure.

Oxygen has been proved to be highly detrimental for
thermal conductivity in graphene, since it acts as a defect,
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Figure 1: FESEM morphology of graphene oxide aerogels after freeze drying process: (a) 2mg/ml GO starting solution, HS method; (b)
1mg/ml GO starting solution, HSmethod; (c) 0.5mg/ml GO starting solution, HSmethod; (d) 6.2mg/ml GO starting solution, DFSmethod.

breaking the sp2 structure and acting as an active center for
phonon scattering leading to undesired thermal resistance
inside the material [10, 38, 39, 41]. In order to remove the
oxygen contained on scaffolds a thermal reduction of both
HS and DFS structures was performed at 1700∘C under 50 Pa
vacuum. The XPS spectrum of the heat treated scaffold (TT)
is shown in Figure 2(c). The curves of treated DFS and HS
scaffolds are exact replicas, so that only one is shown. The
final oxygen content of this structure was as low as 0.7%,
meaning that the structure was fully reduced and reverted
to pure graphene. High resolution carbon on the TT scaffold
shows the disappearing of the sp3 signals present in the case
of HS and DFS scaffolds and the presence of the sole sp2
structure. High resolution oxygen shows an almost flat curve
in the region of O1s peak (Figure 2(c)).

High resolution on nitrogen shows in all the structures
that there is, as expected, no presence of nitrogen. A quan-
titative analysis of the composition of the structures is here
reported in Table 1.

To confirm the extent of the reduction of graphene oxide
happening in theHS case during the hydrothermal treatment,
TGA analyses were also performed under inert atmosphere
up to 1500∘C and the results are reported in Figure 3. A
different weight loss can be observed in the cases of DFS and
HS, due to their different initial oxygen content.

In the case of DFS there is a huge weight loss related
to adsorbed water (more than 10wt.% at 140∘C) because the
higher polarity of the surfaces allows more water adsorption.

At higher temperature a significant reduction of the graphene
oxide is observed, between 180 and 300∘C, with more than
30wt.% loss. In the case of HS instead, the losses at low
temperature are much smaller, being only 8wt.% at 300∘C.
This difference is clearly due to the fact that HS samples
underwent the hydrothermal process where most of the less
stable oxygen-containing groups were reduced.

At higher temperature the two curves are rather similar,
with a gradual reduction of weight and a flattening of the
curves close to 1500∘C. The total weight loss is around 70%
for DFS scaffolds and around 40% for HS ones. These results
confirm the hypothesis that after the heat treatment the
graphene oxide is completely reduced to graphene, as shown
by the extremely low oxygen content measured by XPS.

FESEM images of the structures after the heat treatment
were collected in order to verify if the morphology of the
scaffold is still the same as before the heat treatment. In
Figure 4 a comparison between a scaffold before and after
the heat treatment is reported, showing that no significant
changes are present. In particular it is still possible to observe,
after heat treatment, high interconnection between graphene
flakes, thin wall thickness, and sharp edges.

The graphene aerogels were infiltrated after thermal
reduction with a stoichiometric liquid mixture of BADGE
and HMDA. The infiltration was performed by applying
vacuum to the system to let the resin deeply infiltrate the
structure and let air bubbles flow out, in order to obtain a
fully dense material without significant residual porosity.The



Journal of Nanomaterials 5

Su
rv

ey
 sc

an
s (

av
er

ag
e u

ni
ts)

DFS
HS

TT

C1
s

O
 K

LL

O
1s

1000 800 600 400 200 01200
Binding energy (eV)

(a)

DFS
HS

TT

C1
s s

ca
ns

 (a
ve

ra
ge

 u
ni

ts)

sp
3

sp
2

295 290 285 280 275300
Binding energy (eV)

(b)

DFS
HS

TT

O
1s

 sc
an

s (
av

er
ag

e u
ni

ts)

540 535 530 525 520545
Binding energy (eV)

(c)

Figure 2: XPS spectra of DFS, HS, and heat treated (TT) scaffolds: (a) survey scans, (b) normalized high resolution scans on C1s, and (c)
normalized high resolution scans on O1s.

porosity measured on polished surfaces was always lower
than 2%, and the density of both resin and composites was
always 1.14 ± 0.03 g/cm3.

In order to confirm if the infiltration occurred both
microscopy and XPS were used. From optical microscopy
and SEM no significant porosity was observed in the bulk of
the infiltrated aerogels, suggesting a complete infiltration. To
confirm this result, XPS was performed on an internal slice
of the composite, and the results are reported in Figure 5.
The successful infiltration was confirmed by the presence
of nitrogen in all infiltrated samples (Figure 5(a)), since
nitrogen is present only in the HMDA curing agent, while
it is completely absent in graphene oxide, partially reduced
graphene (after HS treatment) and fully reduced graphene

(after high temperature treatment). Thus, the presence of
the N peak at 399 eV proves that the polymer completely
infiltrated the aerogel. To further verify that this result
was not due to artifacts from contamination or polishing,
XPS spectra were performed on fracture surface of the
materials and at different depths under the surface (between
0.1 and 1mm). The results, shown in Figures 5(b) and 5(c),
demonstrate that nitrogen was not due to contamination but
that the infiltration was instead complete.

The morphology of the composites was observed by
FESEM and is reported in Figure 6 for both the HS and the
HS TT infiltrated scaffolds. Both scaffolds are fully infiltrated
by the polymer, and some graphene flakes can be seen in both
samples.
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Figure 3: TGA analysis of freeze dried scaffolds created by HS and by DFS.
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Figure 4: FESEMmorphologies of scaffold: (a) before heat treatment and (b) after heat treatment at 1700∘C under vacuum inert atmosphere.

Thermal conductivity measurements of the composites
were carried out using a hot disk analyzer on slices of the
compositematerials after the infiltration and the curing of the
polymer were completed.The results are reported in Figure 7.

The thermal conductivity of the samples obtained by
the HS method increases considerably with the graphene
content in the composite, reaching an 80% improvement
when 1.25 wt.% of graphene is present. This result is possible
due to the high interconnection of the flakes that provides
a limited thermal resistance inside the composite material.
The 3D network approach in fact solves many issues that
are generally observed with standard dispersion approaches,
such as the breaking of the continuity of the highly thermally
conductive filler by the polymeric insulating matrix, a non-
perfect distribution of the filler inside the matrix and a non-
perfect contact between the fillers. In this case the conductive
pathways through which the heat is transmitted are built
before the creation of the composite, thus providing a high
distribution of the filler and continuity of the structure.
However, in the case of samples obtained by HS method,
even if a 3D structure is formed, there is still some problem
related to the contact between the flakes. Even if the structure

undergoes a heat treatment that provides the graphitization of
the flakes, their joining is not optimized yet, mainly because
of their orientation.This fact is clearly visible when analyzing
the results of samples obtained with the DFS method. The
orientation of the structure achievable using this approach
can provide a further huge reduction of thermal resistance,
as it is evident in Figure 7. With a very low amount of
graphene, 0.27wt.%, a thermal conductivity increase of 25%
with respect to pure polymer can be observed.

The literature on carbon-based nanocomposites for
improving thermal properties is rather vast. To compare
the literature with the results of this paper, it is first rea-
sonable to consider works where graphene flakes of similar
size are used and no 3D structure is built. In this case,
as expected, a limited increase in thermal conductivity is
observed [11–15]. For instance Prolongo et al. [13] obtained
only 6% thermal conductivity improvement with 0,5 wt.% of
graphene; Chandrasekaran et al. [15] obtained only 6% and
14% thermal conductivity improvement with, respectively,
1 and 2wt.% of graphene; Ganguli et al. [11] obtained 55%
of thermal conductivity increase with 2wt.% of filler. All
these works, similarly to the present one, used commercially
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Figure 5: XPS spectra of the composites after the infiltration: (a) survey scan of resin and the composites; (b) high resolution nitrogen on
resin and HS scaffold infiltrated with the resin at different depth; (c) high resolution nitrogen on resin and HS TT scaffold infiltrated with the
resin at different depth.
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Figure 6: FESEMmorphologies of (a) non-heat treated infiltrated scaffold and (b) heat treated infiltrated scaffold.
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Figure 7: Thermal conductivity increases with respect to the
thermal conductivity of the pure resin at different carbon contents
and for different synthesis methods.

available graphene. There is also some literature works on
composites obtaining by dispersing high quality graphene or
nanotubes. In this case the purity of the filler, the larger size
(in the case of graphene) and the possibility of tuning the
process can provide a higher enhancement on the thermal
conductivity. For instance Yavari et al. [42] obtained a
significant improvement on the thermal conductivity, 70%
and 140% with 2 and 4wt.%, respectively, but to obtain a
similar value to HS they use a higher amount of graphene.
Similarly Song et al. [43] obtained 1.53W/(mK) with a very
high amount of graphene (10wt.%) or the smaller value of
0.6W/mK when using 4wt.% of filler. Also in this case
the quantity of graphene necessary to obtain a significant
improvement of thermal conductivity is rather high. Other
researchers use well-dispersed nanotubes to improve ther-
mal properties. For instance Song and Youn [44] provide
a 117% increase of thermal conductivity but a rather low
absolute value (0.26W/(mK))with 1.5 wt.% ofwell-dispersed
nanotubes, while Biercuk et al. [45] show a 125% increase
with 1% of single wall carbon nanotubes. In this case the
low percolation threshold of carbon nanotubes allows the
formation of a sort of 3D structure inside the composite that
improved thermal conductivity. In fact, it seems that high
quality materials and/or high filler fractions are needed to
substantially improve the thermal properties of a polymeric
material when dispersion techniques are used.

In the literature there can be found only a few works
on composites with graphene 3D structures, and among
these the best thermal results are described in the paper of
Yang et al. [32]. The authors used a mixture of graphene
oxide and graphene at different concentration to create a
self-standing structure via a “sol-cryo” process, which is
then vacuum infiltrated with PEG resin. To evaluate the
thermal transport efficiency they define the parameter 𝜂 =
𝑘𝑐/(𝑘𝑚𝜑𝐺), where 𝜑𝐺 is the mass fraction of filler and 𝑘

𝑐
and

𝑘
𝑚
are the thermal conductivity of the composite and the

pure matrix, respectively. Yang et al. reached the remarkable

thermal transport efficiency value of 2.6 using at the same
time 0.447wt.% of GO and 1.786wt.% of graphene.

In this work, in the case of HS TT composites the value of
thermal transport efficiency is close to 1.5, which is rather low
in comparison to the one obtained by Yang et al.This happens
probably due to the fact that the thermal resistance of contacts
between the graphene flakes is still high in the case of samples
obtained by HS. However, in the case of DFS TT composites,
due to the high orientation of flakes, the thermal resistance is
much lower, reaching the outstanding value of 4.6, far above
the one obtained byYang et al.This suggests that the proposed
approach is a valid route to obtain polymeric nanocomposites
with high thermal conducting efficiency.

These results are even more interesting considering
that the starting graphene oxide flakes dimensions ranged
between 0.5 and 5 𝜇m. In both HS and DFS syntheses it
is expected that increasing the starting dimension of the
GO flakes used to create the 3D structure will allow further
enhancement on the thermal transport efficiency.

The continuity of the structure provides in addition a
great enhancement of the electrical conductivity which is
reported in Figure 8.

The electrical conductivity of the composites is increased
of around 9 orders of magnitude with respect to the resin,
changing the behavior from insulating to electrically con-
ductive for all the composites prepared by using heat treated
scaffolds. In particular, it is possible to observe that all
the composites, obtained either by the HS or by the DFS
methods, after heat treatment, present values between 30 and
500 S/m. This is an interesting result because in the case of
conventional dispersion of commercially available graphene
it is generally unusual to increase electrical conductivity with
such a low amount of filler; generally to have an electrically
conductive polymer a larger amount of filler has to be inserted
and dispersed in order to reach the percolation threshold. In
fact, as reported by Ahmadi-Moghadam and Taheri [9], in
the case of a filler with an average dimension of the graphene
flakes below 5 𝜇m, the percolation is generally achieved
only when more than 4wt.% is used. Instead, by using this
approach there is the possibility of reaching percolation and
electrical conduction for values as low as 0.5 wt.%.This fact is
further evidenced in the case of DFS method in which there
is a high value of electrical conductivity even if the amount of
carbon is as low as 0.27wt.%.

A rather high electrical conductivity value, 0.66 S/m,
was observed also for the composite obtained by infiltrating
the non-heat treated scaffold. To explain this unexpected
result, it is interesting to cite the work of Kumar and
coworkers [40], who demonstrated that graphene annealed
at low temperature can have a mixed graphene/graphene
oxide microstructure. Indeed, during the annealing process
the migration of oxidized polar groups forms regions on the
surface of graphene where there is a high density of polar
groups and regions where their density is low. Thus there
are “oxidized island” and “reduced islands” on the surface of
graphene scaffolds. Electrons can cross the material through
these conductive pathsmuchmore easily than phonons. Since
the HS composites are obtained by a hydrothermal treatment
at relatively low temperature, it is possible that they behave
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Figure 8: Electrical conductivity of the resin and of the composites prepared by resin infiltration of HS TT scaffold (heat treated), DFS TT
scaffold (heat treated), and HS (HS scaffold non-heat treated). (The value of the pure resin was out of the range of the instrument so the real
value was not detectable because it was below 1.5 10−7 S/m.)

according to the process proposed by Kumar et al. Thus, as
shown in Figure 8, the electrical conductivity is rather high
while the thermal conductivity remains low.

The electrical conductivity of the pure resin is reported
here only as a calculated value since it was lower than
the sensitivity of the instrument (the measured resistance
was more than 2GΩ, instrumental limit, so the electrical
conductivity of the resin was less than 1.5 10−7 S/m).

In the literature other authors use the hydrothermal
process as a strategy to create self-standing graphene-based
structures for improving electrical properties. Their results
are fairly comparable with this paper. For example Zhang
et al. [30] performed thermal annealing at 800∘C obtaining
100 S/m for a composite with 1% wt of graphene. Wang
et al. [33] reduced the graphene oxide structures using an
acidic attack at low temperature (120∘C) during the autoclave
process obtaining 20 S/m. Liu et al. [31] used a mixed
graphene-nanotubes structure annealed at 1050∘C obtaining
16 S/m, suggesting that all the proposed strategies are valid
routes to obtain an electrically conductive material.

Other authors proposed a CVD approach to create
a continuous graphene structure on a supporting porous
material. For instance, Garlof et al. [34] use a ZnO scaffold as
a template which is then removed during the process, leading
to the obtainment of 13.6 S/m of electrical conductivity. Jia
et al. [35] instead tune the process parameters in order to
deposit an average 4-layer graphene coating on a Ni foam,
reaching the outstanding value of 300 S/m, proving that the
CVD approach is a valid route to enhance the electrical
conductivity of polymeric based materials despite the higher
complexity of the process.

4. Conclusions

In the field of thermal conductivity of polymeric based
nanocomposites there are many issues to overcome. One of

the main difficulties is the high thermal resistance inside the
composite that is mostly due to the lack of continuity of the
conductive structure and to the imperfect contacts between
the highly thermally conductive fillers. In order to overcome
these problems there is the need to improve the dispersion
and the distribution of the filler inside the matrix, in order
to connect the fillers as much as possible, and engineer the
contacts between the fillers to reduce the overall thermal
resistance. All these objectives can be achieved using the
approach proposed in this paper, leading to an intercon-
nected, highly conductive structure that will drive the heat
across thematerial.With the described approach it is possible
to obtain both isotropic (HS method) and anisotropic (DFS
method) structures with different densities and thus different
amounts of graphene in the final composite.

In the case of the DFS it is possible to see how the
alignment of the interfaces between the flakes will lead to a
better thermal behavior of the composite reaching the 25%
of increase of thermal conductivity with only 0.27wt.%, an
improvement not achievable in the case of HS at this low
amount of carbon.

On the other hand using HS 80% of improvement on the
resin thermal conductivity can be achieved with 1.25 wt.%
of filler. This value is hardly obtainable using conventional
dispersion methods of commercially available graphene.
These results are interesting also because the average lateral
size of the starting graphene flakes was small (less than
5 𝜇m in the plane), and the higher the lateral surface of the
flake the higher the final achievable thermal conductivity
improvement.

Also electrical conductivity is greatly improved using this
approach, even at very low values of filler content.This is due
to the formation of conductive continuous paths before the
composite preparation. Due to self-organization of annealed
graphene oxide, in the case of HS method, conduction was
achieved even without the heat treatment that is used to
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remove oxygen. The improvement after thermal treatment is
however much higher, leading to substantially improving the
electrical conductivity even when the graphene is present in
very low amount.

Graphene foams have been thoroughly studied in the
literature [46] and their outstanding properties have been
proved in a wide range of applications ranging from elec-
tronics devices fabrication to biomedical applications; in this
paper, we prove that they are really promising also in the
field of thermal conductivity improvement. The scaffolding
technique can be a good way to maximize the efficiency of
both heat transmission and electrical conductivity inside the
composite, minimizing the amount of filler to be inserted,
dispersed, and distributed to achieve the desired results.
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