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Abstract: This paper deals with the design, preparation, and characterization of conductive and
flexible nanopapers based on graphite nanoplates (GNP) and polydimethylsiloxane (PDMS). Highly
porous GNP nanopapers were first prepared by filtration from a GNP suspension in a solvent.
Subsequently, PDMS impregnation was carried out to obtain a composite material. By varying
the concentration of the polymer solution and the deposition time, PDMS/GNP nanopapers were
produced with a wide range of PDMS contents, porosities, and densities. Thermal diffusivity of the
composite films (both in-plane and cross-plane) were measured and correlated with the structure of
the nanopapers. Selected formulations were investigated in detail for their physical, thermal, and
mechanical properties, exhibiting high flexibility and resistance to more than 50 repeated bendings,
stiffness of up to 1.3 MPa, and thermal conductivity of up to 25 W/m-K. Based on the properties
obtained, the materials presented in this paper may find applications in modern lightweight and
flexible electronic devices.

Keywords: graphite nanoplates; nanopapers; thermal conductivity; graphite nanoplates poly-
mer composite

1. Introduction

Research on materials and nanotechnologies has paid a lot of attention to graphene for
its peculiar properties, such as electrical and thermal conductivity, mechanical properties,
and large specific area, which make it a potential candidate in several applications [1-3].
The term graphene refers to a carbon sheet with a hexagonal structure sp? hybridized,
with the thickness of a single atom. The availability of this material for bulk applications
remains very limited, while several graphene-related materials are now widely available,
including graphene oxide, reduced graphene oxide, multilayered graphene, and graphite
nanoplates (GNPs) [4]. In particular, GNPs have been widely used in composite materials,
thanks to their good compromise between properties, availability, and cost. Currently,
a wide research interest is focused on the manufacture of composites with high thermal
conductivity properties [5-8]. Enhanced thermal conductivity has been obtained for various
polymer matrices; however, the observed improvement is limited by difficulties in the
dispersion of conductive particles and the high interfacial thermal resistance between
conductive particles and the matrix [9,10]. Furthermore, it has been demonstrated that
a higher concentration of microstructural defects reduces the thermal conductivity of
graphene and related materials [11,12]. Inevitably, this is also directly reflected in the
thermal conductivity of the relative polymer nanocomposites, where low-quality graphene
or graphene-related materials do not allow achieving satisfactory performance [5,13].

Among the many different polymers used to prepare thermally conductive polymer
nanocomposites, polydimethylsiloxane (PDMS) is an almost unique material, coupling
ease of processing into a cross-linked structure with high flexibility and elongation prop-
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erties, as well as remarkable chemical resistance. These properties are highly desirable
in flexible heat exchanger materials, which justifies the interest in PDMS as a polymer
matrix for thermally conductive composites [14] and nanocomposites. As for the latter,
Kong et al. [15] investigated PDMS composites based on exfoliated graphite nanoplates, in
which a 4 wt.% filler content yielded a thermal conductivity of 0.36 W/m-K and a 2.5 MPa
tensile strength. Zhao et al. [16] reported a two-fold increase in the thermal conductivity of
multilayer graphene flakes/PDMS composite (0.40 W /m-K) with respect to the neat PDMS
when adding 2.7 vol.% of conductive particles. In the same paper, conductivity was further
increased to 1.08 W/m-K, thanks to the combined use of an interconnected network of
graphene foam and multilayer graphene flakes. In terms of mechanical properties, the same
material exhibited a 4 MPa modulus, 1.7 MPa strength, and 60% elongation for the best ther-
mally conductive sample. Similar results were reported by Zhang et al. [17], with a thermal
conductivity of 0.58 W/m-K for the 1 wt.% graphene aerogel (GA)/PDMS composite fabri-
cated by impregnating 3D GA frameworks with PDMS and a vacuum curing process. Tao
et al. [18] reported dispersion of expanded graphite (EG) in polydimethylsiloxane (PDMS)
in a hexane solution, followed by hot pressing at 80 °C, leading to a 4.70 W/m:-K thermal
conductivity at 10 wt.% EG. Flexible graphene-based composites were fabricated using a
casting method by Oliva et al. [19]. A graphene solution was poured in a plastic mould,
and the solvent was evaporated. Afterwards, an acrylic solution with a photoinitiator was
dropped on the dry graphene and cured with UV light. In this way, highly GNP-loaded
nanocomposites were prepared, yielding thermal conductivity values of 11.70 W/m-K,
776 W/m-K, and 3.74 W/m-K for the through-plane direction with 75, 50, and 25 wt.%
of GNP, respectively [19]. Besides, the presence of GNP was also reported to strongly
affect the mechanical properties of composites, with an elastic modulus of 67.7 MPa and
an ultimate tensile strength of 3.34 MPa for the formulation containing 25 wt.% GNP. Han
et al. [20] reported a procedure to produce highly oriented PDMS/graphene composites
based on the winding of few layer graphene foils and subsequent impregnation with
PDMS. After curing and sectioning, composite slices were obtained with vertically aligned
graphene, exhibiting a conductivity of 2.18 W/m-K with 16.6 wt.% graphene nanosheets.
Fang et al. [21,22] reported the impregnation of PDMS into a preformed porous structure
obtained by the deposition of graphene onto a nickel foam, which was then dissolved prior
to PDMS impregnation. In this way, a material with a continuous network of graphene
yielding a thermal conductivity of 22 W/m-K was obtained.

Targeting high-end thermal conductivity, production of nanopapers by self-assembly
during filtration of conductive particles in a solvent was also widely studied. Depending
on their geometrical features, the strength of interaction between particles, and preparation
conditions, these may produce different structural organizations, from tightly packed
to highly porous films. Graphene and related materials, including multilayer graphene,
reduced graphene oxide and graphite nanoplates, and currently represent the most inter-
esting materials to prepare thermally conductive nanopapers [23-26]. The main limitation
in the performance of these nanopapers is in their limited toughness and deformability,
which reflects the weak interactions between nanoparticles [27-30]. To enhance thermal
and mechanical properties, both small molecules and macromolecules have been proposed.
Bispyrene molecules have indeed been found to drive self-assembly of GNP and improve
contacts between those, eventually enhancing the thermal conductivity of nanopapers [31].
The inclusion of macromolecules into the nanopapers has also been explored to enhance
their toughness and deformability [32-34], but the amount of polymer and its crystalline
organization [35] should be carefully controlled to avoid a dramatic decrease in the thermal
conductivity of the nanostructure.

Building on the previous state of the art, this paper focused on the preparation and
characterization of highly conductive and flexible sheets by PDMS impregnation into
GNP-based nanopapers. In particular, by varying the concentration of the PDMS solution
and the deposition steps, a range of different densities and thermal conductivities was
obtained, delivering a set of materials for possible applications in heat spreader devices.
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2. Materials and Methods
2.1. Materials

The GNP used in this work was kindly supplied by Avanzare (Navarrete, La Rioja,
Spain) and prepared via rapid thermal expansion of overoxidized intercalated graphite,
as previously reported [36], and used as supplied without any further treatments. This
GNP grade is constituted by low structural defectiveness and well-separated large (tens
of um) wavy thin layers. A detailed characterization of this GNP grade was previously
reported [5] (therein referred to as GRM-2). Dimethylformamide (DMF, 99.8%) and hexane
(>95%) were purchased from Sigma-Aldrich.

2.2. Nanopaper Production

A suspension containing 25 mg of GNP and 75 mL of DMF was prepared inside a
250 mL glass beaker and sonicated with an immersion tip (Sonics Vibracell VC505, Sonics &
Materials Inc. (Newtown, CT, USA), using a 13 mm diameter Ti-alloy tip, a time of 15 min, a
pulse of 30 s ON and 30 s OFF, a power of 500 W, an amplitude of 30%). The suspension was
then removed from the sonicator, and after about 30 min of cooling, it was poured onto a
polyamide filtering membrane with a 47 mm diameter and a porosity of 0.45 um and slowly
filtered with the help of a vacuum pump (10-15 min). First, the filtered film was covered
with 30 mL of ethanol and then with 30 mL of diethyl ether, vacuuming each of the two
solvents to eliminate them and finally leaving the pump attached for 10 min to ensure that
the sheet was dry. Then, the GNP supported onto the membrane was dried in a vacuum
oven at 70 °C for at least 2 h in order to eliminate the remaining solvents and carefully
detached to obtain self-standing nanopapers. GNP nanopapers were placed on a Teflon
surface and impregnated with PDMS (Sylgard® 184 by Dow) in hexane, with variable
concentrations, namely, 9% (1:10), 17% (1:5), and 29% wt. (1:2.5). A cross-linker (Sylgard®
184 Curing Agent by Dow) was also added in the solution at 10% with respect to PDMS. A
volume of 0.5 mL for each impregnation step was homogeneously dripped manually on
the film surface using a pipette and let dry in the hood at room temperature for 30 min.
Finally, the sample was placed in an oven at 70 °C for 24 h for cross-linking. After this time,
the composite was carefully detached from the Teflon support. The samples were coded in
the form c% nx, where c is the concentration (wt.%) of the solutions and 7 is the number
of impregnation steps. Larger nanopapers (90 mm diameter, referred to as L, following
the above defined materials coding) were also prepared, scaling up the suspension to
108 mg GNP in 327 mL DMF. To prevent excessive heating and evaporation of DMF during
sonication, a larger beaker was used, placing it in a water bath at a temperature of about
5 °C with different operating conditions (time, 20 min; pulse, 15 s ON and 30 s OFF; power,
500 W; amplitude 30%). Selected nanopapers underwent compression during the polymer
cross-linking (referred to as P, following the above defined materials coding), under a
pressure of 2.2 MPa for 2 h at a temperature of 70 °C, using a manual hydraulic press
(Specac) between two Teflon plates as supports. In pressed nanopapers, the cross-linking
phase was completed in an oven for 16 h at 70 °C.

2.3. Characterization Methods

To calculate the densities, nanopapers were die-cut into 25 mm diameter disks, and
the method of weighing the disks in air and in water according to the ASTM D792, ISO
1183 standard, was performed. The density found is the one defined as pyg;,), in the text.

The volume percentage of voids in the sample was calculated by the formula:

Porosity (vol.%) = (1 - ( 5 Psample > )) 100
() pone =+ (1= ) prows
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where pgnp = 2.267 g/cm? and pppyg = 0.958 g/cm3, and Pgnp and Pimpregnated are
the nanopaper weights before and after impregnation. The same weights (Pgnp and
Pimpregnated) were used to evaluate the wt.% of GNP present in the composite.

(Pimpregnated - 1jGNP)

wt.% GNP = |1 — * 100
Pimpregnated
wt.% GNP
. Pgrafene
GNP (vol.%) = (100 — porosity) * 5 £
% — (100 — wt.% GNP)*ppps

PDMS(vol.%) = 100 — GNP(vol.%) — Porosity(vol.%)

The thermal diffusivity («) of the prepared nanopapers was measured at 25 °C using
a Netzsch LFA 467 HyperFlash® xenon light flash analysis (LFA) on the same 25 mm disk
used to calculate density. The nanopapers were measured for both cross-plane and in-
plane diffusivity. Measurements were carried out with consistent flash parameters (230 V,
200 ps) and repeated five times for each specimen to get average thermal diffusivity and
standard deviation.

Thermal conductivity was calculated from the measured diffusivity values, multiplied
by the density and specific heat capacity of the different materials. The value of the specific
heat capacity for impregnated nanopapers was calculated as a weighted average with
respect to the wt.% of GNP and PDMS in the sample

wt.% GNP (100 — wt.% GNP)
Cp sample — Cp GNP * 100 + Cp PDMS - 100

with Cp cne = 0.71 k] /kg-K; Cp ppms = 1.46 k] /kg-K.

Tensile tests were conducted using the dynamometer Instron Model 5966 equipped
with a 50 N load cell. The pneumatic clamps chosen were equipped with flat 25 x 25 mm?
smooth faces. The gauge length was set at 20 mm and a preload force at 0.02 N to ensure
the sample straightness at the start of the test. A crosshead speed of 0.1 mm/min was
established, and the end of the test was considered when the force was below the value of
0.1 N. The tests provided data on the elastic modulus (E), the maximum stress (omax), and
the elongation at maximum stress (€max stress) Of the samples. The samples for the mechani-
cal properties were obtained by cutting specimens of 10 x 40 mm? size, and three samples
were tested for each formulation to get average values and their standard deviation.

Morphological characterization of both nanopapers and nanocomposites was per-
formed by a high-resolution field emission scanning electron microscope (FESEM, Merlin
4248 by Zeiss) operated at 3 kV or a scanning electron microscope (SEM, EVO 15 by Zeiss)
at a beam voltage of 20 kV and a working distance of 8.5 mm. A nanopaper and composites
were cryofractured in liquid nitrogen and directly observed without further preparation.

A qualitative bending test was carried out on the nanopapers manually: using a
tweezer, a 25 mm diameter specimen was held approximately in the middle of the sample,
which was bent to 180° using a second tweezer. Inmediately after, the sample was brought
back to planar and bent in the same way but in the opposite direction. This operation series
is referred to as one bending cycle.

3. Results and Discussion
3.1. Characterization of Pristine GNP Nanopapers

Pristine GNP nanopapers were observed by SEM and expectedly found to be highly
porous (Figure 1a,c), with thickness in the range of 200-300 um and density in the range
of 0.07-0.12 mg/mm?, which is perfectly suitable for solution impregnation with a poly-
mer solution.
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Figure 1. SEM micrographs of pristine GNP nanopaper: unpressed (a,c) and pressed (b,d). Dark
areas in between flakes correspond to porosity of the nanopapers.

Uniaxial compression was applied to consolidate the structure and yielded a signifi-
cant density increase, still associated with remarkable porosity in the range of 80% (Table 1),
which was also confirmed by SEM imaging (Figure 1b,d). Indeed, a significant reduction in
thickness from about 300 to 80 um was observed upon compression of a GNP nanopaper,
along with a qualitatively higher in-plane orientation of nanoflakes. The thermal conduc-
tivity of pristine GNP papers was calculated both as obtained from the filtration of GNP
suspension and after compression (Table 1), to investigate changes upon compression,
as a consequence of densification. Indeed, the better in-plane orientation of GNP plates
increased the in-plane diffusivity, while the cross-plane diffusivity decreased. Thanks to
the densification of the sample, the cross-plane conductivity turned out to be practically
equal between the pristine and pressed samples, while in in-plane direction, it more than
quadrupled (Table 1) to approximately 40 W/m:K. It is worth mentioning that this value is
still relatively low compared with previously reported GNP nanopapers [26,31,37] owing
to the relatively low density.

Table 1. Density, porosity, and thermal diffusivity and conductivity values for pristine GNP nanopapers.

Sample  Density p Vol.% e s 2 Conductivity
Code (g/cm?) Porosity Diffusivity o (mm®/s) (W/m-K)
Cross-Plane In-Plane Cross-Plane In-Plane

GNP 0.12 £0.01 95 +2 9.25 £ 0.06 101.2+48  0.79 £0.07 8.6£12
GNP-P 0.37 £ 0.02 83 £2 2.74 £0.03 1523 +22  0.71 £ 0.06 39.5+33

Besides the thermal conductivity performance, it has to be mentioned that pristine
GNP nanopapers are intrinsically brittle, which limits their practical application as heat
spreaders. To characterize this aspect, tensile tests were carried out on nanopapers. The
uncompressed GNP nanopaper showed a very low modulus (ca. 31 MPa) and strength
(ca. 0.1 MPa) (Table 2), suggesting that the contacts between GNP plates were rather weak
as obtained after filtration, yielding a poor stress transfer within the structure. On the
other hand, pressing strongly improved the mechanical properties, reaching a modulus of
about 1 GPa and a maximum stress of 4 MPa, while the deformation at the maximum stress
was practically independent on pressing (Table 2). It is worth mentioning that significant
experimental deviations were found in both as obtained and pressed GNP nanopapers,
likely due to the presence of microdefects, as a consequence of possible GNP agglomerates
within the suspension and/or microcracks produced during nanopaper handling and
specimen preparation, owing to their remarkable brittleness.
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Table 2. Mechanical properties of pristine GNP nanopapers.

Sample E (MPa) Omax (MPa) £max stress (%)
GNP 31.1+31 0.13 + 0.03 1.1+0.2
GNP-P 1186 + 343 43+09 09 4+0.2

3.2. Characterization of GNP Nanopapers Impregnated with PDMS

To consolidate the GNP structure in nanopapers and overcome the brittleness limi-
tations, GNP papers were impregnated with PDMS. Indeed, the highly porous structure
allows for an optimal absorption of PDMS solution and quick polymer deposition, thanks
to the rapid evaporation of the solvent. Based on the preliminary impregnation tests
on small samples reported in Supporting Information, selected formulations were fur-
ther investigated, preparing larger (L) nanopapers, targeting GNP contents of ~50 wt.%,
~25% wt.%, and ~15% wt.%. To reach these PDMS fractions, both the concentration of the
solution and the number of depositions were adjusted, eventually leading to PDMS wt.%
close to the targets, as reported in Table 3, along with densities and thermal properties of
the different polymer-impregnated nanopapers.

Table 3. Density, GNP content, porosity, and thermal diffusivity and conductivity values for PDMS/GNP L nanopapers.

Sample Code D(eg‘/‘:;%’)p wt.% GNP Vol.% Porosity Diffusivity o (mm?/s) C(:r‘,l\?;:;.t;z)ity
Cross-Plane In-Plane Cross-Plane In-Plane
9% 1x L 0.11 £+ 0.02 55.6 £ 0.1 93+4 1.93 +0.01 445+18 0.23 £ 0.03 54409
9% 3x L 0.28 £+ 0.02 303 £0.1 79+ 4 291 £0.01 344+19 1.00 £ 0.08 119+15
29%2x L 0.60 £ 0.02 13.2+£0.1 47 £4 1.02 £ 0.01 78+£0.3 0.83 £ 0.04 6.4+04
9% 3x L-P 0.91 +0.04 314+06 27 +4 2.73 +£0.01 228+ 0.6 31+01 25.6 +1.4

The heat conduction properties in cross-plane and in-plane for unpressed PDMS/GNP
nanopapers are summarized in Figure 2, showing that the best performance is obtained
with triple deposition of a 9% PDMS solution. Indeed, while diffusivity values are directly
dependent on the GNP fraction, the increase in density obtained when progressively filling
voids with PDMS is also affecting the thermal conductivity of the nanopaper, leading to
the best performance for the intermediate GNP concentration.

‘!‘28_ 5 &
£ 26 E
g 241 z
222 I In-Plane L4 2
£ 20 Il Cross Plane =
g1 P
5 16 3
© 14 °
(0] 9 (o]
£ 124 L2 E
210+ 2
F 8] =
2 .1 2
s 67 18
B 4] P

1 ()
S 2] 8

0- Lo &

9% 1x L 9%3xL 29%2xL  9%3xL-P
<GNP content
Density,

Figure 2. In-plane and cross-plane thermal conductivities for PDMS/GNP nanopapers.
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To further enhance the nanopaper density, the 9% 3x L impregnated nanopaper un-
derwent mechanical compression during cross-linking. The result of this compression
generated a more compact nanopaper with a three-fold increase in the density (0.91 vs.
0.28 g/cm?), leading to a dramatic enhancement in the in-plane thermal conductivity to
ca. 25 W/m-K. The SEM micrograph comparison between standard vs. pressed nanopa-
pers (Figure 3) confirmed the reduction in the thickness for the compressed PDMS/GNP
nanopapetr, as well as a denser structure, with more evident polymer flaps connecting the
various GNP lamellae.

Figure 3. FESEM micrographs for PDMS/GNP nanopapers, 9% 3x L (a,c) and 9% 3x L-P (b,d),
with highlighted polymer flaps. The dark areas in between flakes correspond to the porosity of the
nanopapers.

Envisaging possible applications of PDMS/GNP nanopapers as a flexible heat spreader,
the mechanical properties were investigated in tensile mode. The elastic modulus (E), the
maximum stress (Omax), and the elongation at maximum stress (€ max stress) Were evaluated
and are reported in Table 4 and Figure 4, while representative stress—strain curves are
reported in Figure S3.

Pristine GNP nanopapers exhibit limited mechanical performances, suggesting me-
chanical performance to be controlled by the weak interactions between graphite nanoplates.
The addition of soft and deformable PDMS, acting as a binder in the GNP network, gener-
ally enhanced mechanical properties in all regards of stiffness, strength, and toughness.
The best mechanical performances are confirmed for the 9% 3 x L-P nanopaper formulation.
Indeed, the best elastic modulus (148 + 7 MPa) and maximum stress (1.34 + 0.10 MPa) are
obtained, which is about three times higher than unpressed samples, while the elongation
at maximum stress is comparable to the best unpressed performance (2.3 & 0.5%).

Table 4. Mechanical properties of GNP and PDMS/GNP nanopapers.

Sample E (MPa) Omax (MPa) £max stress (%)
PDMS 1.7+0.2 3.98 £+ 0.40 135+ 3
GNP 3114+ 3.1 0.13 4+ 0.03 1.1+0.2
9% 1x L 226+ 1.6 0.17 £ 0.01 1.3+02
9% 3x L 52.0 £13.9 0.45 + 0.01 1.7+ 0.3
29% 2x L 494+79 0.44 4+ 0.08 22405

9% 3x L-P 148 £7 1.34 £ 0.10 23£05
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Figure 4. Mechanical properties of PDMS/GNP nanopapers.

Comparing the results of strength and conductivity for our materials with previ-
ously reported data on PDMS/GNP composites (Figure 5), it clearly appears that superior
conductivity was obtained compared with previous literature. Furthermore, our best-
performing nanopaper closely competes with the material proposed by Fang et al. [21],
which is, however, produced by a more complex and energy-consuming procedure, requir-
ing GNP deposition onto a metal foam, subsequently removed via acid treatment, before
PDMS impregnation.

10
A
@ ° g
< v
g’ O Pressed
£ 14
o
c
o
n O Present work o o
O Kong et al.
A Olivaetal Unpressed
Vv Zhao et al. o
Fang et al.
0.1 . : .

In-Plane Thermal Conductivity (W/mK)

Figure 5. Combined strength and thermal conductivity plot of PDMS/GNP composites [15,16,19,21].

As a last practical evaluation to test the resistance to multiple deformations, a qual-
itative bending test was carried out. The unpressed GNP nanopaper breaks on the first
bending attempt, evidencing for its remarkable brittleness. The pressed GNP paper al-
lows bending without breaking, but nonrestorable cracks appear after 5 cycles (GNP-P
in Figure 6), leading to the nanopaper breaking after approximately 10 cycles. Unpressed
impregnated GNP papers also withstand only a few bending cycles, whereas an impreg-
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nated and pressed sample does not undergo any visible damage variation even beyond 50
bending cycles (9% 3x L-P in Figure 6).

Figure 6. Test of resistance to multiple bending deformations of GNP-P and 9% 3x L-P samples.
Images show the nanopapers before (left), during (centre), and after (right) bending.

4. Conclusions

The impregnation of PDMS within the porous structure of preformed nanopapers
based on graphite nanoplates was successfully carried out by a simple casting method from
a PDMS solution in hexane. The obtained PDMS/GNP nanopapers’ porosity, obtained
as an effect of the solvent evaporation, was demonstrated to be adjustable, varying the
concentration of the PDMS solution and the number of impregnation steps. The thermal
diffusion of the nanopapers was correlated with both the density of the nanopapers and
the GNP contents, leading to in-plane diffusivity values in the range between 10 and
50 mm?/s. Depending on the nanopaper density and composition, the nanopapers’ thermal
conductivity (in-plane) was obtained in the range between 5 and 25 W/m-K, along with
the modulus and resistance up to 52 and 0.45 MPa, respectively. In particular, PDMS
cross-linking under pressure to densify the nanopapers was proven to enhance both the
thermal conductivity and mechanical properties, with dramatic reinforcing compared
with the unpressed nanopaper counterpart. Based on the results obtained, PDMS/GNP
nanopapers appear to be a promising solution in a heat spreader application requiring
flexibility and toughness, such as in modern flexible electronics, as well as in wearable and
implantable devices.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/jcs5120309/s1, Figure S1: FESEM micrographs of GNP nanopaper impregnated with 9%
1x (a) 17% 1x (b) and 29% 1x (c) solution, Table S1: Density, porosity and thermal diffusivity
values calculated for impregnated nanopapers, Figure S2: Thermal diffusivity of PDMS impregnated
nanopapers, as a function of nanopaper density (a,b) and as a function of GNP content (c,d), Figure
S3: Representative stress-strain curves from tensile tests.
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