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Multifunctional polymer composites with anisotropic properties are attracting interest as they fulfil the
growing demand of multitasking materials. In this work, anisotropic polymer composites have been fabri-
cated by combining the layer-by-layer (LBL) filtration method with the alternative assembling of carbon
nanotubes (CNTs) and hexagonal boron nitride flakes (hBN) on natural rubber latex particles (NR). The
layered composites exhibit anisotropic thermal and electrical conductivities, which are tailored through
the layer formulations. The best composite consists of four layers of NR modified with 8 phr (parts per
Hundred Rubber) CNTs (~7.4 wt%) and four alternate layers with 12 phr hBN (~10.7 wt%). The composites

Received 18th December 2019, exhibit an electromagnetic interference (EMI) shielding effectiveness of 22.41 + 0.14 dB mm~! at 10.3
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GHz and a thermal conductivity equal to 0.25 W m~* K=%. Furthermore, when the layered composite is
used as an electrical thermal heater the surface reaches a stable temperature of ~103 °C in approx. 2 min,
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Introduction

Electromagnetic (EM) radiation emitted by electronic devices
is certainly negative for equipment operation.'” For this
reason, it is of paramount importance to develop new
materials with tailored electromagnetic interference (EMI)
shielding properties, which are able to contrast electromag-
netic pollution in electromagnetic sensitive applications, e.g.,
in medicine and military. Electromagnetic interference shield-
ing is generally obtained by enclosing the device in a package
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made of electrically conductive magnetic materials, which act
as a barrier towards the EM radiation.*® Usually, metallic
materials e.g. magnesium-,° silver-,” and copper-based elec-
tronic packaging® are used to protect sensitive electronic com-
ponents by reflecting most of the incident radiation.
Alternatively, conductive polymer composites (CPCs) are
attracting attention due to their mechanical flexibility, light
weight, corrosion resistance, and easy-processing at low cost.’
Of note, the EMI shielding effectiveness (EMI SE) of CPCs is
mainly due to the EM wave absorption mechanism, which con-
verts the incident electromagnetic energy into heat.” The
energy conversion depends on the electrical conductivity and
the electrical and magnetic polarization losses of the
material.” The increase in temperature, due to energy conver-
sion, might affect the functionality of the electronic com-
ponents, reducing their lifetime.’ In this case, CPCs obtained by
using electrically and thermally conductive fillers, i.e. carbon
nanotubes (CNTs),"*"* graphene’®™ or reduced graphene
oxide (RGO),>° and MXenes>'>° represent valuable solutions to
introduce a shielding layer able to protect the device and dissi-
pate the heat simultaneously. In this context, CNT-Fe;O,@Ag/
epoxy nanocomposites were designed, exhibiting an EMI SE and
a thermal conductivity equal to 35 dB and 0.46 W m™* K/,
respectively.>” Graphene-based materials have also been used,
i.e., graphene/RGO foam/epoxy, for the realization of EMI
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shielding nanocomposites, obtaining values of EMI SE up to 51
dB with a thermal conductivity of 1.56 W m~" K *.%®

Under specific conditions, i.e., significant overheat of elec-
tronic devices, it may be useful to use EMI shielding materials
exhibiting both in-plane electrical conductivity and through-
plane thermal conductivity. In this case, such an anisotropic
material will stop the incident EM radiation and will provide
the necessary thermal protection for electronic devices
through heat dissipation. In this context, anisotropic CPCs
with high through-plane thermal conductivity, high in-plane
electrical conductivity and low through-plane electrical con-
ductivity are suitable to meet the key specific requirements for
the realisation of smart electronic packaging. Alongside car-
bonaceous conductive fillers (i.e. CNTs and graphene), hexag-
onal boron nitride (#BN) filler, being an electrical insulating
and thermally conductive material, has recently attracted great
attention as a suitable candidate to construct anisotropic
materials through the layer-by-layer (LBL) approach.>*7' In
this regard, LBL (32 layers) polyethene/ABN/CNT/graphite com-
posites displayed a thermal conductivity of 1.45 W m™" K~ '.*?
Similarly, a silicon rubber/graphene/ABN composite (16 layers)
exhibited a thermal conductivity of 1.25 W m™" K™, an electri-
cal resistivity of 10'> Q cm in the through-plane direction, and
reached an EMI SE value of 40.67 dB with a filler content of
~17.8 vol%.* It is worth mentioning that the composites with
good electrical conductivity along the in-plane direction and
high thermal conductivity in the through-plane direction can
be used as electrically driven heaters with potential use as
defoggers or defroster devices.*® In these devices, laminated
polymer/conductive filler/ABN composites can be heated by
applying a bias voltage, removing ice and protecting the device
at low temperatures operation. Simultaneously, the heat pro-
duced by the device is dissipated.*> However, the production
of composites with an LBL structure requires a large amount
of fillers to achieve the required combination of thermal con-
ductivity, Joule effect and EMI shielding properties.*®?”
Therefore, the design and preparation of composites with a
more efficient LBL segregated filler network may represent a
viable approach for reducing the filler content and improving
both the thermal and electrical conductivity of layered struc-
ture polymer composites.*®°

In previous reports, the segregated carbonaceous filler
network was constructed through a rubber-based latex mixing
approach.?%3%39 In detail, the latex particles force the filler
into the excluded-volume in between the particles forming a
continuous network, thereby reducing the volume of filler
necessary to achieve the electrical percolation (less than 0.62
vol% as compared to 4.62 vol% when the filler is randomly
dispersed).*>*° Besides the high-electrical and -thermal con-
ductivity at the lowest concentration needed to reach the perco-
lation threshold, the additional advantages of this method are
the ease of mixing and its eco-sustainability due to the use of
water as the solvent. Composites with a filler segregated
network, such as Fe;0,@RGO/rubber,”® CNT/rubber,*!
Fe;0 @graphene/poly(methyl  methacrylate),”>  polystyrene/
BN, ultra-high-molecular-weight-polyethylene/BN,**  and
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polypropylene/graphite,*” were all prepared by filler self-assem-
bling and the latex method for EMI shielding and thermally
conductive applications.

Natural rubber latex obtained from Hevea brasiliensis tree is
an environmentally friendly and low-cost material, which can
be easily processed with well-established technologies.® These
advantages, combined with its excellent mechanical pro-
perties, make the natural rubber an ideal candidate to realize
composites useful for many applications, e.g., tires, seals or
shock absorptions. In this work, natural rubber-based compo-
sites exhibiting a layered structure have been prepared by com-
bining the mixing and the vacuum-assisted filtration methods.
Particularly, rubber-based layered composites with CNTs and
hBN (RCB), obtained by alternating layers made of natural
rubber (NR)/CNTs and NR/ABN exhibit high electrical conduc-
tivity (1 S em™") and high electrical insulation in the in-plane
direction and thermal conductivity in the through-plane direc-
tion (0.25 W m~" K *). When EM waves enter into the compo-
sites from the NR/ABN layer, the EMI SE of the RCB composite
with layers containing #BN at 16 phr (~13.8 wt%) and CNTs at
8 phr (~7.4 wt%), with a total thickness of 1.4 mm, is 31.38
0.2 dB. At the same time, the heat energy converted from EMI
energy can be dissipated into the environment because of its
high through-plane thermal conductivity (0.25 W m™" K %).
This rubber-based anisotropic material, characterized by a
layered segregated filler morphology, represents an important
step toward real applications of anisotropic materials, exhibit-
ing a combination of high EMI shielding, thermal conductivity
and heat-dissipation capability.

Experimental
Materials

Pre-vulcanized natural rubber latex (HMR 10, solid content:
60.5 wt%) was supplied by Synthomer, UK. Hexagonal boron
nitride, ABN (CAS: 10043-11-5) was obtained from Alfa Aesar.
Carbon nanotubes (NC 7000, diameter: 10 nm, length: 1.5 pm,
density: 1.75 g ecm™®) were purchased from Nanocyl S.A.,
Belgium. Graphite, mesh 100, was purchased from Sigma
Aldrich. Cetyltrimethylammonium bromide (CTAB), as a sur-
factant, was obtained from Sigma Chemical Company. All
reagents were used without further purification.

Exfoliation of boron nitride

A mixture of the bulk layered boron nitride (100 g) and the
solvent (10 L of NMP, Sigma Aldrich) is prepared and exfo-
liated using a Wet Jet Mill (JN100, Joko, Japan). The Wet Jet
Mill apparatus consists of a hydraulic mechanism and a
piston, which supplies pressure (250 MPa) pushing the boron
nitride and NMP mixture into the processor, in which jet
streams, high shear rates and cavitation are generated.***> The
mixture of bulk boron nitride and NMP is placed in a con-
tainer and processed using a 0.10 mm nozzle diameter. The
sample is totally processed, setting the piston passes at 1000.
The process is repeated 10 times to guarantee the processing
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of the whole sample. The processed sample is then collected
in a second container. The flake lateral sizes and thickness are
reported in ref. 47 indicating a lateral size of 360 nm and
thickness mode of 2.4 nm. The full characterisation of the
hBN flakes is reported in ESI Fig. S1a to c.t

Exfoliation of graphite

A mixture of graphite (100 g) and the solvent (10 L of NMP) is
prepared and exfoliated using a Wet Jet Mill (JN100, Joko,
Japan).”””*® The mixture of graphite and NMP is placed in a
container and processed using consecutive nozzles with dia-
meters of 0.3, 0.15 and 0.10 mm. The process is repeated 2
times using the 0.10 mm nozzle. The processed sample is then
collected in a second container. The flake lateral sizes and
thickness are reported in ref. 47 indicating a lateral size of
460 nm and thickness mode of 1.6 nm. The full characteris-
ation of the few-layer graphene flakes is reported in ESI
Fig. S1d to f.f

Preparation of the composites with a layered-structure

Measured amounts of CNTs and CTAB with a CNTs/CTAB
weight ratio of 1:1 were dispersed in water by using an ultra-
sound probe (UP200S Hielscher sonic bath, the temperature
was controlled with an ice-water mixture in a beaker, cycle: 0.5,
amplitude: 80%) for 30 min. Pre-vulcanized natural rubber
latex was added into the CNT dispersion and further sonicated
for 30 min, realizing NR/CNT latex. NR/ABN latex was obtained
through the same procedure. The experimental formulation of
latex composites is shown in Table S1.F

NR/CNT latex (6 ml) was placed in a Buchner funnel and fil-
tered by vacuum-assisted filtration to deposit the first compo-
site layer on the paper filter. The CNTs, initially assembled
onto the surface of rubber latex particles, give rise to an LBL
morphology in the samples, Fig. 1. Subsequently, NR/ABN

[ NRICNT i
1) NR/CNT latex 2) Water filtering
— _—
5) Repeat steps 3) NR/hBN
1 to 4 four times latex

“_ —_— NR/hBN film
——
8-RC,B, 4) Water filtering

x: CNT content in the NRICNT layer
¥: CNT content in the NR/CNT layer

Fig. 1 Schematic illustration of the preparation process of RCB compo-
sites with a layered structure. The picture shows the 8-RCgBg compo-
site. The same process was adopted to produce some layered structures
by using graphene as an alternative to carbon nanotubes.
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latex (6 ml) was poured on the first layer made of NR/CNTs
(black NR/CNT layer) and water was removed by filtration,
forming the second layer (white NR/AZBN layer). These steps
were repeated until the desired number of layers was achieved.
Finally, the films were dried at 60 °C for 6 h and then heated
at 150 °C for 30 min in a vacuum oven to vulcanize the natural
rubber. The obtained films were designated as z-RC,B,, where
z represents the total number of layers, x and y represent the
CNT and /BN content in the layers, respectively. For a com-
parative purpose, NR/graphene/hBN composites were prepared
by using the same process, replacing CNTs with graphene and
hBN filler.

Characterization

Transmission electron microscopy (TEM) images of RCB com-
posites were obtained by using an FEI Tecnai G* F20 S-TWIN
transmission electron microscope, operating at an acceleration
voltage of 200 kV. The samples were sliced at room tempera-
ture (70-80 nm thickness) using a cryo-microtomed Leica EM
UC6 equipment. The cut films were collected and supported
on copper grids for observation.

Scanning electron microscopy (SEM) was conducted using a
Zeiss Ultra 55 apparatus (Jena, Germany) with a detector oper-
ating at an acceleration voltage of 10 kV. Specimens were
sputter-coated with 10 nm gold before measurement using an
EMS550X sputter coating system. In order to evaluate the
effect of bending cycles at the interface between two layers,
samples are bent at 90° for 1000 cycles and subsequently SEM
analysis was performed. Moreover, SEM investigations of
tensile fracture surfaces of the samples were also executed.
The chemical composition of the films was analysed by X-ray
energy dispersive spectroscopy (EDS, Oxford Instruments,
coupled to a SEM microscope), by applying 3 keV acceleration
voltage under 8.5 mm working distance.

The thermal conductivity (x,, W m~" K') of RCB composites
was calculated from the thermal diffusivity (@, mm?* s,
specific heat capacity (Cp, J g~' °C™"), and the density (p, g
em™?), using the relationship « = a x C,, x p.**

The thermal diffusivity of RCB discs (diameter of 12.7 mm)
was measured at 25 °C using a laser-flash apparatus (LFA 467,
Netzsch Instruments, Inc.).

TA Discovery Differential Scanning Calorimetry, DSC instru-
ment was used to estimate the C, of RCBs with different filler
contents. All samples were heated from 0 to 100 °C, then
cooled down to 0 °C and finally re-heated up to 100 °C at the
rate of 10 °C min~". The DSC curve of the second heating
ramp was used in order to obtain the C, value at 25 °C.
Density was calculated as the ratio of the mass to volume of
the sample. The mass was measured with an analytical
balance with a precision of 0.001 g, whereas the sample
volume was determined by the geometrical shape and the
dimensions were measured by using a calliper with an accu-
racy of 0.01 mm.

The electrical conductivity of all composites was measured
by a two-point measurement (Keithley 2400 picoammeter).
Rectangular samples (10 x 5x1.4 mm?®) were cut and coated

This journal is © The Royal Society of Chemistry 2020
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with a silver epoxy paste (Shenzhen Sinwe New Material Co.
Ltd) to ensure good electrical contact between picoammeter
electrodes and the sample surface.

Thermogravimetric analysis (TGA) was carried out using a
TGA Q500 (TA Instrument) in an air atmosphere to character-
ize the thermal stability of samples. The samples were heated
from 30 °C to 700 °C at a heating rate of 10 °C min ™",

Fourier-transform infrared spectroscopy (FTIR) spectra were
recorded at room temperature by using a FT-IR spectrometer
(model Frontier Dual Ranger, PerkinElmer, USA) in attenuated
total reflectance (ATR) mode from 650-4000 cm ™. ATR spectra
were recorded at 4 cm™" resolution, and the reported results
are the average of 32 scans. All the spectra were background-
corrected.

To evaluate the electric heating behaviour, silver-coated
samples (10 x 5x1.4 mm?®) were connected by copper wires to
the DC power supply. An IR camera (FLIR A35) was used to
record the temperature of the surface of samples at different
input voltages. The DC power supply was interrupted when the
surface temperature reached 170 °C.

The EMI SE of the samples (thickness of 1.4 mm) was evalu-
ated by using an Agilent N5247A vector network analyser in the
transmission-reflection mode. The scattering parameters (S;;
and S,;) in the frequency range between 8.2 and 12.4 GHz
(X-Band) were recorded. From the S;; and S,; scattering para-
meters, the power coefficients of reflectivity (R), transmissivity
(T), and absorptivity (A) are obtained using the following
equations:*°

R =Sy (1)
T=|Sul (2)
A=1—-R-T (3)

Therefore, the effective absorbance (A.) can be described
as follows:*°

Aer =A/(A+T) (4)

The total EMI SE (SE), defined as the logarithmic ratio of
incoming (P;,) to outgoing power (P,,) of electromagnetic
radiation was also calculated, according to eqn (5):>!

P
SEp = —10 lg(;‘”

in

) = SEg + SE4 + SEum (5)

in which SE,, SEg, and SEy are the absorption, reflection, and
multiple reflection shielding, respectively. The SEr and the
sum of SE, and SE, can be obtained from eqn (6) and (7):>°

SEg = —101g(1 — R) (6)

T

in which T and R are the transmissivity and reflectivity,
respectively, as defined by eqn (1) and (4).
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Results and discussion

Segregated layered morphology and structure of RCB
composites

The layered structure of the 8-RCgBg sample is evident in the
image in Fig. 1, in which the black layers correspond to the
NR/CNT composite and the white ones to the NR/ABN layers.
Each layer displays a uniform thickness (about 190 pm =
19 pm), as shown in Fig. S2a,f which is attributed to the
reliability and robustness of the vacuum-assisted filtration
process. The NR/CNT layer is well joined to the NR/AZBN layer,
as a result of a wet-wet deposition step, and a sharp interface
without cracks between the two layers is observed (Fig. S2b¥).
A merged interface between adjacent layers is observed for the
sample 8-RCgB;, all over its longitudinal section. Furthermore,
the same merged interfaces can be observed for the 8-RC,Bg
sample subjected to bending at 90° for 1000 cycles (Fig. S2ct)
and after tensile deformation until breaking (Fig. S2d¥). These
results prove that the interface between adjacent layers is
sufficiently strong to resist stress and preserve the layered
structure from delamination. The boundary between layers is
also observable by SEM and TEM, shown, in Fig. 2a and f
respectively. For clarity reasons, the red dotted line is used as
eye-guide (Fig. 2f). The presence of such interfaces suggests
that the NR latex containing the filler does not penetrate the
compact layer, already deposited during the filtration process.
The segregated morphology of #ABN nanoparticles and CNTs in
the composite layer of the 8-RCgB;, sample is shown in
Fig. 2b-e. The filler morphology of composite 8-RCgBg is
shown in Fig. 2f and h. Compared to the 8-RCgBg sample, the
8-RCgB;, sample exhibits a better defined segregated #ZBN mor-
phology due to the presence of a larger amount of the ABN
filler. The segregated networks demonstrate that the fillers
remain encapsulated in the rubber particles during the latex
mixing stage, forming a three-dimensional network during fil-
tration when the filler is forced between the latex particles. To
highlight the structure of the segregated ZBN network, SEM
and energy-dispersive X-ray spectroscopy images (EDS, includ-
ing the contribution of B and N elements in the NR/AZBN layer
of the 8-RCgBg composite) are shown in Fig. 2i-k and Fig. S3.7
It is noted that B element and N element dots, which identify
the ABN platelets.

Through-plane thermal conductivity of RCB composites

The thermal conductivity in the through-plane direction of the
RCB composites increases with the filler content, as illustrated
in Fig. 3a. The thermal conductivity value for the 8-RCgB,
composite is 0.25 W m~" K™, which is about 50% higher than
that of pristine NR (0.17 W m~" K™"). The higher thermal con-
ductivity can be ascribed to both the high thermal conductivity
of CNTs (3000 W m™* K™')°* and 4BN (600 W m™—" K™ *)** nano-
particles (which form the segregated network between rubber
particles and provide effective heat conductive paths®*’*), and
to the healed interface between the adjacent layers (which
make contact between adjacent layers and provide an effective
heat transport medium in the through-plane direction).

Nanoscale, 2020,12, 7782-7791 | 7785
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Fig. 2 SEM images of the section surface of the 8-RCgB;, composite (a), NR/CNT layer (b) and NR/hBN layer (c). TEM images of the NR/CNT layer
(d) and the NR/hBN layer (e). A TEM image of the interface zone between two joined layers (f), NR/hABN layer (h) and NR/CNT layer (j) for 8-RCgBsg
composites. SEM image (i), B mapping (j) and N mapping (k) of 8-RCgBg composites.

Filler content (wt%)
a) 00 20 38 57 7.4 91 107123138 b)

8RC,B,
8RC,3

R

Thermal conductivity (W m'K™")

0 2 4 6 8 10 12 14 16
Filler content (phr)

Fig. 3 (a) Thermal conductivity of RCB composites in the through-
plane direction. (b) The electrical conductivity of 8-RC,B, composites.
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It is worth noting that the total or even partial substitution
of CNTs with graphene brings a 100% increment in the
thermal conductivity compared to the pristine NR sample, the
results are summarised in Table S27 for samples 8-R(GE,C,)Bg
and 8-RGEgBg (exhibiting a thermal conductivity of 0.35 W
m~" K"), which is ascribed to the presence of graphene flakes
(thermal conductivity of 5000 W m™~" K™").>> Fig. S31 shows
the variation of the heat capacity, C}, for the RCB composites
at 25 °C with the increase of the filler content. In particular,
the C, decreases with the addition of CNTs or the ZBN filler
due to the intrinsically lower C,, of CNTs (0.65 J g~' K~ ')°° and
hBNs (0.78 ] ¢ K™')*” compared to the pristine NR (2.00 J g™*

This journal is © The Royal Society of Chemistry 2020
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K™"). Taking into account that the C,, decreases with the filler
content and that the density of the composite does not change
significantly, it is possible to confirm that the thermal diffusiv-
ity, a, is the key parameter to control the thermal conductivity
of LBL composites. By increasing the filler content, the
thermal diffusivity increases as a consequence of the thermal
phonon exchange due to the densification of the three-dimen-
sional filler network and increase of overlapping between par-
ticles, as shown in the section related to the morphology.®

The in-plane electrical conductivity of RCB composites

The electrical conductivity of the RCB composites affects
greatly their electro-heating behaviour and EMI shielding per-
formance. By cutting-off the conductive path with the insulat-
ing NR/ABN layer, the RCB composites become electrical insu-
lators in the through-plane direction (Fig. S5at), while RCB
composites are conductive in the in-plane direction
(Fig. S5bt). The in-plane electrical conductivity data of 8-RC,B,
composites are displayed in Fig. 3b, showing that the electrical
conductivity of 8-RC,Bg composites increases with increasing
CNT content, which is ascribed to the formation of a more
effective conductive network.>® In particular, the electrical con-
ductivity of 8-RCgBg is 0.98 S cm™, which is similar to the
values exhibited by some of our previous NR/CNT composites
(CNT content: 8 phr, 0.30 S cm™')* and by NR/CNT composites
(CNT content: 10 wt%, 1.31 S cm™') published by Jia et al.*'
The results suggest that the effective CNT segregated network
is preserved during the filtration process, as shown in Fig. 2.
From the data reported in Table S2, it is possible to see that
the electrical conductivity of 8-RCgBg (0.98 S cm™) is higher
than the ones of the 8-R(graphene,C,)Bg (0.234 S cm™') and
8-R(grapheneg)Bg (3.98 x 107> S em™') samples. The satisfac-
tory electrical conductivity of the RCB composites is also
demonstrated by the gleaming of a light emitting diode (LED)
bulb connected to the battery through an electrical circuit that
includes the 8-RCgB;, composite (Fig. S5ct). Furthermore, it is
noted that the electrical conductivity of RCB composites
decreases with increasing #BN content from 8 phr to 16 phr.
This behaviour can be ascribed to the effect of accumulation
of CTAB in the layers with CNTs, which occurs during the fil-
tration. Likely, the surfactant, coming from the layers with
hBN, deposits onto the surface of CNTs leading to an increase
of the distance between them and reducing, consequently, the
effect of electron tunnelling transport.® This hypothesis is
supported by FTIR results for NR/CNT layers and NR/ABN
layers which show an accumulation of CTAB in the CNT layers
of composite samples with higher contents of #BN (Fig. S67).

EMI shielding property of RCB composites

The EMI SE behaviour of materials depends on the reflection
and absorption of the incident EM waves at the interfaces
between both air/material, between different materials and
within the material.?® In particular, the reflection contribution
SEg is related to the impedance mismatch between the air and
the material,*® in which the absorption, SE, depends on the
conduction, polarization and magnetic losses of the adsorbing
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materials.>® In the case of multiple reflections, SEy, is often
neglected for isotropic materials,* i.e. when the thickness of
the sample is much greater than the skin depth (which rep-
resents the penetration distance of radiation in the materials
at which the intensity transmitted is reduced to 1/e of its
initial value). In our cases, multiple reflections (ie., air/
material, material/air and material based on CNT/materials
based on ABN) cannot be neglected since each layer is about
190 pm + 19 pm (as shown by SEM images, Fig. S2at).

Since the impedance mismatch between the air and the
NR/CNT layer is different from that between the air and the
NR/ABN layer, the EMI shielding property of RCB composites
(1.4 mm in thickness) was measured with respect to the inci-
dent directions of the EM wave, i.e., (a) EM waves entering into
the sample through the NR/CNT layer and (b) through the NR/
hBN layer, as shown in Fig. 4. In particular, the EMI SE was
determined in the range of 8.2-12.4 GHz, which represents the
working frequency band for transmission radar communi-
cation and for most electronic devices, i.e. wireless devices
such as cell phone, tablets, televisions, computers, and super-
computers." The data show that the EMI SE of all samples
increases with the frequency, regardless of the direction of the
incident waves, as shown in Fig. 4a and b. Moreover, although
the density of RCB composites does not change with the filler
content (Fig. S7t) their EMI SE does. The increase of EMI SE is
attributed to the increment of free-charge carriers and electric
dipoles, together with the enhanced conductive network.*? In
particular, the EMI SE of 8-RC,Bg is 22.68 + 0.2 dB at 10.3
GHz, when the EM waves penetrate into the samples from the
NR/CNT layer. This value satisfies the commercial EMI shield-
ing requirement (20 dB) for shielding materials.>® Moreover,
by increasing the ZBN content, the 8-RCgB,, composites show a
further increment of EMI SE values, i.e., the EMI SE values for
8-RCgB¢ and 8-RCgBye are 26.29 + 0.2 and 29.93 + 0.2 dB,
respectively, at 10.3 GHz. The increment of EMI SE is ascribed
to a denser and more interconnected ABN network, allowing
greater availability of pathways for the movement of charges
from the CNT layer to the BN layer through a hopping mecha-
nism.®® However, it is also possible that an increase in the
hBN content brings a significant impedance mismatch
between the NR/ABN and the NR/CNT layers, thereby enhan-
cing the internal reflections of EM. It is worth mentioning that
the RCB composites exhibit higher EMI SE values when the
EM waves enter into the samples from the NR/ABN layer
(Fig. 4b). In fact, the EMI SE values of 8-RCgBg and 8-RCgB;¢
are 30.49 + 0.2 and 32.52 + 0.2 dB, respectively, at 10.3 GHz. To
understand the mechanisms involved in the electromagnetic
shielding effect of RCB composites, the different contributions
SE4 + SEy;, SEr and SEp for 8-RC,Bg and 8-RCgB,, composites,
have been included in Fig. 4c and d. The values of SE, + SEy,
and SEr for 8-RC3B,, and 8-RC,Bg composites increase with the
filler content, while SEr does not change significantly. In par-
ticular, the SEg value (~1 dB) when the waves traverse the
sample from the NR/ABN layer is lower than that (~5 dB) when
the waves traverse the sample from the NR/CNT layer. The
phenomenon is attributed to the impedance mismatch
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Fig. 4
quency when EM waves penetrate the samples from the NR/CNT layer; (b)

(a) Electromagnetic waves are incident from the NR/CNT layer; EMI SE of RCB composites with different filler contents as a function of fre-

EM waves enter from the NR/hBN layer. EMI SE of RCB composites with

different filler contents as a function of frequency when EM waves penetrate the samples from the NR/hBN layer; (c) shielding by reflection, absorp-
tion and multiple reflections, and total shielding of 8-RC,Bg composites at 10.3 GHz (solid symbol: EM waves enter from the NR/CNT layer; hollow

symbol: EM waves enter from the NR/hBN layer). (d) Shielding by reflection,

absorption and multiple reflections, and total shielding of 8-RCgB, com-

posites at 10.3 GHz (solid symbol: EM waves enter from the NR/CNT layer; hollow symbol: EM waves enter from the NR/hBN layer). (e) The skin
depth of the 8-RC,Bg and 8-RCgB, composites, in the hypothesis the multiple reflections are neglected. The sample thickness is 1.4 mm. Error bar

of the Agilent N5247A vector network analyser was 0.2 dB.

between air and the NR/ABN layer which is lower compared to
the mismatch between air and the NR/CNT layer. Furthermore,
for all 8-RC,B, composites, the contribution of SE, + SEy to
the total EMI SE is more than 98%, as shown in Fig. S8.f
These results confirm that the EM wave absorption and mul-
tiple reflections are the key mechanisms mainly contributing
to the EMI SE of 8-RC,B, composites, which implies that the
layered structure and the filler segregated morphology improve
the adsorption of EM rather than reflect it into the surround-
ings. However, the RCB composites exhibit the highest SE, +
SEy, and lowest SEg contributions when the EM waves enter
from the NR/ABN layer and leave from the NR/CNT layer. In
particular, the data in Fig. 4c and d show that the SE, + SEy; of
RCB composites measured when EM waves are incident from
NR/ABN, is always higher than SE; obtained when EM waves
enter from the NR/CNT layer at 10.3 GHz. Thus, the results
confirm that the best configuration to increase the shielding
effectiveness is achieved when the EM waves enter the sample
from the NR/ABN layer and leave from the NR/CNT layers. To
further evaluate the EMI shielding performance it is useful to
use the normalized EMI SE values (i.e. EMI SE divided by
sample thickness). The specific EMI SE value of the 8-RCgB;,
composite (1.4 mm thickness) is equal to 20.62 + 0.14 dB

mm~" when the EM wave enters from the NR/CNT layer, while

7788 | Nanoscale, 2020, 12, 7782-7791

it is equal to 22.41 + 0.14 dB mm ™" when the EM wave enters
from the NR/ABN layer at 10.3 GHz. Both these EMI values are
higher than some of the earlier published values for rubber-
based EMI materials (Table S37).

The skin depth parameter (§), is a quantitative measure of
the materials’ shielding ability.>® Moreover, the skin depth is
inversely proportional to the SE, value of materials at a fixed
thickness, d.°" The relationship between SE, and skin depth is
given by eqn (8):*?

SEx = 20 log(e?/?) = 8.686 (d/5)

(8)

The skin depth depends on the frequency according to
eqn (9):*

5 =1/(rfuo)'? (9)

where f is the frequency, o is the electrical conductivity of the
overall anisotropic composite, and p is the magnetic per-
meability of the material (u = pou, where p, = 41 x 107" H m™*
and g, is the material’s relative magnetic permeability, and y,
=1 for the nonmagnetic composites). Neglecting the multiple
reflections from each layer, the skin depth of the samples with
more than 4 phr (~3.8 wt%) CNT is estimated to be less than
0.7 mm, see Fig. 4e. Since this skin depth value (around

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 (a) The time-dependent temperature profiles of 8-RC4Bg com-
posites for the different input voltages. The inset picture is an IR image
of the 8-RC4Bg composite surface after inputting voltage for 30 s. (b)
The effect of filler content on the electro heating behaviour with an
input voltage of 2.5 V.

0.7 mm) corresponds to the total thickness of the four NR/
CNT layers, it can be deduced that the RCB composites display
excellent EMI shielding properties when the CNT concen-
tration of the NR/CNT layers is greater than 4 phr.

Electric heating behaviour of RCB composites

Materials exhibiting significant electrical conductivity are
often used as electric heaters. Electrical energy dissipated by
the Joule effect was monitored by infrared imaging of the NR/
hBN surface (Fig. S9t). During the application of the voltage (5
V), the samples exhibited a uniform temperature distribution
(inset image of Fig. 5a). The time-dependent temperature pro-
files of 8-RC,Bg composites at the different voltages (from 2.5
V to 7.5 V) are shown in Fig. 5a. The surface temperature of
8-RC,Bg increases to 170 °C in 30 s when applying an electric
potential of 7.5 V. When the voltage is reduced to 5 Vand 2.5 V
the equilibrium surface temperature of the 8-RC,Bg compo-
sites drastically decreased to 165.4 °C and 47.8 °C, respectively,
suggesting that there is sharp non-linearity (switching effect)
in the heat-voltage.®" These results confirm that the sample
8-RC,Bg can be used as a heat dissipater by applying lower
heat-voltage as compared to the ones previously reported for
graphene/rubber,*! ie. 10 V and for poly(3,4-ethylene diox-
ythiophene) textiles,*® i.e. 6 V. The heat-voltage is similar to
the value found for both the MXene/polyester composite,* i.e.,
2 V and graphene,® i.e., 3.2 V. These low-trigger voltage values
not only ensure human body safety when the devices are used
as textile heaters but make it also possible to be powered by
portable batteries.®® The input voltage of 2.5 V was applied to
all 8-RC,B, composites for investigating the effect of filler con-
tents on their electric heating behaviour. The results are
shown in Fig. 5b.

It is worth noting that the stationary temperature of all
samples is reached faster with the increase of the CNT
content. The steady-state temperature changes from 32.1 °C to
96.8 °C when the CNT content increases from 2 phr (~2 wt%)
to 8 phr, which is attributed to the increase in the electrical
conductivity of 8-RC,Bs. It is also significant to note that the
surface temperature of 8-RCgB, composites increases from
74.6 °C to 103.3 °C when the ZBN content increases from 6

This journal is © The Royal Society of Chemistry 2020
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phr (5.66 wt%) to 12 phr. That is ascribed to the fact that the
thermal conductivity increases with the ZBN content whereas
the C,, decreases, suggesting a more significant Joule heating
effect from the inner layer to the surface layer. Based on data
reported in Table S4,T the RCB composites display better elec-
tric heating behaviour than epoxy/graphene films,*>°® epoxy/
graphene/CNT films®® and polydimethylsiloxane/CNT/gra-
phene films®” with the same sample size (length and wide-
ness). The thermal stability of electric heating materials affects
the temperature range wherein the samples can operate. Based
on Fig. S10,T RCB composites can be safely used below 200 °C,
which represents the temperature onset for thermal degra-
dation of samples as determined by TGA in air atmosphere.

Conclusions

Layered composites containing carbon nanotubes and boron
nitride flakes as fillers with a segregated morphology were pro-
duced by combining latex mixing and vacuum-assisted fil-
tration methods. These composites have been investigated as
potential candidates for both electromagnetic interference
(EMI) shielding application in the 8.4-12.4 GHz range and as
heater dissipaters. The results confirm, as compared to the
state-of-the-art, that the segregated morphology of the fillers
and the anisotropic structure built-up by alternating conduc-
tive and insulating layers enable the realization of effective
multifunctional EMI shielding materials, by exploiting easy
and reliable methods. In the through-plane direction, the
layered composites, i.e., the 8 phr of carbon nanotubes and 12
phr of boron nitride flakes (8-RCgB;,), display a thermal con-
ductivity up to 0.25 W m™" K, electrical insulation and an
EMI shielding of 32.52 + 0.2 dB at 10.3 GHz. In the in-plane
direction, the layered composites exhibit an electrical conduc-
tivity up to 0.98 S cm™, and electric heating behaviour. In par-
ticular, the thermal conductivity and specific EMI shielding
efficiency of 8-RCgB;, composites (containing four layers with
carbon nanotubes at 8 phr and four layers with boron nitride
flakes at 12 phr) are respectively 0.25 W m™" K ' and 22.41 +
0.14 dB mm™" (EM waves enter from the NR/boron nitride
layer). The surface of the same material reaches about 103 °C
with an input voltage of 2.5 V. The present work opens the way
to the design of next-generation multifunctional EMI shielding
materials for possible use as “smart textiles” that are able to
shield electronic devices and are capable of heating as well as
dissipating heat emanating from external devices.
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