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We present novel polyethylene (PE) composites for electromagnetic interference (EMI) shielding application.
They are based on cobalt modified multi-walled carbon nanotubes (MWCNTs) produced via in situ polymeri-
zation of ethylene, with the Ti-Ziegler—Natta catalyst preliminarily immobilized on Co/MWCNT hybrids. The
electromagnetic properties of the composites were tuned by varying the filler loading and Co:MWCNT ratio. The
microstructure of the composites and electromagnetic absorption process were carefully characterized by
transmission and scanning electron microscopy, X-ray diffraction, vibrating sample magnetometry, ferromag-
netic resonance and vector network analysis. The electromagnetic wave absorbing properties of the nano-
composite were investigated in the 10 MHz—18 GHz frequency range revealing that the EMI absorption
properties can be tuned by varying the Co:MWCNT weight ratio in the filler. Interestingly, the Co/MWCNT-PE
composite with a total filler and Co loading of only 12 and 1.7 wt%, respectively, showed extremely high
reflection loss (RL) of —55 dB. More importantly, an effective bandwidth of 12.8-17.8 GHz (RL below —10 dB)
was achieved for a matching thickness of only 1.5 mm. The specific RL value (RL/filler loading) of the composite
was superior in comparison with the previously reported nanostructured carbon materials. The highly effective
absorbing properties of Co/MWCNT-PE composites are explained primarily by the unprecedented uniform filler
distribution in the polyethylene as well as by the synergistic effect of MWCNTs and Co nanoparticles. This
approach thus offered an effective strategy to design cost-effective, lightweight and flexible EMI shielding ma-
terials with tunable dielectric and magnetic performance.

1. Introduction ultimately provoke adverse effects on human health [1]. In this context,

carbon polymer composites are extensively studied as lightweight flex-

The rapid rise of modern electronic equipment and communication
technology has strongly advanced the diffusion of miniature devices in
the consumer environment and their multiplication has been a signifi-
cant source of electromagnetic interference (EMI). Strong EMI pollution
is thus a current concern as it can cause the malfunction of various
electronic devices in civil, scientific and military applications, and
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ible coating materials for electromagnetic shielding [2-6]. The disper-
sion of conductive carbon particles within a thin flexible dielectric
polymer matrix confers to the composite tunable electromagnetic re-
sponses that are both practically relevant and theoretically challenging.
In most cases, to minimize reflection by impedance matching and
enhance adsorption losses, ferromagnetic particles are also dispersed
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within the composite together with the carbon particles [7,8]. In theory,
the targeted reflection loss and bandwidth can then be attained for
loadings as low as 1 wt% (close to the 3D percolation threshold) when
using high aspect ratio carbon particles such as carbon nanotubes (CNT)
[9]. In practice however, the dispersion of the CNT is far from ideal.
Aggregation or bundling results in performances degraded from the
prediction of percolation theory and loading in the range of 30-40 wt%
are actually commonly needed [10]. So far, this limitation has been
circumvented by designing complex heterogeneous structures such as
foams [11,12], aerogels [13-15], and sponges [16]. Another successful
strategy has been the inclusion of conductive micrometric needles [17].
However, the complexity and fragility of these materials makes them
largely impractical in many cases. In summary, despite the attractive
potential of carbon nanotube polymer composites for electromagnetic
shielding, it must be recognized that their design and realization remain
a challenge.

Recently, we have shown that immobilization of Ti-Ziegler-Natta
catalysts on multi-walled CNT (MWCNT) allows the in situ polymeriza-
tion of polyethylene (PE) resulting in a composite with an unprece-
dented level of dispersion [18-20]. The rationale is that the MWCNT
acts as nucleating agent for PE crystallization and template for chain
orientation. Independently, we have also investigated the relatively
simple deposition of Co metal nanoparticles on MWCNT by incipient
wetness impregnation [21,22]. Building on these studies, we show here
that a combination of Co deposition on MWCNT and in situ polyethylene
polymerization provides a new route to synthesize tunable, thin,
low-density electromagnetic shielding materials in the 2-18 GHz range.
This relies on the fact that Co nanoparticles enhance electromagnetic
wave attenuation and are an efficient and versatile efficient absorbing
material due to their strong exchange force, controllable crystal struc-
ture, and tunable magnetic properties [23,24]. Indeed, investigations of
the electromagnetic absorbing properties of the Co/MWCNT-PE com-
posites revealed that EMI absorption properties can be tuned by varying
the Co:MWCNT weight ratio in the composite. The best reflection loss, -
55 dB at 5.2 GHz, was achieved with a total filler loading as low as 12 wt
%, and a Co nanoparticle loading of only 1.7 wt% (thickness of 4 mm).
An effective bandwidth 12.8-17.8 GHz (RL below —10 dB) was obtained
for a relatively thin value of matched thickness (1.5 mm). To the best of
our knowledge, this material had the highest specific reflection losses
(SRL = RL/filler loading and SRL = RL/magnetic nanoparticle loading)
among previously reported absorbers composites based on commer-
cially available polymer and containing nanostructured carbon mate-
rials with magnetic nanoparticles.

2. Material and methods
2.1. Synthesis, post-treatment and functionalization of MWCNTs

The MWCNTs used in this work were synthesized by chemical vapor
deposition (CVD) of ethylene gas over bimetallic Fe-Co catalysts at
680 °C [25]. The obtained nanotubes had an average outer diameter of
9.4 nm. After the growth the MWCNT were purified from remaining
catalyst particles by boiling in a solution of hydrochloric acid as
described in Ref. [26]. Subsequently, the MWCNT were mildly oxidized
in concentrated HNO3 for 120 min to obtain functionalized nanotubes
with about 2.4 carboxylic groups per nm?, a surface area of 260 m? g~
and a purity above 99% [26].

2.2. Co/MWCNT hybrids preparation

Co-containing samples were prepared by incipient wetness impreg-
nation (IWI) of MWCNTSs with aqueous solutions of cobalt nitrate (Co
(NO3)2-6H20, 98%, Sigma-Aldrich) [27]. The concentration of Co ni-
trates in the impregnation solutions was varied to obtain Co/MWCNT
samples containing different Co loading at about 3.5-14.5 wt%. The
higher Co content (28-34 wt%) were synthesized by multiple IWI (4 and
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5 times) of the 7.5 wt% Co/MWCNT sample. In this case, after each
impregnation, the samples were dried at 110 °C and re-impregnated to
obtain the desired Co loading in the samples. Fig. 1 displays the scheme
of Co/MWCNT hybrids preparation.

Then, a portion of the multistage IWI calcined sample was loaded
into a flow-through glass reactor and kept in an argon stream (60
mL-min~!) for 5 min. After that, argon was replaced by hydrogen (flow
rate 50 mL-min~!), and the sample was heated in the hydrogen stream to
400 °C at a rate of 3 °C-min~! and kept at 400 °C for 4 h. After cooling,
the reduced sample was purged with argon for 20 min and transferred
into glass ampoules, which were sealed without contact with air
immediately after the reduction procedure. The exact Co content was
determined by X-ray fluorescence (XRF) using a sequential spectrometer
ARL Perform’X with a Rh anode X-ray tube according to Ref. [28]. The
prepared samples were denoted as x% Co/MWCNT-Ox, the number x
standing for the cobalt load in wt.%.

2.3. Preparation of catalytic systems Co/MWCNT/TIBA/TiCly; and
synthesis of Co/MWCNT-PE composite materials by in situ polymerization

For synthesis of Co/MWCNT-PE composite materials, an in situ
polymerization technique was chosen. It relies on a previous adsorption
of Ti-containing polymerization catalysts on the surface of Co/MWCNTs
systems followed by polymerization of ethylene. Fig. 2 displays the
scheme of preparation of Co/MWCNT-PE with in situ polymerization.

All manipulations were carried out under argon atmosphere using
standard Schlenk techniques. A sample of reduced Co/MWCNT (with
different Co content 3.5-34 wt%, 1 g) in the argon stream was trans-
ferred into the 0.4 L glass reactor and 50-100 mL of heptane was
introduced. Further, a solution of triisobutylaluminium (TIBA) in hep-
tane (0.8 mmol per gram of Co/MWCNT) was added. The batch was
vigorously stirred at room temperature for 1 h and then left standing for
12 h. After 12 h, the liquid phase was decanted in argon atmosphere
through a siphon, and the precipitate formed was washed twice with
pure heptane. 50 mL of heptane was added to the washed Co/MWCNT/
TIBA sample and a solution of TiCls in heptane (0.4 mmol Ti per gram
MWCNT) was added with vigorous stirring. The mixture was stirred at
room temperature for 30 min, after which the precipitate was allowed to
settle and washed twice with pure heptane. Using atomic emission
spectroscopy with inductively coupled plasma, the average composition
of the obtained Co/MWCNT/TIBA/TiCl, catalysts was determined to be
0.4 wt% Al and 1.1 wt% Ti. Then, a portion of heptane was added to the
catalyst to fill the total volume of 250 mL and the catalyst was dispersed
in an ultrasonic bath for 30 min to form a stable suspension. Further the
catalyst suspension under argon was transferred into a 1 L steel poly-
merization reactor preliminarily dried by evacuation at 80 °C. The
reactor was charged with 1.4 mmol of cocatalyst (triethylaluminum
(TEA)), heated up to 70 °C and saturated with ethylene (4 atm). During
the reaction the temperature and the ethylene pressure were maintained
constant through an automated ethylene feed which also recorded the
ethylene consumption with time.

The polymerization reaction was stopped when the required amount
of ethylene, corresponding to the target of about 10 wt% Co/MWCNT
additive in the polymer, was reached. The resulting composite materials
were separated from the reaction medium, washed with heptane,
ethanol, and dried to constant weight. The composites are labeled y% (x
% Co/MWCNT)-PE where the first percentage y refers to the inorganic
(Co/MWCNT) weight fraction and the second one x to the Co to MWCNT
weight fraction (as in section 2.2). Note that the percent Co weight
fraction in the sample is thus xy/100.

2.4. Characterization of Co/MWCNT hybrids and Co/MWCNT-PE
composite materials

2.4.1. Transmission electron microscopy (TEM)
Morphologies of the Co/MWCNT hybrids and uniformity of the Co/
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Fig. 1. Scheme of Co/MWCNT hybrid preparation via IWI technique.
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Fig. 2. Scheme of Co/MWCNT-PE composites preparation via in situ polymerization.

MWCNT distribution in the polyethylene matrix were characterized by
TEM using a JEOL JEM-2010 microscope. It operates at a 200 kV
accelerating voltage which allows a nominal resolution of 1.4 A. Co
particle size distributions in the Co/MWCNT samples were estimated by
analysis of TEM images containing about 200-400 Co particles at
magnifications of x 50 000 and x 400 000. The dimension was
measured for Co particles distinguishing those located on the outer
surface of the MWCNT and those in their internal channels. Concerning
the Co/MWCNT-PE composites, the powder samples were placed onto
TEM sample support meshes with an amorphous carbon conducting
layer.

2.4.2. Scanning electron microscopy (SEM)

The morphology and structure of the Co/MWCNT-PE composites
were investigated by SEM using a JSM6460LV JEOL microscope with an
accelerating voltage of 25 kV. For SEM studies, composite films prepared
by hot pressing were used, as described below in section 2.5. They were
cut into 8 x 3 x 0.5 mm?® pieces, and then fixed with silver glue to the
copper support with the cut section facing the beam.

2.5. Electrophysical properties of Co/MWCNT-PE composite materials

To study the electrophysical properties of the obtained Co/MWCNT-
PE composite materials, films were prepared by pressing the obtained
powder using a hand hot-press between two polished steel plates
covered with Teflon film and a copper frame with a thickness of 0.5 mm
as a spacer.

The electrical conductivity of the Co/MWCNT-PE composite mate-
rials was measured using a Keithley 6487 picoammeter/power source
with the Keithley 8009 measuring chamber. The specific volume con-
ductivity of the composite materials was measured using the ASTM
D257 — 14 standard procedure. The nominal film thickness was 0.5 mm.
However, the exact measured thickness varied between 0.49 and 0.58
mm. It what follows, we refer to the nominal thickness of 5 mm but the
true measured value was used for calculations.

The room temperature ferromagnetic resonance (FMR) spectra of
Co/MWCNT-PE composites was collected on a laboratory-made spec-
trometer using standard waveguide pass-through in the frequency range
of 37-53 GHz. The composite samples were taken as film sections
completely overlapping the cross section of the rectangular waveguide

with dimensions 5.2 x 2.6 mm?>.

The saturation magnetization of the Co/MWCNT-PE composites was
investigated within the magnetizing field range +£20 kOe using a vi-
bration magnetometer fitted with electromagnet designed by Puzei. The
measurements were carried at room temperatures on samples in the
form of cubes with dimensions of ~3 x 3 x 3 mm?®.

The frequency dependences of the electromagnetic parameters
(voltage reflection coefficients S11 and S22, voltage transmission co-
efficients S21 and S12) of Co/MWCNT-PE composite materials were
measured in the frequency interval of 10 MHz-18 GHz using an N5247A
vector network analyzer (Agilent Technologies) in an N-type coaxial
tract [29,30]. The complex values of the permittivity and permeability
were calculated for a flat sample at normal incidence of the electro-
magnetic wave. Based on the tested data of complex permittivity (¢) and
permeability (1) at the given frequency and thickness, the reflection loss
(RL) was calculated according to the following Eq. (1) and (2):

_ [Pt (i (2E
2 (247 0

RL=2010g|(Zi, — Z) | (Zin + Zo)| (2)

where Zj is the intrinsic impedance of free space, Zj is the input
impedance of the absorber, c is the velocity of the EM wave in air, f is the
frequency of the EM wave, and d is the thickness of the absorber. The RL
was calculated for composites located on conducting metal surface.

3. Results
3.1. Characterization of Co/MWCNT hybrids

As stated in the experimental section, the cobalt localization and
MWCNT morphology in the Co/MWCNT hybrids have been examined
prior to PE polymerization using TEM at different magnifications. TEM
images of reduced Co/MWCNTs samples of different Co content are
given in the supplementary data (Fig. S1 a-e). Analysis of the TEM im-
ages revealed a dependence of the localization and nanoparticles size on
Co loading in line with our previous studies [21,22]. For the samples
containing less than 5 wt%, the Co nanoparticles were located exclu-
sively inside the MWCNT (Fig. S1 a) and their size was limited to 4 nm
due to internal MWCNT steric constrains. A further increase of Co
loading led to a new population of predominantly spherical
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nanoparticles on the MWCNT outer surface whose sizes increased with
the Co loading, from 14 nm to 45 nm on average (Fig. S1 b-e).

3.2. Optimization of the Co/MWCNT-PE composites preparation

The original magnetic and dielectric properties of Co/MWCNT hy-
brids can be conserved when they are incorporated as filler in a polymer
matrix. However, the main challenge of such composite material pro-
duction is to prevent oxidation and to achieve a uniform distribution of
the filler in the polymer matrix.

As already discussed in our earlier works [21,22], pure Co/MWCNT
hybrids are not protected from oxidation by air, and thus their structure
cannot be investigated in detail by ex situ XRD. XRD patterns were thus
acquired in situ under a reducing atmosphere to trace the conditions for
the formation of Co nanoparticles during reduction and their evolution
depending on the reduction temperature. As an example, the dynamics
of the formation of Co metal particles and their dimensions have been
monitored on the 14.5% Co/MWCNT sample depending on the reduc-
tion temperature (Fig. S2). The reduction of Co/MWCNT samples in the
temperature range of 140-700 °C in a hydrogen flow results in a phase
transition from Co304 (150-280 °C) through CoO (280-350 °C) to Co
(above 350 °C). The size of the coherent domain for all phases of Co
remained roughly constant at 15 nm in the reduction temperature range
from 140 to 350 °C. Starting at 550 °C, the coherent domain size
increased to 30 nm and reached up to 45 nm at the final temperature of
700 °C. Thus, an optimal reduction temperature (350 °C) for the
Co/MWCNT samples was determined, making it possible to avoid the
sintering process and maintain the minimum size of Co nanoparticles.
Consequently, the Co coherent domain size after reduction was 15 nm
for 14.5% Co/MWCNT sample, that is a value not far from the initial
mean size of the Co particles observed by HRTEM (Fig. S1 c).

Regarding the optimization of dispersion, the Co/MWCNT-PE com-
posites were obtained by in situ polymerization. For a better under-
standing of the influence of polymerization conditions on the uniformity
of the distribution of the Co/MWCNT filler in the polyethylene, the
polymerization conditions were varied: temperature (70-80 °C), poly-
merization catalyst (TiCl4) concentration, CoH4 pressure (2-4 atm), and
H, pressure (0-4 atm). The polymer yield decreased when the poly-
merization temperature increased from 70 to 80 °C, probably because of
an associated loss of catalytic sites. The increase in the concentration of
the Ti-containing catalyst led to an increase in the total concentration of
active catalytic sites and thus to an increase of the polymer yield.
Finally, the addition of hydrogen to the polymerization medium favored
the hydrogenation of ethylene catalyzed by metallic cobalt particles.
Thus, the following polymerization conditions were considered as
optimal: polymerization temperature of 70 °C; ethylene pressure of 4
atm; no hydrogen. The polymerization catalysts Co/MWCNT/TIBA/
TiCly activity data and the composition of the obtained Co/MWCNT-PE
composite materials are listed in Table 1. Composite materials MWCNT-
PE with different content of MWCNT and without cobalt were also
synthesized under similar conditions as reference samples.

From the data in Table 1 it follows that the catalytic systems x% Co/
MWCNT/TIBA/TiCls (samples #4 to #9) were more active in the
polymerization reaction as compared to the corresponding catalysts
without Co, MWCNT/TIBA/TiCl; (samples #1 to #3). This can be
explained by a different fixation of the Ti-containing polymerization
catalyst on the surface of the Co/MWCNT samples compared to the
MWCNT ones.

A tentative explanation based on TEM could be the following. For the
MWCNT/TIBA/TiCl4 catalytic system, a thin film enveloping the tubes
was observed, revealing a uniform dispersion of the catalytic complex
along the MWCNT outer surface (Fig. S3 a-b). However, in the case of
catalytic systems containing metallic Co particles, the TiCly active sites
were located not only on the MWCNT outer surface but also around the
Co particles. Polymerization thus proceeded from a larger number of
polycrystalline catalytic sites (Fig. S4 a-b) resulting in a higher activity
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Table 1

Catalytic properties of Co/MWCNT/TIBA/TiCl, and composition of obtained
Co/MWCNT-PE composites. Polymerization conditions: cocatalyst TEA (5 ml);
polymerization temperature of 70 °C; ethylene pressure of 4 atm. Compositions
are in wt.%.

# x% Co/ % Yield Activity g Composition
Samples ~ MWCNT- Ti of PE PE/(g Ti
i Ox g -atniinin) % % %
PE Co MWCNT

lg

1 MWCNT- 22 93 3.3 90.3 - 9.7
Ox

2 MWCNT- 2.2 8.5 2.6 89.5 - 10.5
Ox

3 MWCNT- 1.7 7.7 7.1 88.5 - 11.5
Ox

4 3.5% Co/ ~ 9.7 6.4 90.5 0.3 9.2
MWCNT 1

5 7.5% Co/ ~ 10.7 9.9 915 06 7.9
MWCNT 1

6 11.5% ~ 6.2 15.5 86 1.6 12.4
Co/ 1
MWCNT

7 14.5% ~ 7.4 16.8 88 1.7 10.3
Co/ 1
MWCNT

8 28% Co/ ~ 9.2 11.5 90 2.8 7.2
MWCNT 1

9 34% Co/ ~ 8.3 7.4 89 38 7.2
MWCNT 1

in ethylene polymerization.

SEM and HRTEM (Fig. 3(b-c) and (d-f), respectively) images of Co/
MWCNT-PE composite materials confirm the uniform distribution of all
components in polyethylene. According to the analysis of PE reflections,
the degree of PE crystallinity for all Co/MWCNT-PE composite was
about 60% (Fig. S5). Thus, the introduction of MWCNT and Co/MWCNT
into polyethylene does not lead to a significant disordering of its crystal
structure.

3.3. Dielectric properties of MWCNT and Co dispersion in Co/MWCNT-
PE composites

An initial assessment of the dispersion of the MWCNT and Co/
MWCNT filler in the polyethylene composites can be obtained through
their static electrical conductivity. When the filler distribution in the
polymer matrix is uniform, the electrical conductivity of the composite
tends to be higher due to an increased number of electron transfer
conductive pathways in the volume of the composite. Fig. 4 is a mapping
of the electrical conductivity of the samples according to their Co and
MWCNT loading. Considering that the electrical conductivity of neat
polyethylene is ~107'% S/cm, the electrical conductivity of all the
samples was higher by orders of magnitude, ranging from ~10~7 to
1076 S/cm.

Comparing the series without Co, samples #1 to #3, the conductivity
of the MWCNT-PE composites varied only slightly with the MWCNT
content, signifying that in the concentration range under study, we were
well above percolation threshold. We were not able to prepare samples
varying solely in Co concentration but comparing samples at the lower
MWCNT content of Fig. 4 map (samples #1, #4, #5, #8 and #9), it was
clear that the introduction of cobalt nanoparticles did not lead either to a
significant change in the electrical conductivity in the Co/MWCNT-PE
composites below a MWCNT content of 10 wt%. However, at higher
MWCNT content as in composites samples # 6 and #7, the electrical
conductivity significantly increased upon Co deposition. Consequently,
composite #6 containing 12.4 wt % MWCNT and 1.6 wt % of Co
exhibited the highest electrical conductivity value (5.310°°Sem™ D). It
could thus be argued that in these two samples, the metal nanoparticles
(being present outside of the MWCNT as spheres of large radius [31], as
seen in Figure S1 for loading above 33 wt% per weight of MWCNT)



M.A. Kazakova et al.

>

#7 (12% (14.5% Co/MWCNT)-PE)

Composites Science and Technology 207 (2021) 108731

Eind

Mt 7 kU mw Tim @718 03 358

Fig. 3. Morphology and structural characterization of Co/MWCNT-PE composite sample with Co and MWCNT contents of 1.7 and 10.3 wt%, respectively. (a) Digital
camera image of as prepared Co/MWCNT-PE composite powder (b-c) Typical SEM and (d-f) TEM images of Co/MWCNT-PE composite sample.
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Fig. 4. Static electrical conductivity of Co/MWCNT-PE composites depending
on the content of Co and MWCNT in samples, measured at constant field
strength (7 V/mm). The thickness of all the samples was about 0.5 mm.

could contribute to the value of static electrical conductivity by
decreasing MWCNT junction resistance. The support for this hypothesis
is however weakened by the analysis of the frequency dispersion of the
conductivity of sample of similar MWCNT content but various Co
loading. As seen in Fig. 5, there was no correlation between the
conductive behavior and the Co content. However, the AC conductivity
(assimilated to the low frequency plateau) increased monotonously with
the distance to percolation threshold characterized by the cross-over
frequency between the constant and the frequency dependent regimes.
This established that the differences in the conductivity were simply
related to variations of the MWCNT distribution from one sample to the
other.

Nevertheless, while increasing dielectric losses is desired to limit the
transmission of the electromagnetic wave through the shielding mate-
rial, reflection also increases with conductivity. It is thus important to

minimize reflection by impedance matching through the magnetic
permeability. This is where the Co metal particles are expected to play
role.

3.4. Magnetic properties of Co/MWCNT-PE composites

Magnetism is not only an important factor for evaluating the elec-
tromagnetic performance but also a way to probe morphology, size, and
structure [32]. The magnetic properties of the Co/MWCNT-PE com-
posites have been studied using vibrating sample magnetometer (VSM)
at room temperature with maximum applied field of up to 20 kOe. The
B-H magnetic hysteresis loops and magnetic properties for
Co/MWCNT-PE composites with various Co:MWCNT:PE ratio are shown
in Fig. 6 and Table 2.

Expectedly, the value of magnetization of the Co/MWCNT-PE com-
posites increased with a growth of the Co loading in the samples from
0.3 to 1.7 wt% (Fig. 6). Interestingly, the magnetization curves did not
reach saturation even at the maximum probed field of 20 kOe, revealing
that the samples were not purely ferromagnetic. The total magnetization
could thus be described as the superposition of a para process to the ferro
one as in Eq. (3):

O3 (H) = Oferro(H) + XparaH (3)

where, oo (H) is the magnetization of the ferromagnetic phase, which
reaches saturation in large fields, ypaqH is the part of the magnetization
that grows linearly with the field, and ypar, is the susceptibility of the
paraprocess.

Regarding the ferromagnetic part of the magnetization/field
response, it carried interesting information relative to the Co particle
morphologies. Its parameters derived from Fig. 6 are reported in
(Table 2). First, the coercive field H¢ (field at zero magnetization)
increased with the Co particle sizes. In principle, the effective magnetic
anisotropy field which determines the coercive force depends on mag-
netocrystalline anisotropy, shape anisotropy and surface anisotropy but
in fact is largely determined by the size of the ferromagnetic particles
[33]. Thus the overall magnetic response of the samples confirmed the
local HRTEM observations since the coercive field increased with
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Fig. 5. Frequency dispersion of the dielectric properties of Co/MWCNT-PE composites depending on the content of Co and MWCNT in samples. (a) - AC electrical
conductivity; (b) - loss tangent. The thickness of all the samples was about 0.5 mm. For the conductivity, the cross-over frequency between a constant and a 0.7

power-law is reported on the graph.
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Fig. 6. Magnetic hysteresis loops of Co/MWCNT-PE composites: (#4 (9.5%
(3.5% Co/MWCNT)-PE); #7 (12% (14.5% Co/MWCNT)-PE), and #6 (14%
(11.7% Co/MWCNT)-PE)) with maximum applied magnetic field &+ 20 kOe at
300 K. Solid lines are measured magnetization values (cx (H)), while dotted
lines are the ferromagnetic contributions (6gerro(H)) obtained after subtraction
of the susceptibility of the paraprocess (Eq. (3)); the inset shows the details of
the magnetic hysteresis loops with an applied field of 1 KOe. The magnetization
is expressed by mass of sample.

Table 2

Comparison of Co content, average particle sizes observed by HRTEM, and
magnetic parameters (coercive field, saturation magnetization, remanence ratio
and paramagnetic susceptibility) measured on three Co/MWCNT-PE composites
with various Co:MWCNT:PE ratios derived from the data of Fig. 7 and re-
expressed by mass of Co in the samples.

# Co loading, Mean Co H, os 6r/0s )(pam*loﬁ

Sample (wt.%) size (nm) (Oe) (emu/ (g/cmS)
8)

4 0.3 4 125 36 025 35

6 1.6 14 243 23 0.2 5.0

7 1.7 20 339 10 0.5 4.5

particle size. However, the saturation magnetization os decreased when
it was expected to increase with particle sizes since, in larger particles,
surface effects become less important and the value is expected to

approach the one of the bulk (162.5 emu.g™). This did not happen
though. This might be due to differences in surface states for the parti-
cles inside the MWCNT observed in sample #4 with respect to the larger
particles outside the MWCNT which represents the majority of Co
nanoparticles in sample #7. In that respect, the appearance of the para
process was equally revealing as it also reflected the heterogeneity of the
nanoparticles (Note that the susceptibility values observed here for the
para process were reasonably close to the high field susceptibility of bulk
Co, 4.50-107% emu.g71.0e™1). It was the signature not only of the
presence of very small (below 5 nm) [21] Co nanoparticles in a super-
paramagnetic state but possibly also of a defective surface layer at the
surface of larger Co nanoparticles. Indeed, for all samples of the series #
4-9, a population of Co elongated nanoparticles located inside the
channels of the MWCNTs was observed by HRTEM (Fig. S1) but its
relative importance decreased with Co loading. Significantly, this
translated in a modification of the remanence ratio which went from the
expected value of 0.5 for spherical hcp Co particles in sample #7 to a
smaller value of 0.2 for sample #4 indicative of a deviation from
sphericity. In summary, the magnetic characterization of the overall
samples confirmed and complemented the locally restricted information
obtained by HRTEM.

Ferromagnetic Resonance (FMR) method was used to further eval-
uate the high-frequency magnetic properties of the Co/MWCNT-PE
composites. The experimental FMR curves for Co/MWCNT-PE compos-
ites with various component ratios measured at the frequency of 50 GHz
are shown in Fig. 7.

The FMR curves for Co/MWCNT-PE composites with various
component ratios were modeled within the approximation of noninter-
acting grains with cubic magnetocrystalline anisotropy. The noise on the
experimental resonance curves reflected the low intensity of the FMR
signal due to the small number of magnetic particles within the samples
(the imaginary part of the relative permeability was only ~ 10~>). These
low intensities revealed the baseline distortions due to interactions of
the large magnetizing field with the experimental setup (microwave
generator and detector). These distortions resulted in differences be-
tween modeled and experimental baselines. From the magnetization
obtained by VSM at 20 kOe (Fig. 6) and the bulk density of the Co/
MWCNT-PE composite, one gets the volumetric saturation magnetiza-
tion Ms = 099 koe'p required to calculate the components of the
permeability tensor and model the FMR response at different fre-
quencies. In this way, one obtains the values of the gyromagnetic ratios
(y/2m), of the effective anisotropy fields (H,), and of the damping con-
stant («) of an individual grain in the Landau-Lifshitz-Hilbert equation.
The bulk density of Co/MWCNT-PE composites was measured
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Fig. 7. Experimental (grey dots) and calculated (solid lines) FMR curves of the # 4-9 Co/MWCNT-PE composite samples with various Co:MWCNT:PE ratios. The

measurement frequency was 50 GHz.

independently and varied from 0.914 to 1.171 g/cm® depending on the
composition and Co:MWCNT:PE ratios. The values of saturation mag-
netizations, gyromagnetic ratios, anisotropy fields and damping con-
stant are given in Table 3.

The obtained value of the gyromagnetic ratio for samples #4 was
close to the gyromagnetic ratio for the spin of a free electron (2.8 GHz/
kOe). The gyromagnetic ratio then increased with increasing content of
cobalt. This was a reflection of an increased size of the cobalt particles.
In effect, increasing the Co loading led to a decreased proportion of
smaller Co nanoparticles in a superparamagnetic and/or amorphous
state. The relative contribution arising from the defective surface layer
of Co nanoparticles was also reduced. The particle size growth, caused
by the Co content increase in the samples, resulted in the formation of Co
nanoparticles of properties closer to the ones of bulk cobalt particle
(y/2n = 3.15 GHz/kOe), in line with the analysis of the static magneti-
zation hysteresis loop reported above.

The magnitude of the effective anisotropy field H, was about 2 kOe

Table 3

FMR parameters (magnetization saturation per unit volume, effective anisotropy
field, gyromagnetic ratio and damping constant) for Co/MWCNT-PE composites
with various component ratios. The mean Co nanoparticle sizes obtained by
HRTEM are also reported for comparison sake.

# Co loading ~ Mean Co Ms H, y/2n o
Sample (wt.%) size (nm) (emu/ (kOe) (GHz/
em®) kOe)

4 0.3 4 0.17 0.0 + 2.84 + 0.04 +
0.2 0.02 0.01

7 1.7 20 0.27 1.8 + 2.89 + 0.11 +
0.2 0.02 0.01

8 2.8 24 0.41 22+ 2.98 + 0.10 £
0.2 0.02 0.01

9 3.8 45 0.53 2.0 + 297 + 0.08 +
0.2 0.02 0.01

and the damping constant about 0.1 except for sample #4. In that
sample, the nanoparticles thus exhibited for a large part a behavior close
to magnetocrystalline anisotropy and reduced grain heterogeneity in
line with HRTEM observations. However, for the sample # 4, the fit
quality was poor compared to the ones of the other samples. Most
probably this sample was biphasic, i.e. it contained both magnetically
soft and hard phases. The almost null anisotropy field in that sample was
due to a significant part of Co being in a superparamagnetic state
(magnetically soft). A similar sample was thoroughly studied in
Ref. [21] by means of internal field NMR but this method provides a
signal originating solely from the magnetically hard phase, i.e. the Co
nanoparticles whose ferromagnetism is either stabilized by Co and
MWCNT specific interaction, or due to a high aspect ratio (oblong Co
nanoparticles and sometimes even short nanowires were observed inside
of the MWCNT channels by HRTEM).

Finally, the complex permeability (p’, p") of the Co/MWCNT-PE
composites were measured in the frequency range of 10 MHz-18 GHz
together with the permittivity already discussed in section 3.3 (Fig. 5).
The real (p’) and the imaginary (p") parts of the complex permeability of
the Co/MWCNT-PE composite samples as a function of frequency are
shown in Fig. 8 (a) and (b), respectively.

For the MWCNT-PE samples, they were very low in the whole 10
MHz—-18 GHz frequency range due to the weak magnetic characteristic
of PE and MWCNT materials and thus not reported here. The samples
containing Co on the other hands exhibited significant values of p” and p"
which varied with MWCNT loadings, Co loadings and thus Co nano-
particles size (since it depended on the loading as shown by HRTEM).
The fluctuating part in the permeability curves of the composite at lower
frequency (2-10 GHz) is attributed to resonance peaks, which may be
caused by natural ferromagnetic resonance, domain wall resonance or
eddy current effect [34]. In the polymeric composite filled with mag-
netic particles, the magnetic losses are preferably controlled by the
natural ferromagnetic resonance, exchange resonance and Foucault
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Fig. 8. The real part (a) and the imaginary part (b) of complex permeability and magnetic loss (c) for the Co/MWCNT-PE composites with various components

loading at 10 MHz—18 GHz.

current effect along with the domain wall resonance, magnetic hyster-
esis and space charge polarization [35]. In the cobalt particles, the
natural ferromagnetic resonance and exchange resonance coexist, which
can also be attributed to the magnetic loss [36]. In the frequency range
of 2-8 GHz, a region of natural ferromagnetic resonance for
Co/MWCNT-PE samples was observed (Fig. 8 a-b). This resonance was
evidenced by the resonant behavior of the real part p’ (transition
through unity) and the occurrence of local maxima for the imaginary
part p". It is known [37] that for a cubic crystal structure, the frequency
of natural ferromagnetic resonance (wp;) can be defined as w, = %yHa.
From the FMR data, the anisotropy field was about 2 kOe and the gy-
romagnetic ratio about 2 GHz/kOe (Table 3). Consequently, the fre-
quency of natural ferromagnetic resonance for Co/MWCNT-PE samples
was thus expected around 4 GHz. This value was consistent to the
aforementioned observed resonant features of the permeability disper-
sion in the 2-8 GHz range. The increase of the cobalt loading as well as

# 4 (9.5% (3.5%Co/MWCNT)-PE)

Reflection loss, dB

Co content - 0.3 wt. %
MWCNT content - 9.2 wt. %

#7 (12% (14.5%Co/MWCNT)-PE) Reflection loss, dB

Co content - 1.7 wt. %
MWCNT content - 10.3 wt. %

the concomitant Co particles size (from 4 to 45 nm), led to an overall
increase in the imaginary part of the magnetic permeability in the fre-
quency range up to 1 GHz, a fact that was related to the increase of the
saturation magnetization seen in Fig. 6. Sample # 6 had higher magnetic
losses than the other samples apparently due to the joint interaction of
the magnetic component and the currents excited in the carbon
nanotubes.

3.5. Reflection losses of Co/MWCNT-PE composites

According to the transmission line theory [38], in order to obtain the
desired impedance match, ¢ should be close to u for absorbers materials.
By varying the content of Co nanoparticles and MWCNT in the poly-
ethylene matrix, and thus the complex permeability of composites, one
can thus expect to optimize the electromagnetic wave absorption of the
material. In that respect, the electromagnetic absorption of

#6 (14% (11.5%Co/lMWCNT)-PE)

LS bbb NdbhbdbhAS

#9 (11% (34%Co/MWCNT)-PE) Reflection loss, dB

Co content - 3.8 wt. %
MWCNT content - 7.2 wt. %

Fig. 9. Frequency dependences of reflection loss for Co/MWCNT-PE composites with various components loading at with 0.1-5 mm of thickness at 10 MHz—18 GHz.
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Co/MWCNT-PE composites depending on the Co:MWCNT:PE ratios was
evaluated by calculating the refection loss (RL) through equations (2)
and (3). Fig. 9 shows the calculated RL of Co/MWCNT-PE composites
with various Co:MWCNT:PE ratios and with different thicknesses.

For all samples, as expected, the microwave absorption peaks shifted
to lower frequency position when the coating thickness increased from
0.1 mm to 5 mm. The microwave absorption properties closely corre-
spond to the magnetic loss, dielectric loss and impedance matching
between complex permittivity and complex permeability. The reflection
loss characteristics of the samples #4, #6, #7 and #9 are summarized in
Table S2. For instance, one can examine how these composites behave
with regards to two common frequency bands: 5 GHz (used for Wi-Fi)
and 2 GHz (used for mobile telephones). The composite material # 7
(1.7 wt% Co; 10.3 wt% MWCNT) with a thickness of 4 mm attenuated
the signal in the 5 GHz region by approximately 5 orders of magnitude.
At the same time, in the area of 2 GHz and lower frequency range, the
efficiency of attenuation of electromagnetic radiation for this composite
material was quite low. This exemplifies how these materials can be
used to shield one frequency band without interfering with the other.

4. Discussion

For all the composites for which the reflective losses were evaluated,
the stronger absorption around 4-5 GHz could be ascribed to the rela-
tively high dielectric loss and the enhancement of permeability and
magnetic loss. Consider for example sample # 7. For the composite film
thickness of 1.5 mm, this sample has the best high frequency microwave
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absorption in the frequency range of 12.8-17.8 GHz. This sample indeed
had the higher permeability (Fig. 8), relatively strong magnetic loss and
excellent impedance matching. This demonstrated how the RL could be
tuned to target by varying the Co and MWCNT content of the PE
composites.

To comprehensively evaluate the effectiveness of the obtained Co/
MWCNT-PE composite, we compared the reflection loss properties of
state-of-the-art absorbers based on polymer composites containing
magnetic nanoparticles and carbon nanostructured materials (Table S3,
Fig. 10). Looking at the data reported in Table S3, it is clear that the
majority of the composite materials listed there are based on a paraffin
matrix. However, the use of paraffin limits the practical use of such
composites due to its low melting point (45-65 °C) and low mechanical
strength. On the contrary, the material presented in this work is based on
polyethylene which has a much higher melting point (136-140 °C) (see
Table S1 and Fig. S6). Also, it should be noted that the use of carbon
nanotubes in comparison with other carbon nanomaterials provides
better absorption properties at a lower total filler loading: the values of
the present samples reported in Table 1 and reproduced for comparison
at the end of Table S3 classifying them definitely among the lower
carbon content samples.

It could thus be concluded that following the synthetic proposed
here, it was possible to achieve similar reflection loss and effective
bandwidth (RL < —10 dB) (Table S3, Fig. 10(a-b)) than other compos-
ites containing magnetic nanoparticles and carbon nanostructured ma-
terials but at lower total filler loading. This is even more striking when
comparing the specific reflection losses relative to the total filler loading
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Fig. 10. (a) Minimum reflection loss versus the total loading of filler and Co nanoparticles in the composites obtained in this work compared with previously re-
ported composites [39-45] containing Co nanoparticles and nanostructured carbon materials. (b) Comparison of the effective bandwidths (RL < 10 dB) of recently
reported polymer composites with varying thicknesses. Comparison of specific reflection loss relative to the total filler loading (RL/filler loading) (c) and to Co
loading (RL/Co loading) (d) for Co/MWCNT-PE composites obtained in this work and previously studied absorbers based on Co nanoparticles and nanostructured

carbon materials.
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(Fig. 10 (c)) or to the Co loading (Fig. 10 (d)). The polyethylene com-
posites synthesized in the present study demonstrated significantly
better characteristics than other absorbers with a similar composition.

Finally, Co/MWCNT-PE composites are obtained based on thermo-
plastic and commercially available polymer matrix (polyethylene) that
provides cost-effective, lightweight and flexible coatings of a given
shape for highly efficient shielding of electromagnetic radiation, which
is undoubtedly attractive from both an environmental and economic
standpoint. Clearly, such high absorption efficiency of composites were
achieved thanks to the in situ polymerization technique that allows high
dispersion of Co/MWCNT in the matrix of polyethylene. In addition, this
work demonstrated that the absorption properties of Co/MWCNT-PE
composites can be controlled over a wide range of EMI frequencies
(2-18 GHz) by adjusting both the content of magnetic, dielectric com-
ponents and the thickness of the composite. Thus, in this study, a unique
approach was used to obtain composite materials capable of effective
reduction of electromagnetic radiation through synergistic effect of Co
and MWCNT in a commercially available polymer matrix.

5. Conclusions

A set of Co/MWCNT loaded PE composites with varying composition
has been successfully prepared via in situ polymerization of ethylene
with the Ti-Ziegler—Natta catalyst preliminarily immobilized on Co/
MWCNT hybrids. Co/MWCNT hybrids with various Co loading and
different Co nanoparticles size (4-45 nm) and distribution in the
MWCNT structure (inside and outside of the channels) were synthesized
by incipient wetness impregnation followed by reduction. The uniform
distribution of the Co/MWCNT hybrids into the PE matrix has been
established by the SEM and TEM images of the composite samples. The
presence of the Co metal nanoparticles into PE based composites has
been identified from the XRD results. The magnetic hysteresis loops and
FMR spectra for Co/MWCNT-PE composites indicated a super-
paramagnetic feature caused by the presence of Co nanoparticles. The
proportion of Co nanoparticles in a superparamagnetic state decreased
with an increased Co loading and an increase of the Co nanoparticle size.
The Co/MWCNT-PE composite (1.7 wt% of Co; 10.3 wt% of MWCNT)
had much higher shielding effectiveness. For a thickness of 4 mm, the
matching was optimum with a maximum reflection loss of —55 dB at 5.2
GHz. For a thickness of 1.5 mm, the same composite film had the largest
bandwidth (RL below —10 dB in the frequency range of 12.8-17.8 GHz).
Importantly, the excellent shielding efficiency of electromagnetic radi-
ation was achieved with a total filler and Co loading of only 12 and 1.7
wt%, respectively, values that are significantly lower than that in pre-
viously studied polymer composite absorbers based on magnetic nano-
particles and nanostructured carbon materials. Thus, the Co/MWCNT-
PE composite materials, combining the magnetic properties of Co, the
electric ones of MWCNTs, and the mechanical ones of PE, is a promising
lightweight material. They have a high potential for designing devices
that effectively attenuate electromagnetic radiation in a wide frequency
range that can be tuned by the sample composition and thickness.
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