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EM shielding effectiveness of Pd-CNT-Cu
nhanocomposite buckypapery
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We report the synthesis of a nanocomposite consisting of Pd doped multiwall carbon nanotubes decorated
with Cu nanoparticles, as a lightweight and flexible microwave absorbing material, using an electroless
technique. The synthesised nanocomposite was extensively characterized by employing X-ray diffraction,

Raman spectroscopy, FESEM,
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and HRTEM and their results were correlated with the high
electromagnetic interference (EMI) shielding observed in the present study. The optimum dielectric

properties coupled with good electrical conductivity of this nanocomposite contribute to designing this
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1. Introduction

Electromagnetic interference (EMI) has received worldwide
social and scientific attention due to the extensive use of elec-
tronic and communication gadgets.' Serious problems of EMI
are generally encountered in satellite communication, radar
surveillance systems, digital devices, wireless technology and
other sophisticated electronic equipment.*® Besides this, EMI
in daily life is also known to incur harmful effects under certain
environments.* This novel sort of pollution has triggered the
use of efficient counter-measures to ensure the optimum
performance of electronic gadgets in the presence of EM noise,’
especially for aircraft and aerospace applications. As light-
weight and flexibility are essential considerations, especially for
aircraft and aerospace applications, enormous efforts are
presently underway for developing a suitable EMI shielding
material on an industrial scale.® Light weight carbon-based
polymer composites have been reported to possess high EMI
shielding along with excellent mechanical properties with large
flexibility in their aspect ratio.” Several such studies have been
reported employing different polymer reinforced carbon
composites® but they suffer from the inherent problems of low
melting temperature and low temperature degradation charac-
teristics,” which make them wunsuitable for most of the
applications.

“Material Physics and Engineering Division, CSIR-National Physical Laboratory, Dr K.
S. Krishnan Marg, New Delhi-110012, India. E-mail: adhar@nplindia.org; Fax: +91-
11-25726938; Tel: +91-11-45609456

*Department of Chemistry, MN National Institute of Technology, Allahabad-211 004,
India

T Electronic  supplementary
10.1039/c4ta05749j

information  (ESI) available. See DOL

13986 | J Mater. Chem. A, 2015, 3, 13986-13993

absorption-based microwave shield, which exhibited a good EMI shielding effectiveness (EMI SE) of ~35
dB at a thickness of 200 pm, resulting in a high specific EMI SE of ~108 dB cm® g~ in the Ku-band.

Composites, based on different forms of highly conducting
carbon, such as carbon nanotubes,' graphene," and carbon
foam,"** have been reported to achieve high EMI shielding and
the shielding effectiveness (SE) of these polymer composites is
found to decrease as per the following order: multiwall carbon
nanotubes (MWCNTSs) > graphene > carbon foam > carbon
nano-fibers > carbon black.* The EMI SE of the polyaniline
composite with Ag decorated (5.0 wt% loading) graphene was
reported to be 29.33 dB,” which was attributed to the
enhancement in electrical conductivity due to metal particle
decoration and high permittivity of these composites, and it was
observed that absorption was the governing factor for the
improved EMI shielding. Shinn-Shuong et al.*® have reported an
EMI shielding of ~30 dB in Cu/Ni coated fiber reinforced
composites, developed by an electroless technique.

In the same order, CNT based composites, apart from being
lightweight, exhibit good electrical conductivity and mechanical
flexibility with high EMI shielding.'” However, the decoration of
metal particles on these nano-sized matrices could further
expand their potential as excellent EMI shielding materials due
to the increase in their charge carrier density."® Such metal
nanoparticle decorated composites could provide distinctive
advantages over conventional EMI shielding materials as they
exploit the combined properties of both the components, i.e.,
excellent electrical and thermal conductivities of the metal with
a low thermal expansion coefficient and corrosion-resistive
properties of the CNTs." Thus, metal nanoparticle decoration
on MWCNTs could be a novel and an economical idea for EMI
shielding applications. In this direction, we have previously
reported® a fabrication method for high strength carbon-
copper (C-Cu) composites from a polyaromatic hydrocarbon
based carbon copper nanocomposite synthesized using an
electroless technique, which possess a very good EMI shielding

This journal is © The Royal Society of Chemistry 2015


http://crossmark.crossref.org/dialog/?doi=10.1039/c4ta05749j&domain=pdf&date_stamp=2015-06-20
http://dx.doi.org/10.1039/c4ta05749j
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA003026

Published on 20 May 2015. Downloaded by National Physical Laboratory (NPL) on 06/11/2015 09:07:34.

Paper

of ~58 dB with a low reflection of ~12.5 dB at a sample thick-
ness of 2 mm. Some techniques that have been so far employed
for the decoration of metal nanoparticles on MWCNTs include
impregnation,* electroless metal-plating,* self-assembly,*
electrodeposition,* physical vapor deposition,* etc. Despite the
good EMI shielding characteristics of highly conducting mate-
rials, such as carbon nanotubes and other exotic forms of
carbon,® only a few attempts®*® have been made to introduce
metals along with MWCNTs for enhancing the shielding effec-
tiveness. However, W. Zhao et al. reported silver nanoparticle
decorated CNTs by an in situ photochemical reduction method
with a good EMI shielding.>® However, due to their cost they
may not be a commercial material.

In the present study, we demonstrate the synthesis of a cost-
effective Cu nanoparticle decorated Pd doped MWCNT derived
C-Cu nanocomposite buckypaper® (thickness = 200 pm) as an
efficient EMI shielding material employing an electroless tech-
nique. This technique, based on simple chemical reduction
chemistry, is a fast and reproducible synthesis technique,
wherein the synthesis of Cu nanoparticles and their decoration
on MWCNTs take place in situ. In this process, liquid ammonia
and hydrazine hydrate are used as the complexing and reducing
agents,® and Pd may be used as a mediator for interaction
between MWCNTs and Cu nanoparticles.** The transmission
electron microscopy results indicated a uniform distribution of
Cu nanoparticles (2-5 nm) on the CNTs (diameters between 20
and 60 nm). The selected area electron diffraction (SAED)
pattern confirms the presence of Cu particles with 111, 200 and
220 crystal planes. The Cu nanoparticle decorated Pd doped
MWCNT buckypaper, having different Cu nanoparticle load-
ings, is found to possess a very low density (~0.25 to 0.40 g
em™?). The synthesized buckypaper having a thickness of 200
pum at 15% Cu loading are found to exhibit an EMI SE of ~35 dB
(specific EMI SE ~108 dB cm® g~ '), which, coupled with their
good flexibility®> and lightweight could make them excellent
candidates for large-scale EMI shielding applications.
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Journal of Materials Chemistry A

2. Experimental
2.1 Material synthesis technique

MWCNTs, used in the present study, were procured from
Nonosil and palladium chloride (99.99%), copper sulphate
(CuS0,4-5H,0) (99%), liquid ammonia, and hydrazine hydrate
were procured from Merck, India. Initially, the purified
MWCNTs (1 g) are taken in 100 mL of ethyl alcohol and soni-
cated for ~15 minutes to obtain dispersed MWCNTSs. An acidic
solution (5 mL HCI mixed in 500 mL of de-ionized (DI) water)
having palladium chloride (PdCl,, 0.02 g L") and a small
amount of SnCl, (0.001 g L") was then added to these
dispersed MWCNTs for Pd doping. The mixture was then
sonicated continuously for another 30 minutes and finally
filtered. A brief description of the activation reaction has been
discussed in the ESI (eqn I and IIf). The filtrate was dried at 300
°C with a heating rate of 100 °C min ', which results in Pd
doped MWCNTs, denoted as PdCNTs in the subsequent
discussions. The PACNT powder was coated with Cu nano-
crystalline particles with different Cu loadings (5, 15 and
25 wt%) by an electroless technique.** First, for the coating of
Cu nanoparticles, bath solutions having 1 L of DI water and
containing an appropriate amount of Cu ions, derived from the
reduction of cupric sulphate (CuSO,-5H,0) for various Cu
loading concentrations (5, 15 and 25 wt%), were separately
prepared. In the bath solution, liquid ammonia was used as a
complexing agent and the bath solutions were subjected to
constant stirring throughout the experiment. In order to obtain
uniform coating, the pH and temperature of bath solutions
were maintained within 8-9 and 40-50 °C, respectively, using
liquid ammonia solution. At the optimized temperature and
pH, hydrazine hydrate (10 mL) was added as a reducing agent to
form Cu nanoparticles. This reaction was continued for ~1 h to
form Cu nanoparticle decorated PACNT nanocomposites with
varying Cu loadings on PACNTs (as shown in Fig. 1). These
nanocomposites will be denoted as Cu,PdCNTs, where x = 0, 5,
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Fig. 1 Schematic of the synthesis mechanism for the decoration of Cu particles on PACNTSs.
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15 and 25 represent the wt% loading of Cu nanoparticles on
PACNTs. The PdCNTs and nanocomposite network sheets
(buckypaper) were fabricated using a vacuum filtration
method® for electrical and EMI shielding measurements. A
filter paper (Whatman no. 44) was used for filtration and porous
metal sheets were used for the preparation of buckypaper of
CNTs under rotary vacuum. The dispersed decorated CNTs were
slowly poured onto the flat wet filter paper and after filtration
they were allowed to dry. Finally, the buckypaper was dried for
several hours at 80 °C. This oven dried buckypaper was sintered
at 500 °C in a nitrogen atmosphere.

2.2 Material characterisation techniques

Field emission scanning electron microscopy (FESEM) (ZEISS-
EVO MA10) and transmission electron microscopy (TEM) (FEI
Tecnai T30) were used to study the morphology and micro-
structural characteristics of the synthesized sample. The phys-
ical and chemical nature of the composite was analyzed using a
Raman spectroscope (Renishaw inVia, Macro Raman) having a
514.5 nm laser for excitation. The electrical conductivity was
determined using a Keithley programmable current source
(Model-6221) and a nano-voltmeter (Model-2182A). The bucky-
paper cut in rectangular sheets (13 x 7 x 0.2 mm?®) and having
four ohmic contacts on each end, made using silver paste, has
been used for electrical measurements. The phase identifica-
tion and crystallite size estimation were carried out using X-ray
powder diffraction (XRD) (Rigaku, MiniFlexII). To explore the
EMI-SE and dielectric measurements of the nanocomposites, a
Vector Network analyzer (model-E8362B) was employed on
rectangular shaped (15.8 x 7.9 x 0.2 mm?®) buckypaper inserted
in a Cu sample holder connected between the wave-guide
flanges of the network analyzer for operation in the Ku-band
(12.4-18.0 GHz).

3. Results and discussion

The XRD pattern of the Cu,;PACNT nanocomposite is shown in
Fig. 2(A). The peak observed at 26 = 26.1° corresponds to the
hexagonal (002) plane of MWCNTSs and the smaller peaks at 26
= 43.8° and 53.4° represent (111) and (200) fcc planes of Cu,* as
indicated by the enlarged image of the XRD pattern (inset of

3000
002
2500
2000

1500

Intensity (a.u.)

1000

500

View Article Online

Paper

Fig. 2(A)), which was also confirmed by SAED patterns. The
Raman spectra (Fig. 2(B)) of MWCNT, Cu,PdCNT and Cu,s-
PACNT nanocomposites show two clear bands at 1577 ecm ™" (G
band) and 1359 cm ™" (D band), which confirm the presence of
carbon.* The Raman spectra also indicate the disorder induced
(D-band) and graphitized carbon (G-band) 2D bands that
appear at 2709 cm™'. Here, we have observed a change in the
intensity ratio of I5/Ip, which may be due to metal doping in the
MWCNT structure as unlocalized free electrons from Cu create
an effective change in E,; photon corresponding to sp> atoms (G
band).*®

The microstructure of Cu particle decorated PACNTs (Cu =
5, 15 and 25 wt% loading) is shown in Fig. 3(A-D). Fig. 3(A)
depicts a decoration of Cu nanoparticles on PACNTs with 5%
Cu loading and suggests that the diameter of MWCNTS is ~20-
60 nm. Fig 3(B) shows the image of the 15 wt% Cu loaded
nanocomposite, which suggests a reasonably uniform distri-
bution of Cu nanoparticles in the nanocomposite. However, on
further increasing the Cu wt% in the nanocomposite (>15%),
the agglomeration is clearly evident as shown in Fig. 3(D).
Elemental analysis of the nanocomposite is shown in the inset
of Fig. 3(D), which confirmed the presence of carbon and Cu in
the nanocomposite. Palladium has been confirmed in PACNTs
by the elemental analysis to be very small in quantity and the
corresponding details are given in Fig. 1S(A-C).t However, Pd is
not detected in the case of the Cu,PdCNT nanocomposite,
which is due to the small quantity (0.005 g in the 1 g CNTs) of Pd
used during the synthesis. The corresponding quantitative
elemental analysis and elemental distribution mapping on
Cuy5PdCNTs are shown in the ESI (Fig. 25(A-C)t). Thermogra-
vimetric analysis of the Cu;sPACNT nanocomposite also was
conducted in air and inert atmospheres for the confirmation of
wt% Cu present and this result confirmed that ~15% Cu was
present in the nanocomposite, Fig. 2S(D).T The microstructure
of Cu;sPdCNT buckypaper exhibits a uniform decoration of Cu
nanoparticles on PACNTSs, which are entangled with each other
and for detail description see Fig. 3S (as ESI{).

Transmission electron microscopy (TEM) experiments were
conducted on the Cu,PdCNTs samples to show the decoration
of Cu nanoparticles in CNTs. It was noted that the Cu nano-
particles of 2 to 5 nm in size (marked with arrows) were
distributed on a CNT of a diameter of about 35 nm in
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(A) XRD pattern of the CusPdCNT nanocomposite; (B) comparative Raman spectra of CugPdCNTs and Cu,sPdCNTs nanocomposites.
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Fig. 3 FESEM image of Cu,PdCNT nanocomposites (A) CusPdCNT nanocomposite; (B) Cu;sPdCNT buckypaper; (C) and (D) Cu,sPdCNT
nanocomposite; the inset in (D) shows the EDX analysis of the Cu,sPdCNTs.

CusPdCNTs (Fig. 4S(A)T). The low resolution TEM image of
Cu;5PdCNTs (Fig. 4(A)) displayed a dense-distribution of mul-
tiwalled carbon nanotubes (MWCNTS) in general. However, the
magnified image revealed a uniform distribution of Cu NPs
(marked with a set of arrows) on MWCNTs (Fig. 4(B)). It was
interesting to note that the presence of Cu was either on the
outer surfaces of the carbon nanotubes or trapped in the multi-
walled structures of individual nanotubes. The inset in Fig. 4(B)
shows a Cu nanoparticle present in the core region of an indi-
vidual carbon nanotube with a diameter of about 15 nm and
length covering approximately 40 nm. Fig. 4(C) shows an
ultrafine Cu nanoparticle mostly on the surface of a nanotube of
about 40 nm in outer diameter of the tube. Atomic scale
imaging results show that the interlayer separation of the
multiwall is approximately 0.34 nm (inset in Fig. 4(C)).
Although, in general, the interlayer separation of the walls is
quite parallel, the regions around the nanoparticle (approxi-
mately 10 nm) are disturbed with the wavy geometry of inter-
layers of nanotubes (Fig. 4(D)). It is noted explicitly that the Cu
nanoparticles are intact and very cohesive with the surfaces of
the nanotube. The gray level contrast and high resolution
images were obvious to distinguish the carbon nanotubes
associated with Cu nanoparticles in the composite microstruc-
ture. However, further revelation (4S(B)f) was possible by
recording the atomic scale image of Cu and subsequent iden-
tification of the 0.21 nm interplanar spacing of Cu, along 111
planes (crystal structure: fce, lattice, ref: JCPDS copper file no.
04-0836). Moreover, a corresponding fast Fourier transform
(FFT) of the composite micrograph delineates the presence of
0.34 nm and 0.21 nm spacing that evolved from MWCNTSs and
Cu, respectively, in the reciprocal space (inset in 4S(B)f). A
micrograph of the Cu,sPdCNT nanocomposite is shown in

This journal is © The Royal Society of Chemistry 2015

Fig. 4S(C),T which clearly exhibits the agglomeration of Cu
nanoparticles on further increasing the Cu% loading.

The room temperature DC electrical conductivity of
Cu,PdCNT nanocomposites, investigated by a standard four-

Fig. 4 TEM micrographs of Cu;sPdCNTs showing the composite
microstructure of MWCNTs and Cu NPs: (A) large area distribution of
MWCNTs and Cu, (B) high magnification micrograph of nanotubes
with nanoparticles, (C) single nanoparticle on the outer surface of a
CNT, and (D) cohesive microstructure of the multiwall of a CNT with a
nanoparticle. Insets: nanoparticle inside the CNT (B), resolution of the
multiwall (C).
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probe technique, is shown in Fig. 5. Since both Cu and
MWCNTSs possess very good electrical conductivity,* the resul-
tant electrical conductivity of Cu,PdCNT nanocomposites
escalates sharply with increasing wt% loading of Cu i.e. from
3.64 S cm ™' (CugPdCNTs) to 11.64 S cm ' (Cu;sPdCNTS).
Interestingly, Fig. 5 suggests that further increasing the loading
of Cu nanoparticles to 25 wt% shows an adverse effect on the
electrical conductivity and it decreases to 8.95 S cm ™', which
suggests that the optimum threshold loading limit of Cu
nanoparticles is around 15 wt%. This may be due to the
agglomeration of Cu nanoparticles with Cu loading >15 wt%,
which is in agreement with the TEM results on the Cu,sPdCNT
nanocomposite (Fig. 4(D)). A similar phenomenon has also
been reported earlier in Ag nanoparticle decorated CNTs, which
may lead to a decrease in the conductivity and other properties
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of the nanocomposites.®” This suggests that a Cu loading <15
wt% results in a uniform distribution of Cu nanoparticles on
PACNTs, leading to an enhanced electrical conductivity in Cu
nanoparticle decorated PACNT nanocomposites.”® The density
variation of the Cu,PdCNT nanocomposite as a function of wt%
of the Cu nanoparticle loading in PACNTs is also shown in
Fig. 5. This figure suggests that the density of the Cu,PACNT
nanocomposite continues to increase with increasing Cu
nanoparticle loading and increases from 0.24 g cm > (unloa-
ded) to 0.40 g cm ™ (25 wt% Cu particle loading). This increase
in the density of the Cu,PACNT nanocomposite with higher Cu
nanoparticle loading is attributed to the high density of Cu
compared to MWCNTSs.

The relative complex dielectric parameters have been esti-
mated from experimental scattering parameters (S1; & S»1)
obtained by standard Nicolson-Ross and Weir theoretical
calculations.” The estimated dielectric constant (¢') symbolizes
the amount of polarization occurring in the material or the
storage ability of the electrical energy, while the dielectric loss
(¢") signifies the dissipated electrical energy. The frequency
dependence of ¢ and ¢” in the Ku band (12.4 to 18 GHz) for all
the Cu,PdCNT nanocomposites and buckypaper is plotted in
Fig. 7(a and b). The effective value of real and imaginary parts
of permittivity, for the entire frequency range, was extracted by
averaging over 201 data points. The overall averaged values of ¢
are found to be ~20.10, 41.01, 47.14 and 19.56, while that of ¢”
are ~7.83, 23.25, 29.63 and 10.88 for 0, 5, 15 and 25 Cu wt%,
respectively. An increasing trend in these values was observed
for a Cu nanoparticle loading up to 15 wt%, which falls dras-
tically on further increasing the Cu nanoparticle loading to
25%, which is nearly to the conductivity pattern as shown in see
Fig. 5, Hence, it can be concluded that increasing the wt%
loading of Cu nanoparticles (upto 15%) shows enhancement in
the values of ¢ and ¢”, which may be due to the higher
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conductivity of Cu,PdCNT nanocomposites compared to
Cu,sPdCNTs. Further, the resulting relative complex permit-
tivity, which is a measure of the polarizability of a material,
induces dipolar and electric polarization in the presence of
microwaves.

According to EM theory, dielectric losses are the result of
complex phenomena like natural resonance, dipole relaxation
and electronic polarization. In the present nanocomposites, Pd
may act as a polarized centre on the surface of the MWCNTSs.
The high aspect ratio of MWCNTs decorated with Cu nano-
particles also enhances the absorption properties. The exis-
tence of interfaces between Cu nanoparticles and MWCNTS is
also responsible for interfacial polarization, which further
contributes to dielectric losses. Interfacial polarization occurs
in heterogeneous media due to the accumulation of charges at
the interfaces. The increase in the averaged values of ¢’ with
the higher wt% loading of Cu nanoparticles (=15%) is attrib-
uted to the formation of a connecting network between
PdCNTs and Cu nanoparticles in Cu,PACNT nanocomposites.
In addition, the conducting nature of MWCNTs is further
helpful in enhancing the dielectric loss.>® The natural reso-
nances in the Ku-band can be attributed to the small size of Cu
nanoparticles on the PACNT matrix as the anisotropy energy of
fine-size materials, especially in the nanoscale,*"* is expected
to be higher due to the surface anisotropic field, termed as the
size effect,*® which contributes to the enhancement of the
microwave absorption.

Furthermore, the reflection coefficient (R), transmittance
coefficient (7), absorption coefficient (A), and absorption effi-
ciency of the nanocomposites were evaluated using S parame-
ters as, R = |S11|*> = |S22|% T = |S21|* = |12/ A=1 - R — Tand

This journal is © The Royal Society of Chemistry 2015

Aer = (1 — R — T)/(1 — R), respectively. Fig. 6(a-d) show the
calculated absorption efficiency, T, A and R. The T value of
Cu,PdCNTs is found to be minimum for Cu;sPdCNT (less than
0.1) i.e. more EM waves are consumed by the Cu;sPdCNT
nanocomposite, which leads to a more significant decrease of
the T values, as shown in Fig. 6(b). As shown in Fig. 6(c), the A
values of the Cu,PdCNT nanocomposites were in the range of
0.1-0.25. The R values of the Cu,PdCNT nanocomposites were
in the range of 0.75-0.90. Moreover, the absorption efficiency
(%) of the Cu,PdCNT nanocomposites increases with increasing
weight% of Cu (Fig. 6(a)) and Cu;5sPdCNTs show a % absorption
efficiency more than 99.9%.

When EM radiation is incident on a shield, some part of the
incident wave is absorbed and some part is reflected from the
surface and the rest is transmitted through the shield. Hence,
the total EMI SE (SEr) is the sum of the contributions from
absorption (SEaps), reflection (SEgef), and transmission or
multiple reflections (SEyy,). Therefore the EMI SE of any mate-
rial can be expressed as.***

SEto¢ (dB) = SEger + SEabs + SEmi = 10 log(Pr/Py)
— 20 log(Er/Ey) (1)

where, P; (E;) and Py (Ey) are the incident and transmitted power
(electric field intensity) of EM waves, respectively. The correc-
tion term SEyy, can be ignored for practical applications when
SEroc > 10 dB.***” Hence, the equation (eqn (1)) reduces to:

SETot (dB) = SERef + SEAbs (2)
Furthermore, SE, and SEy are obtained by using following

equations:
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SEabs(dB) = 20{¢/6}og e = 20d+/ uwo,./2 log e = 8.68{¢/56}
= 8.68t\/awu’/2
(3)

SEger (dB) = 10 log{o,/16weou’} (4)

The o, and 6 can be related to the imaginary permittivity (¢'')
and real permeability (u') as g, = weee’ and 6 = \/2/owi,
respectively.

The above equations suggest that electrical conductivity and
complex permittivity are two governing parameters for the
suppression of reflection or improvement in microwave
absorption. Therefore, the decoration of Cu nanoparticles
(more conducting) in PACNTs (lesser conducting) in an appro-
priate amount is expected to improve the absorption of EM
waves. The variations of SE,,s and SEger over the frequency
range of 12.4-18 GHz are shown in Fig. 7(D), from which it can
be concluded that the SE due to SE,ps for Cu,PdACNT nano-
composites, when averaged over the entire frequency range, has
been found to vary from 12.36 to 30.16 dB but SEgr has very less
variation of 6.5 £ 1.7 dB. Furthermore, the sample Cu;5sPdCNTs
show a maximum SEr, of 34.98 dB which is conquered by SExps
(30.15 dB) and partially shared by SEger (4.82 dB). The SEro:
achieved for the Cu decorated nanocomposites is significantly
higher than that of the Cu,PdCNTs, which shows that Cu
decoration plays a crucial role in the effective enhancement of
SE. The SE s becomes more dominant as compared to the SEger
in the microwave range.** From the detailed shielding analysis,
it has been observed that the SEr, value increases with an
increase in the Cu content and when the Cu content reaches
15 wt% in PACNTSs, the observed SEger value <5 dB, which is the
minimum value of reflection achieved while retaining optimum
microwave absorption. Further the loading of Cu crosses the
threshold limit (as observed in the conducting behaviour) and
SEr. decreases, suggesting that Cu;sPdCNTs are found to have
an optimum composition. However, the EMI SE of pristine
MWCNTs is shown in the ESI (Fig. 5(S)t).

The dielectric tangent loss (tan 6 = ¢’/¢') of Cu,PACNT
nanocomposites is shown in Fig. 7(C). The observed tan 6 values
for all the nanocomposites were =0.2 in the entire frequency
range, which is caused by the good conductivity of Cu and Pd
nanoparticles and their associated polarization and relaxation.
Two hoops are observed for these nanocomposites as revealed
in Fig. 7(C), which suggest the excellent microwave shielding
performance of Cu,PdCNT nanocomposites, which mainly may
be attributed to two factors: impedance matching and EM wave
attenuation.

The EMI shielding using highly conducting materials, such
as metals, is known to be governed by reflection rather than
absorption. On the other hand, hybrid conducting nano-
composites provide EMI shielding predominantly due to
absorption owing to the presence of electric dipoles.*** We
observed a similar phenomenon for our nanocomposites,
wherein the total EMI SE achieved is greater than the recom-
mended limit of SE (20 dB) for commercial applications.*’
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Therefore, the as-fabricated Cu decorated buckypaper
(Cuy5PACNTs) could be a potential choice for futuristic EMI
shielding materials. Interestingly, the desired value of EMI SE
can be achieved by scaling the loading level of Cu nanoparticles
depending on the specific requirement in the desired applica-
tion. Our Cu;5sPdCNT nanocomposites exhibited improved
microwave absorption properties in comparison to pristine
PACNTs, MWCNTs, and PANI/MWCNT nanocomposites repor-
ted earlier.>®*

4. Conclusions

We have demonstrated the synthesis of a lightweight and flex-
ible Cu nanoparticle decorated PACNT buckypaper with high
EMI shielding effectiveness, using a simple and cost-effective
electroless technique. These nanocomposites have been char-
acterized by employing XRD, FESEM, HRTEM, and Raman
spectroscopy, which suggest a uniform selective decoration of
Cu nanoparticles on PACNTSs up to a loading limit of ~15 wt%,
beyond which the Cu nanoparticles tend to agglomerate. The
EMI shielding effectiveness of 35 dB (~99.99%) and a high
specific EMI SE of ~108 dB cm® g~ have been realized in the
Ku-band for Cu,PdCNT buckypaper (thickness of 200 pm) at
15 wt% loading of Cu nanoparticles. It is suggested that the Cu
nanoparticle decorated Pd doped MWCNTs could find prom-
ising EMI shielding applications in the Ku band, wherein the
EMI SE can be tuned depending on the application by tailoring
the Cu nanoparticle loading on MWCNTs.
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