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Enhancement of electromagnetic interference
shielding from the synergism between Cu@Ni
nanorods and carbon materials in flexible
composite filmsf

*bc

Ruosong Li,** Shuai Wang,® Peiwei Bai,” Bingbing Fan, ()€ Biao Zhao and

Rui Zhang (¢

A series of composite films containing poly(vinylidene fluoride) (PVDF), carbon nanotubes (CNTs), graphene
and bimetallic nanorods, in which copper was wrapped with nickel (Cu@Ni), were fabricated via a facile
preparation method of solution casting and compression molding. The electrical conductivity, thermal
conductivity, and electromagnetic interference shielding effectiveness of the PVDF/CNT/graphene/Cu@Ni
composite films were adjusted by varying the Cu@Ni content. A stronger EMI shielding performance
(158.8 dB mm™%) was achieved due to the synergistic effects between Cu@Ni nanorods and carbonaceous
nanofillers (CNTs and graphene) compared with our previous studies. The Cu@Ni nanorods particularly
contributed both magnetic loss and dielectric loss to the electromagnetic wave. The increased electrical and
thermal conductivity with Cu@Ni content facilitated the films' ability to transform electromagnetic wave
energy into Joule heat. Moreover, the composite films possessed enhanced mechanical strength, flexibility

rsc.li/materials-advances

1. Introduction

Rapid development in telecommunications and electronic
interfaces has given rise to significant levels of hazardous
electromagnetic interference (EMI), which can degrade the
performance and decrease the lifetime of electronic compo-
nents. Therefore, EMI shielding materials are required to
prevent the penetration of harmful EM waves into electronic
components, thus facilitating the environment protection and
human health." Traditional metallic shielding materials are
popular but may be restricted due to their disadvantages of
overweight, susceptibility to corrosion, deforming difficulty,
and potential production of secondary electromagnetic (EM)
pollution. In order to overcome these drawbacks, conductive
polymer composites (CPCs), made from a polymer matrix and
conductive fillers, which are light, resistant to corrosion and
easy to manufacture” are being cited increasingly as potential
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and electrical stability due to the ordered filler network between the PVDF and the fillers.

materials for attenuating EM waves. The EMI shielding perfor-
mance of CPCs is mainly dependent on the characteristics of
nanofillers including electrical/thermal conductivity, magnetic/
dielectric properties, aspect ratio, dispersity and physical
geometry.

As a consequence, the technology behind the nanofillers
employed in CPCs, such as nanotubes,> nanowires,>”
nanorods,® graphene,”'® MXene,"""? black phosphorus,™ and
transition metal dichalcogenides,"* has greatly promoted the
development of the EMI shielding performance. Carbonaceous
nanofillers such as carbon nanotubes (CNTs) and graphene
have a controllable aspect ratio and are of great flexibility,
lightweight, oxidation-resistant, and highly thermally and elec-
trically conductive.'® Additionally, CNT/graphene composites
are particularly interesting as they could fulfill the full band
absorption in a range of 2-18 GHz.'® They are therefore
considered beneficial for the development of the EMI shielding
technology.

Based on the EMI shielding mechanisms of reflection and
absorption, conductive carbon materials or composites con-
taining carbonaceous nanofillers can reflect the incident EM
waves by an impedance mismatch. The downside to the reflec-
tion is that it produces secondary EM pollution. On the other
hand, charge carriers or magnetic/electric dipoles of the mag-
netic or EM components are able to attenuate the EM waves via
absorption loss, which is dependent on the dielectric and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnetic loss ability of CPCs. As a result, ferromagnetic nano-
fillers such as Ni,"”2° Fe,>** and Co>**® in composites have a
strong absorption performance, but there is a tradeoff with a
higher filler content and a greater thickness of EMI shielding
materials. Accordingly, incorporation of nanofillers is favorable
to accumulate each single fundamental property in a solitaire
composite for promoting the EMI shielding performance.>®
Based on our previous studies on ternary-phase CPCs contain-
ing CNT/graphene®”*® and monometallic Ni,>® the conduction
and dielectric loss could be achieved from carbonaceous
nanofillers,?® while magnetic loss could be primarily intro-
duced from magnetic ferrites and metals. Therefore, CPCs
containing magnetic metals and carbonaceous nanofillers,
correspondingly acting as a metal-carbon ternary or quaternary
phase composite, can be realistic EMI shielding materials
because of the combination of the magnetic loss (magnetic
domain movement, spin resonance and relaxation of magneti-
zation) and conduction loss (Ohmic loss and dielectric con-
ductivity loss).**

Compared with monometallic magnetic metals, bimetallic
alloys such as Fe-Ni,>*** Co-Ni,*'** Co-Fe®® and sendust-Ag>®
showed complementary effects in balancing the complex relative
permittivity and permeability due to their dielectric-magnetic loss
ability. Additionally, copper exhibits excellent mechanical, thermal
and electrical properties, but when exposed to air it has a great
tendency to be oxidized.”” Therefore, introducing a magnetic
nickel shell wrapped on the copper core not only improves the
magnetic loss ability of the hybrid but also prevents its oxidation.
In our previous study, the Ni-Cu alloy was found to have high
impedance match, dielectric loss, multiple polarization relaxation
and natural resonance in favor of attenuation of EMI waves.*®
It particularly exhibited a strong absorption loss by balancing the
dielectric and magnetic losses when anchored on reduced gra-
phene oxide (rGO).** Noticeably, high magnetic magnetization
alloys may exhibit poor impedance matching ability due to their
ultrahigh conductivity.**** As a result, there are still open issues
on the synergistic effects between the Ni-Cu alloy and the carbo-
naceous nanofillers in CPCs, despite the metal-carbon structures
and the bimetallic alloys being reported to be efficient for attenu-
ating EM waves.

Herein, composite films were fabricated with 1-dimensional
(1-D) Cu@Ni nanorods that had a core-shell microstructure as
an adjustable nanofiller, and was reinforced by CNT/graphene.
Poly(vinylidene fluoride) (PVDF) was selected as the polymer
matrix because of its pyroelectric effect, substantial dielectric
constant, high mechanical stiffness, thermal solidity and pro-
cessability. Then, this study investigated the EMI shielding
effectiveness (SE), electrical conductivity (EC), thermal conduc-
tivity (TC), and mechanical strength of the fabricated PVDF/
CNT/graphene/Cu@Ni composite films by varying the Cu@Ni
content. Compared with the EMI shielding carbon CPCs in the
literature, the Cu@Ni-decorated composite films possessed a
strong performance in terms of their high EMI shielding
performance with a thin structure. Furthermore, the increase
in TC prompted the composite films to absorb microwave
energy and quickly dissipate the converted Joule heat, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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are in favor of the film’s ability to protect sensitive electronic
instruments.

2. Experimental

2.1 Raw materials

Copper(n) nitrate trihydrate (Cu(NOj3),-3H,0) was provided
from Tianjin Kemiou Chemical Reagent Co., Ltd (Tianjin,
China). Nickel(u) nitrate hexahydrate (Ni(NOj3),-6H,0), sodium
hydrate (NaOH), and ethylenediamine (H,NCH,CH,NH,, EDA)
were purchased from Tianjin Fengchuan Chemical Reagent
Technologies Co., Ltd (Tianjin, China). Hydrazine hydrate
(N,H,-H,0) was acquired from Tianjin Fuyu Fine Chemical
Co., Ltd (Tianjin, China). Graphene nanoplates were supplied
by NanoXplore, Inc. Multi-walled carbon nanotubes (NC7000)
were supplied by Nanocyl SA. They had an average diameter of
9 nm and a length of approximately 1.5 um. Poly(vinylidene
fluoride) was purchased from Solvay with a grade of Solef®
6020. All reagents were of analytical grade and were used as
received without further purification.

2.2 Synthesis procedure of core-shell Cu@Ni nanorods

The preparation process of the Cu@Ni nanorods is illustrated
schematically in Fig. 1(a). Initially, 0.2 mL of Cu(NOj3),-3H,0
(0.5 mol L") and 0.2 mL of Ni(NO;),-6H,0 (0.5 mol L") were
dissolved in a plastic reactor containing 60 mL of highly
concentrated NaOH (7.0 M). This solution was then stirred
for 15 min. 0.1 mL of EDA was added, and this solution was
stirred until it became turbid. 0.05 mL of N,H,-H,O was added
to this turbid solution, and it was stirred for 7 minutes. The
reactor was kept at 80 °C for 1 hour and then allowed to drop to
ambient temperature via natural cooling. Finally, the liquid was
centrifuged, and washed multiple times using ethanol and
distilled water, and then vacuum dried at 50 °C to obtain the
final Cu@Ni samples.

2.3 Fabrication procedure of PVDF/CNT/graphene/Cu@Ni
composite films

PVDF/CNT/graphene/Cu@Ni composite films were fabricated
via solution mixing and compression molding (Fig. 1(b)). After
PVDF was dissolved in dimethyl formamide (DMF) solution at
60 °C, 0.6 g of CNTs and 0.8 g of graphene were then stirred into
the prepared PVDF/DMF solution. When the homogeneous
PVDF/CNT/graphene solution was prepared, different amounts
of Cu@Ni nanorods were dispersed in the solution via the
ultrasonication method. Lastly, the PVDF/CNT/graphene/
Cu@Ni composite film was obtained from its evaporated
solution in a vacuum oven at 60 °C for 5 hours. Compression
molding at 190 °C and 15 MPa was used to produce a 30 mm
diameter circle of the 0.3 mm thick film. A series of composite
films containing 6 wt% CNT, 8 wt% graphene, and different
Cu@Ni contents of 0.6 wt%, 1.2 wt%, 2 wt%, 4 wt%, 6 wt%, and
8 wt% were fabricated. The amount of PVDF and Cu@Ni in
DMF is listed in Table S1 in the ESI.¥ As shown in Fig. 1(c), the
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composite film has a high degree of flexibility and can be
repeatedly bent.

2.4 Characterization

The details of structural characterization, including the wide-
angle X-ray diffraction (XRD) pattern tests and the field-
emission scanning electron microscopy (FE-SEM) observations,
as well as the EMI SE, EC and TC measurements, were
described in our previous papers.>**° Additionally, the values
of EMI SE, including total SE (SEy), reflection SE (SEg) and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

L]
= absorption SE (SE,), were obtained from applying eqn (1)-
(6):26’41

R=[S1|* = S5 (1)

= |Sa1]* = |S12]? (2)

A=1—|Su|* — [Sp|® (3)

SEg = —10log(1 — R) (4)

T
SEr = SEg + SE, (6)

where S;; and S,; are the scattering parameters.

Dynamic mechanical analysis of the composite films was
performed with a dynamic mechanical analyzer (DMA mode
450, 01db-Metravib, France) in the double cantilever mode at a
constant frequency of 1 Hz, a static force of 0.01 N, a strain
amplitude of 10 pm, a temperature range of 20 °C to 150 °C,
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Fig. 1 Schematic illustration of the fabrication process of (a) Cu@Ni nanorods and (b) the PVDF/CNT/graphene/Cu@Ni composite film and (c) the digital

and a scan rate of 3 °C min~'. The elastic modulus of the

composite films was measured using a nano-indenter (DSI,
KLA-Tencor) from the maximum peak value of the relevant
displacement curve.

3. Results and discussion

3.1 Structure characterization of PVDF/CNT/Cu@Ni
composite films

Fig. 2 shows the XRD patterns of the PVDF/CNT/graphene/Cu@Ni
composite films with different Cu@Ni contents, while a detailed
XRD pattern of Cu@Ni is shown in Fig. S1(a) in the ESL{ As shown
in Fig. 2, four identical diffraction peaks at 20 = 17.6°, 18.3°, 19.8°,
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Fig. 2 XRD patterns of the PVDF/CNT/graphene/Cu@Ni composite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and 26.5° are assigned to the diffraction peaks (100), (020), (110),
and (021) of the PVDF o-phase crystal.*> There is no evidence to
support the transformation from the o phase to the p phase in the
PVDF. Compared with the pure PVDF spectrum,* the diffraction
peaks of the Ni and Cu crystals were observed when the Cu@Ni
contents exceeded 4 wt%. The XRD patterns of the composite films
at 20 = 44.5°, 51.8° and 76.4°, as well as those at 20 = 43.3°, 50.4°
and 74.2°, correspond to the face-centered cubic (111), (200) and
(220) crystal faces of Ni and Cu, respectively.*® These diffraction
peaks are assigned to the Cu and Ni based on the standard Joint
Committee on Powder Diffraction Standards card of copper and
nickel (PDF#04-0836 and PDF#04-0850),** and the peaks indicate a
mixture of Cu and Ni metals in Cu@Ni. Additionally, the intensity
of the Ni and Cu peaks increased with the Cu@Ni contents due to
the different standard reduction potentials of the Ni and Cu
atoms.*® No other characteristic peaks are observed, demonstrat-
ing that the Cu@Ni nanorods were not oxidized during the
synthesis and the film fabrication process, thus confirming the
existence of the pure phase of Cu@Ni. In addition to Cu and Ni,
the diffraction peak of the (002) plane at 20 = 26° as shown in
Fig. 2, which corresponds to the graphite structure,***” is close to
that of the (021) plane at 20 = 26.5°,">*” and thus the (021) and
(002) planes cannot be distinguished explicitly.

Fig. 3 shows the elemental mapping images of the PVDF/
CNT/graphene/Cu@Ni composite films, which identifies the
co-existence of the Cu and Ni elements in Cu@Ni; the
C element in PVDF, CNT and graphene; and the F element in
PVDF in the composite film. Therefore, the results from XRD
and elemental mapping confirm that the Cu@Ni, graphene and
CNTs were dispersed sufficiently throughout the PVDF. Addi-
tionally, a 1-D rod structure Cu@Ni is demonstrated because
the Cu and Ni elements are concentrated in the shape of a rod
as shown in Fig. 3(b) and (c), whereas the C and F elements are
dispersed throughout the whole section as shown in Fig. 3(d)
and (e). Furthermore, the element mapping of the Ni element is
wider than that of Cu, which implies that the Ni shell covers the

View Article Online
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Cu core. This core-shell structure was induced by the different
standard reduction potentials of copper [E, (Cu**/Cu®) = 0.342 V]
and nickel [E, (Ni**/Ni’) = —0.257 V]. The higher potential facili-
tated Cu to be reduced in the competitive redox reactions and
acted as a nucleation precursor, while Ni** ions were reduced
in situ to coat on the Cu surface.*®*® Therefore, hybrid nanorods,
in which Cu was wrapped with Ni, were prepared.

A conducting network is formed when the fillers are intro-
duced into the polymer matrix and they are contacted with each
other. This constructed network, providing continuous paths
for phonon and electron migration, is the primary issue for the
high electrical and thermal transfer in CPCs.>® Therefore, the
morphologies of the prepared Cu@Ni nanorods were observed
in the FE-SEM images. The overall perspective of the Cu@Ni
nanorods in Fig. S1(b) and (c) (ESIt) shows a rod structure with
an average diameter of 0.3 pm and a length of 5-10 um.
Additionally, the cross-sections of the PVDF/CNT/graphene/
Cu@Ni composite films in Fig. 4 show a uniform distribution
of the CNTs, graphene, and Cu@Ni nanorods in the PVDF
matrix. The Cu@Ni nanorods are found to co-exist with the
CNTs and graphene, and the Cu@Ni nanorods in the FE-SEM
images are observed to become increasingly concentrated with
the Cu@Ni content being increased. This signifies an enhance-
ment on the bridge effect between the fillers. Moreover, the
CNTs, graphene, and Cu@Ni show rare signs of detachment
from the PVDF. Additionally, the 1-D structure of the Cu@Ni
nanorods with a high aspect ratio is favorable to avoid the
aggregation of graphene and CNTs.®

3.2 Electrical and EMI shielding properties of PVDF/CNT/
graphene/Cu@Ni composite films

3.2.1 Relationship between EC and EMI SE. Fig. 5(a) shows
the EC of the PVDF/CNT/graphene/Cu@Ni composite films
with varying contents of the Cu@Ni nanorods. The EC
increased from 4.6 Scm ™" to 5.8 S cm ™' as the Cu@Ni content
increased from 0.6 wt% to 8 wt%. The FE-SEM images in Fig. 4

Fig. 3 SEM image (a) and elemental mapping images of ((b) Cu, (c) Ni, (d) C and (e) F) of the PVDF/CNT/graphene/Cu@Ni composite films.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of PVDF/CNT/graphene/Cu@Ni composite films with different CNT contents: (a) 0.6 wt%, (b) 1.2 wt%, (c) 2 wt%, (d) 4 wt%, (e) 6 wt?%,

and (f) 8 wt% Cu@Nis.

show that the increase in the Cu@Ni content shortens the
distance between the graphene, CNTs, and Cu@Nis, thus
promoting the bridging effect among the conductive fillers.
The introduced CNTs and graphene scattered throughout the
PVDF matrix, thus reducing insulated contacts. As a result, EC
was retained in a high value of 4.22 S m™" even at a low Cu@Ni
content of 0.5 wt%. The motion of electrons was correspond-
ingly accelerated through the formed conductive networks.”
This indicated that the increased EC was induced by a
predominant contribution of denser and more developed elec-
trically conductive pathways constructed by the fillers’ distribu-
tion in the PVDF matrix.

Fig. 5(b) and Fig. S2 in the ESI} demonstrate that the EMI SE
of the composite films continuously increased with the Cu@Ni
content, which signified that EC and EMI SE had a close
relevance.>>*® This relevance was ascribed to the attenuation
of the EM waves using electrically conductive materials or
materials which have electric and/or magnetic dipoles.>* On
the one hand, the electron transfer that occurred on the surface
of these materials gave rise to the reflection of the EM waves.
Thus, higher EC caused more significant impedance mismatch
at the interface between the free space and the materials’
surface to the benefit of the reflection loss.*> However, free
electrons rarely existed on the surface of the CPCs, and thus the
reflection loss from the CPCs’ surface was limited.>®> On the
other hand, when passing the metallic or conductive nanofil-
lers, the incident EM waves were absorbed by the electric and/
or magnetic dipoles interacting with the EM fields in the
radiation.' The absorbed EM wave energy was converted into
heat via the Joule heating effect and was dissipated in the form
of heat. Therefore, the increased EC simultaneously enhanced
the reflection and absorption losses.

3.2.2 Mechanism of the EMI shielding performance. The
dominated EMI shielding mechanism of the Cu@Ni-decorated
composite films in this study requires further explanation. As

722 | Mater. Adv., 2021, 2, 718-727

shown in Fig. 5(c), the values of SE, higher than SE; are
displayed based on the EMI SE results at 22 GHz. The values
of SEt, SE,, and SEg for the Cu@Ni-decorated composite films
with 6 wt% Cu@Ni are 41.0 dB, 30.8 dB, and 10.2 dB, respec-
tively, of which SE, accounts for 75.1% of SEr, for example.
These larger proportions of SE, in SE; than those of SEg
demonstrate that the composite films were absorption-
dominated EMI shielding materials. Additionally, the values
of SEr and SE, increased dramatically with Cu@Ni contents,
whereas those of SEg levelled off at a high Cu@Ni content.
Besides, the ratios of SEA/SE; as shown in Fig. 5(d), which
increased from 70.9% to 80.1%, further identified the attenua-
tion of the Cu@Ni-decorated composite films as being mainly
driven by the absorption loss. The absorption loss contributed
by the Cu@Ni nanorods originated from the dielectric-mag-
netic (or core-shell) microstructure, impedance mismatch,
intense interfacial polarization, eddy current loss and multiple
reflections.®® Firstly, the EMI waves were absorbed through the
complementary effects between magnetic loss and dielectric
loss. The ferromagnetic Ni shell has a large aspect ratio and
outstanding ability in magnetic loss and the Cu core possesses
a strong dielectric loss performance. Additionally, the core-
shell microstructure induced interfacial dipoles which existed
among multiple interfaces between Ni/Cu, Ni/CNT and Ni/
graphene systems in favor of the absorption loss.*® Lastly, the
1-D structured Cu@Ni nanorods formed a dissipation micro-
current and acted as an antenna receiver to absorb the incident
EM wave energy,>® and the impedance match induced the EM
wave to enter the interior of the receiver as much as possible.
In summary, the introduced Cu@Ni nanorods dominated the
attenuation of the EM wave by the absorption loss rather than
the surface reflection loss.

Based on the above analysis, schematics of the synergetic
effects of Cu@Ni nanorods and CNT/graphene on the EMI
shielding performance are illustrated in Fig. 5(e). Firstly, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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1-D structure of CNTs and Cu@Ni nanorods was favorable to
dissipate the microwave energy and induced an interfacial
polarization loss.*” In particular, the polarization loss benefited
from the increase in the charge accumulation of the aggregate
dipoles at the interfaces between the fillers and the PVDF when
the EM waves passed through the film.>* The migrating charges

© 2021 The Author(s). Published by the Royal Society of Chemistry

existing at the interface of Ni and Cu particularly induced
interfacial polarization.’® Secondly, the introduced CNTs, gra-
phene and Cu@Ni nanorods improved the EC according to the
contacting and hopping conductive mechanism,*” thus enhan-
cing the conduction loss associated with the attenuation of

energy through the current flow. Thirdly, the conducting

Mater. Adv., 2021, 2, 718-727 | 723
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networks constructed by CNTs, graphene and Cu@Ni nanorods
produced multiple reflection losses.>® Fourthly, dual reflection
losses resulted from the interfaces in the core-shell micro-
structure of Cu@Ni nanorods.?” The EM waves were reflected at
the Ni shell and then the waves transmitted from the Ni shell
were reflected at the Ni/Cu interface. Finally, the dielectric loss,
depending on the interfacial and dipole polarizations, and
magnetic loss that originated from the eddy current and the
natural resonance further attenuated the EM wave.®

3.2.3 Comparison of the EMI SE values of the composite
films. In general, the dominated absorption loss is directly in
proportion to the thickness of the shielding material," but the
thickening will increase the material consumption and hence the
cost. It is, therefore, preferable to achieve high EMI SE values with
relatively thin materials. To evaluate the EMI shielding perfor-
mance of the prepared composite film, Table S2 in the ESIf and
Fig. 6(a) show the EMI SE of some representative CPCs with
thicknesses lower than 10 mm. The results show that, compared
with other shielding CPCs, the SEr of the composite film with
8 wt% Cu@Nis is located the farthest from the red line in the
upper area of the comparison chart, indicating both the high EMI
SE and thinness. To further evaluate the effectiveness of the
shielding material by incorporating the EMI SE and the thickness
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(b) 50 -

(), a more realistic parameter, SE/t, was applied.®" In addition to
the EMI SE, thickness, filler type and content, it can be seen from
Table S2 (ESIt) that the type of polymer matrix had a significant
influence on the EMI performance. Therefore, the EMI SE/t values
of the representative PVDF-based, CNT-based and graphene-based
composites are shown for comparison in Table S3 of the ESIT and
Fig. 6(b).

Fig. 6(b) shows that the EMI SE/t of the composite film with
8 wt% Cu@Nis is the farthest from the red line in the upper area.
Compared with the binary- or ternary-phase CPCs containing
CNT,>* graphene® and Ni chains®*®* in our previous studies as
well as the PVDF-based, CNT-based and graphene-based CPCs
shown in Fig. 6(b), this quaternary composite film exhibited the
highest EMI SE/t value. As a consequence, the synergetic effects
between Cu@Ni and CNT/graphene resulted in a stronger EMI
shielding performance with thinness and low filler content than
the single effect of CNT or graphene in the binary CPCs. The
reinforcement in the EMI shielding performance contributed by
CNT/graphene was mainly due to the high EC that was caused by
the contacting and hopping conductive mechanisms from the
hybrid of CNT/graphene. Thus, the conduction loss increased in
alternating EM fields.>” Furthermore, CNT/graphene has a large
aspect ratio, and thus its interfacial location provides abundant

0.8

45

w
i
404 e 0.6

354
0.5

EMI SE (dB)

304 /
[} -0.4

T'hermal conductivity (W-m -K")

0.3

20 T T T T T T

T
4.8 54 56 58 6.0

- . .. . «l
Electrical conductivity (Sm™)

(a) TC of pure PVDF and PVDF/CNT/graphene/Cu@Ni composite films with various Cu@Ni contents and (b) correlation analysis of TC, EMI SE and
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interfaces to multiply the reflections and attenuate the incident
EM waves.® With the introduction of Cu@Ni, the conduction loss
was further enhanced because the CNTs and Cu@Ni nanorods
filled the gaps between the graphene layers and bridged the
neighboring fillers to form a conductive network.'® Moreover,
the stacked morphology and agglomeration of CNT/graphene
dramatically affected the electrical and EMI shielding properties of
CPCs,* whereas the high aspect ratio of the 1-D structure of
Cu@Ni nanorods could prevent the agglomeration of CNT/gra-
phene (see Fig. 4)**° and require a relatively low filler content as a
conductive carrier®® to complete the conductive network. In one
word, this composite film that was decorated by ternary conductive
CNTs, graphene and 1D core-shell Cu@Ni nanofillers possessing

Table1 TC of the PVDF/CNT/graphene/Cu@Ni composite film and some
representative PVDF-based composites in the literature

Filler content

TC (W m™ " K ') Ref.

1 wt% CNT/10 wt %Ni 0.65 29
5 wt% GnP/8 wt %Ni 0.66 29
8 wt% CNT/5 wt% Fe;0, 0.62 65
8 wt% graphene/5 wt% Fe;0, 0.68 65
16 wt% surface modified graphene 0.679 66
6 wt% CNT/8 wt% graphene/8 wt% Cu@Ni 0.623 This work
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collaborative advantages due to the conduction loss, interfacial
polarization resulting from numerous interfaces, and dielectric-
magnetic loss originating from the core-shell structured Cu@Ni,
exhibited a stronger EMI shielding performance compared with
our previous studies.

3.3 Thermal properties of PVDF/CNT/graphene/Cu@Ni
composite films

Prolonged exposure to EMI radiation caused the EMI shielding
materials to be overheated, and therefore, a high TC is preferable
to accelerate the heat dissipation of these materials.>* The TC of
the PVDF/CNT/graphene/Cu@Ni composite films at room tem-
perature is shown in Fig. 7(a). The TC of the Cu@Ni-decorated
composite films continuously increased to 0.623 W m™ ' K ' at a
Cu@Ni content of 8 wt%, which nearly tripled that of the pure
PVDF with a value of 0.18-0.21 W m™* K '.>*** As shown in
Table 1, the TC of this composite film was comparable with that of
some PVDF-based shielding CPCs in the literature. The augment
in TC was attributed to the developed interconnectivity among the
fillers and the matrix. The elevated TC facilitated the dissipation of
heat that was converted from EM wave energy through the Joule
heating effect.>*
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(a) Compression versus displacement curve and (b) the elastic modulus of the composite films obtained using a nano-indenter; (c) storage

modulus of the films as a function of temperature; (d) EC with 8 wt% Cu@Nis after repeated bending.
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The correlation analysis between the EMI SE and TC with
respect to the EC is shown in Fig. 7(b). The results show that the
incident EMI waves were attenuated with the increase in both
EC and TC. The increase in the EC caused more EM wave
energy conversion into Joule heat, and thus the high TC of the
composite films was favorable to attenuate the incident EM
waves through dissipating the converted heat.®”*® Accordingly,
the collaborative improvement in the EC, TC and EMI SE with
the increased content of Cu@Ni nanorods promoted the
attenuation of the incident EM waves and prolonged the life-
time of the composite films.

3.4 Mechanical properties of PVDF/CNT/graphene/Cu@Ni
composite films

Based on the compression-displacement curve shown in Fig. 8(a),
the elastic modulus of the composite film increased with the
introduced Cu@Ni nanorods. The increased elastic modulus sig-
nifies a difficulty in the in-through elastic deformation of the
Cu@Ni-decorated composite films. Therefore, greater stress is
required to cause a certain in-through elastic deformation of the
film (or conversely, a smaller in-through elastic deformation
occurs under a given stress). The rigid section of the nanorods
facilitated the extension, conformational transition, and move-
ment of the polymer chain based on the pinning effect.'®
Additionally, the distributed Cu@Ni nanorods increase the energy
absorption and thus contribute to the elevated plastic deformation
capacity. Fig. 8(c) shows that the storage modulus of the composite
film with 0.6 wt% Cu@Ni decreases more sharply than that with a
higher content of Cu@Ni nanorods, and the drop is obvious after
the temperature exceeds 120 °C. This was attributed to the low TC
of the composite film with 0.6% Cu@Ni, which indicated a tardy
heat dissipation.

In addition to the high mechanical strength, the PVDF/CNT/
graphene/Cu@Ni composite films exhibited an outstanding in-
plane flexibility and structural integrity during bending. As
shown in Fig. 1(c) and 8(d), the composite film with 8 wt%
Cu@Ni could be repeatedly bent and exhibited a negligible
decline in EC after repeated bending. This high electric stability
of the composite film was attributed to the core-shell structure
that prevents Cu from being oxidized, while the flexibility
mainly originated from the carbonaceous fillers." The high
flexibility and mechanical strength of the composite films
make them suitable for various applications in flexible devices.

4. Conclusion

Flexible and robust PVDF/CNT/graphene/Cu@Ni composite
films were fabricated via solution casting and compression
molding. The EC, EMI SE and TC of the Cu@Ni-decorated
composite films were adjusted by varying the Cu@Ni content.
A strong EMI shielding performance of 158.8 dB mm ' was
exhibited due to the synergetic effect between the Cu@Ni
nanorods and the carbonaceous nanofillers (CNTs and gra-
phene). The prepared bimetallic Cu@Ni nanorods exhibited
complementary effects in magnetic loss and dielectric loss,
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thus enhancing the contribution of absorption to the EMI
shielding. Additionally, the EMI shielding performance was
dominated by the absorption loss. Moreover, the developed
interconnectivity of fillers with the increase in the Cu@Ni
content not only accelerated the electrical and thermal conduc-
tion of the composite films to dissipate the converted heat, but
also improved their flexibility and electric stability.
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