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Robust ultrahigh electromagnetic interference
shielding effectiveness based on engineered
structures of carbon nanotube films

Haoxiang Zhang,'* Xiaojing Gong,"*>* Xucheng Dai,' Zhenzhong Yong,”* and Seeram Ramakrishna®*

SUMMARY

High-performance electromagnetic interference (EMI) shielding materials with ultrathin, flexible, and
pliable mechanical properties are highly desired for high-end equipments, yet there remain large chal-
lenges in the manufacture of these materials. Here, carbon nanotube film (CNTF)/copper (Cu) nanoparticle
(NIP) composite films are fabricated via a facile electrodeposition method to achieve high electromagnetic
shielding efficiency. Notably, a CNTF/Cu NP composite film with 15 um thickness can achieve excellent EMI
shielding efficiency of ~248 dB and absolute EMI shielding effectiveness as high as 2.17 x 10° dBcm?g ",
which are the best values for composite EMI shielding materials with similar or greater thicknesses. These
engineered composite films exhibit excellent deformation tolerance, which ensures the robust reliability of
EMI shielding efficiency after 20,000 cycles of repeated bending. Our results represent a critical break-
through in the preparation of ultrathin, flexible, and pliable shielding films for applications in smart,
portable and wearable electronic devices, and 5G communication.

INTRODUCTION

With the rapid development of 5G mobile communication and portable electronic devices, the electromagnetic interference (EMI) problem
becomes an increasingly serious problem that both severely impacts the performance of electronic products and equipment and contributes
to environment EMI pollution.'™ The drive to miniaturize smart and portable electronic devices requires flexible and ultrathin EMI mate-
rials."'? To solve these problems, efforts have targeted the development of ultrathin high-performance EMI shielding materials that are effec-
tive against high-energy and wide-frequency radiation.'"™”

As shown in Figure 1, traditionally, metal and carbon materials have been widely used as EMI shielding materials. Metals, such as copper
(Cu) and nickel, are common for this purpose; however, their shallow skin depth results in high surface reflection. Therefore, they cannot be
used as wave-absorbing materials. In addition, the metal sheets are bulky, costly, and prone to corrosion, so they are not suitable for use in
lightweight electronic products.”® High-magnetic-permeability alloys have also been considered as EMI shielding materials due to their high
relative permeability and light weight, but their high stiffness, susceptibility to corrosion, and high cost limit their practical application.”" Intrin-
sically conductive polymers have been studied as EMI shielding materials due to their low density and absorption-dominated shielding mech-
anism (which is more desirable in stealth technology); however, they have poor mechanical and thermal properties which limit their practical
use.’? In this regard, carbon nanotube films (CNTFs) and their composites are considered to be the best candidates for flexible and ultrathin
EMI shielding materials, because they possess excellent conductivity and are lightweight, flexible, and chemically inert.”*?° In 2021, the hi-
erarchical macro-to-micro pore structure and properties of carbon nanotube (CNT) foam were tailored over a wide range via a secondary
chemical vapor deposition (CVD) process. Benefiting from the multilevel reflection in hierarchical pore structures, optimized CNT foam
achieves a high shielding efficiency (SE) of 84 dB and an absolute SE (SSEy) of 5.6 x 10* dB cm? g~". The thicknesses of these pure CNT foams
are typically in the range of the 1-10 mm.?® An ultrathin densified CNTF was fabricated by purification via concentrated sulfuric acid and sub-
sequent densification. The EMI SE of the CNTF reached 101 dB with a film thickness of 14.7 um. The SSE, was as high as 1.9 x 10°dB cm?g~".
However, the densification process uses concentrated strong sulfuric acid, which limits its batch production.27

Here, we report on an engineered sandwich-structured CNTF/Cu nanoparticle (NP) composite film with excellent EMI shielding perfor-
mance. All freestanding composite films are fabricated by an easy and facile electrochemical deposition method. Inspired by long-plate
effect, EMI shielding effectiveness is enhanced by a combination of two shielding mechanisms. The excellent EMI shielding efficiency is attrib-
uted to the engineered sandwich structure of CNTF/Cu NP composite films, which have a high reflection efficiency on the outside of the Cu
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Figure 1. The introduction figure about the origin and development of EMI shielding materials
High-performance EMI shielding materials with ultrathin, flexible, and pliable mechanical properties are highly desired and very difficult to be fabricated. The
future trending for high-efficiency EMI shielding materials is composite materials combining together the long-plate effect of different kinds of materials,

such as polymer-metal composite materials, carbon fiber and metal composite materials, carbon nanomaterials and metal composite materials.”*

NP layers and the multi-reflection and adsorption efficiency from CNTF in the middle layer. Specifically, the prepared sandwich CNTF (with
densified thickness of 10 um)/Cu composite film, with a deposition time of 60 min (~5 pum thickness), exhibits an ultrahigh EMI SE of approx-
imately 248 dB at a structure thickness of approximately 15 um. Our SSE, is as high as 2.17 x 10° dB cm?g~". To the best of our knowledge, our
reported EMI SE values are the best values achieved for composite EMI shielding materials with similar or greater thicknesses, and they are
also higher than the reported EMI SE values of typical pure metals. In addition, these light-weight, ultra-thin CNTF/Cu NP composite films also
have excellent, flexible and pliable mechanical properties, which ensure that they can maintain their the electromagnetic shielding effective-
ness even after repeated bending over 20,000 cycles. This work provides a new approach for developing high-performance, ultrathin, flexible,
and pliable EMI shielding materials that can be applied in various fields.

RESULTS AND DISCUSSION

Design principle and structural characterizations

Figure 2A shows ultra-thin and flexible CNTF/Cu NP composite films are fabricated via easy and facile one-step electrochemical deposition. A
CNT sheet is drawn from a rotating CNTF roll, passed through a deposition bath, and finally collected on a winder. It should be noted that our
continuous method can be stably scaled up. As we known, when electromagnetic waves pass through a shielding material, part of the wave is
reflected at the surface of the material, and the remaining part enters the shield material, travels forward, and continues to weaken until it
passes through the material. The shielding mechanism arises from the surface reflection loss on the interface of the material, the absorption
loss of the material, and multiple reflection losses within the material. For pure metal, its shallow skin depth results in high surface reflection.
Hence, when electromagnetic waves pass through metallic materials, they are mainly dissipated in the form of reflection loss (as shown in the
enlarged images of Figure 2A).

For a CNTF or CNT foam, multiple reflections and absorption play the key role. The multiple reflections are due to the reflection and scat-
tering of electromagnetic waves at various uneven interfaces within the EMI shielding material. When electromagnetic waves pass through
CNTFs, due to their unique porous structure, they are reflected multiple times within the film and are mainly dissipated in the form of absorp-
tion loss (as shown in the enlarged images of Figure 2A). Traditional metal or carbon EMI shielding materials require a sufficient thickness to

Figure 2. Conceptual design, and fabrication process of composite films
(A) Conceptual design and fabrication process of CNTF/Cu NP composite films.
(B and C) Top (B) and cross-section (C) SEM view of layered CNTF/Cu NP composite film.

iScience 27, 109525, May 17, 2024 3
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Figure 3. Electromagnetic shielding performance of composite thin films
(A) Metal layer thickness (blue line) and conductivity of composites (red line) under different electrochemical deposition times.

(B) X-ray analysis for CNTF-10/Cu with different electrodeposition times.

(C) Electromagnetic shielding performance testing of CNTF-10/Cu with different electrodeposition times.

(D) The normalized specific shielding efficiency SSE; of CNTF-10/Cu with different electrodeposition times. SSE; = SE/(density X thickness).

(E) Electromagnetic shielding performance of single and double sided copper sputtering.

(F) Absolute electromagnetic shielding performance of single and double sided copper sputtering.

dissipate more radiation. Hence, it is very difficult to achieve ultrathin materials with high values of SE and SSE, by using traditional EMI shield-
ing materials. In this work, by combining the advantages of the two dominating shielding mechanisms in metal and CNTF materials, we de-
signed and engineered a sandwich-structured composite film of Cu NP/CNTF/Cu NP to achieve enhanced EMI shielding performance.

Characterization of conductibility, EMI shielding efficiency, and mechanical properties

As an inherent property of electromagnetic shielding materials, conductivity is a key factor affecting the electromagnetic shielding efficiency,
because it affects the materials’ reflection and absorption properties. Hence, we first explore the influence of the thickness of the Cu NP layer
on the EMI efficiency. We electrochemically deposited Cu NP layers with different thicknesses on CNTF with densified thickness of 10 um. The
blue line in Figure 3A shows the thickness changes in the Cu NP layer corresponding to different chemical deposition times. With an increase
in electrochemical deposition time, the conductivity increases linearly (as shown by the red line in Figure 3A). The conductivities of CNTF-10/
Cu-20 and CNTF-10/Cu-40 were 1.92 x 10°>S/m and 7.85 x 10°S/m, respectively. The reaction time was doubled, whereas the conductivity of
the composite nanofiber membrane increased by a factor of four. For CNTF-10/Cu-60, the conductivity reached 2.65 x 10° S/m, which is one

4 iScience 27, 109525, May 17, 2024
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Table 1. The comparison of SE and SSE, for CNTF and CNTF/Cu systems

Material CNTF-10 CNTF-10/Cu-20 CNTF-10/Cu-40 CNTF-10/Cu-60 CNTF-10/Cu-80
SE (dB) 38 160 191 248 258
SSE (dB cm? g™") 76000 201740 215381 217830 161250

order higher than that of CNTF-10/Cu-40 and CNTF-10/Cu-20. When the reaction time was further extended to 80 min, the conductivity only
slightly increased. The detailed top-view and side view of SEM images for CNTF/Cu at different electroplating times are shown in Figures S1
and S2. Higher conductivity increases the performance of electromagnetic shielding. X-ray diffraction (XRD) analysis confirmed the formation
of Cu NPs. The XRD spectra of the CNTF/Cu NP composite films show that a typical Cu face-centered cubic structure is formed in the com-
posite films. As the electrochemical deposition time increases, the peak intensity of the diffraction peaks gradually increases. The XRD peaks
of CNTF/Cu at 20 = 43.29°, 50.43°, and 74.13° correspond to the reflections of the (111), (200), and (220) crystal planes of the face-centered
cubic structure of metal Cu (corresponding to the standard pattern of Cu, JCPDS (Joint Committee on Powder Diffraction Standards) card
number: 04-0836),”° as shown in Figure 3B.

We further tested the electromagnetic shielding efficiency of these composite films at the X-band. The electromagnetic shielding effi-
ciencies corresponding to CNTF-10/Cu-20, CNTF-10/Cu-40, CNTF-10/Cu-60, and CNTF-10/Cu-80 are shown in Figure 3C. The EMI SE
was clearly observed to increase as the electrochemical deposition time increased from 20 to 80 min (data shown in Table 1, detailed
data shown in Figure S3), which is consistent with the trend of their electrical conductivities. However, when considering the density of the
whole materials, the system with the highest absolute value of normalized specific SE (SSE) is the CNTF-10/Cu-60 system (in Figure 3D).
This is mainly because, with the reaction time increasing, the thickness and density of the composite film significantly increase in the
CNTF-10/Cu-80 system. The increase in the electromagnetic shielding effectiveness is less than the increase in the density and thickness,
so the SSE; value will decrease; thus, we selected 60 min as the best electrochemical deposition time for the subsequent research.

We further verified that the EMI efficiency of this sandwich structure is much better than that of a structure with a metal layer only on one
side. Typically, the Cu NP layers will be deposited on both sides of CNTF by using our electrochemical deposition methods. Hence, we utilize
an automatic vacuum ion sputtering method to deposit Cu layers on the single side and both sides of the CNTF films to explore the advantage
of the sandwich structure. The images are shown in Figure 54 of the supplemental information. The sputtering time of one side of Cu layer was
20 min, and the thickness of one side of the Cu layer was 300 nm. As clearly shown in Figures 3E and 3F, the EMI efficiency of this sandwich
structure is better than that of the structure only with metal layer on one side. It also should be noted that compared with a low deposition
velocity of automatic vacuum ion sputtering, our facile electrochemical deposition method is much more efficient for the deposition of Cu
NP layer.

Furthermore, we deposited Ni NP on the CNTF to demonstrate whether the choice of metal material has a great impact on the EMI ef-
ficiency. The absolute EMI efficiency of Cu NP/CNTF/Cu NP composite materials is 1.1 times higher than that of Ni NP/CNTF/Ni NP com-
posite materials. Detailed data for the CNTF/Ni NP composite materials are shown in Figure S5and Table S1 of the supplemental information.
We also tested contact angle of CNTF/Cu NP and CNTF/Ni NP composite film. The more hydrophobic behavior for system with longer depo-
sition time, the same trend on these two types of composite film, as shown in Figure Sé of the supplemental information.

Next, we further studied the influence of the densified structure of CNTF on the electromagnetic shielding efficiency (Figure 4A). We uti-
lized electrochemical deposition method to deposit Cu NP layers (deposition time = 60 min) on the CNTF with different densified thicknesses.
A more compact CNTF (upper inset images of Figure 4B) resulted, with a decrease in film thickness from 30 to 10 pm and an enhancement of
SSE,from 1.12 x 10° dB cm? g~ " t0 2.17 x 10° dB cm? g~ . This indicated a microstructural change in the CNTF; that is, the compact stacking
of CNTs and improved interaction between tubes played a dominant role in determining the EMI shielding performance of the CNTF. Hence,
by these comparisons, we obtained the optimal composite system (CNTF-10/Cu-60) with the highest absolute electromagnetic shielding
efficiency.

We further analyzed the electromagnetic shielding performance of CNTF-10/Cu and observed a gradual increase in both SE and SE+ with
the deposition time (Figure 3C). SEa contributes more significantly to the overall electromagnetic shielding efficiency of the material, while
SEg remains essentially unchanged. In general, due to the occurrence of reflection losses before absorption losses, high values of SE primar-
ily indicate the attenuating effect of the shielding material on incoming electromagnetic waves entering its interior. It is evident that internal
absorption losses make a major contribution to the total EMI SE, mainly attributed to dielectric losses between adjacent Cu-plated CNT fibers
and multiple reflections within the porous structure. The interaction between electric dipoles in the material and the electromagnetic field
enhances absorption losses (as shown in Figure 4C, ® and ®). From the perspective of electromagnetic energy, to further identify the primary
electromagnetic shielding mechanism in CNTF/Cu composite materials, including absorption coefficient (A), reflection coefficient (R), and
transmission coefficient (T), we compared the average EMI shielding performance in the X-band for samples with different electrochemical
deposition times, as shown in Figure S6. In CNTF-10/Cu composite materials, the R value is consistently greater than the A value. Experi-
mental results indicate that reflection losses are caused by the mismatch between the inherent impedance of the deposited Cu layer and
spatial impedance. This mismatch results from the interaction of charged particles (free electrons or holes) in the metal Cu layer with the elec-
tromagnetic field (as shown in Figure 4C, @ and ®), further illustrating that the electromagnetic shielding mechanism in CNTF/Cu composite
materials involves primarily reflection, with absorption playing a synergistic role.

iScience 27, 109525, May 17, 2024 5
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Figure 4. Electromagnetic shielding mechanism of composite thin films

(A) Electromagnetic shielding performance of CNTF with different thicknesses.

(B) Absolute electromagnetic shielding performance of CNTF with different thicknesses. The Cu NP layers all have the same thickness in these systems.

(C) Mechanism for the enhanced electromagnetic shielding efficiency of our CNTF/Cu NP composite films.

(D) Comparison of electromagnetic shielding performance with other materials and CNT films or foams of other groups, showing that our CNTF/Cu NP
composite films have highest electromagnetic interference shielding effectiveness while also having the lower thicknesses.

These lightweight, ultrathin CNTF/Cu NP composite films also have excellent, flexible and pliable mechanical properties, as shown
in the inset image of Figure 4D. Notably, in comparison with currently reported EMI materials,®??%%/29343540 \ve prepared ultrathin
CNTF/Cu NP composite films exhibit an ultrahigh EMI SE of approximately 248 dB at a thickness of approximately 15 um (the metal
thickness of the two sides is ~5 um, and the thickness of CNTF is ~10 pum). The absolute EMI shielding effectiveness, SSE, is as high
as 2.17 x 10° dB cm? g~ To the best of our knowledge, our reported absolute EMI shielding effectiveness value is the best achieved
for composite EMI shielding materials with similar or greater thicknesses, and this value is also higher than the reported values of EMI
SSE, for typical pure metals.

Mechanical properties are important in the application of electromagnetic shielding materials. As our final test, we measured the mechan-
ical properties of the composite film during bending tests. Figure 5A and Video S1 demonstrates the good mechanical flexibility of the ma-
terial throughout repeated bending cycles. Figure 5B shows the stress-strain curves of CNTF and CNTF/Cu systems. It is clear to see the Cu
NP layers outside benefit the mechanical property of the CNTF/Cu NP composite materials. The fracture strength of CNTF-10/Cu-20is 19.3
MPa, with a fracture elongation of 8.03%. As the chemical deposition time extends to 80 min, the fracture strength increases to 31.7 MPa, while
the fracture elongation decreases to 3.77%. The reduction in fracture elongation is minimal, and the material still maintains good mechanical
properties. This is attributed to the increasing number of metal NPs on the fiber surface with the prolonged electrochemical deposition
time."""*? The gathering of metal atoms on the CNT fiber surface enhances the sliding friction resistance between CNTs, leading to an in-
crease in fracture strength (detailed data are in Table S2). Later, the optimal CNTF-10/Cu-60 systems were subjected to 20,000 manual
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Figure 5. Mechanical properties of composite films

(A) Simplified bending experiment to show the flexible and pliable properties of CNTF/Cu NP composites.
(B) Stress-strain curves of CNTF/Cu NP composites, compared with CNTF.

(C) Electromagnetic shielding performance of CNTF/Cu NP composites after bending experiments.

operations and repeated bending to show the change in electromagnetic shielding efficiency after multiple bending cycles. After 10,000
bending cycles, the EMI SE of CNTF-10/Cu-60 decreased by 4 dB, and, as the number of bending cycles increased, the shielding efficiency
gradually decreased. After 20,000 bending cycles, the EMI SE decreased by 6 dB. The results show that the film can still maintain good elec-
tromagnetic shielding performance after 20,000 times bending cycles (as shown in Figure 5C).

Conclusions

In this work, engineered sandwich-structured ultra-thin and pliable CNTF/Cu NP composite films are fabricated via a facile electrodeposition
method. The excellent EMI shielding efficiency is attributed to the engineered sandwich structure of CNTF/Cu NP composite films, which
have a high reflection efficiency on the outside of the Cu NP layers and the multi-reflection and adsorption efficiency from CNTF in the middle
layer. Notably, the CNTF/Cu NP composite film with 15 um thickness can achieve an excellent EMI shielding efficiency of ~248 dB and ab-
solute EMI shielding effectiveness as high as 2.17 x 10° dB cm? g~", which are the best values for composite EMI shielding materials with
similar or greater thicknesses. The excellent EMI shielding efficiency is attributed to the engineered sandwich structure of CNTF/Cu NP com-
posite films, which have a high reflection efficiency on the outside Cu NP layers and the multi-reflection and adsorption efficiency of CNTF in
the middle layer. Such engineered CNTF/Cu NP composite films also exhibit excellent deformation tolerance, which ensures the robust reli-
ability of EMI shielding efficiency after a repeated bending over 20,000 cycles. Our lightweight flexible CNTF/Cu NP composite films have
superior EMI shielding performance and have potential applications in aerospace, defense, and smart and wearable electronics.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Copper sulfate pentahydrate Aladdin CAS:7758-99-8
Sodium citrate dihydrate Aladdin CAS:6132-04-3
Polyethylene glycol Aladdin CAS:25322-68-3
Nickel sulfate hexahydrate Aladdin CAS:10101-97-0
Boric acid Aladdin CAS:10043-35-3
Other

X-ray Diffractometer (XRD) Rigaku D

Scanning Electron Microscope (SEM) Phenom ProX

Vector Network Analyzer (EMI SE) ZNB20

Single-Fiber Tensile Testing Machine XS (08) XG-50

Direct Current Resistance Tester XS (20A)

Linear Motor E1100 - CO - XC

RESOURCE AVAILABILITY

Lead contact

Further information for resources and regents could be directed to and will be fulfilled by the lead contact, Xiaojing Gong (gongxiaojing2018@
cczu.edu.cn).

Materials availability

This study does not generate new unique reagents.

Data and code availability

e All requested data is available in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Experimental details

Preparations of the CNTF

Carbon nanotube films are commonly prepared by float catalyst chemical vapor deposition. An ethanol solution containing 2% ferrocene and
1% thiophene was injected by a programmable syringe into a tubular reactor as a carbon source and catalyst for the growth of carbon nano-
tubes. Hydrogen gas (2000 sccm) was injected as a carrier gas. The growth of the carbon nanotubes occurred at a temperature around 800°C.
Ethanol, thiophene, and ferrocene were used as raw materials. The carbon nanotubes were organized into a thin aerogel hollow tube, blown
out of the reactor tube with the help of flowing gas, and then continuously collected on a roller.

Preparations of the densified CNTF

To create a series of CNTFs with different thickness, we compressed the carbon nanotube aerogel to obtain the CNTFs and sprayed alcohol
on the surface to compact them. We then placed them in a FW-4/4A press machine for further densification processing by applying different
pressures, resulting in densified carbon nanotube films with thicknesses of 10 um, 15 um, 20 um, and 30 um. To clarify the discussion in Section
3, we denoted these samples with different densified thicknesses as CNTF-10, CNTF-15, CNTF-20, and CNTF-30, respectively.

Preparations of the CNTF/Cu NP composite films using electrochemical deposition of copper nanoparticle layers on CNTFs

The roll of CNTF with densified thickness was first placed in a plasma cleaner at a power of 70 W for 120 s after pretreatment to avoid the
dispersion or corrosion of carbon nanotubes during electrolysis. Copper nanoparticle layers were grown on the surface of the pretreated
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carbon nanotube film. The electrolyte was an aqueous solution of copper sulfate CuSO4 (0.03 M), sodium citrate NazCgHsO5 (0.05 M), boric
acid H3BO3 (0.5 M), and polyethylene glycol (6 g/L). The electrochemical deposition temperature was 75°C, the constant potential was -0.92V,
and the pH was adjusted to 8 with NaOH. The electrochemical deposition lasted for 20, 40, 60 or 80 min. To clarify the discussion in Section 3,
we denoted these samples with different decomposition times as CNTF/Cu-20, CNTF/Cu-40, CNTF/Cu-60, and CNTF/Cu-80, respectively
(with the same thickness of CNTF). The electrolyte was continuously stirred at a speed of 200 rom throughout the reaction. The electrochem-
ical deposition potential could be adjusted by an electrochemical workstation (CHI 660E, Chenhua, China). A three-electrode system was
used, with the carbon nanotube film as the working electrode, a platinum plate as the counter electrode, and Ag/AgCl as the reference elec-
trode. After the reaction, the sample surface was rinsed with deionized water to remove any possible solvent residues, and then dried with
argon gas and placed in an oven at 60°C for 30 min to remove the residual moisture in the gap of the sample.

Preparations of the CNTF/Ni NP composite films using electrochemical deposition of nickel nanoparticle layers on CNTFs

To exploit the influence of metal materials on EMI shielding efficiency. we also prepared Ni nanoparticle layers on CNTF for comparison with
copper nanoparticle layers. The roll of CNTF was first placed in a plasma cleaner at a power of 70 W for 120 s after pretreatment to avoid the
dispersion or corrosion of carbon nanotubes during electrolysis. Nickel nanoparticle layers were grown on the surface of the pretreated car-
bon nanotube film. The electrolyte was an aqueous solution of nickel sulfate NiSO4 (0.05 M) and boric acid H3BO3 (0.2 M). The electrochem-
ical deposition temperature was 60°C, the constant potential was -1.7 V, and the electrochemical deposition lasted for 20, 40, 60 or 80 min.
The electrolyte was continuously stirred at a speed of 200 rpm throughout the reaction. The electrochemical deposition potential could be
adjusted by an electrochemical workstation (CHI 660E, Chenhua, China). A three-electrode system was used, with the carbon nanotube film as
the working electrode, a platinum plate as the counter electrode, and Ag/AgCl as the reference electrode. After the reaction, the sample
surface was rinsed with deionized water to remove any possible solvent residues, and then dried with argon gas and placed in an oven at
60°C for 30 min to remove the residual moisture in the gap of the sample. For clear discussions, we have denoted these samples with different
decomposition time as CNTF/Ni-20, CNTF/Ni-40, CNTF/Ni-60, CNTF/Ni-80, respectively.

Characterization details

The microstructure and structure of the prepared CNTF/Cu NP composite films were investigated via scanning electron microscopy (SEM,
Phenom ProX, Holland) at an accelerating voltage of 15.0 kV. The phase and crystalline structure of the composite films were determined
by X-ray diffraction (Rigaku, Japan) with Cu Ko radiation, X = 1.54 A. The EMI shielding effeciency were tested by a vector network analyzer
(Rohde & Schwarz Co., Ltd. ZNB20) via waveguide method, frequency range: 8.2-12.4GHz. The mechanical properties of the composite films
(width = 10 mm) were evaluated by using a single-fiber tensile testing machine (XS (08) XG-50, Shanghai XuSai Technology Co., Ltd.) at a grip
separation rate of 5 mm-min™ and a gauge length of 15 mm. The tensile strength and fracture elongation were evaluated using stress-strain
curves. The conductivity (o) of all the composite films was measured using a direct current resistance tester (XS (20A), Shanghai XuSai Tech-
nology Co., Ltd.). The results were averaged over at least five different regions of the sample to ensure the accuracy of the conductivity mea-
surement. A linear motor (E1100 - CO - XC, Suzhou Kereli Motor Co., Ltd.) was used for bending experiments on the composite film. The
composite film was fixed on the bending device and subjected to reciprocating bending tests with a bending angle of 90°. Bending cycles
of 10,000 and 20,000 were performed. We utilize an automatic vacuum ion sputtering instrument (CIS-400-Shanghai Zhongbin) to deposit
copper layer on the single side and both sides of the CNTF films to explore the advantage of sandwich structure. The sputtering time of
one side of copper layer was 20 minutes, and the thickness of one side of the copper layer was 300 nm.
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