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ABSTRACT

The development of high-performance stretchable and electromagnetic inter-

ference (EMI) shielding materials is crucial to the rapidly growing industry of

next-generation flexible electronics such as portable electronics and wearable

devices. The common approach to EMI shielding is to increase the contents of

conductive materials and improve the conductivity. However, this approach is

limited by the worse stretchable property. An intrinsically stretchable conduc-

tive and EMI shielding thin film (thickness of 0.7 mm) based on functional

adhesive (FA) composited by silver nanoparticles (Ag NPs), nickel nanoparticles

(Ni NPs), and liquid polydimethylsiloxane (PDMS) is proposed in this paper.

The FA is coated onto cured PDMS substrates to fabricate the film, achieving

maximum tensile strain of 250% and EMI shielding effectiveness (SE) of 57.1 dB.

Up to 35% absorptivity makes an important contribution to SE. This film can

withstand more than 20000 stretching-releasing cycles at tensile strain of 0–100%

and 0–150%, with no delamination, demonstrating its superior stretchability and

repeatability. The mechanism of EMI shielding of silver and nickel nanoparticles

is discussed. The durability of these films in terms of electrical and EMI SE

properties are also tested. In addition, a device to change the output power of a

transformer is constructed.
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Introduction

Stretchable devices have developed well in the fields

of wearable electronics and advanced medical devi-

ces, such as non-planar ports of communication

electronics and stretchable artificial organ scaffolds in

biomedical applications. Bottlenecks in the study of

stretchable devices have emerged, one of which is

how to shield the electromagnetic interference (EMI).

EMI to communications, electronic equipment, med-

ical equipment, and humans themselves can cause

reduced signal-to-noise ratio (SNR), chip failure,

cardiac pacemaker arrest, and even abortions in

pregnant women. Such serious consequences have

stimulated much interest into the research of the

stretchable and EMI shielding devices.

Electromagnetic interference shielding can be car-

ried out by utilizing the ultra-high conductivity of

silver nanowires (Ag NWs) [1], silver nanoparticles

(Ag NPs), and silver coated copper powders [2],

which are composited or connected to poly(ethylene

terephthalate) (PET) [3] or polyimide foam [4] sub-

strate. With the magnetic properties of iron, cobalt,

and nickel, Fe–Ni laminated composites, Ni–Co–P

composites, carbon nanotubes, carbon fibers with Ni–

Fe3O4, and Co/Ni–CNTs all exhibit high shielding

effectiveness (SE) at X band (8–12 GHz) [5–9].

According to Schelkunoff electromagnetic shielding

theory, this is due to introduced permeability. How-

ever, these materials above are neither flexible nor

stretchable. Non-stretchable shielding materials,

including graphene oxide (GO) film [10], reduced

GO-WPU composites [11], PES/Ag NWs/PET [12],

Pd-CNT-Cu bucky paper sandwich structure [13],

Au/multi walled CNT (MWCNT)-PVDF composites

[14], polymer/MWCNT [15], reduced GO/Fe3O4

[16], graphite [17], 2D transition-metal carbide thin

films [18], and G-CNT-Fe2O3 multilayers [19] are

studied, producing SE of 38–134 dB. Meanwhile,

stretchable conductors such as Ag-doped graphene

fiber [20], Cu–Ag core–shell nanowire/elastomer

[21], CNT/eco-flex [22], reduced GO [23], G-metal

nanowire [24] do not contain EMI shielding

properties.

Present research on stretchable and EMI shielding

materials is detailed as follows. Liquid metallic split

ring resonators (SRRs) embedded in eco-flex have

been shown to only display the peak SE at specific

frequencies [25]. Single-walled CNTs (SGCNTs) [26]

were blended into fluorinated rubber, and prominent

stretchable property was obtained with the SE of

22 dB. A quartz fiber cloth-reinforced MWCNTs

carbon aerogel and PDMS was found to display the

SE of 20 dB and 45% stretchable property [27]. Rub-

ber composites of Ag NPs/SBS required the weight

fraction of Ag NPs to be greater than 55%, but dis-

played strain of less than 60% [28]. Acceptable SE was

achieved using Ag NWs percolation network in

PDMS with a tensile strain of 50% [29]. Another study

blended PEDOT/PSS with stretchable WPU, which

exhibited an adequate SE of 62 dB, but an elongation

of 32.5% [30]. Using a dipping-drying method, Cu-

and Ag-coated fabrics reached a strain of 100% with

poor SE [31]. Butyl rubber [32] has also been inves-

tigated, and was mixed with SGCNT by solution

processing to withstand strain of 1000%; however,

the SE only reached 13 dB at X band. Although the

robustly super-hydrophobic conductive textile com-

posited with Ag NWs, CNTs can shield EMI; large

pre-strained textile is need to achieve stretchability

[33].

Electromagnetic wave reflection at heterogeneous

interfaces (gas–solid and solid–solid interface) is an

effective method to improve the absorptivity of EMI,

which leads to a substantial increase of SE [34, 35].

Interfacial reflection causes more wave crests and

troughs to coincide and superimpose, resulting in a

total amplitude of zero and heat dissipation [36].

Thus they can be used in the next generation of

wearable electronic pressure sensors [37], photode-

tectors [38] and human health monitors [39]. For

composite materials, increasing the content of the

non-stretchable conductive materials will corre-

spondingly reduce the polymer matrix content,

which will inevitably deteriorate the flexibility and

stretchable property of the devices. Also, the upper

limit of the conductive materials content in the

composites limits the further improvement in con-

ductivity. In evaluating the research thus far, it is

clear that the method improving the SE of EMI

shielding materials without compromising the

stretchable property is to introduce more heteroge-

neous interfaces.

In this paper, a prominent stretchable conductive

and EMI shielding film with functional adhesive (FA)

layers is discussed. Functional adhesive composited

by Ag NPs with high conductivity, Ni nanoparticles

(Ni NPs) with capable magnetism, and liquid PDMS

are coated onto a cured PDMS substrate, obtaining a
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film with laminated structure. The mechanism of

shielding EMI of Ag NPs is different from that of Ni

NPs. Unlike the increase in conductivity alone, add-

ing magnetic Ni NPs can further improve the SE

despite a slight decrease in conductivity due to the

reduction in the content of Ag NPs. The structure of

FA layers, type, and content of electrically conductive

components in FA are three major factors determin-

ing the EMI SE of the film. When the conductive

components in FA are Ag NPs [FA(Ag)], Ni NPs

[FA(Ni)], and both combined [FA(Ag ? Ni)], the

films exhibit diverse conductive and EMI shielding

properties. The best performance was achieved by

FA(Ag ? Ni) - 1(M(Ag) = 35% and M(Ni) = 14.8%,

which displayed the repeatable stretchable property

(up to 225%), and the EMI SE as high as 57.1 dB. The

effect of Ag NPs and Ni NPs on enhancing the

absorptivity and reflectivity of EMI is also studied.

The films can withstand more than 20000 stretching-

releasing cycles at tensile strain of 0–100% and

0–150%. Excellent durability is also demonstrated by

testing the electrical properties and EMI SE of such

films after 10 days. Additionally, a device that inter-

feres with the transmission of electromagnetic signals

is constructed.

Experimental section

Preparation of Ni nanoparticle

The chemical equation is given by:

2NiCl2 þN2H4 þ 4NaOH ¼ 2Ni solidð Þ þN2 gas
� �

þ 4H2Oþ 4NaCl

Four types of solutions are initial prepared as reactants:

c(NaOH) = 11 mol/L, c(NiCl2 � 6H2O) = 1.5 mol/L,

c(N2H4) = 3 mol/L, and c(PVP) = 0.32 g/mL, and the

solvent is deionized water. Among the solutions, PVP

(polyvinylpyrrolidone, K29-32) is used as a dispersant

and does not participate in the reaction process. Fol-

lowing this, 1 mL of PVP solution is added to 10 mL of

NiCl2 solution, followed by 3 mL of NaOH solution.

After magnetic stirring for 30 min, 5 mL of hydrazine

hydrate (N2H4) solution is slowly added into the mint

green solution and magnetic stirring continues for

30 min. The solution obtained by the above reaction is

poured into a reaction vessel, which is then placed in a

vacuum oven and kept at 130 �C for 4 h. Following this

process, the reaction vessel is placed in water and

cooled to room temperature. Thereafter, the product in

the vessel and absolute ethanol are both poured into a

close tube, which is centrifuged at 4000 r/min for

5 min, and this separation is repeated three times.

Absolute ethanol is used to remove residual PVP from

the sediment. Finally, the sediment isdried inanovenat

50 �C for 30 min, and nickel nanoparticles are obtained.

Preparation of Ag nanoparticle

Silver particles are prepared by a method of reducing

silver ions using a strong reducing agent. To reduce

particle size, PVP is used as a dispersant. The specific

process is as follows. Silver nitrate (AgNO3) is added

to 180 mL deionized water at a silver ions (Ag?)

concentration of 0.0055 mol/L, followed by adding

polyvinylpyrrolidone (PVP) to AgNO3 solution as

dispersant. The weight ratio of AgNO3 to PVP is 1:1.

After magnetic stirring, a transparent solution with

no color is obtained. Next, 5 mL hydrazine (Macklin,

50%) is slowly dropped into the above solution, and a

redox reaction occurs. After mechanical agitation for

about 90 min, the chemical reaction is completed and

a black precipitate is obtained. The precipitated

material at this time consists of PVP-coated silver

nanoparticles (Ag NPs) and residual liquid. The PVP

coating and residual liquid are then removed by

ultrasonic cleaning with absolute ethanol. The liquid

and solids in the washed mixture are separated by

centrifugation (4000 r/min, 5 min). After the wash-

ing and centrifugation process, a mixture of silver

nanoparticles with a very thin PVP coating layer and

residual absolute ethanol is obtained. The mixture is

then dried at 50 �C for 60 min to produce a pure

solid. Finally, gray-black silver nanoparticles are

obtained by grinding and sifting.

PDMS substrate preparation

The PDMS substrate is made from polydimethyl-

siloxane by mixing the base monomer and a curing

agent at 10:1 (w:w) (Sylgard 184, Dow Corning). This

liquid PDMS is poured into a prefabricated template

(the thickness of the rectangle substrate–film is

0.5–0.8 mm) and left in the air for 1 h to remove air

voids. Next, the PDMS substrate and template are

thermally cured in an electric thermostat blast drying

chamber at suitable temperature (50 �C) and dwell

time (112 min), then PDMS substrates are peeled off

the template. The two parameters, temperature and
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dwell time, are not independent of each other. Dwell

time increases as temperature decreases.

Functional adhesives synthesis

The prepared Ag NPs, Ni NPs, and liquid PDMS are

uniformly mixed by mechanical stirring and ultra-

sonic dispersion.

Fabrication of stretchable conductive
shielding film

Fluid FAs are coated onto the PDMS substrate, and

the FA layer is kept flat. After sintering at a low

temperature (50 �C) for a short period of time in the

oven (20 min), the film is obtained.

Characterization

Current vs voltage curves were obtained by electro-

chemical workstation (Nova Auto-lab), with applied

voltage speed of 0.05 V/s, and range of 0–1 V. XRD

maps were analyzed by X-ray diffraction analyser,

with current of 40 mA, voltage of 200 kV, speed of

5�/min, and range of 10�–80�. Magnetic hysteresis

loop was measured by VSM, where the sample shape

was a annulated concrete column (inner diameter

14 mm, outer diameter 20 mm, height 2 mm). SEM

images and EDX maps were analyzed by field emis-

sion scan electron microscope, with voltage of 15 kV

and scanning backscattered electrons. Films were

fixed on the leadscrew rail to withstand stretching-

releasing cycles. EMI SE was tested by vector net-

work analyser, with rectangle sample size of

33 9 33 mm2. To ensure that the entire test area is

occupied, the sample size is larger than required

(22.86 9 10.16 mm2). The particle size was measured

by Malvine nanoparticle size and ZETA analyzer,

which were applied 11 transmission cycles to the

turbid liquid of nanoparticles.

EMI shielding effectiveness test

For a two-port network in a radio frequency signal,

there are two scattering parameters S11 and S21. S11

is the reflection coefficient and input standing wave

of port 1 when port 2 matches, which describe the

matching of input end of device. S21 is the gain or

insertion loss in radio frequency networks, which

describes the magnification or attenuation of a signal

passing through a device. A square film (33 *

33 mm2) is fixed on the jig of vector network analyzer

(Keysight, E5063A). Frequency range is set as 8–

12 GHz. Then S21 (dB) and S11 (dB) are recorded to

convert into EMI SE, and the percentage of reflec-

tivity, absorptivity, and transmissivity given by:

S21 mWð Þ ¼ 10S21 dBð Þ=20 ð1Þ

S11 mWð Þ ¼ 10S11 dBð Þ=20 ð2Þ

Et ¼ S21 mWð Þ � S21 mWð Þ � 100% ð3Þ

Er ¼ S11 mWð Þ � S11 mWð Þ � 100% ð4Þ

Ea ¼ 1� Et � Er ð5Þ

EMI SE dBð Þ ¼ 10� log10 1=Etð Þ ð6Þ

where Et, Er and Ea is the percentage of transmis-

sivity, reflectivity, absorptivity, respectively.

Results and discussion

Fabrication and characterization of the films

The fabrication process of the FA/PDMS film is

provided in Fig. 1a. First, electrically conductive

nanoparticles and solid PDMS substrates are pre-

pared in laboratory. Considering the electrical con-

ductivity and stable dispersion of the composite, the

key points in the preparation of the conductive

functional adhesives herein are that no large-area

agglomeration occurs and most of the gaps are less

than 10 nm [40]. The preparation process of Ag NPs,

Ni NPs and FA is described in the above experi-

mental section. The prepared Ag NPs, Ni NPs and

liquid PDMS are then uniformly mixed by mechani-

cal stirring and ultrasonic dispersion, followed by

coating the FA onto solid PDMS substrates. Thickness

of FA layers is designed to be 0.7 mm. After 12 h, a

stretchable shielding film with a strong interface

between FA layer and substrates is obtained due to

both materials containing the same polymer (PDMS).

Here the ratio of Ag NPs and Ni NPs should be

determined. When solid particles are mixed with

fluid, the mass fraction of the particles has an upper

limit, which is define here as Mlim. At this point in the

process, the mixture is barely considered a fluid. In

order to take advantage of the stretchable property of

PDMS, the condition of M(Ag)\Mlim (Ag) in FA is

required. However, optimizing the current percola-

tion of materials is one of the main methods to
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improve the effectiveness of shielding, which limits

the lowest amount of Ag NPs, Mlowest (Ag). As a

result, the contents of Ag NPs in FA are required to

meet the condition of Mlim (Ag)[M(Ag)[Mlowest

(Ag). Similarly, the condition of Mlim

(Ag ? Ni)[M(Ag) ? M(Ni)[Mlowest (Ag ? Ni)

should also been met. An X-ray diffraction (XRD)

analysis of Ag NPs, Ni NPs, and FA(Ag ? Ni) is

provided in Fig. 1b. The mass content of silver and

nickel in FA(Ag ? Ni) is M(Ag) = 33%, and

M(Ni) = 14.8%, respectively. The diffraction peaks of

FA are the superposition of peaks of silver and nickel.

A weak peak at 2h = 38.48� appeared in the prepared

Ni NPs, which represents residual oxides of carbon

or sodium. The current vs voltage curves of FA (Ag),

FA (Ag ? Ni), and FA (Ni) are illustrated in Fig. 1c.

As the conductive mechanism is electrical current

percolation [41], the C–V curves are almost straight

lines with constant slopes. Electrical conductivity of

FA (Ag) is higher than that of FA (Ag ? Ni), while

FA(Ni) is close to being an insulator of electricity.

Magnetic hysteresis loop of FA (Ag ? Ni) is given in

Figure 1 a Fabrication process of the FA/PDMS film; b XRD

analysis on the conductive fillers and FA; c Current versus voltage

curves of FA(Ag), FA(Ag ? Ni), and FA(Ni); d magnetic

hysteresis loop of FA(Ag ? Ni); e dielectric performance of

FA(Ni) with W(Ni) = 57%; f particle size distribution of the

prepared Ag NPs and Ni NPs.
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Fig. 1d, and the coercive force (Hc) is - 113 Gs. The

saturation magnetization (Ms) is 7.4 emu g-1 when

the applied field intensity reaches to 3000 Gs. The

dielectric properties of FA(Ni) are given in Fig. 1e.

The mixed Ni NPs could enhance the polarization of

polymers, and thus, the dielectric constant is

improved to 4.14 while the dielectric loss is less than

0.01. The particle size, shape of nanoparticles, and

related dispersion state in the polymer play an

important role in the properties of composite poly-

mers. Figure 1f shows that particle sizes of Ag NPs

and Ni NPs are mainly located near 91 nm and

106 nm, respectively. The sizes are measured by

Malvine ZETA analyzer. Eleven transmission cycles

are applied to the turbid liquid of nanoparticles to

ensure the data accuracy. The FA/PDMS film in this

paper exhibits EMI SE of 57 dB and can withstand

tensile strain of up to 250%, the details of which are

explained in the context of the conditions outlined in

the following sections.

SEM images and dispersion states

Figure 2 shows the filed-emission scanning electrons

microscopic images. The spherical Ag NPs prepared

in this study are shown in Fig. 2a. The morphology of

Ni is a micron-sized irregular group composed of

several Ni NPs, which is demonstrated by Figs. 1f

and 2b. These micron-sized Ni groups are uniformly

distributed in the PDMS matrix, and the gaps

between them are much larger than 100 nm, shown

in Fig. 2c. Percolation and tunneling could not occur,

and thus, the FA(Ni) is dielectric composites. Cross-

sectional image (Fig. 2d) of FA(Ni) exhibits the exis-

tence of porosity, which is caused by the oxides in the

prepared Ni NPs. Dispersion states of Ag NPs in the

FA(Ag) are shown in Fig. 2e. The dark regions are

PDMS matrix, which have fully filled all the gaps

between every Ag NP. The surface and edges of the

Ag NPs cannot be clearly photographed due to the

covering of organic matter. Figure 2f and g is the

same one image of FA(Ag), which are used to the

comparative analysis of particle spacing. Five silver

nanoparticles are marked by red circles and num-

bered from 1 to 5. The spaces between particle 1 and

2, and between 3 and 4, are all less than 10 nm, which

results many electrons hopping and appear the per-

colation. Although the space between particle 4 and 5

is larger than 10 nm, the three-dimensional stacks of

Ag NPs can percolate over a large area to improve the

conductivity of FA(Ag). Figure 2h and i is the same

one image to show the dispersion states of Ag and Ni

in the FA(Ag ? Ni). The interfaces are located

between Ag NPs and Ni NPs. The Ni NPs cause

various porosities in FA(Ag ? Ni), which are dis-

played in the cross-sectional images in Fig. 2j and k.

The energy-dispersive X-ray spectrometry (EDS)

maps of FA(Ag ? Ni) are illustrated in Fig. 2l. Here it

can be seen that the Ag NPs and Ni NPs are dis-

tributed across most of the area, while PDMS occu-

pies almost all gaps between nanoparticles. Applied

strain is coordinated by PDMS and percolation cur-

rent is transmitted by nanoparticles. The Ni NP

contributes less to percolation due to these large

spacing, leading to the poor conductive properties of

FA(Ag ? Ni). Figure 2m provides the EDS maps of

FA(Ag). The Ag NPs are uniformly distributed

within this area, and PDMS, represented by silicon,

exists in the gaps.

Electrical and mechanical properties

The electrical and stretchable properties are illus-

trated in Fig. 3. The electrical resistance at different

strain is shown in Fig. 3a. The inset is the schematic

structure of the sample with FA(Ag) layer and

M(Ag) = 42%. The layer are joined onto the PDMS

substrate. Maximum tensile strain while remaining

conductive is 250%, and sheet resistance at strain of

250% is only 1.43 X sq-1. For the FA(Ag), the sheet

resistance value during the stretching–releasing–re-

stretching cycles at tensile strain of 0–100% and

0–150% is shown in Fig. 3b. The insets in Fig. 3b are

e-time curves. These insets curves show the changes

of strain of the sample in two stretching-releasing

cycles. The strain of the sample is marked by e. The
more cycles, the more time. For each cycle, the strain

of the samples increases from 0 to 100% (150%) and

then decreases from 100 (150%) to 0%. The data

points of all curves in Fig. 3b are the resistance of the

sample at strain of 0% after enduring the corre-

sponding number of cycles. As shown in Fig. 3b, the

resistance of FA(Ag) increased from 0.230 to 1.546 X/
sq, after the sample withstanding 10000 stretching–

releasing cycles of 0–100–0%. Thereafter, the film

continues to withstand stretching-releasing cycles at

strain of 0–150–0%, leading to an increase in sheet

resistance by 769% after 5000 cycles, and growing to

13.48 X sq-1 after 10000 cycles.
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The film consisting of a sandwich structure is

illustrated in the inset of Fig. 3c. The top layer is

FA(Ni) and M(Ni) = 57%, and the middle layer is

FA(Ag) and M(Ag) = 42%. The thickness is the same

as the previous sandwich structure. The sheet resis-

tance value during the stretching–releasing–re-

Figure 2 SEM images of all the materials used in this study. a Ag

NPs, b Ni NPs, c dispersion state of Ni in the FA(Ni) and d cross-

sectional image and the porosity in the FA(Ni). e–g Dispersion

states of Ag NPs in the FA(Ag), f and g are the same one image,

g illustration of the distances between the nanoparticle edges.

h and i are the same one image to show the dispersion states of Ag

and Ni in the FA(Ag ? Ni). j and k are the cross-sectional images

and the porosities in the FA(Ag ? Ni). l EDS maps of the Si, Ag,

Ni elements in the FA(Ag ? Ni). m EDS maps of the Si, Ag

elements in the FA(Ag).
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stretching cycles at tensile strain of 0–100–0% is

shown in Fig. 3c. The inset diagram (e-time curves)

shows the strain of corresponding samples in each

cycle. Its initial value is only 1.957 X sq-1, which

sharply increases to 435 X sq-1 after 3000 cycles at

strain of 0–100%. Thereafter, this film struggles to

maintain conductivity after 5000 stretching–releasing

cycles.

Combining the two mechanism of Ag NPs and Ni

NPs, FA(Ag ? Ni) of various mass ratio is fabricated.

This material demonstrates higher EMI SE and

excellent conductivity and stretchable property.

When M(Ag) = 35% and M(Ni) = 14.8%, the sample

is marked by FA(Ag ? Ni) - 1, and maximum ten-

sile strain while remaining conductive is 225%, and

sheet resistance at strain of 225% is less than

4.5 X sq-1, as shown in Fig. 3d. The inset is a sche-

matic of the structure of this film, and the thickness of

the layer and substrate is designed to be 0.7 mm and

0.5 mm, respectively. For the FA(Ag ? Ni) - 1, the

sheet resistance value during the stretching–releas-

ing–re-stretching cycles at tensile strain of 0–100–0%

and 0–150–0% is shown in Fig. 3e. The inset diagrams

(e-time curves) show the strain of corresponding

samples in each cycle. Its initial value is only

0.574 X sq-1, which steadily increases to 8.66 X sq-1

after 10000 cycles at strain of 0–100–0%. Thereafter,

this film continues to withstand 10000 stretching-re-

leasing cycles at strain of 0–150–0%, leading to fluc-

tuations of sheet resistance in the range of

5.62–21.41 X sq-1. When M(Ag) = 33% and M(Ni) =

14.8%, the sample is marked by FA(Ag ? Ni) - 2.

Figure 3e illustrates the sheet resistance value during

the stretching–releasing–re-stretching cycles at tensile

strain of 0–100–0% and 0–150–0%, when M(Ag) =

33% and M(Ni) = 14.8%. The inset diagrams (e-time

Figure 3 Stretchable properties of these samples. For films with

FA(Ag) layer: a sheet resistance at different tensile strain (up to

250%), insets show the structure schematic of this film. b Sheet

resistance under stretching–releasing cycles at tensile strain of

0–100–0% and 0–150–0%, two insets (e-time curves) show the

strain of corresponding samples in each cycle. For films with

sandwich structure: c Sheet resistance under stretching–releasing

cycles, inset diagrams are e-time curves, and inset schematic shows

the structure of this film. For the FA(Ag ? Ni) - 1, the two

properties are illustrated as follows: d Sheet resistance at different

tensile strain, inset shows the structure schematic of this film with

FA layer thickness of 0.7 mm, e sheet resistance under stretching-

releasing cycles, two insets are e-time curves. For the

FA(Ag ? Ni) - 2, the mechanical properties are illustrated as

follows: f Sheet resistance under stretching-releasing cycles, two

insets are e-time curves.
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curves) show the strain of corresponding samples in

each cycle. The inset in Fig. 3e is a schematic of the

structure of this film. Its initial value is only

2.32 X sq-1, which rapidly increases to 30 X sq-1

after 10000 cycles at strain of 0–100–0%. One day

later, this film continues to withstand 2000 stretch-

ing–releasing cycles at strain of 0–150–0%, leading to

fluctuations of sheet resistance in the range of

11–21 X sq-1, before failure occurs.

The EMI shielding performances

The EMI shielding properties of these samples are

shown in Fig. 4. The shielding efficiency (SE) of the

above 4 samples are given in Fig. 4a. The FA(Ni)

layer has been studied specifically.

For the FA(Ag), the EMI SE of this film at fre-

quency range of 8–12 GHz is relatively high at

43.6–52.8 dB. After passing through the film, the

energy of the electromagnetic wave exists in three

aspects: reflection (Er), absorption (Ea), and trans-

mission (Et). Percentages of the three parts are pro-

vided in Fig. 4b. The transmissivity is less than

0.0045%, so its curve is placed in the bottom of this

coordinate system. Reflectivity is 50.4–61.7%, which

is larger than the absorptivity of 38.2–51.5%. The

higher frequency, the lower the reflectivity, but

higher the absorptivity.

Figure 4 The shielding properties of these samples. a EMI SE of these samples at X band. The percentage of Er, Ea, Et for the b FA(Ag),

c FA(Ag ? Ni) - 1, d FA(Ag ? Ni) - 2, e FA(Ag ? Ni) - 3, f Layered FA, and g FA(Ni).
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For the FA(Ag ? Ni) - 1, the EMI SE at frequency

range of 8–12 GHz is elevated to 57.1 dB. This value

is slightly higher than the SE of the film with an

FA(Ag) monolayer, exhibiting the advantage of

introducing Ni NPs. Percentages of the Er, Ea and Et

are provided in Fig. 4c. Transmissivity is as low as

0.00024%, so the curve is also placed in the bottom of

the coordinate system. Reflectivity is 57.0–65.2%,

obviously larger than absorptivity of 35.3–43.0%. The

higher the frequency, the lower reflectivity, but

higher absorptivity.

For the FA(Ag ? Ni) - 2, the EMI SE of this film at

frequency range of 8–12 GHz is approximately 44 dB.

The value is 22% lower than the SE of FA(Ag ?

Ni) - 1. Percentages of the Er, Ea, and Et are pro-

vided in Fig. 4d. Transmissivity is as low as

0.00292%, so its curve also places in the bottom of the

coordinate system. Reflectivity is 52%, which is

slightly larger than absorptivity of 48%. These two

curves are very close, and absorptivity is even larger

than reflectivity in the range of 11.6–12 GHz.

In addition, a third proportion (M(Ag) = 33.4% and

M(Ni) = 14.5%) was studied, and its sample was

marked by the FA(Ag ? Ni) - 3. After reducing the

nickel content, the EMI SE of this film at frequency

range of 8–12 GHz is only 28 dB (Fig. 4a). The value

is 50% lower than the SE of FA(Ag ? Ni) - 1. Per-

centages of the Er, Ea, and Et are provided in Fig. 4e.

Transmissivity is 0.129% at 8 GHz. Reflectivity is

56%, which is slightly larger than absorptivity of 43%.

The absorption ratio was also reduced by the

decrease in nickel content and the change in the mass

ratio of silver to nickel.

For the three-layers sample (the sandwich struc-

ture), the EMI SE of the film at frequency range of

8–12 GHz is about 30.9–37.3 dB. Percentages of the

three parts, Er, Ea, Et, are given in Fig. 4f. Transmis-

sivity is less than 0.08%, so the curve is placed at the

bottom of the coordinate system. Absorptivity is

57.2–90.0%, much larger than reflectivity of

9.9–42.7%. The SE here is lower than the value of

FA(Ag) monolayer. Therefore, the multilayer struc-

ture in which silver and nickel are distributed in

different layers cannot be used as an excellent

stretchable and EMI shielding film.

For the FA(Ni) (not sandwich structure), the layer

is joined with a PDMS substrate, and its structure size

is similar to the FA(Ag) sample. No electrical prop-

erties of this sample made up of FA(Ni) and

M(Ni) = 57% are tested due to no occurrence of

percolation. The EMI SE of this film at frequency

range of 8–12 GHz is reasonably low at 3.1–4.1 dB.

The percentages of the three parts, Er, Ea, Et are

provided in Fig. 4g. Transmissivity is 38.8–53.1%,

demonstrating that around half of the electromag-

netic energy can pass through this film. However,

across the entire range of 8–12 GHz, absorptivity is

obviously larger than reflectivity, indicating that the

mechanism of shielding EMI of Ni NPs is different

from that of Ag NPs. So introducing Ni NPs into

FA(Ag) may further improve the SE without loss of

stretchable properties.

Durability results of FA(Ag)
and FA(Ag 1 Ni)

Durability testing is conducted, as the long-term

stability of the film function is a necessary condition

for the practical application of flexible electronics. For

the FA(Ag ? Ni) - 1 (M(Ag) = 35% and M(Ni) =

14.8%) layers, the sheet resistance value changes with

time, as shown in Fig. 5a. Although there are small

fluctuations, the resistance remains below

0.398 X sq-1, indicating the excellent electrical prop-

erty stability of FA(Ag ? Ni). The EMI SE of the same

film after 1 and 15 days is provided in Fig. 5b. The

two curves are almost intertwined, indicating that the

shielding efficiency remains at 49.2–57.1 dB. Per-

centages of the Er, Ea and Et after 15 days are shown

in Fig. 5c, which are not much different from the

initial state. Transmissivity is less than 0.0008%.

Reflectivity is 52.2–63.0%, larger than absorptivity of

36.98–47.8%.

When M(Ag) = 42% for FA(Ag) layers, the sheet

resistance value changes with time, as shown in

Fig. 5d. The initial sheet resistance is 0.137 X sq-1

and remains below 0.309 X sq-1 within 30 days,

indicating the superior electrical property of FA(Ag)

compared to FA(Ag ? Ni). The durability of EMI SE

for the same film after 15 days is provided in Fig. 5e.

The two curves are also intertwined, indicating that

the shielding efficiency remains at 43.6–52.8 dB,

without obvious fluctuation; however, its SE is lower

than the layer of FA(Ag ? Ni). Percentages of the Er,

Ea, and Et after 15 days are given in Fig. 5f. Trans-

missivity is less than 0.003%, and reflectivity is

48.7–56.9%, slightly larger than absorptivity of

43.1–51.3%.
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Horizontal comparison with similar results
by other groups

Here, in order to emphasize the prominent result, we

have summarized the results of the existing stretch-

able and EMI shielding materials, and the results are

shown in Fig. 6. In this work, the performance of

FA(Ag ? Ni) - 1 is represented by the red five-

pointed star. The other seven works have been cited

in the References section, and their performances are

represented by the other seven icons in Fig. 6. It is

shown that the EMI SE and stretchability have been

simultaneously improved in this work.

Discussion

The mechanism of the high SE is worthy to be

investigated, of which the schematic is shown in

Fig. 7. As the percentages of absorptivity are much

larger than 10%, the dissipation of EMI occurred

inside the FA have been studied.

As shown in Fig. 7, the Ag NPs in FA forms con-

ductive networks in which a large amounts of hop-

ping and migrating electrons dissipates the energy of

the incident electromagnetic wave. As a result, con-

tents of silver nanoparticles in FA(Ag) are limited in

the range of 40–42%, and thus, the EMI SE of a film

with FA(Ag) layer can exceed 50 dB.

Although no percolation appears, FA(Ni) mono-

layer exhibited shielding performance. When an

electromagnetic field (EMI) is applied, these magnetic

particles are magnetized and induce an obstructed

magnetic field. Also, FA(Ni) become polarized and

Figure 5 Durability test results. For FA(Ag ? Ni): a Sheet

resistance change within 30 days; b EMI SE after 1 and

15 days; c percentage of Er, Ea, Et after 15 days. For FA(Ag):

the above three properties are shown in d–f, respectively. Insets in

a and d are the structure of these films.

Figure 6 A summary of the stretchable and EMI shielding films.
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eddy currents are generated. Dielectric properties of

FA(Ni) at different frequency of EMI have proved the

existence of polarization, as shown in Fig. 1e. In

addition, due to the small size effect, the high surface

energy of nanoparticles can lead to natural resonance.

Nevertheless, the oxides in the Ni NPs have come

together to form porosities, possibly carbon dioxide

ones. Electromagnetic waves are reflected many

times at gas–solid interface inside the porosity, then

the wave crest and trough coincide, and the related

energy dissipates in the form of heat energy. These

factors also occurs in FA(Ag ? Ni) and contributes

much to the increase of the absorption, thus showing

higher absorptivity.

To demonstrate the contribution of Ni NPs to the

improvement of absorptivity, a layered structure is

introduced into the preparation of the film. Taking

into account the effect of thickness on absorption, the

total thickness of the FA(Ag) and FA(Ni) layers on

every film is still designed to be 0.7 mm. Experi-

mental results show that the absorptivity of a two-

layer film is greater than the reflectivity over the

entire frequency range, which is completely different

from that of a film with only one FA(Ag) layer.

Moreover, by increasing the M(Ag) and M(Ni) in the

two layers to optimize the current percolation, EMI

SE is increased by 72.7–73.6%, and absorptivity in the

high frequency range can reach an inflated 90.0%.

Thus, the effect of Ni NPs in improving the absorp-

tivity is evident. However, the EMI SE of the film

with this layered structure is much less than that of

the pure FA(Ag) layer due to the deterioration of the

overall conductivity of FA(Ni).

For the FA(Ag ? Ni), the interfaces between Ag

NPs and Ni NPs account for 8.82% of the total

interface (as shown the EDS map in Fig. 2l). These

heterogeneous media may lead to the interfacial

polarization [9], which causes the loss of incident

electrical and magnetic energy and the improvement

of SE. Increasing the mass fraction of Ag NPs can

contribute to the promotion of SE by more hopping

and migrating electrons. It is necessary to find a

balance point in the selection of M(Ag) and M(Ni), so

as to ensure high absorption of electromagnetic

interference, while simultaneously guaranteeing

M(Ag) ? M(Ni)\Mlim (Ag ? Ni) in FA(Ag ? Ni) to

achieve stretchable properties. The total mass frac-

tion, 47%\M(Ag) ? M(Ni)\ 50%, is thus identi-

fied. Next, FA with M(Ag) = 35%, M(Ni) = 14.8%

and M(Ag) = 33%, and M(Ni) = 14.8% are studied.

Before and after 20 000 cycles, sheet resistance of

FA(Ag ? Ni) is consistently larger than that of

FA(Ag) due to the difference in conductivity. How-

ever, the small decrease in electrical conductivity for

FA(Ag ? Ni) does not affect the shielding effective-

ness, unless there is further deterioration of the con-

ductivity by reducing M(Ag) to 33%, compared to

FA(Ag). In this situation, M(Ni) is 74.0% lower than

in the film with double-layer structure, resulting in

absorptivity that is still lower than the reflectivity. On

Figure 7 Schematic shows

the shielding mechanism of

FA.
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the other hand, the stretchable properties of FA are

almost entirely contributed by PDMS. The M(PDMS)

in FA(Ag ? Ni) is 50–53%, slightly lower than that in

FA(Ag) (57–60%), leading to a small reduction in

maximum tensile strain remaining conductive.

A device that interferes
with the transmission of EMI

A device which can change the output power of the

transformer is also studied. The test circuit is shown

in Fig. 8a. The transformer consists of double

C-shaped iron cores, each wound with a copper coil

of 200 turns. The power amplifier outputs a high-

voltage signal to the transmitting coil after receiving a

sinusoidal voltage generated by the signal generator.

As the stretchable shielding film in this study inter-

feres with the transmission of electromagnetic sig-

nals, the receiving coil can only output a low

electrodynamic potential, resulting in low brightness

of the bulb shown in Fig. 8b. After removing the

shielding film, the bulb flashes a dazzling light, as

seen in Fig. 8c.

Conclusion

A set of highly stretchable conductive and EMI

shielding films were fabricated in this study. Various

functional adhesives were composited using Ag NPs,

Ni NPs, and liquid PDMS. The conductivity, perme-

ability, and absorptivity of EMI, as well as stretchable

properties, were determined by the content of Ag

NPs, Ni NPs, and liquid PDMS. Compared to

FA(Ag), FA(Ag ? Ni) demonstrated superior EMI SE

of up to 57.1 dB, and stretchable property of 225%.

Reusability and prominent electrical properties were

tested under 20 000 stretching–releasing cycles of

0–100% and 0–150% strain. The contribution of the

Ag NPs and magnetic Ni NPs to the absorptivity was

also confirmed. Additionally, excellent durability

was demonstrated by testing the electrical properties

and EMI SE of such films after numerous days. A

device to change the output power of a transformer

to test the shielding film effect on the transmission of

electromagnetic signals by the brightness of the bulb

was then constructed. The excellent comprehensive

performance of the proposed films demonstrates

their wide application potential for communications

electronics, medical, aerospace, wearable devices,

and other areas.
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