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polyurethane foam†
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The development of electromagnetic interference (EMI) shielding composites with tunable frequency-

selective shielding attributes is of critical importance for their applications in military and signal

detection fields. This study introduces a multilayered conductive polymer composite comprising

waste polyurethane foam (WPUF), ground tire rubber (GTR) powders, carbon nanotubes (CNTs) and

cellulose nanofibres (CNFs). The bulky waste polymeric material with a porous structure, WPUF, is

utilized as the substrate to construct the rationally designed alternative conductive-insulating

multilayered structure, which significantly enhances the multiple-reflection of the incident EM wave.

This conductive composite provides enhanced EMI shielding effectiveness and unique tunable

frequency-selective EM shielding performance. The EMI shielding peak shifts with the variation of

CNTs, and adjusting the GTR/WPUF ratio in the insulating layer enables fine-tuning of its selective

EMI shielding performance over a specific frequency range. In addition, the composite demonstrated

robust durability, which benefits its practical application. This approach proposes a practical and

innovative method for the design and fabrication of advanced frequency-selective EMI shielding

composites with bulky polymer wastes.
Sustainability spotlight

Waste Polyurethane Foam (WPUF) is a by-product of various consumer and industrial applications, including furniture, insulation, and automotive compo-
nents. The disposal of WPUF poses signicant environmental challenges, primarily due to its non-biodegradable nature and the release of toxic compounds
upon incineration. The recycling and reuse of WPUF is important for environmental sustainability and resource conservation. Herein, WPUF is employed as
a porous 3D substrate for the deposition of carbon nanotubes and insulating the separator to construct the conductive/insulating alternative multilayered
structure of electromagnetic interference shielding materials, providing sustainable and value-added utilization of the representative bulky waste. This study
aligns with the UN's Sustainable Development Goals 11 (Sustainable Cities and Communities) and 12 (Responsible Consumption and Production).
Introduction

The widespread use of mobile and wearable devices has raised
an increasingly serious electromagnetic interference (EMI)
pollution problem,1–9 which presents a signicant threat to
precision instruments, information security and even human
ngineering, Polymer Research Institute at
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
health.10–13 The development of lightweight yet high-
performance EMI shielding materials is crucial to meet the
demands of modern industrial and commercial
applications.14–17 Conductive polymer composites (CPCs) have
attracted extensive research interest due to their versatility, light
weight, exibility, durability, and adjustable characteristics.18,19

The conductivity of CPCs is of pivotal importance in deter-
mining their EMI shielding effectiveness (EMI SE).6,20 However,
the excessive use of a conductive ller compromises the other
critical aspects including cost, exibility, machinability, and
mechanical reliability of the composite material.8 Developing
high-performance polymer-based EMI shielding materials with
favourable exibility and mechanical properties remains
a signicant challenge.21–23

Optimizing the structural design of CPCs emerges as
a feasible approach to minimize the requisite volume of the
RSC Sustainability, 2024, 2, 2669–2676 | 2669
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conductive ller while simultaneously enhancing its EMI
shielding efficacy.4,7,19,24,25 Sandwiched or multilayered struc-
tures are extensively studied for high-performance EMI shield-
ing materials.20,26,27 The enhancement of EMI shielding
effectiveness is achieved through the designated distribution of
conductive llers across the conductive layers, increasing the
effective ller concentration in certain regions to establish
multiple electrically conductive pathways. Furthermore, this
rationally designed structure enables the multiple reections of
incident EM waves at conductive interfaces, thereby contrib-
uting to the polarization and absorption losses of electromag-
netic waves.11,28–31 Consequently, multilayered CPCs can achieve
enhanced EMI shielding performance with minimized
conductive llers.32

Intriguingly, multilayered CPCs with parallel interfaces
facilitate the multiple reections of incident EM waves between
the parallel reectors. This may lead to selective EMI shielding
performance, which is likely attributable to the interference
between reected and incident electromagnetic waves.33,34 In
a previous report, Wang et al. prepared a exible CPC with
a sandwich structure using silicone rubber and graphene, pre-
senting an average EMI SE value of 30.4 dB at low graphene
content (3 wt%).35 This unique electromagnetic shielding
characteristic has potential applications in a variety of elds,
including military and signal detection.36–38

Waste polyurethane foam (WPUF) is a by-product of various
consumer and industrial applications, representing a typical
bulky polymer waste. The majority of WPUF is typically dis-
carded in landlls or incinerated, resulting in signicant envi-
ronmental contamination.39,40 Previous studies have
demonstrated that waste polyurethane foam can be combined
with other materials to create composite materials with poten-
tial applications in sound absorption, EMI shielding, and
infrared stealth.41,42 Combined with the excellent structural
stability of WPUF, it is anticipated that WPUF has the potential
to be employed in the preparation of multilayered CPCs for EMI
shielding. Moreover, the recycling and value-added reuse of
WPUF represent a signicant opportunity for advancing envi-
ronmental sustainability.

In this study, waste polyurethane foam (WPUF) along with
carbon nanotubes (CNTs), cellulose nanobres (CNFs) and
ground tire rubber (GTR) powder are employed to prepare
exible CPCs with a multilayered structure. Conductive WPUF/
CNT/CNF (WCC) foam was prepared by depositing CNT/CNF
onto three dimensional interconnected porous WPUF. The
conductive WCC foam and the insulating WPUF foam were
separately subjected to hot-pressing into thin foams, which
were then laminated to form a composite denoted as WCC/
WPUF (WCC/W). This composite material presents a distinc-
tive interlayered structure, comprising an external conductive
WCC layer and a central insulating WPUF layer. Its average
EMI SE value could reach 39.9 dB at a low CNT content of
2.31 wt%, which is signicantly higher than that of pure WCC
with the same CNT content (27.2 dB). Impressively, this WCC4/
W with a multilayered structure exhibited obvious frequency
selectivity and stability, providing a novel strategy to achieve
2670 | RSC Sustainability, 2024, 2, 2669–2676
exible EMI shielding materials with selective shielding
capabilities.

Experimental section
Materials

The samples of exible waste polyurethane foam (WPUF) were
supplied by the Hongmiaoling Comprehensive Garbage Treat-
ment Plant in Fuzhou (China), and were the leover materials in
the furniture packaging process. The samples of porous exible
polyurethane foams (PUF) were provided by Yuanli Shoe Material
Co., Ltd in Quanzhou (China), and were the residual materials
resulting from the manufacturing process. The pore size of the
WPUF and PUF was in the range of 300–500 mm. Ground tire
rubber (GTR) with a particle size of 10–250 mm was provided by
Meiya Plastic Technology Co., Ltd, Jiangsu, China. Carbon
nanotubes (CNTs) were provided by Organic Chemicals Co., Ltd,
Chengdu, China. Commercial bleached lter paper was
purchased from the Filter Paper Factory, Fushan, China. 2,2,6,6-
Tetramethyl-piperidin-1-oxyl (TEMPO) was received from Sun
Chemical Technology Co., Ltd, Shanghai, China. Sodium
bromide (NaBr) was provided by Damao Chemical Reagent Co.,
Ltd, Tianjin, China. Sodium hypochlorite (NaClO), sulfuric acid
(H2SO4), hydrochloric acid (HCl) and sodium hydroxide (NaOH)
were all obtained from Kelong Reagent Co., Ltd, Chengdu, China.

Fabrication of the WCC/W composite

The detailed preparation process of the CNT/CNF aqueous
suspension is given in the ESI.† Initially, the WPUF was
immersed in a CNT/CNF aqueous suspension for 30 min and
then dried at 50 °C for 7 h to produce WCCx foams (x represents
the number of soaking/drying cycles). Regulating the content of
CNTs in WCC foams can be achieved by adjusting the soaking/
drying cycles (Table S1†). WPUF and WCCx foams were
compressed into a thin foam with a thickness of 1.0 mm under
a pressure of 20 MPa at 160 °C. The obtained WCCx and WPUF
thin foams were alternately stacked in layers, as shown in
Fig. S1.† Then, the WCCx/WPUF (WCCx/W) composites were
created by compression-molding the stack at 160 °C and
20MPa. The CNT contents of WCCx/W composites are shown in
Table S2.† For the control, 4 pieces of WCC4 thin foams were
stacked and hot-pressed at 160 °C and 20 MPa to obtain the
WCC4 composite.

The detailed fabrication process for WCC4/GTR (WCC4/G),
WCC4/PUF (WCC4/P) and WCC4/GUR/PUF (WCC4/GP)
composites is provided in the ESI.†

Characterization

The morphologies of the as-prepared samples were character-
ized by SEM (Inspect F50, the Netherlands) at 20 kV. Electric
conductivity of WCC was measured by using a Four-probe
resistivity tester (HPS2661, China). EMI shielding properties
of all samples were studied within the frequency range of the X-
band (8.2–12.4 GHz) using an Agilent vector network analyser
(N5247A, 10 MHz to 67 GHz, NASA Technologies, USA). The
calculation of EMI shielding efficiency is provided in the ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

Fig. 1a provides an intuitive illustration of the preparation
process of the WCC/W composites, wherein WCC serves as the
conductive layer, and WPUF acts as the insulating layer. The
multilayered structure of WCC/W was obtained by the sequen-
tial stacking and hot pressing of the conductive and insulating
layers. SEM was used to characterize the morphological struc-
ture of WCC/W. As illustrated in Fig. 1b and S2,† the original
three-dimensional porous architecture of the WCC foam is
signicantly altered by the hot-pressing process, resulting in
a tightly compacted composite structure. The CNTs were
uniformly deposited on the surface of the WPUF skeleton
(Fig. 1c), providing a stable conductive path for the WCC/W.
Fig. 1d presents the cross-section SEM image of WCC/W. The
stable mechanical properties of the WCC/W are guaranteed by
the good bonding between the layers. The cross-sectional SEM
image (Fig. 1d) highlights the stable mechanical integrity of the
composite foam, which is attributed to the excellent interlayer
adhesion.

Fig. S3† compares the conductivity of WCC lms with
different CNT loading cycles. The conductivity of the WCC1 lm
reaches 4.4 S m−1, exceeding the threshold (1.0 S m−1) required
for commercial EMI shielding materials.43,44 With the increase
in CNT loading cycles, the conductivity of the WCC lm is
gradually improved, achieving a peak conductivity of 65.3 S m−1

for WCC4. The superior electrical conductivity of WCC
Fig. 1 (a) Schematic diagram of the preparation process of the WCC/W c
WCC/W.

© 2024 The Author(s). Published by the Royal Society of Chemistry
facilitates the enhancement of EMI shielding effectiveness.45–47

The EMI SE of both the WCC4 lm and WCC4/W composite is
elucidated in Fig. 2(a and b), revealing a substantial enhance-
ment in EMI SE for the WCC4/W composite, attributable to its
multilayered structure. The WCC4 lm presents an average EMI
SE of 27.2 dB, whereas the WCC4/W composite with the same
CNT content achieves an average EMI SE of 39.9 dB, signi-
cantly exceeding the commercial EMI shielding threshold of 20
dB.48,49 Fig. 2b compares the shielding effectiveness related to
reection (SER) and absorption (SEA) for bothWCC4 andWCC4/
W, indicating that SEA plays a predominant role in both
samples. The SEA of WCC4/W has an obvious EMI shielding
peak in the X-band, while the SEA of WCC4 has no obvious EMI
shielding peak. This result demonstrates that the unique
structure of WCC/W predominantly enhances the absorption of
the EM wave. Furthermore, the absorption coefficient (A),
reection coefficient (R) and transmission coefficient (T) of
WCC4/W are calculated (Fig. S4†). The average T-value is close
to 0, indicating that the incident EM wave is almost completely
blocked by WCC4/W.50,51 In addition, the average value of A
(0.80) is signicantly higher than that of R (0.20), indicating that
the WCC/W composite adheres to an absorption-dominated
EMI shielding mechanism.44,52–54

Interestingly, compared to the WCC4 lm, the WCC4/W
composites exhibit pronounced selective EMI shielding
performance. The EMI SE of WCC4/W exhibits a signicant
EMI shielding peak of 46.6 dB at a frequency of 10.5 GHz
omposites. (b and c) Surface SEM and (d) cross-section SEM images of

RSC Sustainability, 2024, 2, 2669–2676 | 2671
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Fig. 2 (a) EMI SE for the WCC4 film andWCC4/W composite. (b) Variation of SER and SEA for the WCC4 film andWCC4/W composite. (c) EMI SE
and (d) variation of SER and SEA for WCC/W composites. (e) Schematic illustration of the EMI shielding mechanism of WCC/W composites.
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(Fig. 2a), which is signicantly higher than the average EMI
SE value of 39.9 dB. The EMI SE of WCC/W composites with
varying CNT contents is shown in Fig. 2(c and d). The increase
in the CNT content results in a rise of the average EMI SE
value from 22.5 dB of WCC1/W to 39.9 dB. Additionally, the
EMI shielding peak shis from 11.9 GHz for WCC1/W to 10.5
GHz for WCC4/W. The observed frequency selectivity is
consistent with the trend of SEA values for WCC/W compos-
ites (Fig. 2b and d). Furthermore, a WCC4/W composite with
a thickness of 1 mm was prepared in accordance with the
preparation method for the WCC4/W composite (2 mm), but
the thickness of each layer reduced by half. As shown in
Fig. S5,† the WCC4/W composite (1 mm) also exhibits
pronounced selective EMI shielding performance, with
a reduction in the maximal EMI SE peak from 46.6 dB (2 mm)
to 34.2 dB (1 mm). The frequency of the EMI shielding peak is
also subject to change in accordance with the thickness,
which is consistent with the early studies. The underlying
EMI shielding mechanism of the WCC/W composite with
a multilayered structure is elucidated in Fig. 2e. The highly
conductive WCC layer in WCC/W composites might experi-
ence an impedance mismatch effect due to the abundance of
free electrons, leading to the interaction of reected EM
waves with the electron carriers in the conductive network of
the WCC layer,10 engendering considerable EM wave
attenuation.55–58 Residual EM waves traverse the surface WCC
layer and subsequently penetrate the insulating WPUF layer.
Compared to the transition in a pure WCC lm, the inter-
mediate layer of WPUF provides parallel space for multiple
reections of EM waves, which extends the propagation path
2672 | RSC Sustainability, 2024, 2, 2669–2676
of EM waves in the WCC layer and further facilitates EM wave
attenuation.5,59,60 Note that the electromagnetic waves that
have undergone two reections exhibit the same frequency
and direction as the incident electromagnetic waves. This
phenomenon will result in the interference of electromag-
netic waves, with the interference effect dependent on the
phase difference between the electromagnetic waves. When
a suitable phase difference is present, the intensity between
the electromagnetic waves will be offset, thereby increasing
the electromagnetic wave loss. In the same sample, the phase
difference is correlated with the frequency of the electro-
magnetic wave. Therefore, the WCC/W composites exhibit
varying EMI shielding effectiveness across different
frequency ranges, resulting in the characteristics of
frequency-selective EMI shielding. In this structure, incident
EM waves undergo multiple reections between the parallel
conductive layers (Fig. 2e).20,35,61 The interaction between
these multiply reected waves and the incident wave
amplies EM wave dissipation at specic frequencies.
Consequently, the absorption of EM waves at these frequen-
cies is markedly elevated compared to others, thereby
imparting the WCC/W composites with notable frequency-
selective EMI shielding effectiveness.

The frequency range of selective shielding is modulated by
varying the concentration of the conductive ller in the
conductive layer (Fig. 2c). However, the average EMI SE value of
the composite also undergoes alteration in response to alter-
ations in the conductive ller content, thereby presenting
a challenge in accurately adjusting the selective EMI shielding
frequency range without affecting the overall EMI SE. Different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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materials (GTR, WPUF and PUF) are used as insulation layers to
investigate how to achieve frequency selectivity without
changing the overall EMI SE. As shown in Fig. 3a, GTR powder,
WPUF foam and PUF foam (see Fig. S6(a–c)† for the photo-
graphs) are hot pressed into thin lms, respectively. Then, they
are integrated with conductive WCC4 thin foam to fabricate
multilayered composites denoted as WCC4/G, WCC4/W, and
WCC4/P, based on the insulating layer used. The cross-sectional
SEM images of WCC4/G, WCC4/W and WCC/P presented in
Fig. S6(d–f)† reveal that there is an absence of noticeable
stratication among the layers, demonstrating robust interlayer
adhesion within the composites.

The EMI SE of WCC4/G, WCC4/W and WCC4/P composites
is presented in Fig. 3b–d. WCC4/G, WCC4/W and WCC4/P
with various insulation layers exhibit signicant EMI
shielding frequency selectivity. The average EMI SE values are
approximately 40.4 dB, 39.9 dB and 37.1 dB, respectively,
indicating their substantial EMI shielding performance.
Impressively, each sample presents distinctive selective
shielding frequency ranges, characterized by EMI shielding
peaks at 11.85 GHz for WCC4/G, 10.47 GHz for WCC4/W, and
9.02 GHz for WCC4/P, respectively. In addition, the peak EMI
SE values across these samples display minimal variance.
Fig. 3c and d demonstrate that altering the insulating layer
types in a multilayered structure could adjust the frequency
range of electromagnetic wave absorption. The frequency-
selective EMI shielding performance is achieved without
compromising the overall EMI SE.

Fig. 3e depicts the EMI shielding mechanism of the EM
waves with identical frequencies traversing different inter-
layers within the composite structure. The electromagnetic
Fig. 3 (a) Schematic diagram of the preparation process of theWCC4/
G, WCC4/W and WCC4/P composites. (b) EMI SE and variation of (c)
SEA and (d) SER for WCC4/G, WCC4/W and WCC/P composites. (e)
Schematic illustration of the EMI shielding mechanism of the same
frequency electromagnetic wave in different interlayers.

© 2024 The Author(s). Published by the Royal Society of Chemistry
EM waves propagate at different speeds in different media,
leading to the variation of their wavelength across different
interlayers, as determined by the calculation formula for EM
wave velocity (v = fl), where v represents the velocity, f
represents the frequency, and l represents the wavelength.
Fig. 3e shows that EM waves with a specic wavelength ach-
ieve the optimal interference effect within interlayer 1. This
promotes the attenuation of electromagnetic waves, mani-
festing as pronounced EMI shielding peaks within the
frequency range corresponding to this wavelength. However,
the wavelength is not optimal for the interference effect in
interlayers 2 and 3. For the composites with a xed structure
and conductive layer, the wavelength corresponding to the
EMI shielding peak remains constant. Therefore, the position
of the frequency band corresponding to the EMI shielding
peak is intrinsically linked to the propagation speed of the
EM wave in the insulation layer. Consequently, modulation of
the frequency location of the EMI shielding peak can be
achieved through the adjustment of the insulating layer
material. This methodology provides a viable approach for
the customisation of frequency-selective EMI shielding
properties.

This study further investigates the strategic manipulation of
the EMI shielding peak position. As shown in Fig. 4a, WCC4 is
employed as the outer conductive layer while the insulation
layer comprises a combination of GTR and WPUF, contributing
to selective shielding efficacies in higher and lower frequency
domains, respectively. The fabricated composites are named
WCC4/GP1, WCC4/GP2 and WCC4/GP3 according to the
different GTR/PUF weight ratios (2 : 1, 1 : 1 and 0.5 : 1). GTR and
PUF skeletons are evenly distributed within the pores of the PUF
skeleton, ensuring the structural stability of the intermediate
layer (Fig. S7†).

Fig. 4b–d reveal the comparison of the EMI SE of WCC4/G,
WCC4/GP and WCC4/P composites. WCC4/GP1, WCC4/GP2
and WCC4/GP3 exhibit pronounced frequency selectivity in
their EMI shielding performance. The selected shielding
frequency ranges of the three samples are situated between the
EM shielding peaks of WCC4/G and WCC4/P. With the increase
in PUF content, the EMI shielding peak gradually shis towards
lower frequencies. Specically, the shielding peaks for WCC4/
GP1, WCC4/GP2, and WCC4/GP3 are located at approximately
11.08 GHz, 10.55 GHz, and 9.36 GHz, respectively. Thus,
modifying the GTR/PUF ratio in the sandwich can effectively
regulate the selective EMI shielding frequency range of the
WCC4/GP composite. These ndings have signicant potential
implications for the design and fabrication of frequency-
selective EMI shielding materials.

Moreover, an optimal EMI shielding material necessitates
robust durability in practical applications.62 Fig. S8† shows that
the WCC4/G, WCC4/W, and WCC4/P composites all exhibit
notable exibility, high tensile strength (>4 MPa) and certain
stretchability. These excellent mechanical properties assist in
maintaining stable EMI shielding properties when subjected to
external forces. Fig. 5a presents the EMI shielding performance
of WCC4/G, WCC4/W and WCC/P composites aer repeated
deformation. It can be observed that the EMI SE remains
RSC Sustainability, 2024, 2, 2669–2676 | 2673
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Fig. 4 (a) Schematic diagram of the preparation process of the WCC4/GP composites. Variation of (b) EMI SE, (c) SEA and (d) SER for WCC4/G,
WCC4/GP and WCC/P composites.

Fig. 5 (a) EMI SE for WCC4/G, WCC4/W and WCC4/P composites before and after bending for 1000 cycles, respectively. (b) The normalized
resistance (R/R0) of WCC4/G, WCC4/W and WCC4/P composites as a function of bending cycles, respectively.
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consistent with the initial value even aer 1000 bending cycles.
Notably, the position, intensity and contour of the EMI shield-
ing peak showed no signicant changes, indicating the excep-
tional stability of the composites. The variation of electrical
resistance (R/R0) could be employed to quantitatively reveal the
impact of the multilayered structures against repeated
mechanical deformation.30 Fig. 5b presents the normalized R/R0

of WCC4/G, WCC4/W and WCC/P composites as a function of
bending cycles. All the R/R0 values remain stable even aer 1000
2674 | RSC Sustainability, 2024, 2, 2669–2676
bending cycles, further indicating great potential as excellent
EMI shielding materials.
Conclusions

This work provides a novel strategy to manufacture exible
CPCs with frequency-selective EMI shielding performance. The
WCC/W composites exhibited exceptional EMI shielding
performance, achieving an average EMI SE of 39.9 dB at a low
© 2024 The Author(s). Published by the Royal Society of Chemistry
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CNT content (2.31 wt%) with a thickness of 2 mm. The ratio-
nally designed alternative conductive-insulating multilayered
structure leads to the Fabry–Perot cavity effect, contributing to
the pronounced frequency-selective EMI shielding perfor-
mance. Moreover, it was observed that an increase in the
concentration of CNTs within the conductive WCC layer resul-
ted in enhanced electrical conductivity of the composite,
accompanied by a downward frequency shi of the EMI
shielding peak. The position of the EMI shielding peak could be
modulated without compromising the overall EMI shielding
performance by the modication of the insulating layer. In
addition, the composite demonstrated good durability against
repeated deformation.
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