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HIGHLIGHTS

e Fabricating low-cost, high-performance, scalable polypropylene (PP) @ graphene (G) nanocomposites from recycled PP fibers in waste

masks by a simple electrostatic self-assembly hot-pressing method.

e The resultant PP@G presents a high thermal conductivity of 87 W m~! K=! and a high electromagnetic interference shielding effec-
tiveness of 88 dB (1100 dB cm™).

ABSTRACT Over 950 billion
(about 3.8 million tons) masks
have been consumed in the last
four years around the world to pro-
tect human beings from COVID-19

e l;‘
PV
and air pollution. However, very

* Waste Mask F’P\\"/
few of these used masks are being _ .
recycled, with the majority of them J : .

being landfilled or incinerated. To
address this issue, we propose a
repurposing upcycling strategy by

converting these polypropylene

(PP)-based waste masks to high- Graphéne nanoplatelets

performance thermally conductive '

nanocomposites (PP@G, where G refers to graphene) with exceptional electromagnetic interference shielding property. The PP@G is
fabricated by loading tannic acid onto PP fibers via electrostatic self-assembling, followed by mixing with graphene nanoplatelets (GNPs).
Because this strategy enables the GNPs to form efficient thermal and electrical conduction pathways along the PP fiber surface, the

PP@G shows a high thermal conductivity of 87 W m™' K™! and exhibits an electromagnetic interference shielding effectiveness of 88 dB
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(1100 dB cm™!), making it potentially applicable for heat dissipation and electromagnetic shielding in advanced electronic devices. Life

cycle assessment and techno-economic assessment results show that our repurposing strategy has significant advantages over existing

methods in reducing environmental impacts and economic benefits. This strategy offers a facile and promising approach to upcycling/

repurposing of fibrous waste plastics.

KEYWORDS Mask waste; Repurposing; Thermal conductivity; Electromagnetic interference shielding; Life cycle assessment

1 Introduction

The frequent outbreaks of epidemic respiratory diseases have
led to a significant increase in the use of disposable medical
masks, primarily composed of polypropylene (PP), which
accounts for more than 90% by weight [1-3]. Recent statis-
tics indicate that due to the COVID-19 outbreak, the global
consumption of waste masks has exceeded 950 billion units
(about 3.8 million tons) in the last four years (Fig. 1a) [4].
Most of these waste masks are disposed of through incinera-
tion or landfill. Incineration of PP releases toxic gases and
organic pollutants, such as dioxins and furans, contributing
to air pollution [5-7]. Landfilled PP takes hundreds of years
to fully degrade, generating large amounts of microplas-
tics that cause long-term pollution of water sources, soil,
and food chains [8—10]. Therefore, it is imperative to find
cost-effective methods to convert PP from waste masks into
high-performance products and extend the lifecycle of PP
materials to reduce their environmental impacts [11].

In recent years, researchers have explored some recycling
methods of waste masks, such as using PP from waste masks
as raw materials to prepare surfactants, microwave absorb-
ing materials, and battery separators (Fig. 1b). For example,
Xu et al. employed a temperature gradient pyrolysis method
combined with oxidation and saponification to produce high-
value surfactants from PP [12]. Yu et al. deposited Ni(OH),
on waste masks and carbonized them at 700 °C to create
CNTs/Ni hybrid materials with excellent microwave absorp-
tion capabilities [13]. Guo et al. coated PP with hydrogen-
ated nanocellulose (h(NCNC) and aluminum nitride (AIN) to
prepare multifunctional Janus battery separators, enabling
lithium-selenium batteries to achieve outstanding high-rate
performance and excellent cycling stability [14]. While these
studies provide possibilities for the reutilization of waste
masks, they still face numerous challenges in practical appli-
cations, such as requiring high-temperature pyrolysis or
complex carbonization processes, low mechanical strength,
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and suboptimal performance of target products. Therefore,
it remains a great challenge to develop a cost-effective and
large-scale recycling strategy for these waste masks.

Meanwhile, the development of high-power and highly
integrated electronic devices in recent years has created
an urgent demand for advanced polymer-based thermal
management materials (TMMs) [15-18]. In this context,
we hypothesize that PP fibers in waste masks can be used
as a polymer fibrous matrix to prepare TMMs due to their
low cost, ease of processing, and high aspect ratio [19-22].
Therefore, this upcycling process can not only solve the
waste masks problem, but also provide new insights for the
development of advanced TMMs.

In this study, we aim to repurpose waste masks to fabri-
cate PP-based TMM nanocomposites (PP@G) with high
electromagnetic interference (EMI) shielding performance
by assembling thermally conductive filler graphene nano-
platelets (GNPs) on tannic acid (TA)-decorated PP fibers
(Fig. 1c). The as-prepared PP@G shows a high thermal
conductivity (TC) (87 W m 'K and a high electro-
magnetic interference shielding effectiveness (EMI SE)
(88 dB) (1100 dB cm™!). The PP@G nanocomposites
hold great potential for heat dissipation and EMI shielding
applications (Fig. 1d). In addition, life cycle assessment
(LCA) and techno-economic assessment (TEA) are also
performed to evaluate the advantages of this upcycling
strategy over existing methods [23, 24]. This work paves
the way for a new upcycling strategy for waste masks and
other plastics waste, contributing to creating a sustainable
environment and circular economy.

2 Experimental Section
2.1 Materials

Graphene nanoplatelets (GNPs, KNG-G2) were provided
by Xiamen Knano Graphene Technology Co., Ltd. (China).

https://doi.org/10.1007/s40820-025-01796-z
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Fig. 1 a Estimation of waste masks volumes and reuse data from 2018 to 2023 [4]. b Conventional route for disposing waste masks. ¢ Prep-
aration process of highly thermal conductive nanocomposites with EMI shielding property from waste mask PP. d Schematic illustration of
as-prepared PP@G nanocomposites for thermal management and photograph of the PP@G nanocomposites for EMI shielding applications. e
Life cycle assessment of 1 kg PP: comparing landfill disposal versus PP@G nanocomposite preparation: Fossil fuel depletion (FFD); Global
warming (GW); Carcinogenics (Carc); Acidification (Acid); Ecotoxicity (Ecotox); Smog; Eutrophication (Eutro); Ozone depletion (ODP); Non
carcinogenics (Non-carc); Respiratory effects (Resp). f Techno-economic analysis (TEA) of as-prepared low-cost (low GNP contents) and high-
performance (high GNP contents) PP@G nanocomposites in the ¢ process

Polyamide-epichlorohydrin resin (PAE, 12.5 wt%) was  Biochem Technologies Co., Ltd. (China). Waste masks were
purchased from Shandong Tiancheng Chemical Co., Ltd.  obtained from municipal solid waste.
(China). Tannic acid (TA) was provided by Tianjin Heowns
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2.2 Preparation of the PP@G Nanocomposites

TA of 50 mg mL~! and PAE of 25 mg mL™!
tral pH conditions were selected as the optimal assembly

under neu-

parameters (Fig. S1). 1 g of GNPs was dispersed in 10 g
of PAE aqueous solution (25 mg mL™") via ultrasonication
(750 W, 20 kHz) for 30 min to obtain PAE@GNPs disper-
sion. Meanwhile, waste masks were treated with NaOH
solution (1 mol L") for 1 h at 25 °C, followed by washing
with deionized water to neutrality. The PP nonwoven fab-
ric (0.4 g) extracted from washed masks was cut into small
pieces (2 mm X 2 mm) and immersed in 50 g of TA solution
(50 mg mL™Y) for 1 h with stirring (300 r min~!) at 25 °C.

After filtration, the obtained PP@TA was mixed with PAE@
GNPs dispersion via ultrasonication (750 W, 20 kHz) for
30 min. The mixture was then filtered and dried in a vacuum
oven at 60 °C for 12 h to obtain PP@GNPs. Finally, the
PP @G nanocomposites were fabricated by hot-pressing the
PP@GNPs at 140 °C and 50 MPa for 30 min. Additionally,
the GNPs and the PP nonwoven fabric were mixed at specific
mass ratios (0.1:0.4, 0.2:0.4, 0.4:0.4, 0.8:0.4) and used to
fabricate PP@G nanocomposites with varying GNP content
following the same method as described above.
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Fig. 2 SEM images of a PP fiber and b PP@TA fiber; ¢ EDS elemental maps of O distribution on PP@TA. d Contact angles of PP fiber and
PP@TA. TEM images of e GNPs and f PAE@GNPs. g Raman spectra of GNPs and PAE@GNPs. h Schematic illustration of assembly process
of PP@TA and PAE@GNPs. i Zeta potentials of PP fiber, PP@TA, PAE@GNPs in water. j Lateral size distributions of GNPs and diameter dis-

tributions of PP fibers. k Photograph and SEM image of PP@GNPs
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2.3 Statistical Analysis

All experimental representations were carried out in paral-
lel for three times, and the data were processed in Excel
software, here represented by mean + standard deviation.
The difference was statistically significant as determined by
one-way analysis of variance (P <0.05).

3 Results and Discussion

3.1 Preparation and Characterization of PP@G
Nanocomposites

To prepare high-performance PP-based TMMs based on
GNPs, it is critical to ensure a good interfacial compat-
ibility. To achieve this, TA with a catechol structure was
chosen to treat the surface of PP fibers from waste masks
to form PP@TA, because the catechol groups in TA can
have strong n—x stacking interactions with GNPs [25].
Meanwhile, GNPs were uniformly dispersed in an aque-
ous solution of polyamide-epichlorohydrin resin (PAE) via
cation—r interactions to prepare a positively charged stable
PAE@GNPs solution. Then, the target PP@G nanocom-
posites were prepared by mixing PP@TA and PAE@GNP
via electrostatic self-assembling, filtration and drying, and
hot-pressing (Figs. 1c and S2).

Subsequently, large-sized (170 mm X 170 mm)
PP@G nanocomposites can be achieved under labora-
tory conditions (Fig. S2), and could be scaled up to over
1000 mm X 1000 mm according to the size of hot-press
machine in industrial settings. The resulting PP@G gives
a high TC of 87 W m™! K™! and a high EMI SE of 88 dB
(1100 dB cm™') (Fig. 1d).

Additionally, the PP@G nanocomposite exhibits a high
flexural stress of 45 MPa and an acceptable tensile stress
of 14 MPa (Fig. S3). After exposure to 100 °C for 24 h
and water immersion for 24 h, the PP@G nanocomposites
demonstrated significant environmental resistance, main-
taining 80% and 50% of their original mechanical strength,
respectively, confirming their suitability for applications
in harsh environments (Fig. S4). The peeling tests are
carried out to investigate the interfacial bonding strength
of the PP@G nanocomposites under external force. As
shown in Fig. S5, the prepared PP@G nanocomposite
exhibits a high peeling force of 970 N and a peeling stress

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

of 2.3 MPa, indicating strong interfacial bonding, which
enhances the durability and long-term performance of the
PP @G nanocomposites.

The LCA reveals that the PP@G nanocomposite pre-
pared by 1 kg PP significantly reduces environmental
impacts compared to the landfill method, especially in
terms of fossil fuel depletion (—3.47 vs 10.80 MJ), global
warming potential (—0.351 vs 2.53 kg CO, eq), and ecotox-
icity (1.02 vs 7.81 CTUe). The negative values observed
in fossil fuel depletion and global warming potential cat-
egories demonstrate that the PP@G preparation process
offers environmental benefits through the upcycling/repur-
posing of PP materials (Fig. le and Table S1). TEA was
conducted to compare the PP@G heat dissipation material
with commercial products. The assessment indicates that
repurposing 1 ton of waste masks to produce PP@G prod-
ucts could yield a profit of approximately $468.50 com-
pared to equivalent commercial heat dissipation materials
(Fig. 1f). Thus, this upcycling strategy is economically
feasible.

Compared to smooth surfaces of the PP fibers (Fig. 2a),
the scanning electron microscopy (SEM) revealed that the
TA-modified PP fiber surface became wrinkled and much
rougher (Fig. 2b), indicating successful loading of TA onto
the PP fiber surface. Additionally, energy-dispersive spec-
troscopy (EDS) analysis showed a clear outline of PP fiber
in the oxygen element scan (Fig. 2c), indicating uniform
distribution of TA on the PP fiber surface. Furthermore,
the contact angle of the TA-modified PP fiber decreased
from 79.1° to 67.7° (Fig. 2d), demonstrating significantly
increased hydrophilicity of PP@TA. These results confirm
the uniform attachment of TA on the PP fiber surface, pro-
viding an excellent fiber matrix material for the preparation
of polymer-based TMMs.

Transmission electron microscopy (TEM) images
(Fig. 2e) showed that GNPs exhibited a distinct layered
structure with smooth surfaces. The prepared PAE@GNPs
maintained the layered structure, but black regions of PAE
molecular aggregates appeared on the surface (Fig. 2f). This
morphological change indicates successful modification
of GNPs by PAE. Raman spectroscopy analysis showed a
9 cm™! red shift in the G band of PAE@GNPs compared
to GNPs (Fig. 2g), confirming the occurrence of cation-n
interactions between PAE and GNPs [26]. Because of these
strong cation-n interactions, the PAE@GNPs forms a uni-
form solution which can be stable for more than 48 h (Fig.

@ Springer
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S6), indicating that PAE modification significantly enhances
the water dispersibility and stability of GNPs.

After TA modification of PP fiber, zeta potential tests
showed that the potential of PP@TA decreased from —1
(the potential of PP) to —14, indicating that PP@TA carries

© The authors

a negative charge (Fig. 2i). Consistent with predictions,
the potential of PAE@GNPs was + 31, indicating a posi-
tive charge (Fig. 2i). When PAE@GNPs and PP@TA are
mixed, the positively charged PAE@GNPs are adsorbed
onto the negatively charged PP@TA through electrostatic

https://doi.org/10.1007/s40820-025-01796-z
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interactions, forming PP@GNPs, as illustrated in the model
mechanism diagram (Fig. 2h). To further reveal the elec-
trostatic self-assembly mechanism between PP@TA and
PAE@GNPs, we mixed TA and PAE as model substances,
which exhibited significant self-assembly behavior, transi-
tioning from a transparent state to a uniformly dispersed
emulsion state (Fig. S7a). Furthermore, XPS N 1s spectrum
analysis shows that the N*-C peak of PAE shifts from 401.5
to 401.9 eV (Fig. S7b). The results indicate that the elec-
trostatic self-assembly behavior originates from the elec-
trostatic interaction between hydroxyl groups in TA and
azetidinium groups in PAE (Fig. S7¢) [27].

Generally, attaching thermally conductive fillers to poly-
mer fiber matrices with larger diameters is conducive to con-
structing efficient thermal conduction pathways. Therefore,
the sizes of PP fibers and GNPs were measured, as shown in
Figs. 2j and S8. The results indicated that the average lateral
size of GNPs and the diameter of PP fibers were approxi-
mately 6 and 20 pm, respectively, which means that the PP
fiber provides sufficient space for effective attachment of
GNPs. Compared to the PP fiber, the surface of PP@GNPs
exhibited a distinct coating of deposited GNPs (Fig. 2k). As
the GNP content increased, this coating completely covered
the PP fiber surface, forming a “core-sheath” structure (Figs.
S9 and S10), where the PP fiber serves as the “core” and
GNPs form a continuous “sheath”.

3.2 Thermal Conductivity and Thermal Management
Performance

To characterize the TC of PP@G nanocomposites, the effect
of different GNP contents on the in-plane TC was first tested.
The corresponding TC was calculated using Fourier’s law
[28] (Eq. 1). As shown in Fig. 3a, when the GNP contents
increased from 9 to 66 wt% (Fig. S11), the TC of PP@G
nanocomposites increased from 1.2 to 87 W m~ ' K, show-
ing that the TC of PP@G nanocomposites is proportional
to the GNP contents, because the increased GNP contents
form a more continuous and efficient thermal conduction
pathway. Notably, the high TC of PP@G nanocomposites
with 66 wt% GNPs (PP@Gy,) surpasses the values of most
reported polymer-based TMMs (Fig. S12 and Table S2).
Additionally, the steady-state heat flow method (ASTM
D5470) was also used to measure the TC, which was close
to the out-of-plane TC values determined by the laser flash

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

method (Table S3), which also validates the accuracy of the
in-plane TC of the PP@G nanocomposites obtained using
the laser flash method.

To better understand the thermal conductivity effect
of GNPs in PP@G nanocomposites, two classical theo-
retical models [29] were used to predict the TC values of
PP@G nanocomposites (Table S4) and compared with the
experimental values. As shown in Fig. S13, the TC values
of PP@G nanocomposites lie between the Agari and Max-
well-HS™ models, indicating part of GNPs are parallelly
attached on the PP fiber. To further investigate the orienta-
tion of GNPs in the PP@G nanocomposites, the structure of
PP@G nanocomposites was characterized using 2D wide-
angle X-ray scattering (WAXS). As shown in Fig. S14, the
innermost halo corresponds to the (002) plane of GNPs,
presenting an incomplete closed arc, indicating significant
in-plane orientation of GNPs in the nanocomposites [30].
Furthermore, 1D X-ray diffraction (XRD) analysis shows
that when the X-ray incident direction is perpendicular to
the GNPs orientation, distinct diffraction peaks of graph-
ite’s (004) and (002) planes appear at 54.7° and 26.6° [31];
these characteristic peaks significantly weaken or disappear
when the X-ray is incident parallel to the GNPs orientation
(Fig. 3b). These results provide further evidence for the ori-
entation of GNPs in the nanocomposites.

GNPs form a highly ordered, continuous, and efficient
phonon/electron transport channel structure along the PP
fiber surfaces under pressure, promoting rapid heat transfer
and thereby significantly enhancing the TC of the PP@G
composites (Fig. 3c-g). To investigate the contribution of
the highly oriented GNPs to the TC of PP@G, the specific
thermal conductivity enhancement (TCE) of PP@G nano-
composites was compared with the other thermally conduc-
tive polymer-based nanocomposites (Fig. 3h, Eq. S2, and
Table SS5). The distribution morphology of thermally con-
ductive filler in the nanocomposites can be categorized into
two types: Type I (Random), where the thermally conduc-
tive filler is randomly dispersed within the matrix, resulting
in large contact thermal resistance (R.) with the polymer
matrix and displaying a lower specific TCE; Type II (3D
Network), where the thermally conductive filler forms a 3D
interconnected network, showing better specific TCE, but
with weak in-plane orientation. Unlike these two microstruc-
tures, the prepared PP@G nanocomposites have a highly
oriented structure with face-to-face contacted GNPs, which
achieves a high specific TCE of 660 in the PP fiber direction,

@ Springer
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which is a record value compared to polyolefin-based ther- The Rc tests were conducted on nanocomposites with
mally conductive nanocomposites [32—40]. Additionally, the  different filler distributions. The PP@G shows a R value
production costs of PP@G nanocomposites are lower than  of 10* K W™!, which is two orders of magnitude smaller
the existing thermally conductive polymer-based nanocom-  than that of Type I (%10° K W™') and one order of magni-
posites (Fig. S12). tude smaller than that of Type II (10> K W™!) (Figs. S15

and S16). This is largely attributed to two factors: (I) GNPs

© The authors https://doi.org/10.1007/s40820-025-01796-z
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and PP film on the electric field generated by the Tesla coil

“sheath” form continuous and uniform heat conduction path-
ways along PP fiber “core” surfaces, significantly reducing
the thermal resistance at the filler-matrix interface; and (II)
the face-to-face oriented GNPs reduce phonon scattering
between graphene nanoplatelets. Finite element analysis
(FEA) was used to visually verify the thermal conduction
advantages of oriented filler distribution compared to ran-
dom filler distribution, as shown in Fig. 3i—k. The results
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indicate that, within the same simulation time, oriented filler
distribution achieves not only a higher upper temperature but
also a more uniform temperature distribution compared to
the random filler distribution.

To evaluate the thermal management efficiency of PP@G
nanocomposites as TMMs, we prepared both film and block
types PP@Gg¢ nanocomposites to serve as cooling substrates
and heat sinks for electronic devices. PP@Gg, film was used

@ Springer
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as a cooling substrate for LED lights. Compared to the com-
mercial PI cooling substrate, the PP @Gy, film demonstrates
better heat dissipation capacity (Fig. 4a—c). For example,
when a 12 V voltage was applied, the LED light tempera-
ture with the PP@Ggg film was nearly 60 °C lower than that
with the commercial PI film. This is because of the much
higher TC value of PP@Ggg than PI (0.2 W m™' K™1). Addi-
tionally, the PP@Ggq film exhibits better heat dissipation
performance than PI film on smartphone (Fig. 4d). After
10 min of high-load operation, both the smartphone with the
commercial PI film and the one without any film exhibited
local overheating. The temperatures rose from 23.5 to 34.3
and 35.4 °C, respectively, with heat concentrated in the CPU
area and unable to dissipate quickly. In contrast, the smart-
phone with the PP@Ggg film showed a uniform temperature
distribution on the back without local overheating, with the
temperature rising from 23.5 °C to only 32.6 °C, which is
2.8 °C lower than the smartphone without a film and 1.7 °C
lower than the one with the commercial PI film (Fig. S17).

To assess the thermal management performance of PP@
G heat sink, we adhered a flexible circuit to it using ther-
mal grease (Fig. 4e), and recorded the temperature changes
on the surface of the flexible circuit, as shown in Fig. 4f.
The results showed that the PP@Gg, heat sink exhibited a
clearer outline in the thermal infrared images, indicating an
ability to dissipate heat faster and more uniformly than the
steel heat sink. When switched on, the flexible circuit with
PP @G heat sink shows a much lower surface temperature
over time compared with that of the circuits with steel heat
sink and without heat sink (Fig. 4g). Once switched off, the
cooling behavior of the flexible circuit with PP@Gg heat
sink was comparable to that of the flexible circuit with steel
heat sink (Fig. 4f). Even after 1200 cycles of being switched
on and off, the PP@Gg, nanocomposite heat sink maintained
excellent thermal management stability (Fig. 4h).

3.3 Electromagnetic Shielding Performance

Generally, a highly continuous electrically conductive net-
work is key to imparting nanocomposites with superior EMI
shielding capabilities [41-44]. Therefore, the effect of dif-
ferent GNP contents on the electrical conductivity of PP@G
nanocomposites was investigated, as shown in Fig. Sa. When
the GNPs content increased from 9 to 66 wt%, the electrical
conductivity of the PP@G nanocomposites increased from
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2to 893 S m™". This is because a higher content of GNPs on
the PP fiber surface tends to form more continuous and effi-
cient conductive pathways. In the X-band (8.2-12.4 GHz),
the EMI shielding value of PP@G nanocomposites (with a
thickness of 300 pm) increased to 57 dB as the GNP content
increased to 66 wt% (Fig. 5b). When the thickness of the
nanocomposite film was 800 pm, the EMI shielding value
reached about 88 dB (Fig. 5d), far exceeding the commercial
product standard value (30 dB) [45]. Meanwhile, the theo-
retical EMI SE value (50 dB) of the nanocomposite (Eq. 3)
was slightly smaller than the experimental value (57 dB)
(Fig. S18), because the presence of unmolten PP fibers
increases the nanocomposite’s porosity, thereby enhancing
electromagnetic wave absorption and the EMI efficiency [46,
47]. Meanwhile, the PP@G nanocomposite exhibits excel-
lent reliability and durability under harsh conditions (Fig.
S19). After 100 friction cycle tests, the EMI SE and TC of
PP@G remained above 67% and 92%, respectively. Moreo-
ver, after being exposed to extreme temperature (—30 and
100 °C) for 24 h, the EMI SE of PP@G increased to 124%
and 132%, respectively, while the TC remained at 101% for
both temperatures.

The total shielding effectiveness (SE;), absorption shield-
ing effectiveness (SE,), and reflection shielding effective-
ness (SEg) were calculated (Eqs. S4-S6) to reveal the high
EMI shielding mechanism of PP@G nanocomposites. As
shown in Fig. 5c, with increasing GNP contents, both SE;,
and SE, of PP@G nanocomposites significantly increased,
while SE, showed a smaller magnitude of increase com-
pared to SE,. Meanwhile, the effect of different GNP con-
tents on the reflectivity (R), absorptivity (A), and transmit-
tance (T) of PP@G nanocomposites was calculated (Egs.
S7 and S8), as shown in Fig. Se. The results show that the
R value increases (from 0.5 to 0.9) with increasing GNP
content, indicating that reflection plays a dominant role in
the EMI shielding [48-51]. As illustrated in Fig. 5f, when
electromagnetic waves strike the surface of PP@G nano-
composites, a portion of the waves are directly reflected back
into the air due to impedance mismatch between air and
GNPs. Subsequently, the remaining electromagnetic waves
enter the nanocomposites and interact with the high charge
density GNPs, leading to energy dissipation of the electro-
magnetic waves [52]. Meanwhile, the “core-sheath” struc-
ture of PP@G nanocomposites facilitates multiple internal
reflections of electromagnetic waves, further dissipating
their energy. This synergistic effect of reflection, absorption,

https://doi.org/10.1007/s40820-025-01796-z



Nano-Micro Lett. (2025) 17:263

Page 11 of 15 263

and internal re-reflection endows PP@G nanocomposites
with high EMI shielding performance.

Figure 5g and Table S6 compare the EMI shielding per-
formance of PP@G nanocomposites with other materials,
including Metal-based, All carbon materials, CNT-based,
MXene-based, and rGO-based and Graphene-based nano-
composites [53—77]. The results show PP@G nanocompos-
ites exhibit a higher EMI SE/t (the EMI SE value divided
by the sample thickness) compared to other reported EMI
shielding materials, demonstrating excellent EMI shielding
performance.

As shown in Fig. 5h, when the power of a Tesla coil
is turned on, a high-frequency electric field is gener-
ated. The electromagnetic coupling induces an alter-
nating current in the LED circuit, causing the LED to
illuminate. However, when the PP@G nanocomposites
(60 mm x 60 mm X 0.8 mm) are inserted between the coil
and the LED, their EMI shielding property effectively blocks
the electromagnetic field, preventing induced current flow
and thus extinguishing the LED, whereas this phenomenon
is not observed with PP film. This result highlights the supe-
rior EMI shielding capability of PP@G nanocomposites and
underscores their potential applications in aerospace, com-
munications, military, and other fields.

Finally, the comprehensive performance of the PP@G was
compared with that of previously reported thermal conduc-
tive electromagnetic shielding nanocomposites in the lit-
erature, as shown in Table S7. The results indicate that the
PP@G nanocomposite exhibits significant advantages in
several key metrics, including EMI SE/t (1100 dB cm™),
TC (87 W m™' K1), cost ($90 +5 kg™!), environmental
impact (reduce waste plastic pollution and the generation
of micro(nano)plastics) and scalability (170 mm X 170 mm).
Thus, it offers strong potential for heat dissipation and EMI
shielding applications.

4 Conclusions

This work presents an upcycling strategy that transforms
waste masks into high-performance TMMs and EMI shield-
ing materials. Because the GNPs were aligned on the PP
fiber surface to create highly ordered, continuous, and effi-
cient phonon/electron transport channels, resulting in sig-
nificantly enhanced specific TCE and reduced R_, the pre-
pared PP@G nanocomposite exhibits an outstanding TC of
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87 W m™! K™! and demonstrated excellent heat dissipation
capabilities on LED lights and flexible circuits, outperform-
ing commercial PI films and steel heat sinks. Additionally,
the PP@G nanocomposite possesses an excellent EMI SE
(88 dB) (1100 dB cm™"), which can effectively shield against
EMI signals. The LCA and TEA results highlight the signifi-
cant advantages of this upcycling strategy in reducing envi-
ronmental impacts and economic benefits. This repurposing
strategy opens up a new upcycling approach to addressing
the plastics waste issue associated with used masks.

Acknowledgements The authors would like to appreciate the
financial support from the National Key Research and Develop-
ment Program of China (2023YFD2201404), the National Natural
Science Foundation of China Youth Fund (No. 52103072), Bei-
jing Natural Science Foundation (No. 2222068), 5-5 Engineering
Research & Innovation Team Project of Beijing Forestry University
(No: BLRC2023A02), and the Regional Research Collaboration
(RRC) Program -“Sustainable Industry Manufacturing Planning
for Long-term Ecosystems (SIMPLE) Hub”. The authors would
like to thank the Innovation Platform for High-Value Utilization of
Forest Resources at the Beijing Forestry University.

Author Contributions X. Z. contributed to conceptualization,
experiment, methodology, data curation, original draft writing. W.
L. contributed to material & resources. Y. C., Q. G. contributed
to experiment. Y. G.,J. L. and Y. L. contributed to data curation.
P.B.,Q. G, J. L., P.S. and J. L. contributed to conceptualization,
methodology and supervision.

Declarations

Conlflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-01796-z.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01796-z
https://doi.org/10.1007/s40820-025-01796-z

263

Page 12 of 15

Nano-Micro Lett. (2025) 17:263

References

1.

10.

11.

12.

13.

Y. Cheng, N. Ma, C. Witt, S. Rapp, P.S. Wild et al., Face
masks effectively limit the probability of SARS-CoV-2 trans-
mission. Science 372(6549), 1439-1443 (2021). https://doi.
org/10.1126/science.abg6296

C.J. Worby, H.-H. Chang, Face mask use in the general popu-
lation and optimal resource allocation during the COVID-19
pandemic. Nat. Commun. 11, 4049 (2020). https://doi.org/10.
1038/541467-020-17922-x

X. Hu, S. Wang, S. Fu, M. Qin, C. Lyu et al., Intranasal mask
for protecting the respiratory tract against viral aerosols.
Nat. Commun. 14(1), 8398 (2023). https://doi.org/10.1038/
s41467-023-44134-w

F. Richter, Global Mask Sales Surged 30-Fold during the
Pandemic. (2023). https://www.statista.com/chart/29100/
global-face-mask-sales/

G. Lin, J. Yuan, X. Li, S. Zhao, S. Wang et al., Strategic
choice of the management of disposable meal boxes from the
perspectives of life cycle impact assessment: Recycling fos-
sil plastics or promoting biogenic plastics. Resour. Conserv.
Recycl. 204, 107477 (2024). https://doi.org/10.1016/j.resco
nrec.2024.107477

Z. Wang, W. Zhang, M. Wei, P. Wang, D. Li, Mechanical and
deformation behavior of clay reinforced by discarded mask
fibers. J. Clean. Prod. 428, 139485 (2023). https://doi.org/10.
1016/j.jclepro.2023.139485

. J. Zhu, M. Saberian, J. Li, E. Yaghoubi, M.T. Rahman, Sus-

tainable use of COVID-19 discarded face masks to improve
the performance of stone mastic asphalt. Constr. Build. Mater.
398, 132524 (2023). https://doi.org/10.1016/j.conbuildmat.
2023.132524

L. Li, Y. Luo, R. Li, Q. Zhou, W.J.G.M. Peijnenburg et al.,
Effective uptake of submicrometre plastics by crop plants
via a crack-entry mode. Nat. Sustain. 3(11), 929-937 (2020).
https://doi.org/10.1038/s41893-020-0567-9

. L.A. Kane, M.A. Clare, E. Miramontes, R. Wogelius, J.J. Roth-

well et al., Seafloor microplastic hotspots controlled by deep-
sea circulation. Science 368(6495), 1140-1145 (2020). https:/
doi.org/10.1126/science.aba5899

Z. Liu, A. Sokratian, A.M. Duda, E. Xu, C. Stanhope et al.,
Anionic nanoplastic contaminants promote Parkinson’s dis-
ease—associated a-synuclein aggregation. Sci. Adv. 9(46),
eadi8716 (2023). https://doi.org/10.1126/sciadv.adi8716
K.M. Van Geem, Plastic waste recycling is Gaining momen-
tum. Science 381(6658), 607-608 (2023). https://doi.org/10.
1126/science.adj2807

Z. Xu, N.E. Munyaneza, Q. Zhang, M. Sun, C. Posada et al.,
Chemical upcycling of polyethylene, polypropylene, and mix-
tures to high-value surfactants. Science 381(6658), 666—671
(2023). https://doi.org/10.1126/science.adh0993

R. Yu, X. Wen, J. Liu, Y. Wang, X. Chen et al., A green and
high-yield route to recycle waste masks into CNTs/Ni hybrids
via catalytic carbonization and their application for superior
microwave absorption. Appl. Catal. B Environ. 298, 120544
(2021). https://doi.org/10.1016/j.apcatb.2021.120544

© The authors

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Y. Guo, S. Zhu, C. Mao, Y. Chen, L. Liu et al., High-rate
lithium-selenium batteries boosted by a multifunctional Janus
separator over a wide temperature range of —30 °C to 60 °C.
Adv. Mater. 35(46), €2304551 (2023). https://doi.org/10.1002/
adma.202304551

M.-D. Li, X.-Q. Shen, X. Chen, J.-M. Gan, F. Wang et al.,
Thermal management of chips by a device prototype using
synergistic effects of 3-D heat-conductive network and elec-
trocaloric refrigeration. Nat. Commun. 13(1), 5849 (2022).
https://doi.org/10.1038/s41467-022-33596-z

R. van Erp, R. Soleimanzadeh, L. Nela, G. Kampitsis, E. Mati-
oli, Co-designing electronics with microfluidics for more sus-
tainable cooling. Nature 585(7824), 211-216 (2020). https://
doi.org/10.1038/541586-020-2666-1

X. Zhang, J. Li, Q. Gao, Z. Wang, N. Ye et al., Nerve-fiber-
inspired construction of 3D graphene “tracks” supported by
wood fibers for multifunctional biocomposite with metal-level
thermal conductivity. Adv. Funct. Mater. 33(18), 2213274
(2023). https://doi.org/10.1002/adfm.202213274

L. Tang, K. Ruan, X. Liu, Y. Tang, Y. Zhang et al., Flexible
and robust functionalized boron nitride/poly(p-phenylene ben-
zobisoxazole) nanocomposite paper with high thermal conduc-
tivity and outstanding electrical insulation. Nano-Micro Lett.
16(1), 38 (2023). https://doi.org/10.1007/s40820-023-01257-5
J.-W. Zha, F. Wang, B. Wan, Polymer composites with high
thermal conductivity: theory, simulation, structure and interfa-
cial regulation. Prog. Mater. Sci. 148, 101362 (2025). https://
doi.org/10.1016/j.pmatsci.2024.101362

H. Chen, V.V. Ginzburg, J. Yang, Y. Yang, W. Liu et al., Ther-
mal conductivity of polymer-based composites: fundamentals
and applications. Prog. Polym. Sci. 59, 41-85 (2016). https://
doi.org/10.1016/j.progpolymsci.2016.03.001

Z. Wang, Z. Wu, L. Weng, S. Ge, D. Jiang et al., A roadmap
review of thermally conductive polymer composites: critical
factors, progress, and prospects. Adv. Funct. Mater. 33(36),
2301549 (2023). https://doi.org/10.1002/adfm.202301549

Z.Dai,J. Zhu, J. Yan, J. Su, Y. Gao et al., An advanced dual-
function MnO,-fabric air filter combining catalytic oxidation
of formaldehyde and high-efficiency fine particulate matter
removal. Adv. Funct. Mater. 30(42), 2001488 (2020). https://
doi.org/10.1002/adfm.202001488

L. Cai, Y. Li, X. Lin, H. Chen, Q. Gao et al., High-perfor-
mance adhesives formulated from soy protein isolate and
bio-based material hybrid for plywood production. J. Clean.
Prod. 353, 131587 (2022). https://doi.org/10.1016/j.jclepro.
2022.131587

X. Huang, Y. Chen, X. Lin, J. Li, Q. Gao, A strong soy protein-
based adhesive with excellent water retention. Chem. Eng. J.
472, 145037 (2023). https://doi.org/10.1016/j.cej.2023.145037
S. Srinivasan, S.H. Je, S. Back, G. Barin, O. Buyukcakir et al.,
Ordered supramolecular gels based on graphene oxide and
tetracationic cyclophanes. Adv. Mater. 26(17), 2725-2729
(2014). https://doi.org/10.1002/adma.201304334

G. Zhao, H. Zhu, Cation-r interactions in graphene-containing
systems for water treatment and beyond. Adv. Mater. 32(22),
€1905756 (2020). https://doi.org/10.1002/adma.201905756

https://doi.org/10.1007/s40820-025-01796-z


https://doi.org/10.1126/science.abg6296
https://doi.org/10.1126/science.abg6296
https://doi.org/10.1038/s41467-020-17922-x
https://doi.org/10.1038/s41467-020-17922-x
https://doi.org/10.1038/s41467-023-44134-w
https://doi.org/10.1038/s41467-023-44134-w
https://www.statista.com/chart/29100/global-face-mask-sales/
https://www.statista.com/chart/29100/global-face-mask-sales/
https://doi.org/10.1016/j.resconrec.2024.107477
https://doi.org/10.1016/j.resconrec.2024.107477
https://doi.org/10.1016/j.jclepro.2023.139485
https://doi.org/10.1016/j.jclepro.2023.139485
https://doi.org/10.1016/j.conbuildmat.2023.132524
https://doi.org/10.1016/j.conbuildmat.2023.132524
https://doi.org/10.1038/s41893-020-0567-9
https://doi.org/10.1126/science.aba5899
https://doi.org/10.1126/science.aba5899
https://doi.org/10.1126/sciadv.adi8716
https://doi.org/10.1126/science.adj2807
https://doi.org/10.1126/science.adj2807
https://doi.org/10.1126/science.adh0993
https://doi.org/10.1016/j.apcatb.2021.120544
https://doi.org/10.1002/adma.202304551
https://doi.org/10.1002/adma.202304551
https://doi.org/10.1038/s41467-022-33596-z
https://doi.org/10.1038/s41586-020-2666-1
https://doi.org/10.1038/s41586-020-2666-1
https://doi.org/10.1002/adfm.202213274
https://doi.org/10.1007/s40820-023-01257-5
https://doi.org/10.1016/j.pmatsci.2024.101362
https://doi.org/10.1016/j.pmatsci.2024.101362
https://doi.org/10.1016/j.progpolymsci.2016.03.001
https://doi.org/10.1016/j.progpolymsci.2016.03.001
https://doi.org/10.1002/adfm.202301549
https://doi.org/10.1002/adfm.202001488
https://doi.org/10.1002/adfm.202001488
https://doi.org/10.1016/j.jclepro.2022.131587
https://doi.org/10.1016/j.jclepro.2022.131587
https://doi.org/10.1016/j.cej.2023.145037
https://doi.org/10.1002/adma.201304334
https://doi.org/10.1002/adma.201905756

Nano-Micro Lett.

(2025) 17:263

Page 130of 15 263

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Z. Wang, S. Zhang, S. Zhao, H. Kang, Z. Wang et al., Facile
biomimetic self-coacervation of tannic acid and polycation:
tough and wide pH range of underwater adhesives. Chem.
Eng. J. 404, 127069 (2021). https://doi.org/10.1016/j.cej.2020.
127069

Y. Dubi, M. Di Ventra, Fourier’s law: insight from a simple
derivation. Phys. Rev. E Stat. Nonlin. Soft Matter Phys. 79(4
Pt 1), 042101 (2009). https://doi.org/10.1103/PhysRevE.79.
042101

J. Li, X. Zhao, W. Wu, Z. Zhang, Y. Xian et al., Advanced flex-
ible rGO-BN natural rubber films with high thermal conduc-
tivity for improved thermal management capability. Carbon
162, 46-55 (2020). https://doi.org/10.1016/j.carbon.2020.02.
012

H. Guo, H. Zhao, H. Niu, Y. Ren, H. Fang et al., Highly ther-
mally conductive 3D printed graphene filled polymer com-
posites for scalable thermal management applications. ACS
Nano 15(4), 6917-6928 (2021). https://doi.org/10.1021/acsna
n0.0c10768

J. Ying, X. Tan, L. Lv, X. Wang, J. Gao et al., Tailoring highly
ordered graphene framework in epoxy for high-performance
polymer-based heat dissipation plates. ACS Nano 15(8),
12922-12934 (2021). https://doi.org/10.1021/acsnano.1c013
32

T. Sun, W. Luo, Y. Luo, Y. Wang, S. Zhou et al., Self-rein-
forced polypropylene/graphene composite with segregated
structures to achieve balanced electrical and mechanical prop-
erties. Ind. Eng. Chem. Res. 59(24), 11206-11218 (2020).
https://doi.org/10.1021/acs.iecr.0c00825

P.-G. Ren, S.-Y. Hou, F. Ren, Z.-P. Zhang, Z.-F. Sun et al., The
influence of compression molding techniques on thermal con-
ductivity of UHMWPE/BN and UHMWPE/(BN+MWCNT)
hybrid composites with segregated structure. Compos. Part A
Appl. Sci. Manuf. 90, 13-21 (2016). https://doi.org/10.1016/j.
compositesa.2016.06.019

D.S. Muratov, V.O. Vanyushin, L.O. Luchnikov, M. Yu Degt-
yaryov, E.A. Kolesnikov et al., Improved thermal conductivity
of polypropylene filled with exfoliated hexagonal boron nitride
(hBN) particles. Mater. Res. Express 8(3), 035010 (2021).
https://doi.org/10.1088/2053-1591/abedOf

LN. Mazov, [.A. Ilinykh, V.L. Kuznetsov, A.A. Stepashkin,
K.S. Ergin et al., Thermal conductivity of polypropylene-
based composites with multiwall carbon nanotubes with dif-
ferent diameter and morphology. J. Alloys Compd. 586, S440—
S442 (2014). https://doi.org/10.1016/j.jallcom.2012.10.167
Y. Seki, B. Avci, S. Uzun, N. Kaya, M. Atagur et al., The using
of graphene nano-platelets for a better through-plane thermal
conductivity for polypropylene. Polym. Compos. 40(S2),
E1320-E1328 (2019). https://doi.org/10.1002/pc.24979

C. Usman, A. Mabrouk, A. Abdala, Enhanced thermal conduc-
tivity of polyethylene nanocomposites with graphene, granu-
lated graphene, graphene nanoplatelet, and their hybrids. Int.
J. Energy Res. 46(8), 10218-10227 (2022). https://doi.org/10.
1002/er. 7147

K. Al Imran, J. Lou, K.N. Shivakumar, Enhancement of elec-
trical and thermal conductivity of polypropylene by graphene

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

nanoplatelets. J. Appl. Polym. Sci. 135(9), 45833 (2018).
https://doi.org/10.1002/app.45833

J.-U. Jang, S.O. So, J.H. Kim, S.Y. Kim, S.H. Kim, Enhanced
thermal conductivity of graphene nanoplatelet filled polymer
composite based on thermal percolation behavior. Compos.
Commun. 31, 101110 (2022). https://doi.org/10.1016/j.coco.
2022.101110

F.E. Alam, W. Dai, M. Yang, S. Du, X. Li et al., In situ forma-
tion of a cellular graphene framework in thermoplastic com-
posites leading to superior thermal conductivity. J. Mater.
Chem. A 5(13), 6164-6169 (2017). https://doi.org/10.1039/
¢7ta00750g

Y. Cheng, X. Li, Y. Qin, Y. Fang, G. Liu et al., Hierarchically
porous polyimide/Ti;C,T, film with stable electromagnetic
interference shielding after resisting harsh conditions. Sci.
Adv. 7(39), eabj1663 (2021). https://doi.org/10.1126/sciadv.
abj1663

L. Wang, Z. Ma, H. Qiu, Y. Zhang, Z. Yu et al., Significantly
enhanced electromagnetic interference shielding performances
of epoxy nanocomposites with long-range aligned lamellar
structures. Nano-Micro Lett. 14(1), 224 (2022). https://doi.
org/10.1007/540820-022-00949-8

Y. Zhang, J. Gu, A perspective for developing polymer-
based electromagnetic interference shielding composites.
Nano-Micro Lett. 14(1), 89 (2022). https://doi.org/10.1007/
$40820-022-00843-3

X. Zhang, T. Liu, Z. Liu, X. Zhu, C. Long et al., A bionic
strong nanostructured soy protein-based adhesive enabled anti-
static and self-extinguishing wood-based composites. Sustain.
Mater. Technol. 40, 00979 (2024). https://doi.org/10.1016/j.
susmat.2024.e00979

L. Chen, T. Mai, X.-X. Ji, P.-L. Wang, M.-Y. Qi et al., 3D
printing of customizable and lightweight multilayer MXene/
nanocellulose architectures for tunable electromagnetic inter-
ference shielding via direct ink writing. Chem. Eng. J. 476,
146652 (2023). https://doi.org/10.1016/j.cej.2023.146652

C. Fu, Z. Sheng, X. Zhang, Laminated structural engineering
strategy toward carbon nanotube-based aerogel films. ACS
Nano 16(6), 9378-9388 (2022). https://doi.org/10.1021/acsna
n0.2c02193

Y. Zhang, K. Ruan, K. Zhou, J. Gu, Controlled distributed
Ti;C,T hollow microspheres on thermally conductive polyim-
ide composite films for excellent electromagnetic interference
shielding. Adv. Mater. 35(16), 2211642 (2023). https://doi.org/
10.1002/adma.202211642

M. Peng, F. Qin, Clarification of basic concepts for electro-
magnetic interference shielding effectiveness. J. Appl. Phys.
130(22), 225108 (2021). https://doi.org/10.1063/5.0075019
Y. Sun, X. Han, P. Guo, Z. Chai, J. Yue et al., Slippery gra-
phene-bridging liquid metal layered heterostructure nanocom-
posite for stable high-performance electromagnetic interfer-
ence shielding. ACS Nano 17(13), 12616-12628 (2023).
https://doi.org/10.1021/acsnano.3c02975

H. Jiang, B. Yuan, H. Guo, F. Pan, F. Meng et al., Malle-
able, printable, bondable, and highly conductive MXene/
liquid metal plasticine with improved wettability. Nat.

@ Springer


https://doi.org/10.1016/j.cej.2020.127069
https://doi.org/10.1016/j.cej.2020.127069
https://doi.org/10.1103/PhysRevE.79.042101
https://doi.org/10.1103/PhysRevE.79.042101
https://doi.org/10.1016/j.carbon.2020.02.012
https://doi.org/10.1016/j.carbon.2020.02.012
https://doi.org/10.1021/acsnano.0c10768
https://doi.org/10.1021/acsnano.0c10768
https://doi.org/10.1021/acsnano.1c01332
https://doi.org/10.1021/acsnano.1c01332
https://doi.org/10.1021/acs.iecr.0c00825
https://doi.org/10.1016/j.compositesa.2016.06.019
https://doi.org/10.1016/j.compositesa.2016.06.019
https://doi.org/10.1088/2053-1591/abed0f
https://doi.org/10.1016/j.jallcom.2012.10.167
https://doi.org/10.1002/pc.24979
https://doi.org/10.1002/er.7147
https://doi.org/10.1002/er.7147
https://doi.org/10.1002/app.45833
https://doi.org/10.1016/j.coco.2022.101110
https://doi.org/10.1016/j.coco.2022.101110
https://doi.org/10.1039/c7ta00750g
https://doi.org/10.1039/c7ta00750g
https://doi.org/10.1126/sciadv.abj1663
https://doi.org/10.1126/sciadv.abj1663
https://doi.org/10.1007/s40820-022-00949-8
https://doi.org/10.1007/s40820-022-00949-8
https://doi.org/10.1007/s40820-022-00843-3
https://doi.org/10.1007/s40820-022-00843-3
https://doi.org/10.1016/j.susmat.2024.e00979
https://doi.org/10.1016/j.susmat.2024.e00979
https://doi.org/10.1016/j.cej.2023.146652
https://doi.org/10.1021/acsnano.2c02193
https://doi.org/10.1021/acsnano.2c02193
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1002/adma.202211642
https://doi.org/10.1063/5.0075019
https://doi.org/10.1021/acsnano.3c02975

263

Page 14 of 15

Nano-Micro Lett. (2025) 17:263

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Commun. 15(1), 6138 (2024). https://doi.org/10.1038/
s41467-024-50541-4

Y. Sun, Y. Su, Z. Chai, L. Jiang, L. Heng, Flexible solid-liquid
bi-continuous electrically and thermally conductive nanocom-
posite for electromagnetic interference shielding and heat dis-
sipation. Nat. Commun. 15(1), 7290 (2024). https://doi.org/10.
1038/s41467-024-51732-9

P. Song, Z. Ma, H. Qiu, Y. Ru, J. Gu, High-efficiency electro-
magnetic interference shielding of rGO@FeNi/epoxy com-
posites with regular honeycomb structures. Nano-Micro Lett.
14(1), 51 (2022). https://doi.org/10.1007/s40820-022-00798-5
X. Shui, D.D.L. Chung, Nickel filament polymer-matrix com-
posites with low surface impedance and high electromagnetic
interference shielding effectiveness. J. Electron. Mater. 26(8),
928-934 (1997). https://doi.org/10.1007/s11664-997-0276-4

F. Shahzad, M. Alhabeb, C.B. Hatter, B. Anasori, S. Man
Hong et al., Electromagnetic interference shielding with 2D
transition metal carbides (MXenes). Science 353(6304), 1137—
1140 (2016). https://doi.org/10.1126/science.aag2421

J. Ma, K. Wang, M. Zhan, A comparative study of structure
and electromagnetic interference shielding performance for
silver nanostructure hybrid polyimide foams. RSC Adv. 5(80),
65283-65296 (2015). https://doi.org/10.1039/c5ra09507g
M. Crespo, M. Gonzalez, A.L. Elias, L. Pulickal Rajukumar,
J. Baselga et al., Ultra-light carbon nanotube sponge as an
efficient electromagnetic shielding material in the GHz range.
Phys. Status Solidi RRL 8(8), 698—704 (2014). https://doi.org/
10.1002/pssr.201409151

W.-L. Song, J. Wang, L.-Z. Fan, Y. Li, C.-Y. Wang et al.,
Interfacial engineering of carbon nanofiber-graphene-carbon
nanofiber heterojunctions in flexible lightweight electromag-
netic shielding networks. ACS Appl. Mater. Interfaces 6(13),
10516-10523 (2014). https://doi.org/10.1021/am502103u

S. Pande, A. Chaudhary, D. Patel, B.P. Singh, R.B. Mathur,
Mechanical and electrical properties of multiwall carbon nano-
tube/polycarbonate composites for electrostatic discharge and
electromagnetic interference shielding applications. RSC Adv.
4(27), 13839 (2014). https://doi.org/10.1039/c3ra47387b

M. Arjmand, T. Apperley, M. Okoniewski, U. Sundararaj,
Comparative study of electromagnetic interference shielding
properties of injection molded versus compression molded
multi-walled carbon nanotube/polystyrene composites. Car-
bon 50(14), 5126-5134 (2012). https://doi.org/10.1016/j.
carbon.2012.06.053

Y. Yang, M.C. Gupta, K.L. Dudley, R.W. Lawrence, Novel
carbon nanotube—polystyrene foam composites for electro-
magnetic interference shielding. Nano Lett. 5(11), 2131
2134 (2005). https://doi.org/10.1021/n1051375r

Z.Zeng, H. Jin, M. Chen, W. Li, L. Zhou et al., Lightweight
and anisotropic porous MWCNT/WPU composites for ultra-
high performance electromagnetic interference shielding.
Adv. Funct. Mater. 26(2), 303-310 (2016). https://doi.org/
10.1002/adfm.201503579

M.H. Al-Saleh, W.H. Saadeh, U. Sundararaj, EMI shield-
ing effectiveness of carbon based nanostructured polymeric

© The authors

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

materials: a comparative study. Carbon 60, 146—156 (2013).
https://doi.org/10.1016/j.carbon.2013.04.008

X. Sun, X. Liu, X. Shen, Y. Wu, Z. Wang et al., Graphene
foam/carbon nanotube/poly(dimethyl siloxane) composites
for exceptional microwave shielding. Compos. Part A Appl.
Sci. Manuf. 85, 199-206 (2016). https://doi.org/10.1016/j.
compositesa.2016.03.009

A. Chaudhary, S. Kumari, R. Kumar, S. Teotia, B.P. Singh
et al., Lightweight and easily foldable MCMB-MWCNTs
composite paper with exceptional electromagnetic interfer-
ence shielding. ACS Appl. Mater. Interfaces 8(16), 10600—
10608 (2016). https://doi.org/10.1021/acsami.5Sb12334

H. Xu, X. Yin, X. Li, M. Li, S. Liang et al., Lightweight
Ti,CT, MXene/poly(vinyl alcohol) composite foams for
electromagnetic wave shielding with absorption-dominated
feature. ACS Appl. Mater. Interfaces 11(10), 10198-10207
(2019). https://doi.org/10.1021/acsami.8b21671

R. Sun, H.-B. Zhang, J. Liu, X. Xie, R. Yang et al., Highly
conductive transition metal carbide/carbonitride(MXene) @
polystyrene nanocomposites fabricated by electrostatic
assembly for highly efficient electromagnetic interference
shielding. Adv. Funct. Mater. 27(45), 1702807 (2017).
https://doi.org/10.1002/adfm.201702807

M. Han, X. Yin, H. Wu, Z. Hou, C. Song et al., Ti;C,
MXenes with modified surface for high-performance elec-
tromagnetic absorption and shielding in the X-band. ACS
Appl. Mater. Interfaces 8(32), 21011-21019 (2016). https://
doi.org/10.1021/acsami.6b06455

D.-X. Yan, H. Pang, B. Li, R. Vajtai, L. Xu et al., Struc-
tured reduced graphene oxide/polymer composites for ultra-
efficient electromagnetic interference shielding. Adv. Funct.
Mater. 25(4), 559-566 (2015). https://doi.org/10.1002/adfm.
201403809

B. Shen, Y. Li, W. Zhai, W. Zheng, Compressible graphene-
coated polymer foams with ultralow density for adjustable
electromagnetic interference (EMI) shielding. ACS Appl.
Mater. Interfaces 8(12), 8050-8057 (2016). https://doi.org/
10.1021/acsami.5b11715

J. Ling, W. Zhai, W. Feng, B. Shen, J. Zhang et al., Facile prep-
aration of lightweight microcellular polyetherimide/graphene
composite foams for electromagnetic interference shielding.
ACS Appl. Mater. Interfaces 5(7), 2677-2684 (2013). https://
doi.org/10.1021/am303289m

B. Shen, W. Zhai, M. Tao, J. Ling, W. Zheng, Lightweight,
multifunctional polyetherimide/graphene @Fe;0, composite
foams for shielding of electromagnetic pollution. ACS Appl.
Mater. Interfaces 5(21), 1138311391 (2013). https://doi.org/
10.1021/am4036527

N. Agnihotri, K. Chakrabarti, A. De, Highly efficient electro-
magnetic interference shielding using graphite nanoplatelet/
poly(3, 4-ethylenedioxythiophene)—poly(styrenesulfonate)
composites with enhanced thermal conductivity. RSC Adv.
5(54), 43765-43771 (2015). https://doi.org/10.1039/c4ral
5674a

https://doi.org/10.1007/s40820-025-01796-z


https://doi.org/10.1038/s41467-024-50541-4
https://doi.org/10.1038/s41467-024-50541-4
https://doi.org/10.1038/s41467-024-51732-9
https://doi.org/10.1038/s41467-024-51732-9
https://doi.org/10.1007/s40820-022-00798-5
https://doi.org/10.1007/s11664-997-0276-4
https://doi.org/10.1126/science.aag2421
https://doi.org/10.1039/c5ra09507g
https://doi.org/10.1002/pssr.201409151
https://doi.org/10.1002/pssr.201409151
https://doi.org/10.1021/am502103u
https://doi.org/10.1039/c3ra47387b
https://doi.org/10.1016/j.carbon.2012.06.053
https://doi.org/10.1016/j.carbon.2012.06.053
https://doi.org/10.1021/nl051375r
https://doi.org/10.1002/adfm.201503579
https://doi.org/10.1002/adfm.201503579
https://doi.org/10.1016/j.carbon.2013.04.008
https://doi.org/10.1016/j.compositesa.2016.03.009
https://doi.org/10.1016/j.compositesa.2016.03.009
https://doi.org/10.1021/acsami.5b12334
https://doi.org/10.1021/acsami.8b21671
https://doi.org/10.1002/adfm.201702807
https://doi.org/10.1021/acsami.6b06455
https://doi.org/10.1021/acsami.6b06455
https://doi.org/10.1002/adfm.201403809
https://doi.org/10.1002/adfm.201403809
https://doi.org/10.1021/acsami.5b11715
https://doi.org/10.1021/acsami.5b11715
https://doi.org/10.1021/am303289m
https://doi.org/10.1021/am303289m
https://doi.org/10.1021/am4036527
https://doi.org/10.1021/am4036527
https://doi.org/10.1039/c4ra15674a
https://doi.org/10.1039/c4ra15674a

Nano-Micro Lett.

(2025) 17:263

Page 150f 15 263

73.

74.

75.

Y. Wu, Z. Wang, X. Liu, X. Shen, Q. Zheng et al., Ultralight
graphene foam/conductive polymer composites for exceptional
electromagnetic interference shielding. ACS Appl. Mater.
Interfaces 9(10), 9059-9069 (2017). https://doi.org/10.1021/
acsami.7b01017

Z. Chen, C. Xu, C. Ma, W. Ren, H.-M. Cheng, Lightweight
and flexible graphene foam composites for high-performance
electromagnetic interference shielding. Adv. Mater. 25(9),
12961300 (2013). https://doi.org/10.1002/adma.201204196

D.-X. Yan, P.-G. Ren, H. Pang, Q. Fu, M.-B. Yang et al., Effi-
cient electromagnetic interference shielding of lightweight
graphene/polystyrene composite. J. Mater. Chem. 22(36),
18772 (2012). https://doi.org/10.1039/c2jm32692b

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

76.

71.

H.-B. Zhang, Q. Yan, W.-G. Zheng, Z. He, Z.-Z. Yu, Tough
graphene-polymer microcellular foams for electromagnetic
interference shielding. ACS Appl. Mater. Interfaces 3(3),
918-924 (2011). https://doi.org/10.1021/am200021v

Y. Li, X. Pei, B. Shen, W. Zhai, L. Zhang et al., Polyimide/
graphene composite foam sheets with ultrahigh thermostabil-
ity for electromagnetic interference shielding. RSC Adv. 5(31),
24342-24351 (2015). https://doi.org/10.1039/c4ral 6421k

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1021/acsami.7b01017
https://doi.org/10.1021/acsami.7b01017
https://doi.org/10.1002/adma.201204196
https://doi.org/10.1039/c2jm32692b
https://doi.org/10.1021/am200021v
https://doi.org/10.1039/c4ra16421k

	Highly Thermal Conductive and Electromagnetic Shielding Polymer Nanocomposites from Waste Masks
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of the PP@G Nanocomposites
	2.3 Statistical Analysis

	3 Results and Discussion
	3.1 Preparation and Characterization of PP@G Nanocomposites
	3.2 Thermal Conductivity and Thermal Management Performance
	3.3 Electromagnetic Shielding Performance

	4 Conclusions
	Acknowledgements 
	References


