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Multispectral electromagnetic shielding using
ultra-thin metal-metal oxide decorated hybrid
nanofiber membranes
Dayong He1,12, Nan Zhang1,2,12, Aamir Iqbal3,4, Yuying Ma1, Xiaofeng Lu1, Zhen-An Qiao1,5, Ji-Hong Yu 5,

Hongbo Xu6, Wei Wang6, Rui Zhao7, Xiaofeng Li8, Zhiqiang Zhou9, Changxian Jin10, Chong Min Koo 3,4,11✉ &

Ce Wang 1✉

Lightweight shielding materials that can protect devices against undesirable multispectral

electromagnetic waves are critical in electronic, medical, military, and aerospace applications.

However, the existing shielding materials are heavyweight and work only in a narrow

frequency-range. In this work, we developed metal–metal oxide Ag-WO3 decorated poly-

meric nanofiber hybrid membranes with versatile multispectral electromagnetic shielding

abilities for practical applications. The Ag-WO3 hybrid provides multiple functions, such as

excellent metallic conductivity provided by silver, high photoelectric effect and low thermal

conductivity arising from the high atomic number in WO3, and strong infrared energy

absorbing capability caused by a designed Schottky barrier interface between Ag and WO3.

Additionally, the nanofibrous hybrid membrane structure provides high surface area, good air

permeability, and robust mechanical strength and durability. These highly conductive, light-

weight, ultrathin, and flexible membranes exhibit efficient microwave electromagnetic

interference shielding of 92.3 dB at a thickness of ~42 μm in 8–26.5 GHz frequency range,

0.75–0.5 emissivity for near- to far-field infrared bands, and 32.03% attenuation for X-rays of

30 keV at 0.24mm thickness, indicating their potential for shielding against large-scale

multispectral electromagnetic waves from low-frequency microwaves to high-frequency

X-rays.
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The electromagnetic spectrum consists of radio waves,
microwaves, infrared (IR) rays, visible light, ultraviolet
light, X-rays, and gamma rays, which are classified

depending on their frequency or wavelength. Multispectral man-
made and/or natural electromagnetic waves (EMWs) promote
rapid advances in electronic, medical, military, and aerospace
devices. However, these advancements are accompanied by
electromagnetic interference (EMI), which causes several side
effects, such as device malfunctions and threats to human health.
Therefore, shielding materials that can effectively block the
unwanted EMWs are essential1–5.

Recently, demand for lightweight multispectral shielding
materials has increased exponentially owing to the introduction
of high-tech devices operating on multispectral EMWs. For
example, smart electronics and telecommunication satellites
function in the dual-band spectrum of microwaves and infrared
radiations6. X-ray diagnostic instruments in hospitals use
microwaves and X-rays7. Aerospace vehicles endure and struggle
with multiple spectral waves including microwaves, IR, and
X-rays coming from the Sun7. Unfortunately, currently available
shielding materials are mostly designed for single-band EMWs,
and do not meet multispectral shielding requirements. This is
because each band in the EMWs has a different attenuation
mechanism (see the shielding mechanism for different bands of
EMWs in Supplementary Figs. 1 and 2)1,8–11. Microwave
shielding materials should exhibit high electrical conductivity,
dielectric permittivity, and magnetic permeability for Faraday
shielding1,12–15. Incident microwaves are effectively reflected after
striking the conductive shield containing dense charge carriers or
their energy is absorbed within the shield via ohmic and polar-
ization losses1. Metals, which are the most conductive materials,
are believed to be the best candidates for microwave shielding
and have been used for this purpose for decades16–19. However,
their heavyweight, high cost, and weak corrosion resistance
limit their applications in advanced high-tech mobile and aero-
space equipment. Moreover, their multispectral shielding
ability is still unexplored. As an alternative, highly conductive
carbon materials20–22, and 2D MXenes1,23–25, provide extremely
high shielding efficiency due to their excellent electrical
conductivities26, but these materials are high cost and also suffer
from poor mechanical properties. Fabrication of their polymeric
composites improved their mechanical properties along with
tunable shielding27–30. X-rays, which consist of high-energy
photons, are useful for medical diagnosis and crystallography.
However, overexposure to such radiation can damage live human
cells. The attenuation of X-rays requires metals with high atomic
numbers for a strong photoelectric effect or Compton scattering.
At present, lead-based materials are the material-of-choice
against X-rays, however, their toxicity, environmental instabil-
ity, and heavyweight necessitate the development of lead-free X-
ray shielding materials7. Meanwhile, IR shielding or camouflage
technology in military and security applications requests shield-
ing materials with low infrared emissivity and low thermal
conductivity31. According to Kirchhoff’s law of thermal radiation
for opaque materials32, a low IR emissivity is primarily achieved
by a high reflectivity, which in turn is dependent on the electrical
conductivity. A low thermal conductivity is a key to inhibit heat
transfer in a material. In this context, due to their large thermal
conductivity, highly conductive metals are not suitable for IR
shielding. Although multilayered structures composed of an
electrically conductive metal layer and a low thermally conductive
semiconducting or insulating layer offer both low IR emissivity
and effective thermal conductivity, unfortunately, these materials
require high thicknesses to be effective32. Therefore, due to the
different attenuation mechanisms in each EMW frequency band,

designing lightweight multispectral shielding materials is extre-
mely challenging.

Herein, we present lightweight metal–metal oxide (Ag-WO3)
decorated polymeric nanofiber hybrid membranes with multi-
spectral electromagnetic shielding capabilities. Based on different
principles, effectively shielding of multispectral EMWs could be
achieved by the hybrid nanofibrous membrane, ranging from
microwave of longer wavelength (lower frequency), and IR ray
with intermediate wavelength, to X-ray with shorter wavelength
(higher frequency). Electrospinning of polymeric nanofibers
composed of polyacrylonitrile (PAN) and polyurethane (PU),
followed by electroless deposition of Ag-WO3 on the nanofibers
resulted in a flexible and lightweight PAN–PU nanofiber mem-
brane decorated with Ag-WO3 (PP@AW). Silver was used as an
electrically conductive material5,33–37, while semiconducting
WO3 which has a low thermal conductivity, catalyzed the for-
mation of metallic silver on the nanofibers38–40. Tungsten, which
has a high atomic number, resulted in a strong photoelectric
effect41–43. Moreover, the Schottky junction effect in electron-rich
Ag-WO3 hybrids and the high specific surface area of the hybrid
nanofiber membranes synergistically enhanced IR shielding. The
fabricated lightweight hybrid nanofiber membranes also showed
excellent flexibility and durability against bending fatigue. The
synthetic approach is simple that all steps are based on proven
technology (electrospinning and electroless deposition) and all
chemical reactions take place at room temperature, making the
nanofiber membranes cost-effective feasible for large-scale
industrial production. Besides, the fabricated membranes can be
adapted to the electromagnetic wave shielding of various bands
including X-, Ku-, and K-bands. This finding will lead to the
discovery of new lightweight multispectral shielding materials for
next-generation flexible electronic, medical, military, and aero-
space applications.

Results and discussion
Synthesis and characterization of Ag-WO3-coated polymeric
nanofiber hybrid membranes. Synthesis process of nanofiber
hybrid membranes mainly consists of three steps, as illustrated in
Fig. 1m. First, PAN–PU nanofibrous membrane doped with
AgNO3 (PP@AgNO3) were prepared through electrospinning
technique. Second, a microwave-assisted reaction was applied on
the PP@AgNO3 membranes to obtain Ag seed-anchored mem-
branes (PP@Ag seed). Finally, the PAN–PU@Ag-WO3 (PP@AW)
hybrid membranes were prepared through a simple electroless
deposition process on the PP@Ag seed membrane with the help
of seed effects, a series of membranes with a different feed ratio of
Ag and WO3 precursor was prepared. Ag-WO3 coated polymeric
nanofiber hybrid membranes were prepared by electrospinning a
mixture of PAN–PU (PP) and AgNO3 followed by electroless co-
deposition of Ag and WO3 on the electrospun nanofiber mem-
brane (a detailed fabrication process can be found in the
“Methods” section). The electrospun PP@AgNO3 hybrid mem-
branes showed a uniform intertwined nanofibrous morphology
with a smooth surface and a diameter of ~150 nm (Fig. 1a).
Chemical reduction of adsorbed Ag+ ions on PP@AgNO3

membranes by microwave irradiation produced polymeric
nanofiber membranes coated with 20-30 nm Ag nanoparticle
(PP@Ag seed) (Fig. 1b). Subsequently, Ag and WO3 were uni-
formly coated on the Ag nanoparticle seeds in the PP@Ag
membrane using an electroless plating solution containing
AgNO3, Na2WO4, and hydrazine as a reducing agent, to obtain
Ag-WO3-coated PP membranes (PP@AW24) (Fig. 1c; “24” in the
sample name PP@AW24 denotes a 2:4 feed molar ratio of AgNO3

to Na2WO4 precursors in the plating solution).
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Energy-dispersive X-ray (EDX) analysis and elemental map-
ping of Ag, W, and O revealed that Ag and WO3 were
homogeneously deposited on the nanofibers (Fig. 1d–g and
Supplementary Fig. 3). High-resolution transmission electron
microscopy (HRTEM) image clearly showed lattice fringes
(marked in white) of the Ag and WO3 nanocrystals, correspond-
ing to the (111) plane of Ag (JCPDS 04-0783) and (002) plane of

WO3 (JCPDS 33-1387) (Fig. 1h). X-ray diffraction (XRD) pattern
in Fig. 1i confirmed (111), (200), (220), and (311) peaks of the Ag
nanocrystals and (200) and (002) peaks of WO3, which are
consistent with the TEM results.

The surface compositions of individual elements in the
PP@AW24 hybrid membrane were analyzed by X-ray photoelec-
tron spectroscopy (XPS). Figure 1j exhibits two energy bands at

Fig. 1 Electron microscopy and spectroscopy characterization and preparation procedure of the hybrid membranes. FE-SEM images of a the as-
electrospun PP/AgNO3 nanofiber membrane, b PP@Ag seed membrane, and c PP@AW24 hybrid membrane. The inset images in b and c are their
corresponding magnified SEM images. d–g STEM image (Z-contrast) and EDX element mapping images of Ag, W, and O in Ag/WO3 nanofibers,
respectively. h HRTEM image of PP@AW24 hybrid membrane. i XRD pattern of the PP@AW24 hybrid membrane. High-resolution XPS spectra of j–l Ag
3d, W 4f, and O 1s in PP@AW24 hybrid membrane. m Schematic illustration of the preparation procedure for the PP@AW hybrid membrane.
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368.3 and 374.3 eV, which are characteristic of metallic Ag0.
Peaks corresponding to W 4f7/2 and 4f5/2 were centered at 35.1
and 37.1 eV, respectively, corresponding to W6+ species (Fig. 1k),
whereas the broad peak corresponding to O 1s split into two
peaks at 530.3 eV (WO3) and 532.23 eV (C=O in PAN and PU)
(Fig. 1l). As shown in the Raman spectra, the characteristic peaks
of the W6+=O stretching mode of terminal oxygen atoms at
946 cm−1, O–W–O bending vibrations at 240 and 370 cm−1

, and
WO3 lattice vibrations at 116 cm−1, respectively, support the
successful formation of Ag-WO3 metal–metal oxide hybrid
particles on the surfaces of the fabricated polymeric nanofibers
(Supplementary Fig. 4).

The morphology and electrical conductivity of the fabricated
PP@AW membranes were dependent on precursor composition
and reaction time. As the molar ratio of AgNO3 to Na2WO4

increased from 2:1 to 2:8, the electrical conductivity of the
membranes initially increased to a maximum (at a molar ratio of
2:4), and then gradually decreased (Fig. 2a). The high
conductivity value observed at a molar ration of 2:4 can be
attributed to the fact that the highest coating thickness was
achieved under these conditions; this observation could be
confirmed from nanofiber diameter (Supplementary Fig. 5).
Elemental composition in the fabricated PP@AW membranes
is given in Supplementary Table 1, indicating that the

Fig. 2 Electrical conductivity, microwave shielding, and mechanical properties of PP@AW hybrid membranes. a Electrical conductivity of PP@AW
hybrid membranes with different Ag/W ratios. b Microwave shielding effectiveness SET of PP@AW hybrid membranes with different Ag/W ratios. c SET
of PP@AW24 hybrid membranes with different thicknesses. d Shielding performance of PP@AW24 hybrid membranes, the detailed contribution of SEA
and SER to total SET and their dependence on frequency. e Mechanical flexibility and durability of hybrid membranes. The PP@AW24 membrane was
flexible enough to retain its structural integrity even after 2000 bending cycles and there were negligible changes in its SET values as shown in f.
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PP@AW24 sample was observed with the highest alloy content
among all the samples (77.45%), which may be the reason for its
highest conductivity. As the molar ratio of AgNO3 and Na2WO4

in the synthesis process greatly affects the resulting membranes,
we propose that as the content of Na2WO4 increases up to 2:4,
more Ag nanoparticles can be co-deposited on the silver seeds.
However, when the ratio is higher than 2:4, the co-deposition
reaction tends to occur in the solution rather than on the surface
of the nanofiber due to the increased concentration of WO4

2− in
the solution. It means that the reaction of heterogeneous
nucleation dominates, where the role of silver seed becomes less
obvious, and as a result, the alloy content in the resultant hybrid
nanofiber decreases. The obtained nanofibers exhibited a similar
millet nanostructure morphology and all hybrid nanofiber
membranes exhibited densities lower than 1 g cm–3, indicating
their huge potential in lightweight shielding applications.
Deposition time in the synthesis process also affects the electrical
properties of the nanofiber hybrid membrane. As the deposition
time increased from 5 to 30 min, the thickness of the Ag-WO3

coating layer on the PP@AW24 membranes increased, leading to
a gradual increase in the electrical conductivity values from
2152 S cm–1 to 15,427.9 S cm–1 (Supplementary Figs. 6 and 5).
The elemental composition of the fabricated PP@AWmembranes
is listed in Supplementary Table 2. It is important to note that a
uniform coating of Ag-WO3 on the polymeric nanofibers relies
on the successful co-deposition reaction of Ag and WO3

constituents during the electroless plating process, since the
WO3 deposited on nanofibers catalyzes and stimulates the
deposition of metallic Ag44. Only Na2WO4 could not produce a
uniform PP@WO3 hybrid membrane in the absence of AgNO3

(Supplementary Fig. 8a). Similarly, without Na2WO4 content,
AgNO3 alone could not yield uniform PP@Ag membranes
(Supplementary Fig. 8b).

Microwave shielding characteristics of PP@AW membranes.
Figure 2b illustrates the shielding effectiveness (SE) of the fabri-
cated membranes in a wide microwave frequency window ran-
ging from X-band (8–12.4 GHz) and Ku-band (12–18 GHz) to
K-band (18–26.5 GHz). It can be seen that the total shielding
effectiveness (SET) value depends on the Ag/W molar ratio in the
hybrid membranes. The most conductive membrane, PP@AW24,
exhibited the highest SET of 92.3 dB at a thickness of ~42 μm,
emphasizing the influence of electrical conductivity on the
shielding effectiveness. This shielding performance of PP@AW24
membrane is comparable to the current state-of-the-art two-
dimensional (2D) Ti3C2Tx MXene1. Interestingly, all the fabri-
cated hybrid membranes exhibited the SET values greater than
60 dB, at a comparable thickness of 40–42 μm. Their shielding
performance was also dependent on the Ag-WO3 deposition
time. For a fixed Ag/W ratio of 2:4 (PP@AW24), as the deposi-
tion time increased from 5 to 30 min, the SET values increased
linearly from 30.9 to 92.27 dB at 8 GHz at comparable thickness
values (Supplementary Fig. 9). These results are attributed to the
thickness of Ag/WO3-coating layer on the nanofiber, as a thicker
conductive layer increased the electrical conductivity of the
hybrid membrane.

The SE values also depend on the thickness of the hybrid
membranes, as the intensity of the microwaves attenuates
exponentially with the propagation length. The SET value of
63.1 dB measured for PP@AW24 at 12 μm thickness increased up
to 92.27 dB with increasing thickness to 42 μm (Fig. 2c). It should
be noted that the PP@AW hybrid membranes showed an
absorption dominant shielding mechanism (Fig. 2d). This result
is ascribed to the highly porous structure of the hybrid
membranes. In general, the porous structure of a shielding

material strengthens the phenomenon of internal multiple
reflections, thus improving its absorption shielding ability23,45.

Additionally, the fabricated PP@AW hybrid membranes
exhibited excellent mechanical flexibility and strength against
repeated bending and folding fatigue (Fig. 2e). Even after 1000
and 2000 bending cycles, the structural integrity of the
PP@AW24 membrane was well maintained without any notice-
able degradation in electrical conductivity and microwave
shielding properties (Fig. 2f and Supplementary Fig. 10). The
hybrid membranes also revealed a very high air permeability of
1.995 mm s–1 owing to their porous structure and low density of
< 1.0 g cm–3.

X-ray absorption characteristics of PP@AW membranes. The
PP@AW hybrid membranes are expected to be beneficial in
radiological protection from X-rays and gamma rays, especially in
the design of lightweight and lead-free aprons for individual
protection. Two parameters, viz. attenuation ratio and mass-
attenuation coefficient (µ/ρ) were introduced to evaluate the
attenuation capability of the PP@AW membranes (see the cor-
responding details in Supplementary Methods). X-ray attenuation
depends on the energy of radiations of the source and sample
thickness. Figure 3a shows the ability of PP@AW24 membranes
to attenuate X-rays of various energies at different thicknesses. At
the same radiation energy, the attenuation ratio increased with an
increase in membrane thickness, which could be explained by the
formula:

I/I0= e−μx where I, I0, μ, and x represent the penetrating and
incident dose of X-rays, linear attenuation coefficient, and sample
thickness, respectively. Meanwhile, their shielding ability
decreased with an increase in the radiation energy, at a fixed
thickness of 0.24 mm, the attenuation ratio was 32.03% with low-
energy X-ray (30 keV) when compared with a value of 5.1% at
100 keV.

Interestingly, as shown in Fig. 3b, despite its porous structure
and low density, PP@AW24 hybrid membrane exhibited much
larger (µ/ρ) values than a neat Al foil over a wide X-ray energy
window, shielding abilities of the metal foils were collected in our
previous work46. In addition, the (µ/ρ) values of PP@AW24
membranes were comparable to those of neat heavy metal foils
such as pure silver and lead, outperforming lead foil at radiation
energies of 48 and 65 keV.

Theoretically, the interaction of photons with matter results in
a photoelectric effect and Compton scattering, which determine
the X-ray-attenuating ability of a material40–42,47. Co-deposited
Ag-WO3 hybrids with a high specific surface area (44.43 m2 g−1,
confirmed by the N2 adsorption–desorption isotherms and the
BET surface area, and provided in Supplementary Fig. 11) can
provide more disordered extranuclear hybridized orbitals and
extranuclear electrons, which can improve interactions between
the fabricated membranes and incident X-ray radiations48,49. The
probability of the photoelectric effect is related to Z3/E3, where Z
is the atomic number of the absorbing element and E is photon
energy50. The excellent shielding performance of the hybrid
membranes can be mainly attributed to the hybrid Ag–W
structure. The quantum effect of silver nanoparticles on the
surface of polymeric nanofiber membranes could weaken the
binding between Ag and W nuclei and electrons outside these
nuclei. This increases electronic cloud density outside the nucleus,
overlaps or crosses the orbits, and increases the probability of a
photoelectric effect, as confirmed by past studies48–50.

Currently, lead-based aprons are being used for protection
against X-rays, however, these are unsafe and heavy, which make
them uncomfortable for use over long periods of time41. In
contrast, PP@AW membranes exhibit a good shielding
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performance along with excellent safety, lightweight character-
istics, mechanical flexibility and durability, and air permeability,
and hence can be considered as potential candidates to replace
lead-rubber aprons for X-ray protection and shielding in practical
applications.

IR shielding characteristics of PP@AW membranes. IR
shielding or camouflage materials should ideally have a low IR
emissivity to isolate a target from IR radiation or reduce its energy
before reaching a target. In other words, IR shielding materials
should have a low energy-absorption rate with a certain level of
thermal insulation to reduce heat absorption at the target surface,
which prevents the target from radiating too much energy in the
thermal infrared band.

According to Kirchhoff’s law of thermal radiation for opaque
objects, material emissivity can be evaluated by measuring its
reflection coefficient32.

The camouflage performance of PP@AW membranes was
directly monitored by measuring changes in its temperature using
a FLIR ONE infrared imager (Fig. 4a, b). Cotton clothes were
used as a reference. When clothes and PP@AW membranes were
placed on a human body for 60 min, the temperature of the
clothes was 34.8 °C, and these values were close to the
temperature of the human body. In contrast, the PP@AW
membranes showed an improved IR shielding ability with
temperatures of 30.5, 28.0, and 29.9 °C for PP@AW22,
PP@AW24, and PP@AW27, respectively. Figure 4c–e shows the
changes in the IR emissivity of PP@AW membranes in near
(2.5–8 μm), medium (8–14 μm), and far-infrared bands (14–20
μm), respectively. As described earlier, infrared emissivity was
calculated by measuring the reflection coefficient. PP@AW22
exhibited a lower IR emissivity (< 0.3) in the far-infrared band
than PP@AW24 and PP@AW27. This indicates that our
lightweight, safe, PP@AW membranes have great potential in
practical applications of IR camouflage materials. The camouflage
performance and low IR emissivity ensure the effectivity of as-
prepared nanofibrous membranes protecting any sort of target
object, as schematically presented in Supplementary Fig. 1,
proving its application in camouflage against infrared reconnais-
sance equipment and reducing infrared interference.

To understand IR shielding mechanism of the PP@AW hybrid
membranes, the energy band diagram of Ag and WO3 in the Ag-
WO3 Schottky contact were calculated via Ab initio quantum
chemistry methods (Fig. 4f, g, and Supplementary Methods). Work
functions of pure Ag and WO3 were found to be 4.3 and 2.54 eV,

respectively (Fig. 4h). Therefore, electrons flow from the
semiconductor to the metal (Fig. 4i)51,52. The formation of a
Schottky junction causes electrons in WO3 to cross-over to the
metallic silver, and subsequently, their Fermi levels are
flattened1,53. Thus, more carriers in WO3 can be excited by
infrared radiation, resulting in energy attenuation and finally
complete absorption. Moreover, the lower thermal conductivity of
WO3 resists the flow of heat towards the devices, thus ensuring
their lower temperature. It is well-known that the electromagnetic
shielding ability of a material is highly dependent on its type and
structure; thus, a sufficiently large amount of Ag-WO3 on the
surface of multilayered membranes results in a low scattering by
enabling the destructive interference of multiple reflections
between layers. In addition, this also facilitates a high absorption
and low emission of IR radiation1,54. Importantly, the differences
in electromagnetic wave-attenuation mechanisms result in dissim-
ilarities in infrared and microwave shielding performances.
Therefore, despite its marginally lower electrical conductivity,
PP@AW22 showed lower IR emissivity than PP@AW24. This can
be attributed to the higher electron transfer efficiency in Schottky
junctions of PP@AW22 owing to its better-infrared excitation
efficiency. These results provide insights regarding the develop-
ment of optimized multi-band electromagnetic shielding materials.

Conclusion
We developed Ag-WO3-coated polymeric nanofiber hybrid
membranes for multispectral electromagnetic shielding in a wide
frequency-range spanning microwaves, infrared rays, and X-rays.
Nanofibrous morphology of fabricated membranes facilitated a
large surface area and porous network with excellent mechanical
strength and durability. Improved electrical conductivity due to
the addition of Ag nanoparticles, and porous structure of the
hybrid membranes enhanced their absorption dominant micro-
wave shielding properties. The unique Schottky barrier effect
between Ag and WO3 facilitated electron transfer from semi-
conductor to metal, thus effectively attenuating IR radiations. In
addition, the lightweight and air permeable nanofibrous hybrid
membranes can be comfortably worn by users when compared to
heavy and toxic lead-rubber aprons. Therefore, our ultrathin and
flexible electrospun PP@AW hybrid membranes, which exhibit a
superior lightweight multispectral shielding performance, are
promising for practical application in next-generation electronic,
medical, military, and aerospace technologies. Finally, we expect
this strategy to direct and inspire further research on multi-
functional shielding materials.

Fig. 3 X-ray shielding properties. a X-ray attenuating properties of PP@AW24 membranes with respect to thickness. b Comparison of mass-attenuation
coefficients of PP@AW24 membranes (0.24mm thickness) and Ag, Pb, and Al foils (0.15 mm thickness).
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Methods
Materials. PAN (MW= 150,000) and PU (MW= 500,000) were acquired from
Jilin Carbon Group while silver nitrate (AgNO3), and dimethyl formamide (DMF)
were purchased from Tianjin Tiantai Refine Chemicals Co., Ltd. Sodium tungstate
dihydrate (Na2WO4·2H2O) was purchased from Sinopharm Chemical Reagent
Corporation. Sodium hydroxide (NaOH), acetic acid (C2H4O2), ethylene glycol
(C2H6O2), and ammonia solution (NH3·H2O, 25%) were purchased from Beijing
Chemical Works. All the reagents were used as received without further purification.

Preparation of PAN–PU (PP@AgNO3) nanofibrous membrane via electro-
spinning. PAN (1.4 g) was dissolved in 15.46 g of DMF and vigorously stirred at

65 °C for 6 h to form a 8.3 wt.% solution. Meanwhile, 0.39 g of PU was added to
2.2 g of DMF to form a 15 wt.% solution, followed by continuous magnetic stirring
at 25 °C for 6 h to form a homogeneous and viscous solution. After cooling down
the PAN-DMF solution to room temperature, both solutions were thoroughly
mixed to obtain a homogeneous mixture. The addition of PU to the nanofibrous
membranes increased their integrity52. After stirring the mixed solution for 0.5 h,
0.3 g of AgNO3 was added to achieve PAN–PU:AgNO3 molar ratio of 10:155. The
resultant solution was stirred vigorously for 12 h in dark to obtain the precursor
solution for electrospinning, this solution was placed in a glass capillary (with a
1.5 mm diameter spinning jet) and connected to the positive electrode of a high-
voltage power supply. Meanwhile, an aluminum foil was connected to the negative
electrode and acted as a collector. The distance between the two electrodes was

Fig. 4 IR-stealth properties of PP@AW hybrid membranes. a Changes in temperature of different hybrid membranes placed on the human body as a
function of time and b IR digital camera images of clothes, and PP@AW22, PP@AW24, and PP@AW27 hybrid membranes placed on a human body. IR
emissivity of PP@AW hybrid membranes in c near-, d medium- and e far-infrared bands, respectively. Energy band diagram of f Ag and g WO3. h
Schematic illustration of the energy diagram and charge-transfer process in Ag-WO3 nanoparticles. i Schematic illustration of electron transition when a
Schottky junction is formed.
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fixed at 15 cm, and a voltage of 15 kV was applied to fabricate PP/AgNO3 nano-
fibrous membranes. The feeding rate of the solution from the syringe was fixed at
1.2 mL h–1. The entire device was placed in an environment with a humidity lower
than 20% to ensure efficient solvent evaporation.

Preparation of PP@Ag seed membranes. The obtained PP/AgNO3 nanofiber
membranes were placed in a solution containing 8.5 g of sodium hydroxide
(NaOH) and 240 mL of ethylene glycol (EG) and subjected to a reduction reaction
with microwave radiation at 700W for ~20 s to convert AgNO3 into Ag nano-
particles on the surfaces of the polymeric nanofibrous membrane (PP@Ag). After
this reaction, the color of the membrane changed to brownish yellow, indicating
that silver ions were reduced rapidly to silver nanoparticles. The PP@Ag mem-
branes were subsequently cleaned three times with deionized water and ethanol.
Finally, the cleaned membranes were dried in a vacuum oven at 60 °C for 12 h.

In situ synthesis of PAN–PU@Ag-WO3 (PP@AW) hybrid membranes. Ag and
WO3 were deposited on a PP@Ag seed membrane via electroless deposition to
obtain Ag-WO3-decorated PAN–PU nanofibrous hybrid membrane (PP@AW). In
a typical experiment, PP@Ag seed membrane (3 × 6 cm2) was put in a 190 mL
solution containing 0.68 g of AgNO3 (4 mmol), 2.64 g of Na2WO4 · 2H2O
(8 mmol), 7 mL NH3·H2O and 1 mL CH3COOH and stirred continuously. The
solution was used as a buffer to maintain the pH of this solution at 10.10 (cali-
brated with a pH meter at 25 °C). Later, a reducing agent consisting of 0.03 mL of
N2H4·H2O dissolved in 10 mL deionized water was added into the above mixture
drop by drop. The electroless deposition was allowed to continue for 30 min under
60 rpm at 25 °C. Subsequently, the membrane was removed from the reaction
system and washed three times with deionized water and ethanol to remove any
surface by-products and dried in an oven at 60 °C overnight. AgNO3 precursor
content was fixed and the Ag/W ratio was optimized by varying the amount of
Na2WO4 · 2H2O precursor in the electroless plating solution. These feed ratios were
used to determine sample nomenclature. For example, as described earlier, the
sample name with a Ag/W ratio of 2:4 was named PP@AW24. Furthermore,
samples with similar structures but different Ag/W ratios were synthesized as listed
in the Supplementary Table 1.

Characterization. The structural morphology and chemical composition of the
synthesized hybrid membranes were analyzed by field-emission scanning electron
microscopy (FE-SEM, FEI Nova 450 NanoSEM) and HRTEM (FEI Tecnai G2
F20). Elemental analysis and surface chemistry were evaluated by EDX and XPS
(Thermo Scientific ESCALAB250). Raman spectroscopy was used to confirm
structural changes in the PP@AW hybrid membranes and their electrical con-
ductivity was measured using four-probe method (RTS-2, Guangzhou Four Probe
Technology Co., Ltd) with a source meter (Keithley 2400, United States) with an
inter-pin distance of 1 mm. The microwaves shielding capacity for X-
(8–12.4 GHz), Ku- (12–18 GHz), and K-bands (18–26.5 GHz) was measured using
a 2-port network analyzer (AV3672B-S, China Electronics Technology Instruments
Co., Ltd.). The hybrid membranes were cut into rectangular pieces with dimensions
slightly larger than 25 × 10, 16 × 8, and 11 × 4 mm2 to meet the waveguide
requirements of the X-, Ku-, and K-bands, respectively. X-ray attenuation prop-
erties of the hybrid membranes were measured using a standard spherical ioni-
zation chamber (PTW 30005, PTW Co., Ltd, Germany), in which the X-ray source
was a Comet MXR-320/26 X-ray tube (Comet Group, Switzerland), the entire
testing system was set according to ISO 4037–1:201956. IR emissivity was measured
using a Burke infrared spectrometer (BRUKER OPTICS). Alloy content was
measured by thermal gravimetric analyze (Pyris 1 TGA, Perkinelmer), and the A/
W ratios in the membranes were calculated using the data collected by inductively
coupled plasma atomic emission spectrometry (ICP-AES, Agilent 725). Air per-
meability tests were conducted using a YG461G Fabric digital ventilation meter to
evaluate the potential of as-fabricated nanofiber membranes in radiation protection
equipment.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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