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In the era of 5G, the rise in power density in miniaturized, flexible electronic
devices has created an urgent need for thin, flexible, polymer-based elec-
trically and thermally conductive nanocomposites to address challenges

related to electromagnetic interference (EMI) and heat accumulation. How-
ever, the difficulties in establishing enduring and continuous transfer path-
ways for electrons and phonons using solid-rigid conductive fillers within

insulative polymer matrices limit the development of such nanocomposites.
Herein, we incorporate MXene-bridging-liquid metal (MBLM) solid-liquid bi-
continuous electrical-thermal conductive networks within aramid nanofiber/
polyvinyl alcohol (AP) matrices, resulting in the AP/MBLM nanocomposite
with ultra-high electrical conductivity (3984 S/cm) and distinguished thermal
conductivity of 13.17 W m™ K. This nanocomposite exhibits excellent EMI
shielding efficiency (SE) of 74.6 dB at a minimal thickness of 22 um, and
maintains high EMI shielding stability after enduring various harsh conditions.
Meanwhile, the AP/MBLM nanocomposite also demonstrates promising heat
dissipation behavior. This work expands the concept of creating thin films with

high electrical and thermal conductivity.

The 21st century has witnessed significant advancements in modern
electronic devices and communication techniques. In the era of 5G,
the trends toward miniaturization and flexibility of the next-generation
electronic systems are undeniable’. However, the miniaturization and
high integration of electronic devices have escalated power density,
consequently exacerbating challenges related to electromagnetic
interference (EMI) and heat accumulation. These challenges have
detrimental impacts on the safe operation of the entire electric system
and human health?”, posing threats to the reliability and working life
of electronics®™. For the engagement of these challenges, and con-
sidering the extremely limited space in the miniaturized flexible
electronics'", thin flexible films with dual capabilities of EMI shielding

and heat dissipation, tailored for modern electronic systems are
urgently demanded™

The synergy of high electrical and thermal conductivity is the key
to the development of bifunctional materials capable of both EMI
shielding and heat dissipation. The integration of solid, rigid con-
ductive fillers with flexible polymer matrices has proven to be an
effective approach in developing flexible electrical/thermal con-
ductive films"™". For this purpose, various solid conductive fillers with
different dimensionalities, such as Ag nanoparticles”, Ag nanowires'®,
carbon nanotubes (CNT)"'8, graphene nanosheets”?, and two-
dimensional (2D) transition-metal carbides or nitrides (MXene)*>?,
etc., have been incorporated with polymer. For instance, Wang et al.
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prepared a graphene nanoplatelet (GNP)/nylon composite paper
with an electrical conductivity of 24.3 S/cm exhibited a high EMI
shielding efficiency (SE) of 58.1dB at a thickness of 180 pm?’, along
with a high thermal conductivity of 15.8Wm® K, and a tensile
strength of 31 MPa. Gu’s group demonstrated the fabrication of a
flexible Fe;0,/MXene/polyimide film with an excellent electrical con-
ductivity of 280 S/cm and an EMI SE of 85 dB at a thickness of 75 pm?*,
Additionally, this nanocomposite showed a high thermal conductivity
of 3.49Wm™ K-' and a tensile strength of 65.3 MPa. However, the
structural robustness of the material is inadequate for ensuring pro-
longed durability. To address this frailty, nanofibers with promising
mechanical strength were employed as matrices® . Particularly ara-
mid nanofiber (ANF), known for its exceptional mechanical properties
and thermal endurance®?*. For instance, a robust MXene/ANF nano-
composite film, created through vacuum-assisted filtration (VAF)%,
displayed notable properties: a tensile strength of 230.5MPa, an
electrical conductivity of 913 S/cm, a high EMI SE of 53.5dB at 28 pm
thickness, and an in-plane thermal conductivity of 0.43Wm™ K™ In
addition, a magnetic MXene/FeNi/ANF nanocomposite film prepared
via VAF with a tensile strength of 113.4 MPa demonstrated an electrical
conductivity of 26.7 S/cm*, a high EMI SE of 60.7 dB at a thickness
of 50 pm, and a thermal conductivity of 4.72Wm™ K™. Despite
efforts, the EMI specific shielding efficiency (SSE) per unit thickness
for current materials remains suboptimal, and the thermal con-
ductivity is insufficient, typically below 1000 dB/mm and 10 W m™ K7,
respectively (Supplementary Table 1). This primarily stems from the
difficulties faced by solid electrical/thermal conductive fillers in
establishing fully continuous conductive pathways for charge
and thermal carriers like electrons and phonons within insulative
polymer matrices, owing to factors such as insufficient orientation of
solid fillers and cage effect generated by surrounding nanofibers®~°,
To address these challenges, a high-filling rate is often employed.
However, due to the rigidity of the solid fillers, this approach may
result in a loss of flexibility, and the continuity of the conductive
pathways becomes vulnerable to external forces, particularly under
harsh conditions. Generally speaking, pursuing the concurrent
achievement of high-performance EMI shielding and heat dissipation
in ultra-thin, robust and flexible film with harsh condition endurance
poses a challenging endeavor.

Herein, we constructed layered MXene-bridging-liquid metal
(MBLM) solid-liquid bi-continuous electrical and thermal conductive
networks in ANF/polyvinyl alcohol (PVA) (AP) matrices via a scalable sol-
gel-film conversion approach and following hot-pressing process. The
AP/MBLM nanocomposite exhibits an ultra-high electrical conductivity
of 3984 S/cm and a high thermal conductivity of 13.17 Wm™ K™. Con-
sequently, the AP/MBLM film achieves a promising EMI SE of 74.6 dB at a
small thickness of 22 um, with the maximum EMI SSE per unit thickness
reaching up to 4950 dB/mm. The AP/MBLM films demonstrate notable
EMI shielding stability after enduring harsh conditions (EM/ SE maintains
above 70 dB after 10000 bending cycles; 1000 folding cycles; ultra-
sonication for 1h; liquid nitrogen soaking for 1h; 200 °C treatment for
24 h, or 400 °C treatment for 1h, respectively. EMI SE remains at a
high value of 61dB even after direct burning for 60s). Furthermore,
the AP/MBLM nanocomposite film exhibits effective heat dissipation
performance as a thermal interface material (TIM). The AP/MBLM
films also demonstrate promising robustness, with maximum tensile
strength and toughness reaching 253.3 MPa and 14.1 MJ/m’, respectively.
This work introduces a strategy for constructing solid-liquid bi-con-
tinuous conductive networks in fiber-based composites. This approach
holds the potential for scalable fabrication of highly electrically
and thermally conductive films, suitable for high-performance EMI
shielding and effective thermal management in miniaturized flexible
electronics.

Results

Fabrication strategy and characterization of AP/MBLM
nanocomposite film

To construct solid-liquid bi-continuous conductive networks in ANF
matrices for flexible films with high electrical and thermal conductivity.
Eutectic gallium indium (EGaln) liquid metal (LM) with intriguing
room-temperature fluidity, exceptional electrical and thermal
conductivity***, was employed as the liquid component of the con-
ductive network. 2D MXene nanosheets with excellent electrical and
thermal conductivity were chosen as the solid component**. As shown
in Fig. 1a, the fluid LM welds the MXene nanosheets interspersed in the
ANF matrices. Simultaneously, the MXene nanosheets spatially confine
the LM and mutually bridged resulting in the formation of layered
MBLM solid-liquid bi-continuous conductive networks within ANF
supporting matrices. These interconnected networks establish ultra-
fast transfer pathways for electrons and phonons among the MXene
nanosheets and LM lamellae, mitigating the adverse cage effect of the
insulative ANF matrices on the overall electrical and thermal con-
ductivity of the nanocomposite®”. To achieve a homogeneous dis-
tribution of LM in ANF matrices, a stable negatively charged sodium
alginate (SA)-covered-LM (SA@LM)/DMSO nano-emulsion with a mean
diameter of 330 nm was obtained through tip-sonication (Fig. 1b,
Supplementary Fig. 1 and Supplementary Fig. 2). The electrostatic
repulsion forces between the SA@LM nanodroplets counteracts grav-
ity, ensuring a stable dispersion****, Ti;C,T, (MXene) nanosheets with a
mean lateral size of 4.76 pm and lateral height of 1.3 nm were prepared
through selective etching and exfoliation of the Ti;AIC, MAX phase
(Fig. 1c, d and Supplementary Fig. 3a-d). The nanosheets were subse-
quently dispersed in DMSO (Supplementary Fig. 3e). ANF with dia-
meters ranging from 9 to 19 nm and lengths of several micrometers
were prepared through the exfoliation of short-cut Kevlar macro fibers
in DMSO/KOH system (Fig. le and Supplementary Fig. 4a-e). To
enhance the mechanical properties of the nanocomposite, hydroxyl-
rich short-chain PVA was added to the ANF/DMSO dispersion as an
interfacial reinforcing agent**", simultaneously it assembled with the
ANF chains forming AP/DMSO dispersion (Supplementary Fig. 4f). A
homogenous colloidal dispersion is achieved by mixing the SA@LM/
DMSO nano-emulsion with the MXene/DMSO dispersion and the AP/
DMSO dispersion. The homogeneous dispersity of the mixture was
confirmed by the Tyndall effect generated by a laser beam and through
the measurement of zeta-potential (Supplementary Fig. 2 and Supple-
mentary Fig. 5). Figure 1f schematically illustrates a continuous fabri-
cation process of the large-area AP/MBLM film. The homogeneous
colloidal dispersion was initially blade-coated on a PET substrate and
then underwent a sol-gel conversion process in deionized (DI) water,
attributed to the reprotonation of the ANF**, consequently, an AP/
MXene/SA@LM composite hydrogel is formed (Supplementary Fig. 6).
Subsequently, the hydrogel was transferred into a mixture of tert-
butylalcohol and DI water (mass ratio of 1:1) for extraction for 24 h and
then the hydrogel was evaporated to form AP/MXene/SA@LM het-
erogenous film with all the component densely packed, yet the SA@LM
remained isolated from each other. Ultimately, following hot-pressing,
the SA@LM nanodroplets ruptured, allowing its inner bulk to flow out
adhering and welding the MXene nanosheets, this can be verified
through the shifts of zeta-potential (Supplementary Fig. 2). This
transformation resulted in the establishment of a layered MBLM solid-
liquid bi-continuous conductive network. Following these processes,
large-area AP/MBLM films measuring 10.5 cm x 23 cm with good flex-
ibility were prepared (Supplementary Fig. 7). As illustrated in Fig. 1g and
Supplementary Fig. 8, the AP/MBLM nanocomposite film outperforms
other recently reported materials tailored for EMI shielding and heat
dissipation, including various aspects of electrical and thermal con-
ductivity, total EMI SE, EMI SSE, tensile strength, and area.
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Fig. 1| Fabrication strategy of the AP/MBLM nanocomposite film. a Schematic
illustration of the MXene-bridging-liquid metal (MBLM) solid-liquid bi-continuous
thermally and electrically conductive network. b SEM image of the sodium alginate
(SA)-covered-LM nanoparticles. ¢ AFM image (inset: lateral height data) of the
MXene nanosheet. d SEM image of the MXene nanosheet. e TEM image of the
aramid nanofibers. f Schematic illustration of the fabrication strategy of the ANF/
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polyvinyl alcohol (AP)/MBLM film and a large-area AP/MBLM film rolled on a scroll.
g Radar phase diagram of performance comparison for AP/MBLM film with other
recently reported composite films with dual functionalities of EMI shielding and
heat dissipation (details can be found in Supplementary Fig. 8a and Supplementary
Table 1).

To characterize the formation of the solid-liquid bi-continuous
networks in the AP/MBLM nanocomposite film, the cross-sectional
morphology was initially observed. In the AP/MXene/SA@LM hydro-
gel, the SA@LM nanodroplets were orbicular (Supplementary Fig. 9).
After the evaporation process, the LM nanodroplets in the AP/MXene/
SA@LM film were partially sintered, exhibiting an ellipsoidal shape
(Fig. 2a). This transformation was influenced by the synergistic effects
of gravity, capillary forces derived from the liquid bridge of the
nanofibers, and evaporation***°, along with the interaction forces
including hydrogen bonds and electrostatic forces formed among the
AP matrices, MXene nanosheets and SA@LM nanodroplets**°. As
shown in Fig. 2b, following the mechanical sintering process, the
thickness of the AP/MBLM film reduced from 20 pm to approximately
16 um. During the hot-pressing process, the partially sintered SA@LM
droplets were ruptured, and their inner bulk flowed and spread out
across the AP matrix. The flowed LM sintered together among the
MXene nanosheets, mutually bridged and forming a layered hetero-
genous solid-liquid bi-continuous network. This can be validated by
the distribution of representative elements of C, N, Ga, and Ti in the
cross-section of the AP/MBLM film (Fig. 2b) and the surface mor-
phology of the films (Fig. 2c) after the mechanical sintering process.
The extrusion of LM and the formation of LM lamellae result in a highly
dense inner structure within the AP/MBLM film. The porosity of the AP/
MBLM film, obtained by using the ratio of void volume to material
volume derived from Nano X-ray computed tomography (CT), is only
3.25% (Supplementary Fig. 10). X-ray photoelectron spectroscopy
(XPS) is depicted in Fig. 2d, showcasing characteristic peaks of Ti 2p

and F 1s for MXene nanosheets in the spectrum of the AP/MBLM film.
The intensities of these peaks are noticeably weakened due to the
coverage of ANF*. Additionally, N 1s peak for ANF, as well as the Ga 2p,
and Ga 3d peaks for EGaln LM can also be observed at their corre-
sponding binding energies in the AP/MBLM nanocomposite’**, These
observations confirm the successful integration of MXene nanosheets,
LM lamellae, and AP matrices. Raman spectra of the AP/MBLM film
(Supplementary Fig. 11) further prove the successful combination of
MXene nanosheets and AP matrices®*>. The high-resolution XPS
spectra of Ga 3d, Ga 2p, and In 3d in the AP/MBLM film (Supplementary
Fig. 12) substantiate the presence of elemental gallium and indium,
along with their respective oxides in the nanocomposite’*. Specifi-
cally, the high-resolution XPS spectra of In 3d exhibits an orbital
overlap, further confirming the combination of LM and MXene in the
AP/MBLM nanocomposite. The C 1s high-resolution XPS spectra
(Fig. 2e) show the presence of the C-N bond related to ANF in the AP/
MBLM film*. As shown in O 1s spectra (Fig. 2f), the characteristic peaks
of Ti-O, C-Ti-Oy, Ti-OH, and C=0 appear in both the MXene and AP/
MBLM films®. The shift in the binding energy of the Ti-OH character-
istic peak from 532.1 eV to 531.9 eV reveals the formation of hydrogen-
bonds among MXene nanosheets and the polymer components of
PVA, ANF and SA”. As shown in Fig. 2g, diffraction peaks corre-
sponding to the (002) plane of MXene and the (110) plane of ANF are
discernible in the XRD pattern of AP/MBLM nanocomposite™.
The (002) peak of the AP/MBLM nanocomposite shifts to a lower angle
compared with pure MXene due to the increase in lattice spacing,
providing evidence for the successful integration of MXene
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Fig. 2 | Structure and chemistry characterization of AP/MBLM
nanocomposite film. a Cross-section SEM images of the evaporated ANF/polyvinyl
alcohol (AP)/MXene/sodium alginate-covered-liquid metal (SA@LM) film. b SEM
images and EDS element mappings in the cross-section of the AP/MXene-bridging-
liquid metal (MBLM) film. ¢ Surface SEM images of AP/MBLM films before and after
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sintering. d XPS full spectrum of ANF, MXene, and AP/MBLM film, the inset part of
the AP/MBLM film spectrum is the high-resolution XPS spectrum of Fls. High-
resolution XPS spectrum of e C 1s, f O 1s for the AP/MBLM film and MXene. g XRD
patterns of MXene, ANF, AP/MBLM film, and standard PDF cards of Ga, In, and
63203/II1203.

nanosheets with AP matrices®. Additionally, the diffraction peaks
associated with the EGaln LM in AP/MBLM nanocomposite closely
align with the standard PDF cards of gallium, indium, and gallium
indium oxide®**.

Electrical properties and EMI shielding performance

The EMI shielding performance typically exhibits a positive correlation
with the electrical conductivity of the material**. As shown in Fig. 3a,
the mechanical sintering of the LM droplets leads to a substantial
increase in electrical conductivity. The electrical conductivity of the AP/
MBLM film increases with a higher LM weight ratio attributing to the
maturation of the solid-liquid bi-continuous conductive network (Sup-
plementary Fig. 13), and the value of the AP/MBLMI1 nanocomposite
film reaching a notable value of 3984 S/cm. However, since a solid-liquid
bi-continuous conductive network has already been established in the
AP/MBLMI11 film, the electrical conductivity of the AP/MBLM13 film only
marginally increases to 4265S/cm with a further increase in LM
content™, Notably, MXene nanosheets play a crucial role in bridging the
LM lamellae. The electrical conductivity of composite films lacking
MXene nanosheets (AP/LM) is significantly lower than that of AP/MBLM
films with the same LM weight ratio (Fig. 3b). Specifically, the electrical
conductivity of the AP/MBLMI1 film (3984 S/cm) is 5.4 times higher than
that of the AP/LML11 film (733 S/cm). The cross-section of the AP/LM11
film reveals a distinct separation of LM by the insulative ANF, resulting
in cage effect that leads to the unsatisfactory electrical conductivity®
(Supplementary Fig. 14). We conducted finite element simulations to
verify the observed discrepancy in electrical conductivity in the com-
posite films attributed to the presence of MXene nanosheets. 2D
models based on the microstructure obtained from SEM images were

built (Supplementary Fig. 15). In the simulation, one side of the 2D
model is grounded and the current density through the other side is
constantly set at 5 A m™ Figure 3c shows the simulation results of the
electrical potential distribution of AP/MBLM and AP/LM films. As the
color shifts from pink to blue, there is a consistent and monotonic
increase in electrical potential. A pronounced color gradient indicates a
heightened resistance of the film. It is evident that the color gradient of
the AP/MBLM film is smaller than that of the AP/LM film, signifying a
lower resistivity in the AP/MBLM film*, which is consistent with the
experimental results.

The exceptional electrical conductivity renders the AP/MBLM film
highly suitable for EMI shielding. Consequently, we examined the EMI
shielding performance of the AP/MBLM film using the waveguide
method. Figure 4aillustrates the EMI shielding performance evaluated
for AP/LM and AP/MBLM films across various LM weight ratios; The
EMI SE of the AP/MBLM films consistently surpasses the values of the
AP/LM films across all LM weight ratios, and far beyond the value of the
AP/MXene film and AP film without any conductive filler. Specifically,
the EMI SE of the AP/MBLMIL1 film reaches 74.6 dB, whereas the AP/
LM11 film only achieves a value of 48.4 dB. However, with the limited
increase in electrical conductivity, the EMI SE of the AP/MBLM13 film
only increases by 2.1 dB compared to the AP/MBLMI1 film. As shown in
Fig. 4b and Supplementary Fig. 16, the overall EMI SE of the AP/MBLM
films shows a stable fluctuation in the whole frequency range of the
X-band. The total EMI shielding effectiveness (SE1) of a material can be
divided into reflection effectiveness (SEr) and absorption effectiveness
(SEA)*. As shown in Fig. 4c, the SEg and the SE, value of the AP/MBLM
film increase monotonically with the increase in LM weight ratio, and
the SEg and SE, value of the AP/MBLML1 film reaches the high value of
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Fig. 3 | Electrical properties of AP/MBLM nanocomposite films. a Electrical
conductivity of ANF/polyvinyl alcohol (AP)/ MXene-bridging-liquid metal (MBLM)
films before and after mechanical sintering. b Electrical conductivity of AP/MBLM

films and AP/LM films. The error bars (a, b) represent the standard deviations of the
measured values (n = 5). ¢ Finite element simulation results of X-directional elec-
trical potential distribution of AP/MBLM and AP/LM films.

18.6 dB and 56.0 dB respectively. For the analysis of the EMI shielding
mechanism and to comprehend the trend in EMI SE variation, the
average values of reflectivity (R), absorptivity (4), and transmissivity
(T) coefficients of the AP/MBLM film over the X-band frequency are
shown in Fig. 4d. According to the conservation of energy,
R+A+T=1". The R-alue exhibits an ascending trend with the
increase in LM weight ratio, reaching 0.982 for the AP/MBLM13 film, in
contrast to 0.743 for the AP/MXene film. It is noteworthy that although
the values of SE, are consistently higher than those of SEg in all sam-
ples, the R coefficient values are consistently higher than the A coef-
ficient values. This is because the reflection of the EM wave occurs
prior to absorption, and there is a logarithmic relationship between
SEg and the R coefficient (R > 0.5 when SEz >3 dB)*". Consequently, the
EMI shielding mechanism of the AP/MBLM film is dominated by
reflection, a consequence of its ultra-high electrical conductance”.
Figure 4e illustrates the EMI shielding mechanism of the AP/MBLM
film. Firstly, the major part of the incident electromagnetic (EM) wave
is reflected at the interface among the surface of AP/MBLM nano-
composite and air due to the large impedance mismatch®. Subse-
quently, since the T value is very close to O (Fig. 4d), the penetrated EM
wave entering the inner structure of the AP/MBLM film mostly dis-
sipates attributed to the following effects: Firstly, internal multiple
reflections and scattering occur within the numerous heterogeneous
interfaces between MXene nanosheets, LM lamellae and AP matrices
due to the impedance mismatch between these components. This
prolongs the transmission paths of the EM wave and enhances EM
wave absorption®’; Secondly, ohmic losses arise as a substantial
induced current is generated through the interaction of the penetrated
EM wave with the high-density charge carriers (electrons and holes)
within the MBLM solid-liquid bi-continuous conductive networks,

converting EM energy into thermal energy®®*’; Thirdly, polarization
relaxation loss arises through the following mechanisms: When the
nanocomposite is exposed to an alternating EM field, due to the dis-
crepancy in the moving speed and polarization reaction rate of charge
carriers in different dielectric materials, the accumulation of free
charges occurs at the interfaces between MXene/AP matrices, LM/AP
matrices, and MXene/LM, causing interfacial polarizaition®*°°,
According to the Maxwell-Wagner-Sillars polarization principle®®? the
layered structure and the numerous interfaces, synergizing with the
large conductivity mismatch among LM, MXene and the AP matrices,
amplify charge storage capacity and enhance interfacial polarization.
Furthermore, local diploes generate at the defects of the etched
MXene nanosheets and between Ti and the electronegative terminal
groups (—F, =0, and —OH) on its surface, resulting in dipole
polarization®. Both forms of polarization contribute to polarization
relaxation loss under alternating EM fields’®*°, To validate the
enhancement of EMI SE stemming from the aforementioned effects
within the inner structure of the nanocomposite film, further investi-
gations were conducted. The EM/ SE of AP/MBLM films with different
thicknesses were tested (Supplementary Fig. 17), and the results reveal
a monotonical increasing tendency in EMI SE with the augmentation of
thickness (Fig. 4f, Supplementary Fig. 18 and Supplementary Table 1), a
promising EMI SE of 85.5 dB is reached at a thickness of 31 um, and the
EMI SSE per unit thickness reached an ultra-high value of 4950 dB/mm
at the thickness of 12 um. Subsequently, the average theoretically
calculated EMI SE of a homogeneous EMI shielding film was obtained
by applying frequencies (f, MHz) within the X-band range, along with
the thickness (¢, cm) and conductivity (o, S/cm) identical to the AP/
MBLMI11 films to Simon’s formula as shown in Eq. 1. The theoretically
calculated EMI SE (SEwmeo) Was compared with the experimentally
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Fig. 4 | Electromagnetic interference shielding performance and mechanism of
AP/MBLM nanocomposite films. a X-band EMI shielding efficiency (SE) of ANF/
PVA (AP) film, AP/MXene film and AP/LM, AP/MXene-bridging-liquid metal (MBLM)
films across various LM weight ratios at a thickness of approximately 22 um. Error
bars represent standard deviations. b EMI SE curves over the frequency range of
8.2-12.4 GHz (X-band) of AP/MBLM films with different LM weight ratios. ¢ Average
value of total shielding efficiency (SE7), reflection shielding efficiency (SEg), and
absorption shielding efficiency (SEx) of AP/MBLM films. Error bars represent stan-
dard deviations. d Average power coefficient of reflectivity (R), absorptivity (4), and

transmissivity (7) of AP/MBLM and AP/MXene films. e Schematic diagram of the
electromagnetic shielding mechanisms including the reflection of incident waves,
conductance migration, internal multi-reflections, interfacial polarization and
dipole polarization. f EMI SE curves of AP/MBLM11 films with different thicknesses.
g Comparison of the theoretically calculated SE (SEiheo) based on Simon formula-
tion and experimentally tested total SE (SEy) of AP/MBLM11 nanocomposite film.
Error bars represent standard deviations. h Comparison of the EMI shielding per-
formance of AP/MBLM films with other recently reported EMI shielding materials
(details can be found in Supplementary Fig. 19 and Supplementary Table 1).

tested total EMI SE (SEt) values of the AP/MBLMI1 film (Fig. 4g). The
tested SET of the AP/MBLM film is constantly higher than the theore-
tically calculated SEueo Of @ homogeneous shielding material at all
thicknesses. Noticeably, with the increase in thickness, the value of ASE
becomes larger, indicating that the inner dissipation effects are more
pronounced in the thicker AP/MBLM film®, This observation sub-
stantiates the enhancement of EM/ SE attributed to the inner dissipa-
tion effects generated by the layered heterogeneous structure of the
AP/MBLM nanocomposite film. As a promising EMI shielding material
the AP/MBLM film demonstrates superior EMI shielding performance
compared to previously reported shielding materials filled with dif-
ferent conductive fillers (Fig. 4h, Supplementary Fig. 19 and Supple-
mentary Table 1).

To validate the generality of the strategy, we replaced the MXene
nanosheets with few-layer graphene sheets (GN) or graphene oxide
nanosheets (GO) (Supplementary Fig. 20). AP/GNBLM and AP/rGOBLM
films were fabricated using the same blade-casting, sol-gel-film

conversion process, followed by the hot-pressing treatment. The
cross-section morphology of the AP/MBLM, AP/GNBLM, and AP/
rGOBLM film all demonstrate layered heterogeneous structure and the
solid-liquid bi-continuous conductive networks can be observed
(Supplementary Fig 21). The successful combination of GN, rGO, EGaln
LM and ANF in the AP/GNBLM film and AP/rGOBLM film can be con-
firmed through the investigation of XPS, XRD, and Raman spectra (see
detailed discussion in Supplementary Fig. 22 and Supplementary
Fig. 23). Interestingly an in-situ reduction of the GO nanosheets to rGO
nanosheets during the mechanical sintering process was observed,
which is in consistent with the reported articles®***. This transforma-
tion leads to the change of AP/GO/SA@LM film to AP/rGOBLM film.
The electrical conductance of the AP/GNBLM film and the AP/rGOBLM
film demonstrate lower levels compared with AP/MBLM film (Supple-
mentary Fig 24a). These discrepancies may be ascribed to the less
densified bi-continuous conductive network caused by GN with inert
surfaces®, and the lower conductivity level caused by the limited
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Fig. 5 | EMI shielding stability of AP/MBLM nanocomposite films after enduring
harsh conditions. a The relative resistance variation of ANF/PVA (AP)/MXene-
bridging-liquid metal (MBLM)11 film during 10000 bending cycles. b EMI SE of AP/
MBLML1 film after 10000 bending cycles and the pristine one (scale bar: 2 cm).

¢ SEM image of the cross-section of AP/MBLMILI film folding at a small radius of 82.7
pum. d EMI SE of the pristine AP/MBLMIL film and after 1000 folding cycles (scale
bar: 2 cm). e EMI SE of AP/MBLMIL1 film after 300 W sonication for 1h and the

pristine one (scale bar: 3 cm). f EMI SE of AP/MBLMLI film after soaking in liquid
nitrogen for 1 h and the pristine one (scale bar: 2 cm). g EMI SE of AP/MBLM11 film
after 200 °C treatment for 24 h and the pristine one (scale bar: 5 cm). h EMI SE of AP/
MBLMIL1 film after 400 °C treatment for 1h and the pristine one (scale bar: 5 cm).
i EMI SE of AP/MBLMI11 film after direct burning for 1 min and the pristine one (scale
bar: 4 cm).

reduction degree of rGO reduced by gallium®, respectively. Although
the electrical conductance of the AP/GNBLM film and AP/rGOBLM film
can’t reach the level comparable with the AP/MBLM film, they are still
desirable for the application of EMI shielding. The variation in EMI SE of
the AP/GNBLM film and AP/rGOBLM film is small over the entire
X-band (Supplementary Fig. 24b). The SE7 of the AP/GNBLM film over
the X-band frequency reached 64.5 dB at a thickness of 22 pm and the
value of the AP/rGOBLM film reached 59.4 dB at a thickness of 22 pm
(Supplementary Fig. 24c). These results demonstrate the universality
of the strategy we proposed for constructing solid-liquid bi-con-
tinuous conductive networks with two-dimensional conductive
nanosheets and EGaln LM in ANF matrices, leading to the creation of
nanocomposites with ultra-high electrical conductivity.

Enduring EMI shielding performance of the AP/MBLM
nanocomposite film

The ability of materials to retain their EMI shielding efficiency after
exposure to harsh conditions has become a crucial criterion for
practical applications’”. The resistance changes in response to

bending is directly correlated with the durability of flexible EMI
shielding materials. Benefiting from the fluidity and adhesiveness of
LM, it adheres and welds the MXene nanosheets in a very stable
manner, endowing great softness for the MBLM solid-liquid bi-con-
tinuous conductive network. Consequently, the AP/MBLMI1 film
shows a stable resistance change during 10000 bending cycles (Fig. 5a,
Supplementary Movie 1). There is only a slight reduction in the EM/ SE
of the AP/MBLML1 film after the bending cycles, with the average EMI
SE remaining approximately at 71.8 dB (Fig. 5b). After folding at a very
small radius (folding radius = 82.7 um) (Fig. 5c) for 1000 cycles (Sup-
plementary Movie 2), the EMI SE of the AP/MBLMI1 film only decreases
to 70.7 dB (Fig. 5d). The EMI SE of the film remains above 70 dB even
after 1h ultrasonication at 300 W (Fig. 5e, Supplementary Movie 3).
Overall, the AP/MBLM film demonstrates satisfying durability under
mechanical wear, suggesting its potential application in routine sce-
narios. For the EMI protection of highly integrated electronic devices
on aircraft or space shuttle in the domain of aeronautics and astro-
nautics, the EMI shielding material may have to endure extreme
temperatures®. Regarding the AP/MBLM film’s tolerance to extremely
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Fig. 6 | Mechanical properties of AP/MBLM nanocomposite films. a Typical
stress-strain curves of ANF, ANF/PVA (AP)/MXene film, and AP/MXene-bridging-
liquid metal (MBLM) films with different weight ratios. b Tensile strength and
tensile strain of AP/MBLM films. ¢ Toughness and modulus of AP/MBLM films. The
error bars (b, c) represent the standard deviations. d Cross-section SEM image of

the fracture behavior of AP/MBLMLILI film, the red arrows indicate the “zig-zag” step-
like crack regions. e Top-view SEM images of tensile fracture-surface morphologies
of AP/MBLMIL1 film. f Schematic illustration of the fracture mechanism of AP/
MBLM film.

low-temperature environments, cryogenic experiments were con-
ducted using liquid nitrogen. As shown in Fig. 5f, the EMI SE of the AP/
MBLMI1 film shows no obvious decline after being soaked in liquid
nitrogen for 1 h. The film even maintains good flexibility when soaked
in liquid nitrogen (Supplementary Movie 4). This observation indicates
that the AP/MBLM film maintains structural integrity and flexibility
even after the crystallization of the LM lamellae (Supplementary
Fig. 25). Verified by thermogravimetric analysis (TGA) (Supplementary
Fig. 26), the AP/MBLM film exhibits good thermal stability. The high-
temperature EMI shielding stability of the AP/MBLM film was examined
through heat treatment in a Muffle furnace and subsequent testing
(Supplementary Fig. 27 and Supplementary Fig. 28). As shown in
Fig. 5g, h, the EMI SE of the AP/MBLMIL1 film remains almost unchanged
after heat treatment at 200 °C for 24 h, and only a marginal decline is
observed after heat treatment at 400°C for 1h. The detailed
mechanisms behind this temperature-stable EMI shielding behavior
are shown in Supplementary Figs. 29-31. In both circumstances, the
EMI SE remained above 70 dB. These findings establish a broad
operational temperature range of -196-400 °C for the AP/MBLM film
as a temperature-stable EMI shielding material. The AP/MBLMI1 film
also demonstrates excellent fire retardance, maintaining a high EM/ SE
above 61 dB even after a 60 s direct exposure to the outer flame of an
alcohol lamp (Fig. 5i, and Supplementary Movie 5). This behavior holds
crucial significance for the insurance of the safety of electronic devices
and electromagnetic protection under extremely harsh conditions®®.

Mechanical properties of AP/MBLM nanocomposite film

The structural robustness of the nanocomposite holds notable prac-
tical significance for its durability and reliability in applications under
harsh conditions®”. For instance, in the scenario of astronautics, a
nanocomposite with high structural robustness may be applied to the

outer shell of the spacecraft for EMI protection and thermal conduc-
tion. Figure 6a-c and Supplementary Fig. 32 show typical stress-strain
curves and detailed mechanical properties of ANF, AP/MXene and AP/
MBLM nanocomposite films. The stress-strain curve of the pure ANF
film shows an elastic deformation at the initial tensile stage and then a
long stretch of plastic deformation occurred, the ANF film shows a
tensile strain of 11.8% and a tensile strength of 112.3 MPa. The Young’s
modulus and toughness of the ANF film is 3.01GPa and 9.4 MJ/m?,
respectively. In contrast, the AP/MXene composite film demonstrates a
significantly elevated Young’s modulus and a higher tensile strength,
measuring 4.60 GPa and 144.7 MPa, respectively. However, the tensile
strain decreases to 8.9%. These results indicate a stiffer mechanical
property of the AP/MXene film compared to the pure ANF film. This is
attributed to the fill of rigid MXene nanosheets in the AP matrices, and
the formation of hydrogen bonds between the MXene nanosheets,
PVA short chains and ANF®’. The introduction of the MBLM networks
into the AP matrices has altered the shape of the stress-strain curve,
prolonging the elastic deformation section. Despite a decrease in the
modulus to 2.93 GPa for the AP/MBLM3 film, both tensile strength and
tensile strain have increased to 163.0 MPa and 9.3%, respectively. This
signifies a reinforcing effect of the MBLM networks on the resilience
and elasticity of the nanocomposite film. The tensile strength of the
nanocomposite film initially increases and then decreases with a fur-
ther rise in MBLM content in the AP matrices. A similar trend is
observed in the variation of tensile strain. The AP/MBLM?7 film achieves
a peak tensile strength of 253.3 MPa, a tensile strain of 10.4%, and a
toughness of 14.1 MJ/m?>. Noticeably, despite the elevated MBLM net-
work content in the AP/MBLM9 and AP/MBLMI1 films, the tensile
strength persists at a considerable level, reaching 226.3 MPa and
176.4 MPa, respectively. Whereas, with a further increase in the LM
content of the AP/MBLM film, the mechanical strength of the sample
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significantly declined due to the low fraction of AP matrices in the
nanocomposite. For the comprehension of the reinforced mechanical
properties of the nanocomposite films, the cross-section SEM images
of the fractured AP/MBLML1 films were obtained. Following fracture,
“zig-zag” step-like crack regions can be observed (Fig. 6d, red arrow).
This fracture behavior is reminiscent of the natural structure of nacre,
renowned for its efficacy in enhancing tensile resistance®®. From a
microscale perspective, during fracture events, cracks meander and
penetrate deeply into the film’s interior, as opposed to causing direct
structural disruption by traversing it vertically*’. This mechanism elu-
cidates the dissipation of damaging energy, imparting a toughening
effect. From a nanoscale perspective (Fig. 6e), the reinforcing
mechanical strength is also achieved through the slip of MXene
nanosheets, the extraction of the ANF@PVA nanofibers, and the
deformation of soft LM lamellae. As depicted in Supplementary Fig. 33,
hydrogen bonds formed among the PVA fibers, -t stacking ANF
chains, MXene nanosheets, and the broken SA shell adhered to the LM
lamellae**°. Moreover, the negatively charged oxygen-containing
groups on SA chains and the MXene nanosheets generate electro-
static attraction forces with the positively charged oxide shell of
LM*. Considering these interfacial interactions, the morphological
changes mentioned above induce strong friction forces, preventing
the plastic deformation of the nanocomposite film***¢, As depicted in
Fig. 6f, during stretching, the MXene nanosheets, LM lamellae, and
ANF@PVA nanofibers all endured a large deformation via a zig-zag
crack propagation pathway before the final fracture. The microscale
and nanoscale deformation synergistically contribute to the alterna-
tion in the shape of the stress-strain curves of the AP/MBLM films
compared to the pure ANF film and AP/MXene film. The combination
of these micro-nano hierarchical energy-dissipating interactions
imparts the AP/MBLM film with robust and tough mechanical
properties.

Thermal conductivity and heat-dissipation application

The heat accumulation in electronic devices always deteriorates their
performance. For instance, the elevated working temperature of the
central processing unit (CPU) substantially compromises its reliability
and operational lifespan. This issue contributes to a notable 55% inci-
dence of CPU failures®. To address this challenge, efficient heat dis-
sipation in modern electronics with TIM is a crucial solution. In addition,
the conversion of the EM waves into thermal energy is also an issue that
should not be ignored for EMI shielding materials®. For these purposes,
we systematically tested the thermal conductivity of the AP/MBLM
films. As shown in Fig. 7a, the thermal conductivities of the AP/MBLM
films exhibit a notable anisotropic property, with the in-plane thermal
conductivity far beyond the through-plane thermal conductivity. Since
the thickness of the AP/MBLM film is much smaller than its diameter,
the through-plane thermal conductivity of the film in the thickness
direction contributes minimally to cooling, whereas the in-plane ther-
mal conductivity dominates efficient heat transfer®***”°, This directional
anisotropy in thermal conductivity is crucial for precise directional
thermal management, allowing for efficient heat transfer to specific
regions and providing better protection of highly integrated electronic
equipment®. In comparison to the AP/MXene film, the thermal con-
ductivities of the AP/MBLM films have been remarkably enhanced, with
the AP/MBLMI11 film achieving an in-plane thermal conductivity of
13.17 Wm™ K, and the AP/MBLMI13 film achieving a maximum in-plane
thermal conductivity of 14.47Wm™ K. Additionally, the in-plane
thermal conductivity of the AP/MBLM films remains relatively stable,
with a marginal increase across different temperatures ranging from
25°C to 200 °C (Fig. 7b). Similar to the AP/MBLM films, the thermal
conductance of the AP/LM films also exhibit large anisotropy (Fig. 7c).
Different from AP/MBLM films, the thermal conductivities of the AP/LM
films without the bridging of MXene nanosheets are constantly lower
than the values of AP/MBLM films, with the AP/LM13 film reaching a

maximum value of only 8.65 W m K™, The detailed thermal diffusivities
of the samples are shown in Supplementary Tables 2-4. For the ver-
ification of the discrepancy in the thermal conductivity resulting from
the introduction of MXene nanosheets, finite element simulations were
conducted. The results, depicted in Fig. 7d, maintain the same 2D
models as the simulations of electrical conductivity. In this simulation, a
temperature of 80 °C is applied at the left boundary of the models. As
the color transitions from orange-yellow to dark violet, there is a con-
sistent and monotonic decrease in temperature. A pronounced color
gradient indicates an increased thermal conducting resistance of the
film. It is evident that the color gradient of the AP/MBLM film is smaller
than that of the AP/LM film, and the right boundary temperature of the
AP/MBLM film is higher than that of the AP/LM film (Supplementary
Fig. 34). These results signify a higher thermal conductivity in the AP/
MBLM film, consistent with the experimental findings. The thermal
conducting mechanism is schematically illustrated in Fig. 7e, the
oriented layered structure of the MBLM solid-liquid bi-continuous
network creates fast transmission channels for heat conduction along
the orientation direction. Whereas, heat conduction along the through-
plane direction is hindered by cage effect of transversally arranged AP
nanofibers. These mechanisms contribute to the observed anisotropic
thermal conductivity’®®. Furthermore, the heat dissipation perfor-
mance of the AP/MBLM nanocomposite film was studied by applying
the film to the bottom of a lighting-emitting diode (LED) chip as heat-
dissipating substrate (Fig. 7f). A thin layer of 0.2 g silicone thermal
grease (DC 340 commercial silicone grease with a thermal conductivity
of 0.67 W m™ K™) was applied to ensure adequate contact between the
AP/MBLM film and the bottom of the LED chip. To elucidate the heat-
dissipating effect of the silicone grease, we also investigated the appli-
cation of silicone grease alone without the heat-dissipating film. The
real-time temperature data of the LED chip was obtained from infrared
radiation (IR) images taken by an infrared camera (Fig. 7g). As illustrated
in Fig. 7h, the central temperature of the bare LED chip without any
heat-dissipating substrate reached 67.9 °C. The saturated temperature
of the LED chip, coupled with silicone grease, reached 64.0 °C, showing
arelatively limited heat dissipation behavior with a temperature decline
of 3.9 °C. Conversely, the saturated temperature of the LED chip applied
with the pure ANF film exhibited a slight decrease to 62.8 °C, indicating
an almost negligible enhancement in heat dissipation behavior. In stark
contrast, the saturated temperature of the LED chips coated with AP/
MBLM films demonstrated much lower saturation temperatures and
significantly higher cooling rates. For the LED chip coated with AP/
MBLMI1 film, the saturated temperature decreased by 14.2 °C, while the
LED chip coated with AP/MBLM13 film showed an even greater drop in
saturated temperature, with a decrease of 15.8 °C. These findings con-
firm that the AP/MBLM films offer significantly improved heat dissipa-
tion compared to commercial silicone thermal grease and pure ANF
film. This underscores the considerable potential of AP/MBLM films in
serving as TIM.

Discussion

In this work, we introduced a universal strategy for constructing solid-
liquid thermal/electrical bi-continuous conductive networks in the
ANF matrix. The as-prepared ultrathin AP/MBLM film exhibits ultra-
high electrical conductivity of 3984 S/cm. Consequently, the AP/MBLM
film demonstrates a promising EMI SE of 74.6 dB, ultra-high EMI SSE per
unit thickness of 4950 dB/mm. The sophisticated interactions includ-
ing hydrogen bonds and electrostatic interactions among the polymer
contents and the MBLM networks contribute to a reinforced
mechanical property (tensile strength of 253.3 MPa, tensile strain of
10.4%, and toughness of 14.1 MJ/m?®). Furthermore, the AP/MBLM film
also demonstrates high in-plane thermal conductivity, reaching up to
14.47 Wm™ K, and effective heat dissipating performance. Combin-
ing excellent electrical and thermal conductivity with promising flex-
ibility and durability, the AP/MBLM nanocomposite films are poised to
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revolutionize EMI shielding and thermal management in the next-
generation electronics. Their exceptional performance carries sig-
nificant potential for advancements in flexible electronics, defense
equipment, and aeronautics and astronautics.

Methods

General information

For raw materials, fabrication procedures of ANF@PVA/DMSO dis-
persion, TizC,T, MXene nanosheets and MXene/DMSO dispersion,
SA@LM/DMSO nano-emulsion, GN/DMSO dispersion, GO/DMSO dis-
persion, material characterization, measurement of EMI shielding
performance, and finite element simulation, see Supplementary
Methods.

Preparation of AP/MBLM nanocomposite film. The AP/MBLM
nanocomposite film was prepared via a sol-gel-film conversion
approach and following hot compression. The details are as follows:
Initially, 15g of AP/DMSO dispersion was combined with 10 ml of
MXene/DMSO dispersion and magnetically stirred for 30 min, and the

weight ratio of MXene to AP matrices was fixed at 1:2. Following this,
10 ml of SA@LM/DMSO nano-emulsion with different LM mass con-
centration was added, and the mixture was stirred for an additional 2 h
to form the casting solution. Subsequently, the casting solution was
blade-coated on a PET substrate and immersed in DI water for repro-
tonation, resulting in the formation of the hydrogel. Afterward, the
hydrogel was transferred into a mixture of tert-butylalcohol and DI
water with a mass ratio of 1:1 for extraction for 24 h. The hydrogel was
then evaporated in air at 45°C to form the AP/MXene/SA@LM het-
erogeneous film. Ultimately, the film was hot-pressed at 70 °C and
30 MPa to obtain the AP/MBLM nanocomposite film. A series of AP/
MBLM films with varying LM to AP weight ratios of 3:1, 5:1, 71, 9:1, 11:1,
and 13:1were prepared by adjusting the LM mass concentration in the
SA@LM nano-emulsion. These films are labeled as AP/MBLM3, AP/
MBLM5, AP/MBLM7, AP/MBLM9, AP/MBLMI1 and AP/MBLMI3,
respectively.

Preparation of AP/LM nanocomposite film. 15g of AP/DMSO dis-
persion was combined with 10 ml of SA@LM/DMSO nano-emulsion
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with different LM mass concentrations. After magnetic stirring for 2 h,
the resulting dispersion was blade-cast onto a PET substrate and
promptly immersed in DI water to create an AP/SA@LM hydrogel.
Subsequently, the hydrogel underwent extraction in a mixture of tert-
butyl alcohol and DI water with a mass ratio of 1.1 for 24 h. The
hydrogel was then evaporated in air at 45 °C, followed by hot pressing
at 70 °C and 30 MPa, obtaining the AP/LM film. A set of AP/LM films
with different LM to AP weight ratios (31, 5:1, 7:1, 9:1, 11:1, and 13:1) were
fabricated by modifying the LM mass concentration in the SA@LM
nano-emulsion. These films are denoted as AP/LM3, AP/LM5, AP/LM7,
AP/LM9, AP/LM11, and AP/LM13 respectively.

Preparation of AP/GNBLM nanocomposite film. 15g of AP/DMSO
dispersion was combined with 10 ml of GN/DMSO dispersion and
magnetically stirred for 30 min, the weight ratio of GN to AP matrices
was fixed at 1:2. Subsequently, 10 ml of SA@LM/DMSO nano-emulsion
with a LM mass concentration of 330 mg/ml was added, and the mix-
ture was stirred for an additional 2 h to form the casting solution. The
following preparation process stays the same with the AP/MBLM
nanocomposite film.

Preparation of AP/rGOBLM nanocomposite film. 15g of AP/DMSO
dispersion was combined with 10 ml of GO/DMSO dispersion and
magnetically stirred for 30 min, the weight ratio of GO to AP matrices
was fixed at 1:2. Subsequently, 10 ml of SA@LM/DMSO nano-emulsion
with a LM mass concentration of 330 mg/ml was added, and the mix-
ture was stirred for an additional 2 h to form the casting dispersion.
The dispersion was blade-cast onto a PET substrate and promptly
immersed in DI water to create an AP/GO/SA@LM hydrogel. Subse-
quently, the hydrogel underwent extraction in a mixture of tert-butyl
alcohol and DI water with a mass ratio of 1:1 for 24 h. The hydrogel was
then evaporated in the air at 45°C to form the AP/GO/SA@LM het-
erogeneous film, followed by hot pressing at 70°C and 30 MPa,
obtaining the AP/rGOBLM film.

Calculation of the theoretical EMI SE of the AP/MBLM film. The
theoretical EMI SE of the AP/MBLM nanocomposite film is calculated
based on Simon’s formulation as follow:

SE;=50+10lg(0/f) +1.7t\/aof @

Where o represents the electrical conductivity (S5/cm) of the material, f
represents the frequency of the EM field (MHz), and ¢ represents the
thickness of the material (cm).

Data availability

The authors declare that data supporting the findings of this study are
available within the paper and its Supplementary Information Files.
Data are also available from the corresponding author upon
request. Source data are provided with this paper.
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